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Dedication

Janis V. Klavins, MD, Professor Emeritus of Albert Einstein Medical College and former Chairman of
Pathology at Catholic Medical Center, Queens, New York. He has won many awards, including the
Schubert medal and the Three Star Order from the President of Latvia.

Professor Klavins was born in Riga, Latvia in 1921. His medical education was interrupted by both
Nazi and Russia invasions during WWII and he had to flee Latvia to avoid deportation to Russia. He
completed both medical and musical degrees in Germany. After WWII he and his young wife Ilga moved
to Parkersburg, WV, where he worked as a physician’s assistant. He completed pathology training and
joined the pathology department of Tom Kinney at Western Reserve in Cleveland, OH. He moved with
Dr. Kinney to Duke University and then to New York, first at Brooklyn-Cumberland Medical Center and
then as Chairman of Pathology at Catholic Medical Center. He is known internationally for his vocal
interpretations of Schubert’s lieder.

Professor Klavins not only has been a long time champion of the stem cell concept, but also, along with
Georg D. Birkmayer of Vienna, Austria, is the founder of the International Academy of Tumor Marker
Oncology, an organization that encourages the application of the products of stem cells and their cancer-
ous progeny to the clinical diagnosis and prognosis of human cancer.

Professor Janis Klavins at the 7th Annual Meeting of IATMO in Kiev, Ukraine, 1990
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vii

The power of stem cells for tissue development, regeneration, and renewal has been well known by embryologists
and developmental biologists for many years. Those presently active in research in the stem cell field owe much to
previous work by embryologists and cancer researchers for their insights into what stem cells can do. In the last 4–
5 years, the rapid expansion of the concept of adult tissue stem cells as pluripotent progenitors for various tissues
has led to an even greater appreciation of the power of stem cells. The demonstration that both embryonic and adult
tissue stem cells have the ability to produce progenitor cells for tissue renewal has opened vast possibilities for
treatment of congenital deficiency diseases as well as for regeneration of damaged tissues. Older concepts of
determination leading to loss of potential during differentiation of adult tissues are being replaced by newer ideas
that cells with multiple potential exist in different forms in various adult organs and that cells thought to be restricted
to differentiation to one cell type may be able to “transdifferentiate” into other tissue cell types. Thus, the concept
of “embryonic rests” in adult tissues, hypothesized to be the cellular origin of cancer by Durante and Conheim in
the 1870s, now can be expanded to include survival of pluripotential embryonic-like stem cells in adult tissues.

The goal of Stem Cells Handbook is to present in one resource both the background and the current understanding
of what stem cells are and what they can do. The authors of the various chapters were selected for their significant
contributions to and expertise in various aspects of stem cell biology. First, the function of embryonic stem cells
in early development and organogenesis, and germinal stem cells in reproduction are presented, followed by how
embryonic stem cells may be cloned and how they are programmed. The role of stem cells in amphibian regeneration
and mammalian wound healing shows the potential of these cells for tissue renewal. The participation of stem cells
in normal tissue renewal of various organ systems, including blood, nervous tissue, retina, blood vessels, heart,
kidney, skin, glandular organs, gastrointestinal tract, liver, pancreas, mammary gland, prostate, and lung are then
specifically adumbrated, including not only the role of stem cells in tissue renewal and carcinogenesis, but also the
isolation and characterization of various stem cell types, the potential for their manipulation, and the possibilities
for future therapeutic uses in experimental models and in human diseases. The remarkable properties of hemato-
poietic stem cells and the clinical results achieved by transplantation of bone marrow stem cells are documented in
several chapters. The potential future promise for clinical applications for regeneration of the cardiovascular and
nervous system as described in preclinical models is also emphasized. Of particular interest to the editor is the
potential for stem cell therapy for liver, not only because the liver has special problems and importance as the major
metabolic organ of the body, but also because of its potential as an objective for transplantation and gene therapy.

Finally, a codicil for a book such as this that tries to cover an active field of research is that by the time it is published
there will almost certainly be advances in understanding that have already made some of the material out of date. For
example, in the last few months, there have been a number of additional papers on the plasticity of adult tissue stem
cells as well as the observation that some effects believed to result from stem cell plasticity may be explained by cell
fusion. Only ongoing studies will resolve these questions and provide the approaches required for potential break-
throughs in application to human diseases. In the meantime, we hope that the expert chapters in Stem Cells Handbook
will provide useful and authoritative information to aid those who seek the answers to the unanswered questions.

The editor is indebted to G. Barry Pierce for his encouragement and insights into teratocarcinoma as a stem cell
tumor, to Gerri Abelev for discovering alphafetoprotein, to the late Hidematsu Hirai for his enthusiastic support of
international research in oncodevelopmental biology, to Fred Becker and Emmanuel Farber for their models and
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concepts of chemical hepatocarcinogenesis, to Benito Lombardi and Hishasi Shinozuka for their early work on
models of oval cell proliferation, to Hyam Leffert for his encyclopedic knowledge of liver cell culture, to the many
postdoctoral fellows, graduate students, and technicians who did all of the real work in my laboratory, to Thomas
Lanigan and Humana Press for their encouragement and patience, and especially to the distinguished authors who
contributed chapters to Stem Cells Handbook.

Stewart Sell, MD
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CHAPTER 1  /  STEM CELLS 1

1

From: Stem Cells Handbook
Edited by: S. Sell © Humana Press Inc., Totowa, NJ

1 Stem Cells
What Are They? Where Do They Come From?
Why Are They Here? When Do They Go Wrong?
Where Are They Going?

STEWART SELL, MD

The stem cell is the origin of life. At stated first by the great pathologist Rudolph Virchow, “All cells come from cells.”
The ultimate stem cell, the fertilized egg, is formed from fusion of the haploid progeny of germinal stem cells. The
fertilized egg is totipotent; from it forms all the tissues of the developing embryo. During development of the embryo,
germinal stem cells are formed, which persist in the adult to allow the cycle of life to continue. In the adult, tissue is renewed
by proliferation of specialized stem cells, which divide to form one cell that remains a stem cell and another cell that begins
the process of differentiation to the specialized function of a mature cell type. Normal tissue renewal is accomplished by
the differentiating progeny of the stem cells, the so-called transit-amplifying cells. For example, blood cells are mature
cells derived from hematopoietic stem cells in the bone marrow; the lining cells of the gastrointestinal tract are formed
from transit-amplifying cells, progeny of stem cells in the base of intestinal glands. Nineteenth-century pathologists first
hypothesized the presence of stem cells in the adult as “embryonal rests” to explain the cellular origin of cancer and more
recent studies indicate that most cancers arise from stem cells or their immediate progeny, the transit-amplifying cells.
Cancer results from an imbalance between the rate at which cells are produced and the rate at which they terminally
differentiate or die. Understanding how to control the proliferation and differentiation of stem cells and their progeny is
not only the key to controlling and treating cancer, but also to cell replacement and gene therapy for many metabolic,
degenerative, and immunological diseases.

1.1. WHAT ARE THEY?
In the beginning there is the stem cell; it the origin of an

organism’s life. It is a single cell that can give rise to progeny that
differentiate into any of the specialized cells of embryonic or adult
tissues; that is, it is totipotent. The ultimate stem cell, the fertilized
egg, divides five or six times to give rise to branches (lines) of
cells that form various differentiated organs (Fig. 1). During these
early divisions, each daughter cell retains totipotency. Then,
through a series of divisions and differentiations, the embryonic
stem cells (ESCs) lose potential and gain differentiated function
(a process known as determination; see below). During normal
tissue renewal in adult organs, tissue stem cells give rise to prog-
eny that differentiate into mature functioning cells of that tissue.
Stem cells with less than totipotentiality are called “progenitor
cells”. Except for germinal cells, which retain totipotency, most
stem cells in adult tissues have reduced potential to produce cells
of different types (i.e., are determined). However, there is increas-
ing evidence for retention of some toti/multi-potent cells in the
tissues of adults, especially in the bone marrow.

1.2. WHERE DO THEY COME FROM?
According to Leslie Brainerd Arey, the father of modern embry-

ology (Arey, 1974), the first recorded attempt to understand the
origin of life and the early development of the human was most
likely made by Aristotle (384–322 BC). He recognized the early
stages of development in the uterus and apparently was the first to
contemplate the basic conflict of whether or not a new individual
was formed de novo or was pre-formed in the mother and only
enlarged during development (Arey, 1974). Aristotle deduced that
the embryo was derived from the mother’s menstrual blood, a
conclusion that was based on the concept that living animals arose
from slime or decaying matter (a hypothesis known in the middle
ages as “spontaneous generation”). This concept was generally
accepted for more than 2000 yr, until its validity became the major
biological controversy of the 19th century. The hypothesis that life
did not arise spontaneously, but rather only from preexisting life
(omne vivum ex vivo) was pronounced by Leydig in 1855. Virchow
(1855) then extended this to postulate that all cells in an organism
are derived from preexisting cells (omnis cellula e cellula) (see
also Oberling, 1944); all the cells of the human body arise from a
preexisting stem cell, the fertilized egg. The counterhypothesis of
spontaneous generation was not formally disproved until 1864,
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when Louis Pasteur performed carefully controlled experiments
that demonstrated the failure of microorganisms to grow (corrup-
tion) in sterilized broth in vessels having long necks that prevented
ambient organisms from entering (Debre, 1998). At present, the
question is posed in the context of the conflict over abortion:
“When does life begin?” According to the principles derived from
Leydig, Virchow, and Pasteur, life as we know it neither ends nor
begins but is continuous (Fig. 2). The adult human, for example,
is only one stage in the cycle of human life.

Until the 1800s, the dominant hypothesis was that pre-formed
individuals resided in the egg or the sperm. This pre-formed indi-
vidual was called a homunculus. The homunculus in the egg was
activated to develop after stimulation with sperm, or, conversely,
the homunculus in the male sperm was activated to develop when
provided an appropriate environment in the uterus. By the early
1900s, this concept had been proven to be incorrect, the embryo
was shown to be formed by the fertilization of an egg, which
developed in the ovary of the female, by fusion with a sperm
provided by the male (see Needham, 1959). The product of the
union of a sperm with an egg is the primordial totipotent stem cell
(see the terminology in Table 1). How the cycle of life originally
began is a subject of controversy. The two major alternate hypoth-
eses are that human life was either created by Divine intervention
in 7 d or else it evolved from primordial chemical biosynthesis,
followed by natural selection from preceding life forms, over
millions of years.

1.3. WHY ARE THEY HERE?
Until recently, most of what we understood about how the

adult develops from the primordial stem cell was derived from
classic studies in developmental anatomy (Arey, 1974). Follow-
ing fertilization, the egg undergoes a process of cell divisions and
cell migrations known as cleavage. In this early process, each
daughter cell receives the full chromosome complement of the
original cell, and each daughter cell appears to be the same. This
is known as symmetric division, in contrast to the properties of
somatic stem cells, which exhibit asymmetric division (Thrasher,
1966; Merok and Sherley, 2001) (Fig. 3).

The daughter cells, called blastomeres, stick together to form a
cluster of cells known as a morula (from Morus, mulberry). At
each division the blastomeres are reduced in size, but transplanta-
tion studies indicate that each embryonic blastomere is able to
produce all differentiated cell types; that is, it is totipotent. Even-
tually, as the number of blastomeres approaches 32 or 64 cells, a
cell-free center appears in the expanding cluster of blastomeres,
and a hollow sphere of cells is formed (blastocyst). In mammals,
the outer cells form the embryonic membranes and the placenta,
whereas the mass of cells within the blastocyst, the inner cell mass
(ICM), forms the embryo. At this stage not all the cells are still
totipotent, as some of the outer cells become committed to mem-
branes or the placenta. As ICM develops, the daughter cells begin
to acquire properties different from one another, so that specific
regions are formed that are destined to become different compo-
nents of the developing embryo, a process known as gastrulation
(Fig. 4). During gastrulation, the totipotency of the cells of the
ICM is lost, and the blastula is rearranged by invagination of cells
from the outer blastocyst to form layered “germ” zones known as
ectoderm (outer skin), mesoderm (middle skin), and endoderm
(inner skin), which are destined to form the adult organs. Skin,
dermal appendages (including breast), and brain and neural tissue
are derived from ectoderm; connective tissue, muscle, bone, and
blood vessels from mesoderm; and the GI tract and internal glan-
dular organs from endoderm (Arey, 1974).

The process of the loss of potential and the gain of specialized
function is known as determination. In this process, the totipo-
tent stem cells of the blastomere give rise to multi/pluripotent
cells of the germ layers. These, in turn, give rise to progenitor
cells of the developing organs. Tissue determination is accom-

 Fig. 1. Embryonic stem (ES) cell and progeny. During embryonic
development, the ultimate stem cell, the fertilized egg, gives rise to
progeny that retain totipotentiality as the population expands. Then
determination occurs, and the cells begin to lose potential and to
gain the specialized functions required to form mature organs. Dur-
ing blastulation the cells in the outer cells of the blastocyst (blasto-
meaning embryo or germ; cyst - cavity) become determined for
extraembryonic structures (placenta and membranes), whereas the
ICM retains totipotentiality until the next stage of development,
gastrulation (invagination of the blastula, see Fig. 4. During gastru-
lation the cells become determined to form the primary germinal
layers: ectoderm, endoderm, and mesoderm. Ectoderm further dif-
ferentiates to skin and brain; endoderm to gastrointestinal (GI) tract
and internal organs; and mesoderm to connective tissue, bone, blood
vessels, and blood-forming tissue. The relationship of cancers to the
developing embryo is reflected in the use of the terms carcinoma for
cancer arising from ectoderm-derived cells; sarcoma for cancer
arising from mesoderm-derived cells.

Table 1.1
Terminology of Potential (Plasticity)

Prefix Meaning Example

Toti All Embryonal
Multi Many/much Hematopoietic
Pluri Several/many Hematopoietic
Oligo Few/little GI stem cell
Quadri Four GI stem cell
Tri Three Bronchial lining
Bi Two Bile duct
Uni One Prostate

Source: The Random House Dictionary of the English Language.
Recent evidence indicates that some cells in the tissues used as examples
of determined potential may have more potential than previously
appreciated. For example, skin stem cells, believed to be uni- or bipotent,
may contain multipotent progenitor cells (Liang and Bickenbach, 2002).
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CHAPTER 1  /  STEM CELLS 3

Fig. 2. Cycle of life. Human life is continuous. The life of an individual begins with fertilization of the egg and formation of a fetus. Totipotent
cells in the developing fetus migrate to the genital ridge and in adults produce germinal stem cells in the gonads. Germinal cells give rise to
gametes (egg and sperm) by reduction division (meiosis), resulting in cells containing half the chromosomes of an adult. Genetic reconstitution
occurs when the sperm fertilizes the egg. In this process life is continuous; it is neither created nor destroyed.

Fig. 3. Symmetric and asymmetric division. During early embryonic development, each cell divides and gives rise to two daughter cells with
the same potential: symmetric division. During normal tissue renewal in the adult, each progenitor cell gives rise to one daughter cell that
remains a progenitor cell, and one daughter cell that begins the process of determination to a terminally differentiated cell—asymmetric
division. The number of cells increases exponentially during early embryogenesis, but the cell number remains constant during normal tissue
renewal, as the number of new progenitor cells equals the number of cells destined to die.
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plished in progenitor cells through interaction with other cell
types. For example, determination of primitive gut cells to liver
(Matsumoto et al., 2001) or pancreas (Lammert et al., 2001) takes
place in association with developing endothelium of blood ves-
sels (Weinstein, 2002). As the cells become specialized into tis-
sue, their potential becomes more limited, and they finally
differentiate to terminally differentiated cells.

The terminology used regarding potential is listed in Table 1.
The term totipotent should be reserved for those stem cells that can
give rise to all of the differentiated tissues of the body as well as
the placenta and membranes (ES cells, germinal stem cells). The
terms multipotential and pluripotential are essentially synony-
mous: both refer to the ability of a given stem cell to form many

different cell types. In an official National Institutes of Health
primer released in 2000, pluripotent is defined as “capable of giv-
ing rise to most tissues of an organism,” and totipotent as “having
unlimited capacity” (www.nih.gov/news/stemcell/primer.htm).
As depicted in Fig. 5, the potential decreases with the progressive
development of the embryo.

The specialized cells in the adult that give rise to egg and
sperm are called germinal cells. Germinal cells retain totipoten-
tiality. Cancers derived from germinal cells may contain placen-
tal as well as adult tissues derived from more than one germ layer
(teratocarcinomas; see below). Egg and sperm are derived from
germinal cells by a special form of cell division called meiosis. As
a result of meiosis, the egg and sperm each contain half of the

Fig. 4. Early development of embryo. Division of the fertilized egg results in the formation of a ball-like structure with a cavity on one end
(the blastula). Until this stage, the cells divide by symmetric division, and all cells produced are totipotent. Invagination of one pole of the
blastula leads to formation of the gastrula and establishment of the primitive germinal cell layers. During gastrulation and later formation of
the fetus, the daughter cells lose potential as they gain specialized function.

Fig. 5. Levels of progenitor cells during differentiation of small intestine. The small intestinal epithelium develops from a series of determi-
nations from the embryonal stem cell (ESC), blastula, and endoderm. The intestinal progenitor is quadripotent; it can give rise to progeny that
may become mucous, absorptive, neuroendocrine, or Paneth cells. Each of these becomes terminally differentiated in its fully mature form.
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chromosomes of their respective parent cells. With the joining of
a sperm and an egg, a newly formed animal inherits its character-
istics from the genetic material provided by both parents.

In classic embryology, determination was understood as a one-
way process: once a cell is fully differentiated in the adult, it is
strikingly stable (Surani, 2001) and not able to “de-differentiate”.
On the other hand, under some circumstances, this differentiated
state does appear to be reversible. Transfer of nuclei from differ-
entiated adult organs into an oocyte can result in restoration of the
totipotency of the nucleus in the oocyte (Wilmut et al., 1997; Surani,
2001). This appears to be true even for mature T- and B-cells,
which have rearranged T-cell receptor and immunoglobulin genes,
respectively (Hochedlinger and Jaenisch, 2002); every tissue in
mice cloned from a B-cell has the same immunoglobulin sequence
as the original donor nucleus. It has even been reported that fibro-
blasts may be re-programmed to express T-cell or neuronal mark-
ers using cell extracts (Hakelien et al., 2002). However, others
have found more stringent restrictions for re-programming.

Nuclear transplantation was first carried out in Amoeba
(Comandon et al., 1930), and was extended to the frog Rana pipiens
in 1952 (Briggs and King, 1952). In 1962, it was demonstrated that
the nucleus from the intestine of a feeding tadpole could provide
all of the information required for an ovum to develop into an adult
frog (Gurdon, 1962). Later, nuclei from a number of organs were
used to reproduce this result, but the technique was successful only
if the donor cells were cultured for a few days in vitro before the
nuclei were obtained (Laskey and Gurdon, 1970). Thus, although
the proportion of successful transplants is small, <1–2%, at least
some of the cells of adult organs of vertebrates contain nuclei that
carry an entire set of the normal genes also found in the normal
fertilized ovum. The question then becomes: Which cells in adult
organs can supply nuclei that provide all of the information needed
to produce a complete individual when used for nuclear transplan-
tation into an anucleate ovum?

It appears that this may be the capability of tissue stem cells
in the adult. In experiments in which nuclei from the tadpole are
used, totipotentiality was progressively lost during gastrulation
(King and Briggs, 1955). It has been stated, “The first generali-
zation is that nuclei from more advanced developmental stages
and from more differentiated cells always promote less normal
nuclear-transplant embryo development (quantitatively and
qualitatively) than nuclei from early developmental stages or
undifferentiated cells” (Gurdon, 1974, p. 28). In the case of the
cloning of sheep, nuclei from a d-9 embryo, a 26-d fetus, and the
mammary gland of a 6-yr-old ewe in the last trimester of preg-
nancy were used (Wilmut et al., 1997), the latter implies that
nuclei from adult mammals retain all of the information of the
germ cells. However, the exact nature of the cells in the mixture
used for cloning that contributed the nuclei in the transplant from
the pregnant ewe is not defined. It is difficult to imagine that the
nucleus of a secretory glandular cell could be re-programmed in
such a manner. On the other hand, the mammary epithelium
during the third semester is actively proliferating, and the prolif-
erating gland contains active progenitor cells. Thus, it seems
likely that the nuclei from an adult tissue that are capable of
re-programming in an oocyte could actually be the tissue pro-
genitor cells, or even the putative circulating totipotent stem
cells of adults (Van der Kooy and Weiss, 2000). In the latter case,
re-programming may not even be necessary, as the nucleus of
this cell would already be totipotent.

1.3.1. EMBRYONIC STEM CELLS  Under optimal condi-
tions, cells from the ICM of the preimplantation blastocyst are
able to proliferate indefinitely (Evans and Kaufman, 1981). As
well, under inducing conditions, they can undergo determination
and differentiate into other tissue types. In contrast, after forma-
tion of germ layers, most somatic progenitor cells have limited
life-spans, and they exhibit decreasing differentiation potential
as mature organs are formed (Merok and Sherley, 2001). Cole
and Edwards (1967) were able to isolate ESCs from pre-implan-
tation blastocysts of rabbits using feeder layers, and outgrowths
of these cells differentiated into blood islands, muscle, connec-
tive tissue, neurons, and macrophages. Gardner (1968) demon-
strated that, after injection of ESCs into a normal blastocyst, the
cells could cocolonize in the developing embryo and form a
chimeric individual. Essentially, Gardner demonstrated, that
prior to implantation, the cells of the ICM were pluripotent.
Edwards and his colleagues were able to obtain human oocytes
after gonadotropin stimulation, fertilize the eggs in vitro, and
grow the fertilized eggs in vitro to the blastocyst stage (Edwards
et al., 1980, Steptoe et al., 1980). Subsequent transfer of the in
vitro–fertilized embryos to the uteri of infertile patients supple-
mented with luteal support, eventually led to the successful clini-
cal application of in vitro fertilization.

The potential of the in vivo use of ESCs for therapy was dem-
onstrated when it was shown that injection of ESCs into lethally
irradiated mice could restore the lost bone marrow stem cells
(Hollands, 1987). In 1998, the in vitro culture of human ESCs that
could differentiate into gut epithelium, cartilage, bone, muscle,
neurons, and other cell types was reported (Thompson et al., 1998,
Shamblott et al., 1998). The potential for human ESCs to be cul-
tured in vitro, the possibility of producing human embryonic cell
lines (Schuldiner et al., 2001), and the likelihood that these cells
can be directed to differentiate into different cell types (Pittenger
et al., 1999), have sparked the tremendous contemporary interest
in ESC research for replacement of lost or damaged tissue cells
(Donovan and Gearhart, 2001). Because ESCs give rise to germ
cells, germ cells to egg and sperm, egg and sperm to a fertilized
egg, and a fertilized egg to embryonic cells (Fig. 2), it is expected
that any of the diploid cells in this cycle can give rise to any of the
cells of the adult individual.

A problem in using ESCs for replacement of adult tissues con-
cerns the low efficiency and long time required for ESCs to differ-
entiate into functional adult cells. These issues may be addressed
either by using adult precursor cells (see below) or by directing
ESCs to a specialized tissue pathway. ESCs require a series of
signals in order to produce progeny of a more highly differentiated
type. For example, specialized culture conditions, including expo-
sure to and withdrawal from fibroblast growth factor (FGF) (Zhang
et al., 2001a), or culture with FGF and other growth factors
(Reubinoff et al., 2001) allow generation of neural precursor cells,
which may subsequently be shown to incorporate into the devel-
oping brain, at least in the mouse. This requires identification of
in vitro conditions for different potential uses of ESCs.

1.3.2. GERMINAL STEM CELLS  Early in embryogenesis,
a few cells are designated to become germinal cells (Meachem
et al., 2001). These cells migrate into the primitive gonad (geni-
tal ridge) and differentiate into female or male germ cell precur-
sors, depending on the presence of two X chromosomes (female)
or one X and one Y chromosome (male). They can be recognized
by expression of the transcription factor Oct4 and of alkaline
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phosphatase (Peace and Scholer, 2000). In Drosophila, germinal
cells, both in the ovary (Sprading et al., 2001; Xie and Sprading,
2001) and in the testes (Kegler et al., 2001; Kiger and Fuller,
2001; Tulina and Matunis, 2001), reside in specialized tissue
(“niches”) that controls the division of the stem cells; in this way,
one daughter cell remains a stem cell and the other becomes a
tissue-amplifying cell that enters into the process of producing
sperm or egg. In the testes, the germinal cells surround a central
core of supporting somatic cells known as the “hub”; in the ovary,
the germinal cells are wrapped inside somatic cells in a structure
known as the “ovariole”. Maintenance of the stem cell requires
activation of the JAK-STAT signaling pathway (Kiger et al.,
2001; Tulina and Matunis, 2001); loss of STAT activity is asso-
ciated with loss of stem cell properties. In the ovary, overex-
pression of the decapentaplegic (dpp) gene, a homolog of the
human bone morphogenic protein genes 2 and 4, prevents germ
cell differentiation and can lead to formation of stem cell tumors,
whereas reduction of dpp causes germ cells to differentiate and
exit the special germarium niche (Xie and Sprading, 2001). In the
adult, germinal stem cells maintain their totipotentiality, and loss
of normal differentiation signals may lead to uncontrolled prolif-
eration and tumor formation.

Studies beginning in the 1970s using transplantation of ger-
minal cells clearly demonstrated the totipotentialty and tumori-
genicity of germinal cells. Stevens (1970) transplanted the
germinal cells from the genital ridges of 21-d old fetal mice into
the testes of adult syngeneic mice. The cells from these trans-
plants produced teratocarcinomas. Teratocarcinomas are can-
cers of mixed cell types and may contain essentially all cellular
elements of adult tissues as well as placenta and yolk sac. The
growth of the tumor appears to be related to loss of the growth
restrictions (Pierce et al., 1978) that are placed on the developing
germinal cells by their normal environment in the blastocyst
(Sprading et al., 2001). The tumor stem cells of these trans-
plantable teratocarcinomas are able to differentiate into normal
mature cells (Pierce and Wallace, 1971), including brain, bone,
teeth, bone marrow, eyes, secretory glands, muscle, skin, and
intestine, arising from all three germ layers (Kleinsmith and
Pierce, 1964). During normal development, the environment of
the blastocyst is able to control completely the differentiation of
these tumor cells. Introduction of the transplantable malignant
tumor cells into normal blastocysts can lead to the development
of mosaic mice, with normally functioning tissues derived from
the tumor cells (Mintz and Illmensee, 1975). Although contro-
versial, their studies even reported that a mosaic male mouse was
able to father normal offspring (Fig. 6). These studies demon-
strate not only the totipotentiality of germinal cells and the tera-
tocarcinomas derived from them, but they also illustrate the
principle that the differentiation potential of totipotential cells—
and in fact their ability to produce cancers—is controlled by
environmental signals provided by the appropriate normal tis-
sues, as predicted in 1911 by Rippert. Thus, cancer can variously
be viewed as a problem of developmental biology (Pierce et al.,
1978), a problem of the control of the progenitor cell by its niche
(Sprading et al., 2001), or by chemical morphogens (Grudon and
Bourillot, 2001).

1.3.3. SOMATIC PROGENITOR CELLS AND NORMAL
TISSUE RENEWAL  The cells of normal adult organs are con-
tinually being replaced. This replacement is accomplished by
proliferation of progenitor cells or transit-amplifying cells. Tran-

sit-amplifying cells are progeny of the tissue stem cell. They
provide an expanded population of mitotically competent tissue
determined progenitor cells and produce progeny that differen-
tiate into more mature cells that can no longer proliferate and
eventually die (Sell and Pierce, 1994). In classic embryology,
determination is considered a unidirectional pathway. For
example, when primitive endoderm becomes committed to form-
ing liver, it is not able to dedifferentiate or to transdifferentiate
into another tissue type. However, as will be explained in by
many of the chapters in this book, there is increasing evidence of
plasticity of progenitor cells (see Table 2). The question of pro-
genitor-cell plasticity is particularly relevant in a consideration
of the potential of progenitor cells in adult organs. In addition,
there is increasing evidence that adult stem cells in the bone
marrow may be able to transdifferentiate into other tissue types,
or that the bone marrow contains small numbers of multipotent
undifferentiated stem cells (see Wulf et al., 2001).

In the process of normal tissue renewal, in contrast to the syn-
chronous division that occurs during embryological development,
division is asynchronous, with preservation of the progenitor cell
(Fig. 3). Cohorts of transit-amplifying cells or progenitor cells,
that are the daughter cells of the more primitive stem cell, accom-
plish normal renewal. This true tissue stem cell normally does not
divide but it can be stimulated to proliferate if a loss of transit-
amplifying cells occurs (see Subheading 1.3.8.). When a tissue
progenitor cell divides, one daughter cell remains a progenitor
cell, whereas the other begins the process of determination or dif-
ferentiation, eventually producing a terminally differentiated cell,
which in time dies. To maintain the total number of cells in an adult
organ in equilibrium, the number of progenitor cells that divide
essentially equals the number of cells that differentiate and die. A
comparison of the rates of normal tissue turnover in various organs
is given in Table 2.

1.3.4. HEMATOPOIETIC STEM CELLS  In 1917, Pappenhein
postulated the existence of an undifferentiated stem cell for blood
cells (gemeinsame Stammzelle). Blood is one of the most rapidly
replaced tissues in the body (Reya et al., 2001). The hematopoietic
or blood-forming cells are located in the bone marrow. The lineage
of blood cells extends from a resting stem cell, to transit-amplify-
ing precursor cells, to mature circulating blood cells (Fig. 7). Cir-
culating blood cells vary from polymorphonclear cells, which only
live for a day or two, to erythrocytes, which may survive for sev-
eral months (see review by Graf, 2002). The majority of circulat-
ing blood cells cannot proliferate. For example, erythrocytes have
excluded their nuclei and polymophonulclear cells have inacti-
vated their nuclei and condensed them into clumps. Because of the
large number of polymorphonuclear cells and their rapid turn over,
an enormous number of precursor cells is required. These are
present in the bone marrow as transit-amplifying blast cells, as
well as their progeny existing at various stages of differentiation
into mature polymorphonuclear cells. The ability of the bone
marrow progenitor cells to form colonies of various types of blood
cells was first recognized by Till and McCulloch (1961) as colony-
forming units (Siminovich et al., 1963). By the use of such tech-
niques, it was possible to show that an infinitesimally small number
of progenitor cells can both reproduce themselves and give rise to
the complete spectrum of phenotypic colonies of blood cells
(Carnie et al., 1976). The number of proliferating hematopoietic
progenitor cells has been estimated to be 0.05% of the number of
bone marrow cells (Goodell et al., 1996).
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Until recently, the most primitive bone marrow progenitor cell
was believed to be pluripotent, giving rise to stromal cells and
lymphocytic cells, as well as RBCs, white blood cells (WBCs),
and megakaryocytes (platelets) (Weatherall, 1997). In addition to
the hematopoietic precursor, bone marrow also contains a mesen-
chymal progenitor cell that can give rise to many other cell types,
such as osteocytes, adipocytes, muscle cells, astrocytes, and neu-
rons, as well as stromal cells that support hematopoiesis (Prockop,
1997; Minguell et al., 2001). However, the accumulating evidence
is that, not only does the bone marrow contain a pluri/multipotent
blood-forming stem cell, but it also contains a cell that has the
capacity to circulate to other organs and replace different
nonhematopoietic tissues (Wuff et al., 2001). After bone marrow
transplantation, the donor bone marrow cells contain primitive
toti/multipotent stem cells, which can give rise to circulating cells
that have the potential to differentiate into endothelium (Choi,
1998; Lin et al., 2000; Rifai, 2000), muscle (Ferrari et al., 1998),

Table 2
Postulated Turnover Rates and Potentials
of Progenitor Cells in Some Adult Organs

Replacement
Organ time Potential

Bone marrow (polys) 1–2 days Multi/pluripotential (?toti)

GI lining 2–4 d Quadripotential (four types)

Skin 2 wk Bipotential

Liver 1–2 yr Bipotential

Brain (neurons) Lifetime Unipotentiala

aMature neurons cannot divide, but neuronal progenitor cells are
present in some parts of the adult brain. A generalization that can be
made from these data is that, the faster the cell turnover in a given organ,
the more likely is the presence of a stem or progenitor cell with potential
to form other cell types.

Fig. 6. Development of totipotent teratocarcinoma cells from normal genital ridge cells and control of differentiation by normal blastocysts.
Transplantable carcinomas derived from the genital ridge of normal fetal tissue (Stevens, 1970) have been maintained for more than 200
generations by serial transplantation or cultivation in vitro. The core cells of the embryoid bodies formed by the cultured tumor cells are the
tumor stem cells. When these are introduced into the ICM of a normal blastocyst, mosaic mice containing a mixture of blastocyst and tumor
origins may be produced. As determined by histocompatibility antigen type, red blood cell type, immunoglobulin allotypes, and isoenzymes,
the cells derived from the tumor cells can carry on their normal differentiated functions. It has been reported that mating of at least one male
mosaic mouse was able to serve as the father of normal offspring with the genotype of the tumor cells (Mintz and Illmensee, 1975). Thus, the
transplantable tumor may be considered to be the grandparent of these F1 mice. (From Sell, 1978.)
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Fig. 7. Diagram of hematopoietic cell lineage. The bone marrow contains a totipotent stem cell that gives rise to pluripotent mesenchymal and hematopoietic lineages. The hematopoietic
progenitor cell is believed to produce progeny that enter the blood cell pathway (hemocytoblast) or the lymphocytic pathway (lymphoid stem cell). The hemocytoblast is the common
progenitor cell for erythrocytes, while blood cells, and megakaryocytes (platelets). The WBC precursor (monomyeloblast) gives rise to transit-amplifying cells for monocytes
(promonocytes) and polymorphonuclear cells (promyelocytes). The promyelocyte produces progenitors of neutrophils, eosinophils, and basophils. During this process, an exponential
increase in cells occurs at each stage. Thus, the totipotent stem cell is extremely rare, whereas there are enormous numbers of erythrocytes and polymorphonuclear neutrophils. (from
Sell, 2001a).
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CHAPTER 1  /  STEM CELLS 9

liver (Petersen et al., 1999; Legasse et al., 2000; Theise et al.,
2000), pancreatic islet beta cells (Ianus et al., 2003; Lee and Stoffel,
2003), heart (Jackson et al., 2001; Quaini et al., 2002), brain (Eglitis
and Mezey, 1999; Priller et al., 2001), type I (Kotton et al., 2001)
and type II pneumocytes (Krause et al., 2001), kidney (Poulsom et
al., 2001), ocular retina of the eye (Grant et al., 2002), glomerular
mesangial cells (Masuya et al., 2003), and other organs (Krause
et al, 2001). Although these bone-marrow-derived cells have mark-
ers of the hematopoietic stem cell (HSC) (Legasse et al., 2000;
Krause et al., 2001), it has not been ruled out that this multipotent
cell may be of stromal origin (Donovan and Gearhart, 2001).
Serial transplantation indicates that a single bone marrow cell may
give rise to many different tissue types (Krause et al., 2001) and
suggests that a common precursor must exist, not only for the
stromal and hematopoietic lineages, but also for other germ layer–
derived cell types. It is this putative totipotent bone marrow cell
that has stimulated the great revival of interest in adult stem cells
in the last few years. The putative totipotent stem cells arising
from the bone marrow of adults may have just as much promise as
ESCs for stem cell therapy (Gunsilius et al., 2001; Labat et al.,
2001; Jang et al., 2002).

There are some caveats to the generally accepted assumption of
pluripotentiality of tissue stem cells, including HSCs. For example,
although it was reported that transplanted bone-marrow stem cells
provided new endothelium in transplant models of atherosclero-
sis, it appears, after careful analysis, that that the new endothelial
cells are actually derived from preexisting endothelium
(Hillebrands et al., 2002). In a study of muscle-derived cells con-
tributing to bone marrow, the muscle-derived bone marrow stem
cells were found to be derived from HSCs present in the muscle
(McKinney-Freeman et al., 2002). Whereas Bjornson and col-
leagues (1999) generated substantial numbers of hematopoietic
precursor cells from neural stem cells, Moorshead and colleagues
(2002) could not reproduce this result (see Nature Med. 8:535–
537, 2002). In addition, recent studies have shown that in vitro
culture of adult mouse brain or bone marrow stem cells with embry-
onic cells generates hybrid cells containing chromosomes of both
adult and embryonic cells (Terada et al., 2002; Ying et al., 2002),
thus raising the question of whether adult stem cells may appear to
make other tissues by fusing with existing tissue cells. Both of
these studies employed co-culture of adult cells with embryonic
cells, which is not the case in bone marrow transplants in adults.
However, this finding has stimulated in vivo studies on the possi-
bility that transplanted donor bone marrow cells fuse with recipi-
ent cells in different organs. The results are conflicting. In a chronic
model of restoration of damaged liver fusion of bone marrow cells
and liver cells is described (Vassilopoulos et al., 2003; Wang et al.,
2003), whereas fusion is not seen in restored pancreatic islet cells
(Ianus et al., 2003) or in male cells from bone marrow donors in the
buccal mucosa of female recipients (Tran et al., 2003). Thus, the
possibility of fusion in vivo remains to be resolved.

Assuming that toti/multipotent bone marrow stem cells actu-
ally exist, a number of basic questions remain unanswered. Is
there a single cell type in the bone marrow that is totipotent, or
are there different progenitor cells that can give rise to different
cell types in other organs? The first data relevant to this question
indicate that there is a single cell that can do it all (Krause et al.,
2001). Is the ability of a bone marrow stem cell to contribute to an
epithelial organ a very rare or a more common event? Krause and
colleagues (2001) find this to be fairly common, whereas Wagers

and colleagues (2002) claim that this is an extremely rare event.
The ability of bone-marrow-derived cells to contribute to epithe-
lial tissue may depend on the age of the donor and the method of
purification of the stem cells. Does the progenitor cell normally
circulate, or is it liberated from the bone marrow by humoral
signals after injury? The evidence is that this cell circulates nor-
mally but may be increased after injury. Are there normally pro-
genitor cells in mature organs, such as liver or kidney, that can
recirculate back to the bone marrow? Are these cells derived from
the bone marrow or can totipotent progenitor cells be generated in
differentiated organs (Blau et al., 2001)? The ability of brain cells
to become blood cells (Bartlett, 1982; Bjornson et al., 1999) sug-
gests that the answer to this is “yes,” but recirculation of blood-
derived cells to the brain, and back to the bone marrow, cannot be
ruled out. Can progenitor cell lines that could be used for trans-
plantation, for organ replacement, or for delivery of gene therapy
be derived from bone marrow or other organs? Extensive culture
of neural stem cells may be required before such cells can differ-
entiate into blood cells, suggesting that rare transdifferentiation
events may occur upon culturing that may account for neural to
blood differentiation (Morshead et al., 2002). This finding sug-
gests that normal brain precursor cells cannot contribute to blood-
cell lineages in vivo. Answers to these questions, and clinical
application of the use of tissue stem cells, will undoubtedly be
forthcoming in the next few years.

1.4. WHEN DO THEY GO WRONG?
The idea that an adult human might harbor primitive stem

cells was first conceived from studies on the origin of cancer.
Historically, theories of the origin of cancer have ranged from
parasitic infections, irritants, or viruses, to disturbance of normal
tissue equilibrium (MacCallum, 1924; Oberling, 1944). How-
ever, these theories generally addressed etiology rather than
the cells of origin of cancer. The idea that adult differentiated
tissue could contain cells with embryonic potential most likely
arose from the first studies of the pathology of cancer (Table 3).
With the aid of the microscope, pathologists of the mid-19th
century recognized that tumors in adults looked like embryonic
tissue, and Recamier (1829) hypothesized that tumors might arise
from embryonic cells present in the adult. The father of pathol-
ogy, Rudolf Virchow, observed that teratocarcinomas were made

Table 3
History of Stem Cell Origin of Cancer

1862  (Virchow)—Teratocarcinoma is made up of embryonic cells.
1874  (Durante and 1875 Cohnheim)—Cancer in adults arises from

embryonal rests.
1899  (Wilms)—Wilms’ tumor (nephroblastoma) arises from fetal

primitive mesoderm.
1904  (Beard)—Cancer arises from displaced trophoblast of

activated germinal cells.
1910  (Wright)—Neuroblastoma is a tumor of fetal neural crest.
1911  (Rippert)—Altered environment allows embryonic cells to

escape growth control.
1921  (Rotter)—Primitive germ cells lodge in other organs during

development.
1937  (Furth)—Tumor stem cells are cloned from leukemias.
1955  (Makino and Kano)—Leukemia arises from a stem cell.
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up of tissues also found in developing embryos (Virchow, 1863).
The term de-differentiation was coined by pathologists to
describe this resemblance, and pathologists today still refer to
the “degree of de-differentiation”, to grade tumors as fast grow-
ing (poorly differentiated) or more slow growing (well differen-
tiated). However, it is unfortunate that this term implies that
tumors arise from actual de-differentiation of mature tissues,
which is unlikely.

1.4.1. TUMOR STEM CELLS   In theory, a malignant tumor
may arise from any cell in the body that can divide (see Subhead-
ing 1.4.4.). Cancers at all ages may arise from “maturation arrest’
of stem cells (Sell and Pierce, 1994); the degree of differentiation
depends on the stage of differentiation at which the majority of the
cancer cells become arrested. This idea is a variation on the theme
of the “embryonal rest” theory of cancer. An Italian, Durante
(1874), first postulated that cancer in adults developed from em-
bryonal tissues, but the credit for the concept that cancers arise
from putative embryonal cells present in mature tissues has been
given to Cohnheim (1875), and the embryonal rest theory is attrib-
uted to him.

Tumors arising in children provide clues to the relationship to
residual embryonic cells and cancer. In the late 1800s, a tumor of
the kidney of children that contained a mixture of embryonal cell
types was identified. In 1899, Wilms wrote a definitive mono-
graph on this composite tumor and concluded that it arose from
a fragment of the primitive undifferentiated mesodermal tissue,
which normally is the anlagen of the myotome (striated muscle),
nephrotome (Wolffian body), and smooth muscle (Wilms, 1899).
James Homer Wright, the founder of the pathology laboratories
at Massachusetts General Hospital, noted that the cells of Wilms’
tumors of the kidney resembled embryonal cells and contained
rosettes of cells similar to embryonal glomeruli (Jame Homer
Wright rosettes) as well as sarcomatous tumor and nonstriated
muscle. Wilms’ tumor is also called mixed tumor, adenosarcoma
or nephroblastoma (Fraser, 1920; Beckwith and Palmer, 1978).
It only occurs in children under 7 yr of age; microscopically, it
is composed of a mixture of undifferentiated spindle cells and
immature epithelial tubules. Wilms’ tumors appear to arise from
embryonal cells in infants; these embryonic rests differentiate
with age and essentially disappear, so that they are no longer a
source of cancers after 7 yr of age (Beckwith and Palmer, 1978;
Kretschmer, 1938).

A similar embryonic tumor of sympathetic ganglia, called neu-
roblastoma, was also recognized by James Homer Wright (1910).
Neuroblastoma appears to arise in fetal neural crest cells of the
sympathetic nervous system. These cancers have a peak age of
presentation of 2 yr and are composed of embryonal-type neural
cells that become more differentiated with age. In young infants,
they are anaplastic and aggressive, whereas in older children they
appear as more differentiated tumors or even as benign
ganglioneuromas (Shimada et al., 1984). It appears that the undif-
ferentiated embryonic cells giving rise to these tumors can be
differentiated into benign mature cells by the environment of the
growing infant.

In 1911, Beard hypothesized that tumors arise from displaced
placental tissue or activated germinal cells in adult tissues (see
Oberling, 1944). Rippert (1911) suggested that the critical factor
is the isolation of these potential cancer cells from their normal
environment. He pointed out that it was incorrect to consider the
growing margin of an epithelial cancer as a transitional zone

between normal and tumor tissue, in which the normal tissue is
being converted into tumor tissue—an idea with a considerable
following at the time. Rotter (1921) raised the possibility that
primitive sex cells (germinal cells) wander through the tissue of
the developing embryo and can accidentally lodge anywhere out-
side the ultimate sex glands. Such cells could serve as the origin
of tumors. According to these hypotheses, all cancers may be
considered to arise from embryonal-like progenitor cells or par-
tially determined progeny cells present in the adult. Stem cells
have the property to invade, migrate, and grow in tissue sites dis-
tant from which they arose. These are the same properties as meta-
static tumor cells (Fidler, 1986). With the growing recognition that
cancers in adults could be caused by chemicals or viruses, the
embryonal rest origin of cancer was generally replaced by the
process of de-differentiation from adult tissue as the cellular
source of cancers. Thus, the concept that cancer arose from some
change in the character of the cells was popularized. In fact, the
term “anaplasia” was first coined to describe the change in cells
that would allow cancerous growth by de-differentiation. How-
ever, as now used anaplasia (ana, backward; phasia, to form) is not
considered a process that leads to tumor growth, but is used rather
as its morphological correlate, describing the loss of differentiated
features (without form). In modern cancer biology, genetic
changes leading to alterations of growth regulatory functions are
widely accepted as causing the altered growth seen in cancers
(Boveri, 1929). The question remains as to the identity of the cells
in which these genetic changes arise. Frank and Nowak (2003)
argue, from a mathematical analysis of the total number of muta-
tion events during the history of a cell, that mutations are likely to
accumulate rapidly in cells during their symmetric linear growth
phase (i.e., during early development). This results in seeding of
a young individual with a small fraction of mutated stem cells.

Clearly, any alteration in a cell leading to cancer must arise in
a cell that has the potential to divide and not to be lost during
normal tissue turnover. For example, the cells above the basal
layer of the skin or in the upper mucosa of the gastrointestinal
tract that undergo a malignant mutation may be sloughed off
before they can give rise to a tumor mass. In order to produce a
cancer there must be a way for the transformed cells to remain in
the body. Perhaps the best example of arrest of differentiation in
cancer is leukemia.

1.4.2. LEUKEMIAS AS MODELS OF MATURATION ARREST
The demonstration that tumor growth depends on a population of
proliferating stem cells was first described in transmissible leuke-
mias of mice. Jacob Furth (Furth and Kahn, 1937) was able to
transplant leukemia to other mice using a single undifferentiated
cell. Makino and Kano (1955) were also able to obtain clones of
tumor cells from single cells, and they postulated the existence of
tumor stem cells. Human leukemias feature gene rearrangements
that are present in all the cells of the tumor (Rowley, 1999), sug-
gesting the tumor’s origin in a single cell that had undergone the
rearrangement. The effect of a genetic change in the precursor cell
of the population is exemplified by the malignant increase of
multiple cell types in chronic mono/myelogenous leukemias,
including various types of polymorphonuclear cells (neutrophils,
eosinophils, and basophils), as well as monoctyes, erythrocytes,
and platelets (megakaryocytes), all arising from a malignant pre-
cursor containing the same genetic lesion or lesions. Thus, the
malignant cell is the progenitor cell with the capacity to differen-
tiate into different blood cell types.
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The response to chemotherapy of acute leukemias also implies
the involvement of a primitive stem cell, as repeated cycles of
antiproliferative treatment are required to affect cells that are one
specific time of therapy. Because the therapy acts on actively
proliferating cells, it would be predicted that one cycle of drug
treatment will be sufficient to eliminate actively proliferating cells
present at the time of treatment. However, the malignant genetic
change is also present in the “resting” or G0 stage stem cells that
are not proliferating when the drug is administered. When one
cycle of treatment is completed, these resting cells will be stimu-
lated to proliferate. When in an active state, they will now be
susceptible to treatment. Successful treatment may require four
or more cycles of antiproliferative therapy to catch all of the
leukemic cells. Even so, up to 30% of patients will require total
bone marrow ablation and stem cell transplantation from a normal
donor. This is likely because the genetic lesion is present in the
primitive resting stem cell in the bone marrow that is not suscep-
tible to antiproliferative treatment. This lesion must eventually be
destroyed by irradiation or the leukemia will reappear.

The characteristics of various leukemias illustrate how the stage
of maturation arrest at which manifestation of a genetic change
occurs determines the natural history (growth rate) of the tumor.
A few of the known gene rearrangements in leukemias and lym-
phomas are listed in Table 4. Leukemias feature genetic lesions
that affect either cell proliferation (transactivation) or cell death
(apoptosis). With respect to determining the stage of differentia-

Table 4
Some Gene Rearrangements in Leukemias and Lymphomas a

Leukemia Translocation Effect of translocation

CML (Philadelphia) t9:22 bcr/abl Tyrosine kinase activation

AML t8:21 IL-3R Tyrosine kinase activation

ALL t12:22 TEL/MN1 Transcription activation
t9:12 TEL/abl Tyrosine kinase activation

Burkett’s (B-cell) t8:14 IgG/myc Transcription activation

B-cell lymphoma t14/ IgG/bcl2 Blocks apoptosis

CLL ? ? Blocks apoptosis

aCML, chronic myelogenous leukemia; AML, acute myeloblastic
leukemia; ALL, acute lymphoblastic leukemia; CLL, chronic lympho-
cytic leukemia.

Fig. 8. Growth fractions, morphology, and clinical course of three selected leukemias. In acute myelogenous leukemia, the tumor cells are
arrested in an active growth phase. Cells that divide do not enter G0, but pass directly into the next cell cycle. Few if any differentiated cells
are seen. The growth fraction is very high; the expansion of cells is essentially exponential, and the time to death, if the disease is not treated,
is a few months. In chronic myelogenous leukemia, the arrest is at the level of the transit-amplifying cells. The number of cycling cells is much
smaller, and a much higher proportion of the tumor cells undergoes differentiation. The growth fraction is small, and the time to death is years.
In CLL, maturation arrest occurs in nondividing cells. The functional change is a lack of cell death. The growth fraction is vanishing small,
and the time to death is decades.

tion at which the genetic rearrangement is found, it is generally
identifiable in the early myelogenous progenitor or even in the
more primitive bone marrow stem cells. Thus, the genetic lesion
causing leukemias occurs in the stem cells, but the growth charac-
teristics of the tumor are determined by the stage of maturation of
the affected cell lineage.

The rate of cell proliferation (growth fraction) of the leukemia
is reflected in the morphology of the cells (Fig. 8). A high percent-
age of large blast cells is a characteristic of fast-growing acute
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leukemias; a high percentage of more mature cells is a character-
istic of chronic leukemia. Blast cells represent cells that are in the
cell cycle; mature cells represent cells that are not in the cycle.
Thus, acute leukemias are composed of blast cells, while chronic
leukemias are composed of more highly differentiated cells. If a
leukemia is composed of blast cells, it means that it has a high
growth fraction (a high percentage of cells in cycle at any given
time). If a leukemia is composed of mature cells, as in chronic
lymphocytic leukemia (CLL), it has a low growth fraction. A
mixture of blast and more mature cells implies an intermediate
growth fraction. Extrapolation of this principle predicts that the
degree of differentiation and the clinical behavior of a cancers is
directly related to the stage of maturation arrest of the cells in the
tumor lineage (Fig. 6).

1.4.3. EPIDERMAL CARCINOGENESIS AND STEM CELLS
Similar to leukemias, the biologic behavior of a skin cancer
depends on the stage of differentiation at which the cell under-
goes malignant change and maturation arrest. The lineage of the
skin includes the precursor cells in the hair follicule, more deter-
mined basal cells in the epidermis, suprabasal proliferating cells
(transit-amplifying cells) and non-proliferating cells above the
transit amplifying cells. Although an oversimplification, trans-
formation of the primitive skin progenitor cells in the bulge of
the hair follicle gives rise to invasive hair follicule or basal cell
carcinomas (Brown et al, 1998). Activation of the more deter-
mined basal cells of the skin by overexpression of Ras produces
squamous cell carcinoma (Arnold and Watt, 2001; Waikel et al.),
and expression of the c-myc gene in normally non-proliferating
suprabasal cells reactivates the cell cycle and leads to hyperpla-
sia (papillomas), but these do not progress to invasive tumors
(Pelengaris et al., 1999). In squamous cell carcinoma of the uter-

ine cervix associated with human papilloma virus infection, the
initially infected and transformed cell is the basal stem cell, but
productive infection requires keratinocyte differentiation (Gar-
land, 2002; Munger and Howley, 2002).

Perhaps the best evidence that tumors arise from stem or pro-
genitor cells is provided by the two-step model of skin cancer
first described by Peyton Rous in 1941 (Fig. 9). The two steps are
initiation and promotion (Friedwald and Rous, 1944; Berenblum
and Shubik, 1947; Berenblum, 1954). In the classic model,
benz(o)pyrine, the initiator, is painted onto the skin. This chemi-
cal binds to DNA in the skin cells, causing a permanent genetic
alteration (initiation). However, cancers will not arise unless a
proliferative stimulus is also given (promotion). This is provided
by treating the skin with phorbol ester. Thus, the initiation event
induces genetic damage, and the promoter then stimulates the
damaged cells to proliferate, leading to cancer. Initiation must
occur before promotion. If promotion is performed prior to ini-
tiation, cancers will not develop.

The time between initiation and promotion is the critical factor
in implicating the stem cell as the initiated cell. This interval can
be days or even months or years. For tumors to grow out in this
model, the initiated cells must survive from the time of initiation
to the time of promotion. Given the well-established fact that all
cells in the skin, except the self-renewing progenitor cells, turn
over completely every 2–3 wk (Potten and Morris, 1988; Watt,
1989), it is clear that the only way in which the initiated cells could
still be present if months or years had passed since initiation, would
be for initiation to have occurred in the self-renewing progenitor
cell population. Thus, in the initiation-promotion model for skin
carcinogenesis, the initiated cell must be a self-renewing progeni-
tor cell.

Fig. 9. Initiation and promotion: two-step model of carcinogenesis. In the original experiments of Peyton Rous (Rous and Kidd, 1942; Friedwald
and Rous, 1944), initiation was accomplished by painting the ear of a rabbit with coal tar. This produces genetic lesions in the epidermal cells
by causing DNA/carcinogen adducts that cannot be repaired. If no further insult occurs, tumors do not develop. However, if the site is wounded
by scraping with a cork borer, epithelial cancer appears at the edge of the wound. Later, it was shown that the initiation event could be separated
from the promotion step by up to a year (Berenblum and Shubik, 1947; Berenblum, 1954; Foutwell, 1964). Because the epidermal cells of the
skin are completely replaced every 2 wk (Potten and Morris, 1988; Watt, 1989), only the self-renewing progenitor cell population would survive
during the interval between initiation and promotion. Thus, initiation must take place in the self-renewing stem cell population of the skin.

01/Sell---/001-018/F 8/19/03, 10:10 AM12

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 1  /  STEM CELLS 13

If this is true, then why is it that the initiated cells do not grow
out and produce cancer during normal tissue renewal? Why is
promotion required for initiated cells to grow into cancers? The
answers to these questions are not known. Presumably, normal
tissue renewal does not involve proliferation of the long-term self-
renewing cells. As for the hematopoietic cell lineage, most normal
cell renewal involves not the more primitive skin determined stem
cells, but rather the transit-amplifying cells. Thus, it is likely that
the initiated transit-amplifying cells are not self-renewing. The
initiated cell that gives rise to cancer must be a resting stem cell
that is only called on to proliferate under the stress of promotion.

The concept of the stem cell origin of epithelial cancer is sup-
ported by the phenomenon of field cancerization (Slaughter et al.,
1953). Field cancerization was first recognized by the presence
of biologically abnormal tissue surrounding oral squamous cell
carcinoma, and the development of multiple primary tumors and
locally recurrent cancer in these areas. Field cancerization is asso-
ciated with acquisition of a genetic change in a stem cell with
formation of an altered patch of epithelium, which can be recog-
nized histologically (Carlson et al., 2002). Patches of field cancer-
ization may be identified by a zone of cells surrounding various
epithelial cancers containing mutations of TP53 or loss of het-
erozygosity (Braakhuis et al., 2003). Field canceration appears to
be a manifestation of an initiation event. If followed by expansion
of the initiated population (promotion), a population of cells at
high at risk for developing further genetic changes leading to in-
vasive cancer is produced. When recognized clinically, it is advis-
able not only to remove any obvious tumors, but also to remove the
surrounding cancerized field, if possible (Braakhuis et al., 2003).

1.4.4. HEPATIC CARCINOGENESIS AND PROGENITOR
CELLS  The cellular response to various regimens for chemical
injury and hepatocarcinogenesis indicates that different cells in
the hepatic lineage may restore lost hepatocytes or give rise to
hepatocellular carcinomas (Dunsford et al., 1989; Sell, 2001b)
(Fig. 10). A role for stem cells in the liver has only been appre-
ciated for the last 25 yr. The finding that after surgical removal
of up to two-thirds of the liver was compensated in a few days by
proliferation of hepatocytes with no evidence of involvement of

progenitor cells led to the conclusion that progenitor cells do not
take part in liver renewal (Higgins and Anderson, 1931; Grisham,
1962; Bucher and Malt, 1971). On the other hand, carcinogenic
studies in the 1930s and 1940s demonstrated that hyperplasia of
bile duct-like small round cells in the portal zone of the liver
preceded hepatocellular carcinoma (HCC) induced by butter
yellow (Yoshida, 1935; Kinosita, 1937; Orr, 1940; Opie, 1944).
These cells became known as oval cells (Farber et al, 1956). A
relationship between the hyperplastic duct-like oval cells and
hepatocellular carcinoma (HCC) was considered, but it was gen-
erally concluded that HCC arose from transformation of hyper-
plastic liver cells, not the oval cells (Farber, 1956; Farber, 1984).
However, Gillman et al. (1954) concluded that the duct epithe-
lium might undergo malignant transformation into HCC and
might even differentiate into normal parenchymal liver cells.
The concept that bile ducts may contain progenitor cells that
could give rise to liver cells was extended by Wilson and Leduc
(1958), who reported the proliferation of cholangioles, and the
differentiation of terminal cholangioles into hepatocytes in mice
fed a methionine-rich diet containing bentonite. However,
Grisham and Porta (1964), in an autoradiographic study of bile-
duct proliferation induced by various stimuli in rats concluded
that hepatocytes were clearly distinct from biliary cells and that
“cells possessing characteristics intermediate between the two
were not seen in this study. ... It is concluded that in the adult rat
under the conditions studied each type of cell is specific and
reproduces only its own kind.” For many years, models of chemi-
cal hepatocarcinogenesis were interpreted to support dedifferen-
tiation of hepatocytes giving rise to HCC under the influence of
an initiation/promotion type of chemical carcinogenesis regi-
men (Farber, 1984; Alterman, 1992). Because it is well known
that mature hepatocytes can proliferate in response to injury, it
is plausible that that hepatocytes can give rise to cancers. In
carcinogenic models, foci of altered hepatocytes were the first
observed change (Farber, 1956; Teebor and Becker, 1971). These
foci were thought to give rise to so-called “preneoplastic nod-
ules,” these nodules in turn give rise to HCC. Thus, HCC devel-
oped from dedifferentiation of hepatocytes.

Fig. 10. Different levels of progenitor cells in adult liver. Following various models of liver injury or chemical hepatocarcinogenesis
different cell types respond: (1) hepatocytes, (2) bile duct cells, (3) ductal progenitor cells, or (4) periductular oval cells, which may arise
from circulating bone marrow precursor cells. (Modified from Sell, 2001b.)
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The kinetics of the early elevation of the fetal protein, α-
fetoprotein (AFP) during chemical hepatocarcinogenesis gave
the first clue that various cell populations are involved (Sell and
Becker, 1978; Dunsford et al., 1989). During hepatocarcino-
genesis induced by diethylnitrosamine, AFP first appears in
atypical hepatocytes and then in microcarcinomas, and finally in
frank hepatocellular carcinomas, suggesting that HCC arises
from hepatocytes in this model. However, when hepatocyte
proliferation is inhibited by administration of the chemical N-2-
acteylaminofluorene (AAF) and the liver is exposed to diethyl-
nitrosamine (initiator) followed by promotion by partial
hepatectomy (the Solt–Farber model; Solt et al., 1977), there is
proliferation of small, so-called “oval cells” (Farber, 1956) in
ductular structures. This proliferation precedes HCC, suggesting
that HCC arises from ductular progenitor cells. Finally, when rats
are fed a choline-deficient diet and exposed to AAF or ethionine,
or are fed cycles of a diet containing AAF, there is proliferation
of periductular oval cells, which appear to be the precursor cells
for the HCCs. Thus, HCCs may arise from hepatocytes, ductular
progenitor cells, or periductular stem cells (Fig. 10). Given the
finding that hepatocytes can arise from bone marrow precursors
(Petersen et al., 1999; Theise et al., 2000; Krause et al., 2001), it
seems likely that circulating bone marrow–derived stem cells
that enter the liver will do so in the periductular region from
the hepatic artery. It is therefore possible that these circulating
cells give rise to HCC under the conditions of the third group of
regimens described (Sell, 2001b). Given the results suggesting
fusion of bone marrow stem cells with hepatocytes described
above, is it possible that some HCC arise from fusion between
bone marrow derived cells and hepatocytes? This could explain
the marked variations in ploidy seen in HCC.

1.4.5. STEM CELLS AND ADENOCARCINOMAS  The
observations on the stem cell origin of teratocarcinomas and
HCCs may be extrapolated to other organs (Sell and Pierce,
1994). Exocrine glands consist of acini of glandular cells
drained by a collecting duct. The key progenitor cells are located
between the gland and the duct. For example, it is known from
both histological examination of human lesions (Wellings et al.,
1959) and from examination of “preneoplastic” lesions of exper-
imental mouse models (Haslan and Bern, 1977; Medina, 1988),
that breast cancers arise from basal progenitor cells located in
the terminal ductular lobular unit. These are the same cells that
proliferate during pregnancy and produce progeny that eventu-
ally differentiate to form the lactating mammary gland. Prostate
cancer also arises from basal stem cells (Bonkhoff and
Remberger, 1996; Kadkol et al., 1998; Dubey et al., 2001). Intes-
tinal carcinogenesis is directed toward functionally anchored
stem cells in the crypts (Kim et al., 1993), and mutated stem cells
appear to be able to spread through the mucosa, by fusion
of crypts, before becoming invasive (Garcia et al., 1999). Muta-
tion in the adenomatous polyposis coli gene is associated with
increased expression of survivin, which allows expansion of
crypt stem cells and development of colon cancer (Zhang et al.,
2001b). Finally, mixed tumors of epithelial and mesenchymal
components (carcinosarcomas) appear to arise from a common
monoclonal origin (Thompson et al., 1996). In each instance,
carcinomas arise from tissue progenitor cells. Is it possible that
these cells can arise from circulating stem cells that have the
ability to cross basement membranes and localize in different
glandular tissues?

1.5. WHERE ARE THEY GOING?
The chapters in this book cover many different aspects of stem

cell biology and illustrate the various levels of determination, not
only during development from ESCs, but also during normal
tissue renewal; this is illustrated in Fig. 11. Most public attention
has focused on the use of ESCs for possible replacement of dam-
aged tissue or for gene therapy. This is because ESCs cells are
capable of forming any other cell type. However, it is not clear
that these cells will respond to signals derived from the microen-
vironment of adult organs to differentiate into the mature cell
types desired; and if indeed they do respond, how many cells will
differentiate and how long will the process take? In addition,
there is an ongoing ethical controversy concerning the use of
human embryos or cell lines derived from human embryos, for
such purposes. On the other hand, there is increasing evidence
that some form of tissue stem cell from adult individuals may be
just as good, or even better, for some purposes. As will be illus-
trated in many of the chapters in this book, there are potential
stem cells in the bone marrow, brain, circulating blood, and other
organs that may be toti/multipotential. In addition, there are tis-
sue-determined progenitor cells in yet other organs, such as
muscle, skin, GI tract, and liver that may actually be better for
more specific cell replacement or gene therapy in that they would
be more efficient in replacing a given tissue.

Such progenitor cells could be obtained from injured organs,
whose cells may have more potential than do the cells from normal
organs. For example, it is possible to culture and then clone pro-
genitor cells from animals with acute liver injury; these cells may
have the potential to differentiate into not only liver cells, but also
other related cell types. It is not yet clear whether these injury-
induced progenitor cells are derived from the very few progenitor

Fig. 11. Stem cell model of tissue renewal. The fertilized egg and
adult germinal cells are both totipotent stem cells. ESCs derived
from the fertilized egg are also totipotent and give rise to progeny
that begin the process of determination to become specialized, differ-
entiated tissue cells. In normal tissue replacement, there is a
multipotent, possibly totipotent tissue progenitor cell, which pro-
duces a population of transit-amplifying cells. The transit-amplify-
ing cells are responsible for replacing terminally differentiated tissue
cells. Thus, in the adult, there are various levels of stem or progenitor
cells having various potentials for proliferation and differentiation.
In some cases, totipotent embryonic cells may be the best choice to
mediate stem cell/progenitor cell therapies; in other cases, stem cell/
progenitor cell therapy may best be mediated by tissue-determined
progenitor cells. (Modified from Pierce and Wallace, 1971.)
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cells in the mature liver, or rather from circulating blood stem
cells, which enter the liver in larger numbers is response to the
injury. In any case, there is every reason to believe that stem cell
therapy is not limited to ESCs, and may in fact be more feasible
using adult stem cells.

The potential of stem cells to replace tissue cells damaged by
either genetic lesions or epigenetic injury is controlled both by the
innate potential of the stem cells and by the environment in which
they are placed. This is similar to the “seed and soil” hypothesis of
Paget (1889) for metastatic cancer cells. The ability of a stem cell
to function in a given location is dependent upon its potential
(seed), as well as upon microenvironmental signals, including:
cell–matrix interactions, cell–cell interactions, growth factors,
hormones, and circulation gradients (soil) (Wulf et al., 2001). Stem
cells become restricted in the variety of differentiated progeny that
they can produce during the determination process. For toti/
multipotent stem cells to exist in the adult, preservation of the ESC
potential must occur in certain cells, the multipotent tissue pro-
genitor cells (Krause et al., 2001). On the other hand, a loss of
potential has been clearly shown for neuronal cell lineages, as cells
from the developing brain remember whence they originated
(Temple, 2001). Yet, ESCs are able to re-populate damaged neural
tissue and to provide cells that will remyelinate damaged spinal
cord, in experimental models (Brustle et al., 1999; Horner and
Gage, 2000; Mansergh et al., 2000); bone marrow stem cells may
also repair brain lesions (Li et al., 2001; Zhao et al., 2002).

There appears to be no clear-cut answer to the question of what
stem cells would be best for which types of therapeutic approaches.
However, if one thinks about cells to replace injured liver, or to
grow up cell lines for liver bioreactors, logic suggtests that cells
already some distance down the liver lineage pathway might be
more suitble than totipotent ESCs; likewise, cells committed to
neuronal lineages might be better for replacement of damaged
neuronal cells. Thus, it appears that the time has come to develop
and test “designer stem cells” for specific therapeutic challenges
(see review by Dove, 2002).
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2 Stem Cells from Early Mammalian Embryos
Common Themes and Significant Differences

VIRGINIA E. PAPAIOANNOU, PhD
AND ANNA-KATERINA HADJANTONAKIS, PhD

A description of the potential of cells during embryonic development indicates that the first restriction of the totipoten-
tiality in the zygote occurs during formation of the blastocyst when the outer layer of cells forms the trophectoderm, which
will give rise to the placenta, and the inner cells form the inner cell mass (ICM), which will develop into the fetus and fetal
membranes. At this point, the ICM cells lose the ability to form trophectoderm and are considered pluripotent in that they
can form all the cells of the body of the embryo, but not the placenta. A population of pluripotent cells persists for several
days, but later in development, pluripotency is limited to the primordial germ cells (PGCs), which will eventually give rise
to the gametes. A variety of methods have been devised to harness the stem cell capacity of early embryo-derived cells in
vitro. Historically, mouse teratocarcinoma stem cells and embryonal carcinoma stem cells were the first to be derived. They
were isolated from spontaneously occurring germ cell tumors or from tumors derived from embryo ectopic explants,
respectively. They can be propagated indefinitely in vitro and have the capacity to differentiate into many cell types. More
recently, three stem cell types have been isolated directly from the early embryo, without the intervening tumor growth:
embryonic stem (ES) cells from the ICM of the blastocyst, trophectoderm stem (TS) cells from the trophectoderm
of the blastocyst or the extraembryonic ectoderm, and embryonic germ (EG) cells from the PGCs. ES cells and EG cells
are similar in their pluripotency and capacity for indefinite self-renewal, whereas TS cells have a more restricted develop-
mental potential. No truly totipotent stem cell line has yet been derived, but the phenotype of ES lines can be changed to
TS under appropriate culture conditions, indicating that transdifferentiation is possible. Recently, ES and EG cell lines,
which share many but not all of the characteristics of mouse stem cell lines, have been derived from human embryos.

2.1. MULTIPOTENTIAL CELLS IN EARLY
MAMMALIAN DEVELOPMENT

Throughout mammalian development, there exist only a few
proven totipotent cells. Following fertilization, the zygote has the
potential to differentiate into all the cell types of the fetal mem-
branes and placenta, as well as all the cell types of the body, a
capacity that defines totipotency. As the cleavage divisions take
place, the earliest blastomeres also share this capacity to give rise
to all cell types. However, by the time the blastocyst forms, cells
have become limited and fixed in their potential such that only
pluripotent cells, and not totipotent cells, are present. In the course
of development, the progeny cells of the zygote will continue to
divide and multiply and differentiate into cell types with different
characteristics. As a part of this progression, specific populations
of cells will be imbued with the dual capacity of producing more
cells exactly like themselves and of producing cells different from
themselves through cellular differentiation. These self-renewing
cells with the potential to differentiate are termed stem cells and

are an essential part of normal growth and development. Their
existence and persistence for different periods of time during
embryogenesis have been the object of curiosity and the subject of
intense investigation since the earliest days of embryology. Ques-
tions regarding the potency of stem cells, their determination, and
the control of their differentiation have been posed in order to
better understand the great mystery of embryogenesis. Recently,
interest in pluripotent stem cells has taken a more practical turn as
potential clinical applications in the repair or replacement of fail-
ing or damaged organs enters the realm of possibility. Whether
stem cells from the embryo can be harnessed and utilized in this
way has yet to be demonstrated, but the ease of their isolation,
purification, and propagation, as well as the possibility of control
over their ultimate differentiation, will determine the eventual
usefulness of embryo-derived stem cells for these purposes.

2.2. ROLE OF EMBRYONIC STEM CELLS
IN DEVELOPMENT

2.2.1. LINEAGE SPECIFICATION AND PLURIPOTENT
CELLS WITHIN THE EARLY EMBRYO  The totipotent cells of
the cleaving mammalian embryo compact to form a morula and
become radially polarized. This ball of cells gives rise to the cystic
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structure called the blastocyst by a process of cavitation at about
3.5 d postcoitum (Fig. 1). The outermost cells differentiate into an
epithelial layer known as the trophectoderm, whereas the inner
cells, known as the inner cell mass (ICM), remain relatively undif-
ferentiated. During this differentiation between trophectoderm and
ICM, both cell types become developmentally restricted: further
differentiation of trophectoderm cells is limited to a number of
placental cell types, whereas the ICM cells are no longer capable
of forming trophectoderm, but will make every other cell type in
the normal course of development (Fig. 2). ICM cells are thus
considered pluripotent, rather than totipotent, because they are
restricted from the trophectoderm differentiation pathway.
Experimental work elucidating these restrictions has taken into
account not only what the cells do in their normal, undisturbed
development (their normal fate), but also what the cells are capa-
ble of doing under experimental conditions (their potential). To
date, in the mouse, at any rate, no experimental circumstances
have been found that allow normal trophectoderm or ICM to
deviate from their mutually exclusive developmental potential rep-
ertoires, with the sole exception that ICM cells lacking Oct4
appear to differentiate as trophectoderm (Nichols et al., 1998).

ICM cells eventually differentiate into all cell types of the
fetus and fetal membranes, apart from the trophoblast. Shortly
after blastocyst formation, the primitive endoderm differentiates
on the blastocoelic surface of the ICM. This cell layer is highly
restricted in its fate and potential and forms only the visceral and

parietal endoderm of the fetal membranes (Fig. 2). The remain-
der of the ICM, which is known as the epiblast, remains pluripo-
tent, having the potential to form the entire fetal body as well as
some of the fetal membranes. This potential is realized through
the process of gastrulation, whereby cells rearrange by morpho-
genetic movements through the primitive streak to form the three
germ layers: ectoderm, mesoderm, and endoderm. Pluripotency
is briefly retained only in the undifferentiated ICM of the blas-
tocyst and its later derivative, the epiblast. As tissues are pro-
gressively formed in development, embryonic cell potential
gradually becomes narrowed down until almost all of the cells of
the embryo have acquired a highly restricted developmental
potential. The property of pluripotency then resides only in a
relatively small population of cells, the primordial germ cells
(PGCs), which are the progenitors of the male and female germ
cells and, eventually, the gametes (Fig. 3).

2.2.2. HARNESSING THE POTENTIAL OF EMBRYONIC
CELLS  Embryos increase in size at a phenomenal rate while also
differentiating into a variety of cell types. One means to accom-
plish this feat is the rapid expansion of multipotential cell popu-
lations in specific lineages at different stages of development,
prior to their further differentiation. This results in what can be
thought of as transitory populations of stem cells with the capac-
ity to reproduce similar cells, with similar developmental poten-
tial (Papaioannou et al., 1978). These stem cell populations exist
only briefly in the rapidly changing embryo, but their stem cell

Fig. 1. Overview of mouse embryonic development: from fertilization to midgestation. After fertilization has taken place within the oviduct,
the preimplantation stage embryo makes its way to the uterus. The first cell division, or cleavage, occurs approx 1 d after fertilization.
Thereafter, cleavages take place approximately every 12 h. Transcription from the zygotic genome begins at the two-cell stage. Totipotency
is lost by the time the embryos have entered the uterus. After hatching out of the zona pellucida, the mature blastocyst induces a decidual
response and implants into the receptive uterus. The latter half of embryonic development takes place within the uterus, with a maternal–
fetal interface established between the trophoblast of the embryo and the maternal deciduum, eventually forming the mature placenta.

02/Papai/019-032/F 8/19/03, 10:53 AM20

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 2  /  STEM CELL FROM EARLY MAMMALIAN EMBRYOS 21

Fig. 2. Derivatives of the first three cell types to differentiate in the mouse embryo. The fetus and the extraembryonic mesoderm develop
exclusively from the ICM of the blastocyst and the primitive ectoderm or epiblast of the egg cylinder–stage embryo. The primitive endoderm,
which differentiates from the ICM at the late blastocyst stage, gives rise to the extraembryonic endoderm. The trophoblast of the blastocyst gives
rise to extraembryonic membranes and the placenta.

capacity can be revealed and exploited by experimental interven-
tion, which essentially “captures” the cells in a proliferative,
stem cell state. Study of these cells constitutes the field of embry-
onic stem (ES) cell research.

ES cell research began with the study of spontaneous gonadal
tumors of germ cell origin, the teratocarcinomas. In the 1970s, it
was discovered that teratocarcinomas could also be derived fol-
lowing the grafting of early embryos into ectopic sites in adults.
These tumors consist of many differentiated embryonic cell types,
as well as undifferentiated stem cells that can be propagated and/
or differentiated in culture, and can take part in embryonic devel-
opment in chimeras in vivo (Solter et al., 1970, Stevens; 1970,
1983; Papaioannou and Rossant, 1983b). The stem cells of terato-
carcinomas were termed embryonal carcinoma (EC) cells and
were thought to be the counterpart of the pluripotent cells within
the early embryo. Work with EC cells spurred the search for a
means of deriving stem cells directly from embryos without the
intervening step of tumor formation. In the following decades,

stem cell lines were successfully isolated from the pluripotent
cells of preimplantation embryos and also from PGCs. The result-
ing cell lines are called ES and embryonic germ (EG) cells, respec-
tively (Hadjantonakis and Papaioannou, 2001). In addition, stem
cells with a more restricted potential were isolated from the tro-
phectoderm cell lineage. These cells are called trophoblast stem
(TS) cells (Tanaka et al., 1998). Each of these embryo-derived
stem cell types are considered in detail in the following sections.

2.3. STEM CELLS DERIVED
FROM EARLY MOUSE EMBRYOS

2.3.1. EC CELLS  EC cells were first derived by culturing cells
from spontaneous teratocarcinomas that occur in the testes or
ovaries of certain strains of mice. These spontaneous tumors arise
from the germ cells and are capable of differentiation into many
cell types such that the tumors resemble embryonic development
gone awry. A tumor might contain several types of epithelia, areas
of bone and cartilage, muscle, fat, and hair, all mixed together in
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a chaotic array, in addition to areas of rapidly dividing, undiffer-
entiated cells that account for the bulk of the tumor’s growth and
are the cells that can be cultured in vitro as stem cells (Stevens,
1970, 1983). The tumors are not metastatic but are transplantable
from one animal to another, and the EC cells derived from them
can be propagated indefinitely in vitro.

In the 1970s, it was discovered that normal embryos from the
blastocyst through early postimplantation stages, as well as iso-
lated genital ridges, the primordia of the gonads, give rise to iden-
tical tumors when transplanted to ectopic sites in histocompatible
hosts. In other words, teratocarcinomas can be derived from all
stages of embryogenesis in which a high proportion of pluripotent
cells can be identified (Fig. 3). These embryo-derived tumor stem
cells can be isolated and maintained in vitro (Fig. 4) and are iden-
tical to the EC cells derived from spontaneous tumors (Solter et al.,
1970; Stevens, 1970, 1983). EC cells can proliferate indefinitely
in the undifferentiated state and still retain the ability to differen-
tiate under specific conditions, although there is considerable
variability among different cell lines in the range of developmen-
tal potential, with some lines being very limited. One explanation

for this variable restriction of potential seen in different EC cell
lines is aneuploidy, a condition that might arise during the transi-
tion from embryonic growth to tumor growth. Aneuploid cells, or
cells that have lost differentiation and growth checkpoints, may be
at a proliferative advantage during the formation of tumors.

EC cells have close parallels to embryonic cells. The protein
synthesis profile of several EC cell lines closely resembles that of
the epiblast of the egg cylinder–stage embryo. When placed into
the embryonic environment by injection into a blastocyst, a strin-
gent test for normal developmental potential, EC cells resemble
normal embryonic cells in their ability to participate in develop-
ment to form chimeras (Brinster, 1974, Mintz and Illmensee, 1975;
Papaioannou et al., 1975). However, the contribution of EC cells
to chimeras is less extensive and less uniform than that of embry-
onic cells in a similar chimeric situation, and EC cells seldom, if
ever, differentiate into germ cells (Papaioannou and Rossant,
1983a). Perhaps the most dramatic difference between EC cells
and embryonic cells in chimeras is that EC cells frequently con-
tinue to proliferate in an undifferentiated state even after they have
completed embryogenesis, with the result that multiple tumors

Fig. 3. Totipotent and pluripotent cells in mouse embryo. Only the zygote and the blastomeres of cleavage-stage embryos are truly totipotent.
After the differentiation of the first lineage, the trophectoderm, totopotency is lost. The trophectoderm makes up the outer layer of cells in the
cavitated embryo and is limited to making placental cell types. The inner cells, which are clustered at one end of the blastocyst, comprise the
ICM. These cells are pluripotent; they can give rise to the derivatives of the ICM but not to trophoblast. At later stages of gestation, pluripotency
resides only in the PGCs of the gonads
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form postnatally in the chimeras. This incomplete regulation of
proliferative potential by the normal embryonic environment may
reflect genetic changes in the EC cells that occurred during the
initial formation of teratocarcinoma or during the derivation or
culture of the EC cells (Papaioannou and Rossant, 1983b). None-
theless, the existence of stem cells in these embryo-derived tumors
and the tantalizing similarity between EC cells and the putative ES
cells fueled hopes of isolating stem cells directly from embryos,
bypassing the tumor formation step.

2.3.2. ES CELLS  In the early 1980s, three groups indepen-
dently succeeded in deriving stem cell lines directly from early
mouse embryos using different blastocyst culture conditions
(Evans and Kaufman, 1981; Martin, 1981; Axelrod, 1984). These
primary cell lines, called ES cell lines, corresponded closely to the
stem cells of the ICM and epiblast predicted by EC cell work. ES
cell lines can be routinely derived from embryos by in vitro out-
growth of blastocysts, followed by disruption of the ICM and
culture of the disaggregated cells in the presence of the cytokine
leukemia inhibitory factor (LIF) (Smith et al., 1988), or by growth
on murine embryonic fibroblasts (MEFs), which provide a source
of LIF (Fig. 4).

ES cells can be maintained as permanent, undifferentiated
cell lines when propagated in the presence of LIF. They retain a
normal, euploid karyotype, on the whole, as well as the capacity
to differentiate into multiple cell types in vitro, in teratomas
following transplantation to ectopic sites in host mice, and in
chimeras following blastocyst injection. There is considerable
strain variability in the ease of establishment of ES cell lines,
with 129/Sv being the most successfully used strain (Smith,
2001). The majority of established ES cell lines are male (XY),
since the XX karyotype appears to be less stable and one X chro-
mosome is frequently lost. Gene and protein expression studies

further define the identity of ES cells. For example, Oct4 (also
known as Pou5f1), a marker of pluripotency in the ICM of nor-
mal embryos, is expressed in ES cells and is downregulated upon
differentiation. ES cells can contribute to all cell types in chime-
ras, with the exception of the trophectoderm and extraembryonic
endoderm lineages, including the germ cells (Beddington and
Robertson, 1987), a potential similar but not identical to that of
ICM cells (Fig. 2). ES cells thus appear to represent the in vitro
counterpart of the transient stem cell populations of the ICM
and/or epiblast of the embryo.

When LIF is withdrawn during culture, ES cells differentiate
and pluripotency is lost. LIF acts by binding a heterodimeric
receptor complex comprising the LIF receptor (LIFR) and glyco-
protein 130 (gp130). Receptor binding results in activation of
gp130 signaling through the JAK/STAT pathway, which is essen-
tial for maintenance of pluripotency in vitro (Smith, 2001). Sev-
eral cytokines related to LIF, including ciliary neurotrophic factor,
cardiotropin 1, and oncostatin M, bind the LIFR/gp130 hetero-
dimer and can substitute for LIF in vitro. Additionally, a combina-
tion of interleukin-6 and a soluble version of its receptor can
substitute for LIFR action. This combination of ligand and recep-
tor can activate gp130 homodimers and can be used to derive and
maintain ES cells. In an interesting twist, the parallel between ES
cells and the pluripotent cells of the ICM/epiblast of the embryo
was challenged by the finding that gp130 signaling is not essential
for early embryonic development, as mice carrying mutations in
LIF, LIFR, or gp130 develop beyond periimplantation stages (see
Nichols et al., 2001 for a review). However, additional studies
suggest that gp130 signaling is essential for maintaining
pluripotency of the epiblast during implantational delay or dia-
pause (Nichols et al., 2001), an explanation that would restore the
parallel between ES and embryonic cells.

Fig. 4. Derivation of stem cell lines from early mouse embryos. EC, ES, EG, and TS cells having developmental potential mirroring that of
early embryonic lineages can be isolated from embryos by a combination of dissection and specialized culture conditions (see text for details).

02/Papai/019-032/F 8/19/03, 10:53 AM23

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


24 PAPAIOANNOU AND HADJANTONAKIS

2.3.3. EG CELLS  Spontaneous teratocarcinomas arising within
gonads and teratocarcinomas developing from transplanted geni-
tal ridges were indications that stem cells could be derived directly
from primordial germ cells prior to their differentiation into the
highly specialized gametes. The discovery that Steel factor (SF),
the c-kit ligand, is essential for the survival and proliferation of
migrating PGCs in the embryo (reviewed by Morrison-Graham
and Takahashi, 1993) provided a clue to the necessary in vitro
culture conditions for deriving stem cells of primordial germ cell
origin. In 1992, two groups were successful in exploiting the stem
cell properties of primordial germ cells to derive cell lines, which
became known as EG cells. As with the derivation of ES cells, LIF
was an important ingredient in establishing permanently growing,
pluripotent cell lines, but in addition, basic fibroblast growth fac-
tor (FGF) (also known as FGF2) and SF were required (Fig. 4).
Both male and female EG cell lines can be isolated directly from
PGCs prior to their migration in gastrulating embryos or following
their arrival in the genital ridges (Matsui et al., 1992; Resnick
et al., 1992). These cells have many characteristics of ES cells with
respect to their differentiation potential in vitro (Rohwedel et al.,
1996; Ohtaka et al., 1999) and their contribution in chimeras,

and, like ES cells, are capable of contributing to the germ line of
chimeric mice (Labosky et al., 1994; Stewart et al., 1994)(Fig. 5).

The status of imprinted genes is one important respect in which
EG cells differ from ES cells. The expression of imprinted genes
is dependent on their parental origin as reflected in the heritable,
differential methylation of maternally or paternally derived alleles
(Surani, 1998; Howell et al., 2001). The imprint is, however,
reversible, as it is erased and established anew in the germ cells at
each generation. When and how this occurs is still a subject of
intense investigation, but it appears to have profound consequences
for the expression of genes in EG cell lines. Some chimeras devel-
oping with EG cell contributions are normal and transmit the EG
cell–derived genotype to the next generation. Others, however,
show fetal overgrowth and skeletal abnormalities, features char-
acteristic of, although less severe than, chimeras made with
androgenetically derived ES cells, which have a paternal imprint
(Labosky et al., 1994; Tada et al., 1998). This observation indi-
cates variability in the expression of imprinted genes in indepen-
dently derived EG cell lines. EG cell lines derived from early
PGCs and those derived from later genital ridges show differences
in the methylation status of at least one gene, Igf2r, leading to the

Fig. 5. Developmental potential and comparison of properties of mouse embryo–derived stem cells.

02/Papai/019-032/F 8/19/03, 10:53 AM24

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 2  /  STEM CELL FROM EARLY MAMMALIAN EMBRYOS 25

conclusion that the imprint is erased between these two develop-
mental time points, and the later-derived lines have either no
imprint or a paternal imprint (Labosky et al., 1994). A survey of a
larger number of imprinted genes found a similar paternal imprint
pattern in male and female EG lines derived from later PGCs,
although there were several exceptions in which genes showed a
pattern similar to normal somatic tissue (Tada et al., 1998). With
respect to experimental or therapeutic uses of EG cells, this impor-
tant variable in the state of imprinted genes is essential to consider.

2.3.4. TS CELLS  At first glance, the trophectoderm would
appear to be a highly differentiatied tissue. Certainly, within the
trophectoderm, many cells rapidly become terminally differenti-
ated, postmitotic giant cells that undergo endoreduplication of
DNA. However, cells directly in contact with the ICM, which are
known as the polar trophectoderm, normally remain diploid and
continue dividing in a relatively undifferentiated state, eventually
forming the ectoplacental cone and extraembryonic ectoderm,
which in turn form components of the placenta, including the sec-
ondary trophoblast giant cells (Fig. 2). The polar trophectoderm
constitutes a limited-potential stem cell population, balancing
proliferation (self-renewal) with differentiation into highly spe-
cialized, physiologically active, postmitotic cells.

It has long been known that the maintenance of proliferation
in the polar trophectoderm is dependent on signals from the ICM
and its later derivatives, and that without these signals, the cells
differentiate into giant cells or other terminally differentiated
cells of placental lineages (Gardner et al., 1973; Rossant and
Ofer, 1977; Rossant and Tamura-Lis, 1981). Signaling through
the FGF pathway has been strongly implicated in mediating the
interaction between ICM and trophectoderm that maintains a
proliferative cell population. This evidence comes both from the
expression patterns of the FGF ligands and receptors (FGFRs),
and from mutant and transgenic mice. In the case of the Fgf4 and
FGFR2 null embryos, no diploid trophoblast cells are detected
either in vivo or in embryo outgrowths in vitro, as all the cells
become trophoblast giant cells (Feldman et al., 1995; Arman et
al., 1998,). A presumed hypomorphic allele of FGFR2 allows
survival past the peri-implantation period, but embryos die later
in gestation with multiple defects, including a deficiency of tro-
phoblast cells and a complete lack of the labyrinthine component
of the placenta (Xu et al., 1998). Expression of a transgenic,
dominant-negative FGF receptor in polar trophectoderm causes
the cells to cease division and differentiate into trophoblastic
giant cells (Chai et al., 1998). Another line of evidence comes
from studies on a targeted mutation in Oct4, a gene coding for a
transcription factor that synergizes with Sox2 to cooperatively
bind the Fgf4 promoter and regulate gene expression. Oct4-de-
ficient embryos develop to the blastocyst stage, but the inner
cells differentiate along the trophoblast lineage and trophoblast
proliferation is not maintained. When FGF4 is added to cultures
of the inner cells of Oct4 mutant embryos, ICM pluripotency is
not restored, but, instead, dividing, undifferentiated cells that
appear to be diploid trophoblast cells emerge from the differen-
tiated trophoblast layer (Nichols et al., 1998).

These observations pointed the way to the in vitro “capture”
of a stem cell for the trophectoderm lineages by implicating FGF4
in the maintenance of the diploid trophectoderm precursors.
FGF4 added to the culture medium of isolated extraembryonic
ectoderm suppresses differentiation into giant cells and main-
tains the population of undifferentiated trophoblast precursors

(Nichols et al., 1998). Furthermore, culture of extraembryonic
ectoderm on MEFs with the addition of FGF4 facilitates the iso-
lation of diploid epithelial cell lines that are capable of indefinite
growth in vitro (Fig. 4). These cell lines differentiate into tropho-
blast giant cells upon the removal of either FGF4 or MEFs
(Tanaka et al., 1998). When these cells, called TS cells, are tested
for their developmental potential by injection into blastocysts,
they contribute exclusively to trophoblast subtypes in chimeras
(Tanaka et al., 1998). Gene expression studies confirm the molec-
ular identity of TS cells and indicate that as they differentiate in
vitro, they closely recapitulate the gene expression profile of the
trophoblast lineage in vivo (Kunath et al., 2001), lending further
support to the notion that these cells are indeed the in vitro coun-
terparts of the proliferating polar trophectoderm.

TS cells can be derived from blastocysts, from the extraembry-
onic ectoderm at 6 to 7 d postcoitum, and from the chorionic ec-
toderm of 7.5 d postcoitum embryos at high efficiency regardless
of the strain of mouse or sex of the embryo (Tanaka et al., 1998;
and our unpublished observations) (Fig. 4). FGF1 or FGF2 can
substitute for FGF4 in vitro, but the factor(s) supplied by the MEFs
has not yet been identified. However, that MEF-conditioned me-
dium can substitute for MEFs, suggests that a soluble factor is
involved (Tanaka et al., 1998).

2.3.5. COMPARISON OF EMBRYO-DERIVED STEM
CELLS  Several different stem cell types representing either the
developmental potential of the trophectoderm or the ICM/epiblast
have been isolated from early mammalian embryos and “captured”
in vitro (Figs. 4 and 5). The culture conditions that lead to the
successful culture of embryo-derived stem cells are different for
each stem cell type, and the properties of the in vitro cells reflect
their origin from embryonic cells with different potential. None-
theless, stem cell potential may be different in vivo than it is in
vitro. For example, ES and EG cells that mirror the developmental
potential of the ICM/epiblast of the embryo are capable of differ-
entiating into extraembryonic endoderm in vitro. In vivo in chime-
ras, however, neither of these stem cells contributes to the
extraembryonic endoderm lineages. Thus, both types of stem cell
lines recapitulate in vitro the developmental potential of the ICM,
which still has the potential for extraembryonic endoderm differ-
entiation, but in vivo they recapitulate the developmental potential
of the later epiblast, which does not differentiate into extraembry-
onic endoderm.

No truly totipotent cell type representing the developmental
potential of the zygote or early blastomeres of the cleavage-stage
embryo has yet been isolated and captured in vitro. Similarly, no
cell line representing a stem cell population for the primitive
endoderm, the third primitive lineage present in the blastocyst
(Fig. 2), has been established to date. However, given the sub-
stantial progress made in recent years, it may be just a matter of
time until conditions are found that will favor the derivation of
endodermal stem cells or even totipotent ES cells.

2.3.6. STEM CELLS FROM CLONED EMBRYOS—
NUCLEAR TRANSFER ES CELLS  Cloning is a mode of asexual
reproduction resulting in offspring bearing the identical nuclear
genome to their parent. In recent years, mammalian cloning has
been achieved by the introduction of somatic cell nuclei into
enucleated oocytes. Wakayama et al. (2001) were the first to report
the derivation of ES cell lines from cloned blastocysts (Fig. 6).
These cells are referred to as nuclear transfer (NT) ES cells. NT ES
cells are identical in their developmental potential to normal ES
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cells in that they can be maintained as pluripotent stem cells when
propagated in the presence of LIF, and they are able to contribute
widely in chimeras. However, little is known as yet about their
imprinting status.

The ability to derive ES cells from cloned embryos allows the
partnering of the technology of cloning with that of genetic engi-
neering in ES cells and thus offers unprecedented opportunities for
exploitation. In light of the ethical and scientific controversies
surrounding cloning, it is worthwhile to make a distinction
between cloning with the intent of generating individuals (repro-
ductive cloning), and cloning with the intent of deriving geneti-
cally matched pluripotent ES cells (therapeutic cloning)
(Hadjantonakis and Papaioannou, 2002). NT ES cells can be used
in therapeutic regimes, in which ES cells generated from sick adult
individuals could provide the basis for their own therapy by pro-
viding genetically matched stem cells. Genome manipulation
could be undertaken to correct defects in the stem cells and the
resulting cells could be used for the treatment of the sick individual
through cell-based therapy (Fig. 7). In fact, a recent study de-
scribes the first successful application of therapeutic cloning, in

which immunodeficient mice were treated with their own geneti-
cally repaired NT ES cells (Rideout et al., 2002).

2.3.7. EXPLOITING MOUSE ES CELLS  Mouse ES cells
have been invaluable tools in embryological studies of cell fate
and cell lineage, and they have also provided a versatile tool for
gene manipulation. Pluripotent ES cells are capable of differen-
tiation into the germ cells of a chimera, even after extensive in
vitro culture, electroporation of genetic material, and drug selec-
tion. This capacity of ES cells has allowed for specific genetic
changes to be engineered into ES cells, selected in vitro, and
subsequently introduced into mice through germline transmis-
sion from ES cell chimeras (Robertson, 1991). The development
of this “gene-targeting” technology and its exploitation during
the past 15 years has been the single most important use for ES
cells to date. Both directed genome alterations, such as “knock-
outs,” “knock-ins,” single base changes, and gene replacements,
as well as random alterations such as “gene traps,” insertional
mutagenesis, and chemically induced mutagenesis, have become
commonplace and thousands of mutations have been produced
(see Website: http://tbase.jax.org).

Fig. 6. NT ES cells: ES cells from cloned embryos. A somatic cell nucleus is transferred into an enucleated oocyte and allowed to develop in vitro
to the blastocyst stage. The cloned embryo is then cultured on MEFs in the presence of LIF for the derivation of ES cells.
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Once mutations are in the germline, ES cells can again be put
to use in the study of mutant effects on development of embryos
and/or organs. Combinations of mutant ES cells and normal cells
in chimeras address questions about the cell autonomy of a mutant
effect and the phenotypic consequences of the mutant effect on
cell–cell interactions and induction during development. Thus, in
addition to being the means through which specific mutations are
introduced into the mouse germline through targeted mutagenesis,
ES cells are also a tool in the analysis of those mutations.

2.4. TRANSDIFFERENTIATION OF EMBRYO-
DERIVED STEM CELLS: ALTERING
DEVELOPMENTAL POTENTIAL

2.4.1. ES CELLS TURN INTO TS CELLS  The coordinate
regulation of specific signaling pathways is pivotal for the first
differentiation event involving the specification of trophectoderm
vs ICM lineages. Similarly, the isolation and maintenance of stem
cells representing those lineages is promoted by the regulation of
intracellular signaling cascades though culturing under appropri-
ate conditions (Fig. 4). This raises the possibility that transdiffer-
entiation between ES and TS cells could be encouraged by
controlling the on/off status of key signaling pathways and tran-
scriptional regulators. For example, FGFR/ mitogen-activated
protein kinase (MAPK) signaling OFF; gp130/JAK/STAT signal-
ing ON; OCT4 ON characterizes the ICM lineage, whereas diploid
trophoblast lineage would be specified by FGFR/MAPK signaling
ON; gp130/JAK/STAT signaling OFF; OCT4 OFF. Although
culture conditions that orchestrate a switch from ES to TS cells or

vice versa have yet to be formulated, a genetic switch has been
elucidated. Thus, when the in vitro culture conditions of ES cells
are changed to those of TS cells (i.e., withdrawal of LIF and addi-
tion of FGF4 and MEF-conditioned media), the ES cells
transdifferentiate. The central premise is that Oct4 expression is
extrinsically manipulated. In ES cell lines, when Oct4 is repressed,
the ability of the cells to self-renew is lost and they differentiate
into what resemble trophoblast giant cells, even in the presence of
LIF (Niwa et al., 2000). Moreover, if Oct4 expression is repressed
and the culture conditions promoting TS cell maintenance are
substituted for those promoting ES cells, the cells continue to self-
renew but now resemble TS cells in morphology and adopt a TS-
cell-specific gene expression profile (Fig. 8). This suggests that
ES cells have the potential to adopt a TS cell phenotype, and that
Oct4 expression is pivotal in dictating their status and develop-
mental potential in this transdifferentiation event.

However, many questions still remain. For example, it is not yet
known whether TS cells can turn into ES cells on upregulation
of Oct4 coupled with addition of LIF and withdrawal of FGF4.
These studies demonstrate that culture conditions can only influ-
ence extracellular signaling, and altering extrinsic signals may
indeed be necessary but not sufficient to enable a change in devel-
opmental potential such as that associated with transdiffer-
entiation. Only by altering the expression of a pivotal intrinsic
transcriptional regulator in concert with a change in culture condi-
tions could the change of the cells’ developmental potential be
achieved. Thus, lineage-specific stem cells may engage a gene
expression profile that results in the shutting down of pluripotency-

Fig. 7. Scheme for treatment of genetic disorders, combining therapeutic cloning with gene therapy. Somatic cells from a mutant (–/–) animal
are cultured and used as nuclear donors for injection into enucleated oocytes. Cloned embryos are used to derive ES cells. The genetic defect
is then corrected (+/–) by gene targeting in the ES cells, which are then differentiated and returned to the mutant mouse.
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associated genetic pathways, and only by genetically manipulating
the expression of key intrinsic regulators can a change in develop-
mental potential be achieved and hidden pluripotency uncovered.

2.4.2. TRANSDIFFERENTIATION OF LINEAGE-SPECIFIC
STEM CELLS AND EXPANSION OF POTENCY: FACT OR
ARTIFACT?  It has been generally accepted that only embryo-
derived stem cells possess the ability to generate the full spec-
trum of cell types present in the adult, and that adult-derived,
lineage-specific stem cells, such as bone marrow stem cells, are
more restricted in the cell types to which they can give rise.
However, there have been several recent reports demonstrating
an exceptional plasticity in lineage-specific stem cells when
cultured under appropriate conditions (Brazelton et al., 2000;
Tropepe et al., 2000). This plasticity has been attributed to a
proposed transdifferentiation of adult stem cells, which broad-
ens their developmental potential. It has therefore been suggested
that many lineage-specific stem cells may indeed possess the
developmental potential of embryo-derived stem cells, provided
conditions are found that will trigger this transdifferentiative
event, thereby unlocking a hidden pluripotency.

Pluripotency of cells, regardless of origin, would have pro-
found implications for stem cell research and application in clini-

cal regimes. The notion that adult-derived, lineage-restricted stem
cells might be coaxed into mimicking embryo-derived stem cells
has fueled arguments about stem cell research, encouraging
emphasis on adult-derived, lineage-specific stem cells at the
expense of work with embryonic material. However, an alterna-
tive explanation has been put forward that casts doubt on the
validity of studies citing transdifferentiation as the reason behind
the apparent increased plasticity observed after in vitro culture of
several lineage-specific adult stem cell types. Recent studies show
evidence of cell fusion and evoke this as a mechanism of achieving
broadened developmental potential. We have discussed how coor-
dinate regulation of specific signaling pathways, as dictated by the
environment in vitro or in vivo, is instrumental in shaping the
developmental potential of stem cells. Two groups of investiga-
tors set out to investigate this issue and to establish whether
coculture with ES cells could bestow a broadened developmental
potential on lineage-specific stem cells (namely, neural and bone
marrow stem cells) (Terada et al., 2002; Ying et al., 2002). The ES
cells did not provide a conditioned environment that provided
extrinsic cues leading to a change in the developmental potential
of the lineage-specific stem cells. Instead, the adult stem cells
spontaneously fused with the ES cells. Such an event could cer-

Fig. 8. Interconversion of stem cell identity. The expression of Oct4 is pivotal for maintenance of ES cell identity. Loss of Oct4 and stimulation
of the MAPK pathway by exposure to FGF4 can change the developmental potential and identity of stem cells from the primitive ectoderm
to that of the trophectoderm.
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tainly lead to an increased developmental potential, which may
have been incorrectly attributed to transdiffer-entiation in the pre-
vious studies. The critical factor in recognizing cell fusion was the
use of genetically tagged cells, thereby allowing tracking of both
compartments at all stages of the experiment.

After several weeks of coculture, subclones that had markers
for both the ES cells and the lineage-specific stem cells could be
recovered. These subclones also appeared to have an increased
DNA content and/or harbor four sex chromosomes, leading to the
conclusion that the two cell types had fused during the course of
in vitro coculture. Analysis of marker gene expression or introduc-
tion of these cells into chimeras demonstrated that they had in fact
adopted a broader developmental potential than the parent, adult-
derived stem cell, an observation that would previously have been
attributed to transdifferentiation.

These findings have important and widespread ramifications,
and, ultimately, much of the previous work concerning the
acquired pluripotency of adult-derived stem cells will need to be
reevaluated. Perhaps lineage-specific stem cells fuse with cells
resident in an organism, thereby generating polyploid cells with
an altered developmental potential that can contribute to a broader
set of tissues. However, transdifferentiation has been noted to
occur at frequencies of up to 50%, whereas cell fusion was de-
tected at frequencies of 10–5–10–4. Therefore, the rarity of cell
fusion may be unable to account for transdifferentiation observed
in lineage-specific stem cells. We currently do not know whether
cell fusion or some other such mechanism of cell conversion could
operate in vivo and account for the observed increased develop-
mental potential of lineage-specific stem cells (see Holden, 2003;
Medvinsky and Smith, 2003). Ultimately, the reevaluation of the
in vivo data, such as by isolating green fluorescent protein–posi-
tive stem cells from chimeras and karyotyping them, should shed
some light on the issue.

As a final note, it is worth highlighting an interesting feature
that is apparent from these studies. The fused cells appear to
more closely resemble ES cells in their phenotype and develop-
mental potential than the lineage-specific stem cells. Does this
mean that the embryonic genetic program is dominant, or that
given the choice, pluripotency and a broadened developmental
potential is chosen over a restricted one? These observations
underscore the need for continued research using stem cells
derived from early embryos, as they are currently the only cells
that unequivocally exhibit pluripotency.

2.5. HUMAN EMBRYONIC STEM CELLS

In recent years, many species, including humans, have been
included in stem cell research. Stem cell lines have been derived
from human blastocysts (Thomson et al., 1998) and PGCs
(Shamblott et al., 1998) with techniques very similar to those
developed for mouse embryos. These lines have been designated
with the same terminology of ES and EG cells, respectively. Like
their mouse counterparts, these stem cells maintain a stable karyo-
type and perhaps can proliferate indefinitely in vitro. They can be
clonally derived and still maintain pluripotency when differenti-
ated in vitro or as teratomas in vivo in nude mice. Their differen-
tiation potential cannot, however, be tested in vivo in chimeras for
obvious ethical reasons. Although they are basically similar, there
are some differences between mouse and human ES cells in their
culture requirements, the morphology of the undifferentiated cells

in vitro, and the expression of surface antigens (Brinvalou et al.,
2003). Furthermore, human ES cells have the potential to form
differentiated trophoblast in vitro, a feature not seen for mouse ES
cells (Thomson and Odorico, 2000; Odorico et al., 2001).

The status of imprinted genes has not yet been investigated in
human ES or EG cells, but the differences documented for mouse
stem cells and embryonic cells indicate that this will be an impor-
tant consideration for future uses of stem cells. Although there are
serious ethical considerations in the derivation and use of human
stem cells from embryos, their potential value for therapeutic uses
as a readily available, renewable source of stem cells for a variety
of organs and tissues has sparked an intensive research effort as
well as an active public debate. The possibility of repairing or
replacing failing organs with stem cells holds enormous appeal,
especially if the stem cells can be engineered in vitro to avoid the
host’s immune response.

2.6. PROSPECTS FOR GENE THERAPY

The extensive background of knowledge on mouse embryo–
derived stem cells provides an experimental model for human ES
cell research and a means of testing ideas on the biological basis
of therapeutic interventions involving stem cells. Given the exten-
sive database of genomic and developmental information and the
long history of mutagenesis and ES cell experimentation, the
mouse is the ideal model organism for this purpose. The differen-
tiation pathways leading to many specific cell types have been
elucidated for stem cells in vitro and are supported by studies on
developmental potential as assayed through contribution in vivo
(reviewed by Odorico et al., 2001). Even highly organized struc-
tures such as insulin-expressing cells with the three-dimensional
structure of pancreatic islets have been differentiated from ES
cells, demonstrating their potential for the assembly of functional
organs (Lumelsky et al., 2001). The feasibility of using ES cells to
effect cures through tissue transplantation has been tested and
validated (Soria et al., 2000). Through the manipulation of histo-
compatibility genes, mouse stem cells can be engineered to escape
the immune response (Grusby et al., 1993).

With the advent of cloning mammals by nuclear transplantation
into enucleated egg cytoplasm, another technical innovation to
avoid immune rejection is being tested in mice. Embryos cloned by
nuclear transfer of somatic cell nuclei have been used as a source
for the derivation of new ES cell lines that retain full developmen-
tal potential (Munsie et al., 2000; Wakayama et al., 2001). Using
this method, unique ES cell lines could be “tailor made” through
cloning from a donor’s somatic nuclei for eventual stem cell therapy
of that same donor. Because the nuclear material originated with
the donor, there would be no danger of immune rejection (Rideout
et al., 2002) (Fig. 7). Studies like these demonstrate the potential
for therapeutic uses of stem cells, and it is through the use of mouse
stem cells that the strategies and therapies can be developed with
a view to possible application to humans.
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3 Embryonic Stem Cells
Isolation and Application of Pluripotent Cells from
Pregastrulation Mammalian Embryo

JOY RATHJEN, PhD AND PETER DAVID RATHJEN, PhD

Pluripotent embryonic stem (ES) cells have been isolated from both mouse and human blastocysts. In vitro, these cells
can be differentiated to a diverse range of functional progenitor and terminally differentiated cells. Characterization of this
capability has led to recognition of the roles of growth factors and cell-cell and cell-extracellular matrix interactions in the
determination of cell fate. The development of increasingly more sophisticated differentiation protocols for the formation
of mature cell types will extend the utility of ES cells to allow the production of cell populations, such as those enriched
in hematopoietic cells, cardiomyocytes, and neuronal cells, for use in cell replacement therapies for human disease.

3.1. HISTORY AND BIOLOGY
OF EMBRYONIC STEM CELLS

3.1.1. ISOLATION AND MAINTENANCE OF EMBRY-
ONIC STEM CELLS FROM THE MOUSE  Isolation and mainte-
nance in vitro of pluripotent embryonic stem (ES) cells from
mammalian embryos was reported independently by Evans and
Kaufman (1981) and Martin (1981). Essentially similar, the two
approaches utilized coculture with a fibroblast feeder layer to
maintain pluripotent cells from the preimplantation mouse blasto-
cyst in an undifferentiated state. Unlike somatic cells, karyotypi-
cally stable cell lines (Pera et al., 2000) could be established and
expanded as essentially homogeneous populations of cells indefi-
nitely in culture, without a requirement for immortalization. The
pluripotential nature of the cells was identified initially by their
morphological similarity to embryonal carcinoma (EC) cell lines
and their differentiation capability, in vitro as embryoid bodies
(EBs) (Evans and Kaufman, 1981) and in vivo as teratocarcinomas
(Martin, 1981). This identification was confirmed subsequently
by demonstration that ES cells express a number of pluripotent cell
markers (Rosner et al., 1990; Rogers et al., 1991; Pelton et al.,
2002) and can contribute to all tissues of the embryo and adult after
reintroduction into the early mouse embryo (Robertson et. al.,
1986; Thomas and Capecchi, 1987).

The development of feeder-independent growth conditions for
ES cells, using conditioned medium from buffalo rat liver cells
(Smith and Hooper, 1987), led to identification of a diffusible
differentiation inhibitory activity, the cytokine leukemia inhibi-
tory factor (LIF) (Smith et al., 1988; Williams et al., 1988), suffi-

cient for the isolation and maintenance of pluripotent cells from
the mouse blastocyst (Nichols et al., 1990; Pease et al., 1990). LIF
binds the LIFR/gp130 receptor complex, resulting in activation of
STAT3, SHP-2, Hck, ERK1 and ERK2 within the pluripotent cells
(Burdon et al., 1999; Ernst et al., 1999). Activation of STAT3
appears to be of particular significance because expression of a
dominant interfering mutant in ES cells results in loss of
pluripotence (Niwa et al., 1998), while expression of a condition-
ally active STAT3 is sufficient for maintenance of pluripotence
(Matsuda et al., 1999). Other members of the interleukin-6 (IL-6)
cytokine family, which signal through the common gp130 recep-
tor, can functionally replace LIF in pluripotent cell maintenance
(Gearing and Bruce, 1992; Conovar et al., 1993; Nichols et al.,
1994; Rose et al., 1994; Yoshida et al., 1994; Pennica et al., 1995).
A comprehensive review of the role of LIF signaling in ES cells is
beyond the scope of this chapter but can be found in Niwa (2001).

3.1.2. ES CELL ISOLATION FROM NONMOUSE MAM-
MALS  Although ES cell isolation from mouse was reported more
than 30 yr ago, the anticipated application of this technology to
other mammalian species, or even to a broad range of laboratory
mouse strains, has not been realized. The isolation of ES-like cells
from a diverse range of mammalian species has been reported;
however, these cells were identified on the basis of morphology
and a limited repertoire of markers and have not been ratified by
the production of chimeras and/or contribution of ES cell progeny
to the germ lineage (reviewed by Prelle et al., 1999). Proven pluri-
potent cell lines—i.e., those that are capable of germline coloni-
zation—have been isolated readily from the blastocysts of the
permissive 129 laboratory mouse strain but only rarely from blas-
tocysts of other laboratory mouse strains (Brook and Gardner,
1997). Improvements in isolation efficiency, which can be
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achieved by removal of contaminating differentiated cell popula-
tions by surgical manipulation (Brook and Gardner, 1997) or
transgenesis followed by selection (McWhir et al., 1996;
Mountford et al., 1998), have allowed the establishment of ES cell
lines from a number of previously nonpermissive strains of mice.

3.1.2.1. Isolation of ES Cells from Humans  The isolation of
pluripotent cells from human blastocysts (Thomson et al., 1998;
Reubinoff et al., 2000) potentially provides a system for character-
izing human embryonic development as well as a source of cells
for replacement therapies. Although ethical constraints prevent
formal ratification of these lines by chimera formation, human ES
cells share many features with their mouse counterparts. They can
be proliferated for extended periods of time without immortaliza-
tion and maintain karyotypic and phenotypic stability during long-
term culture. The cells express genetic and functional markers
characteristic of pluripotent cells and exhibit a broad differentia-
tion potential when differentiated as teratocarcinomas in severe
combined immunodeficiency (SCID) mice or in vitro (Thomson et
al., 1998; Itskovitz-Eldor et al., 2000; Reubinoff et al., 2000).

Human ES cells appear to differ from mouse ES cells in sev-
eral respects. They form flat colonies with distinct cell borders
compared to the characteristic tightly packed, domed colony mor-
phology of mouse ES cells. Furthermore, while mouse ES cells
can be maintained in effective homogeneity, human ES cells have
a reduced phenotypic stability and the cells differentiate readily
in culture, leading to heterogeneous colonies comprising pluripo-
tent and differentiated cells (Pera et al., 2000). Finally, the
cytokine requirements of the two cells differ. Establishment of
human ES lines requires coculture with mouse embryonic fibro-
blasts (MEFs) but unlike mouse, these cells cannot be function-
ally replaced with LIF (Thomson et al., 1998; Reubinoff et al.,
2000). Feeder-independent conditions for the maintenance of
human ES cells rely on a laminin-containing matrix and condi-
tioned medium from MEFs, suggesting that alternative signaling
pathways operate in the maintenance of human ES cells (Xu et al.,
2001). A possible requirement for other growth factors such as
human basic fibroblast growth factor (FGF) has been suggested,
particularly during growth in serum-free medium (Amit et al.,
2000), but a lack of consistency among individual human ES cell
isolates makes assessment of individual growth requirements
difficult. Furthermore, individual human ES cell lines appear to
differ in their suitability for clonal propagation or formation of
EB structures during differentiation (Reubinoff et al., 2000).

3.1.3. ROLE OF LIF IN THE MAINTENANCE OF PLURI-
POTENCE  Responsiveness to gp130-mediated signal transduc-
tion appears to be a property peculiar to ES cell lines isolated from
mice. In this regard, it is interesting that although expression of
Lif, LIFR, and gp130 has been demonstrated in the pregastrulation
mouse embryo (Rathjen et al., 1990; Nichols et al., 1996), knock-
out experiments have failed to show a requirement for members of
the IL-6 cytokine family, or the gp130 signaling pathway, in
the establishment and/or maintenance of pluripotent cells during
embryogenesis (Li et al., 1995; Ware et al., 1995; Yoshida et al.,
1996). This suggests the existence of alternate signaling pathways
for pluripotent cell elaboration within the embryo (Dani et al.,
1998). Interestingly, a role for LIF in embryonic diapause has been
described that may rationalize the bioactivity of this molecule on
pluripotent cells in vitro (Nichols et al., 2001).

3.1.4. EMBRYONIC ORIGIN OF ES CELLS  The pluripotent
lineage of the mouse arises from the central blastomeres of the

cleavage stage embryo and gives rise to developmentally restricted
populations comprising the ectoderm, mesoderm, endoderm, and
germ cells at gastrulation. During this time, the cells undergo a
number of differentiation events and several distinguishable popu-
lations of pluripotent cells exist (Pelton et al., 2002; Rodda et al.,
2002), any or all of which may serve as the founder population of
ES cells. The window of opportunity for ES cell isolation with
current technology appears to be restricted to the inner cell mass
(ICM) prior to formation of the proamniotic cavity and does not
encompass the pluripotent cells of the primitive ectoderm
(Rossant, 1993; Brook and Gardner, 1997; J. Rathjen, unpub-
lished). Furthermore, the analysis of extraembryonic tissues in ES
cell chimeras demonstrated that ES cells contributed to both tro-
phectoderm and extraembryonic endoderm, a developmental
potential consistent with ICM but not later primitive ectoderm
(Beddington and Robertson, 1989).

The blastocyst comprises three distinct cell populations, the
extraembryonic endoderm and trophectoderm lineages, and the
pluripotent cell lineage. Early approaches to ES cell isolation
(Evans and Kaufman, 1981; Martin, 1981; Handyside et al., 1989)
were unable to exclude the possibility that ES cells were derived
from the extraembryonic lineages. However, explants from iso-
lated cell populations, prepared by microsurgical dissection, dem-
onstrated conclusively that ES cell lines arise from the pluripotent
cells of the ICM (Brook and Gardner, 1997) and not from trophec-
toderm or endoderm.

3.2. GENE EXPRESSION MARKERS
USED TO RECOGNIZE ES CELLS

3.2.1. MARKERS FOR MOUSE ES CELLS  The POU-domain
transcription factor Oct4 was identified as binding to a DNA motif
selectively activated in undifferentiated EC cells (Rosner et al.,
1990; Schöler et al., 1990). Oct4 transcripts are restricted to the
pluripotent cells of the embryo and pluripotent cells in culture and
are rapidly downregulated on differentiation, although low-level
Oct4 expression can be detected in the ectoderm/neuroectoder-
mal lineage both in vitro and in vivo (Rosner et al., 1990; Schöler
et al., 1990; Rathjen et al., 2002). Gene knockout experiments
suggest that Oct4 plays an obligate role in establishment of pluri-
potent cell identity, with an absence of pluripotent cells within
Oct4–/– blastocysts (Nichols et al., 1998). Furthermore, experi-
mental manipulation of Oct4 in ES cells suggests that expression
of Oct4 within certain limits is important for the maintenance of
pluripotence, and that perturbation of Oct4 expression can influ-
ence the choice of cell fate following differentiation (Niwa et al.,
2000). Oct4 has been shown to regulate the expression of genes
expressed within the pluripotent cell lineage such as Rex1 and
Fgf4; however, the functional significance, if any, of these genes
in maintenance of the pluripotent state is not clear (Ben-Shushan
et al., 1998; Nichols et al., 1998; Niwa, 2001). Homologs of Oct4
are expressed in the pluripotent cells of other mammalian species
including humans, suggesting a conservation of expression and
possibly function within mammals (Abdel-Rahman et al., 1995;
van Eijk et al., 1999; Reubinoff et al., 2000). The restricted
expression pattern and functional importance in vitro and in vivo
(Nichols et al., 1998; Niwa et al., 2000) make Oct4 a powerful
marker for pluripotent cells.

Other markers that are expressed broadly throughout mouse
pluripotent cell populations in vitro and in vivo include the stage-
specific mouse embryonic antigen-1 (SSEA-1) (Solter and Knowles,
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1978), telomerase (Armstrong et al., 2000), and alkaline phosphatase
enzyme activity (Hahnel et al., 1990; Pease et al., 1990).

During embryogenesis, cells of the ICM differentiate to a sec-
ond pluripotent cell population, the primitive ectoderm. Several
gene expression markers, such as Rex1, CRTR-1, and Psc1, have
been identified that distinguish these two populations, provide a
source of specific ES cell/ICM markers, and allow correlation of
the gene expression of ES cells and their founder cells within the
ICM (Pelton et al., 2002). All three markers are expressed by the
pluripotent cells of the ICM and ES cells but are downregulated
prior to primitive ectoderm formation in vivo or with formation of
early primitive ectoderm-like (EPL) cells in vitro (Rosner et al.,
1990; Pelton et al., 2002). Discrimination of ES and EPL cells
from the pluripotent cells of the primordial germ lineage can be
achieved with use of the marker E-cadherin/uvomorulin, which is
downregulated in pluripotent cells on establishment of the germ
lineage (Sefton et al., 1992).

3.2.2. MARKERS FOR HUMAN ES CELLS  With the isola-
tion of ES cells from human blastocysts came the identification of
human markers expressed in pluripotent ES cells. In addition to
expression of Oct4 (Reubinoff et al., 2000), a bank of cell-surface
antigens with restricted expression—SSEA-4, TRA 1-60, GCTM-
2, TRA1-81, and SSEA-3—has been used in the identification of
human ES cells (Thomson et al., 1998; Reubinoff et al., 2000).
These antigens were initially identified on the basis of expression
in pluripotent human EC cell lines or in nonhuman primate ES
cell lines. Interestingly, SSEA-1, which is used in the identifica-
tion of mouse ES cells, is not reactive with human ES cells
(Thomson et al., 1998; Reubinoff et al., 2000; Kaufman et al.,
2001). Additionally, CD90, CD133, and CD117 are expressed
by human ES cells, as is HTERT, the human telomerase gene (Xu
et al., 2001). It is frustrating that, with the exception of Oct4
expression and some preliminary evidence demonstrating
restricted activity of the mouse Rex1 promoter in human ES cells
(Eiges et al., 2001), there is so little overlap in the gene identifi-
cation markers used to identify mouse and human ES cells. This
precludes meaningful discussion of the comparative similarity
between mouse and human ES cell populations, and between
human ES cells and the pluripotent cells of the embryo.

3.3. DIFFERENTIATION OF MOUSE
ES CELLS IN CULTURE

Mouse ES cell differentiation can be achieved in vitro via
several techniques. The withdrawal of gp130 agonists from ES
cells in adherent culture results in loss of pluripotence, as indi-
cated by downregulation of Oct4 expression, and formation of
heterogeneous populations of cells morphologically distinct from
ES cells (Smith, 1991). Although these cell populations have not
been extensively characterized, they appear to comprise a lim-
ited number of cell types, predominantly a fibroblastic-like cell
and a cell with characteristics of extraembryonic endoderm.
Differentiation in this system is incomplete and after continued
culture “nests” of pluripotent cells appear, thought to be main-
tained by “feedback” LIF production from the differentiated cells
within the culture (Rathjen et al., 1990). Induction of ES cell
differentiation in adherent culture can also be achieved by the
addition of chemical agents, such as retinoic acid (RA) and dim-
ethylsulfoxide, but, again, the repertoire of cell types produced
is limited and largely uncharacterized. The projected utility of
these differentiation regimes is limited by the restricted range of

cell types produced and the dubious relevance to lineage estab-
lishment in vivo.

Withdrawal of gp130 agonists and cellular aggregation of ES
cells in suspension culture—EB formation—results in a program
of differentiation that recapitulates many aspects of early mam-
malian embryogenesis (Doetschman et al., 1985). Initially, outer
cells of the aggregates differentiate to primitive endoderm, a
differentiation event analogous to the formation of primitive
endoderm by cells of the ICM exposed to the blastocelic cavity.
Primitive endoderm in both EBs and the embryo differentiates to
form parietal and visceral endoderm. Like pluripotent cells of the
ICM, pluripotent inner cells of EBs differentiate via formation of
a primitive ectoderm intermediate followed by loss of
pluripotence and differentiation to the three primary germ lin-
eages: ectoderm, mesoderm, and endoderm. With continued
culture of EBs, terminally differentiated cell populations repre-
sentative of the three germ lineages can be detected (Doetschman
et al., 1985). The processes of lineage establishment in EBs ap-
pears to follow the events of embryogenesis and, consistent with
the differentiation of ES cells in chimeric animals, suggests that
ES cells can recognize and respond to the signals regulating
embryonic development.

EBs differ from the embryo in the lack of positional cues, such
that the cell populations form as a mass of tissue without dorsal/
ventral or anterior/posterior organization, not unlike a teratocar-
cinoma. The complex differentiation environment, lack of organi-
zation, and inherent heterogeneity of the system have limited the
use of EB technology for investigation of lineage establishment.
Furthermore, although EBs form relatively large structures, the
abundance of particular cell types can be low, limiting the appli-
cability of EB differentiation to the production of cell populations
for either experimental investigation or predicted uses in cell
therapy (Smith, 1998). Culture of EBs in the presence of differen-
tiation inducers, in medium supplemented with biologically
derived signals such as conditioned medium or purified growth
factors, or in selective medium has been used to enrich for specific
cell populations or cellular lineages during ES cell differentiation.
For example, RA induces the formation of neural lineages during
ES cell differentiation and has been used successfully in protocols
for the efficient generation of neural precursors and neurons
(Fraichard et al., 1995; Strübing et al., 1995; Bain et al., 1996)

In summary, the unique properties of mouse ES cells provide
a system of considerable versatility compared with other stem or
progenitor cell populations:

1. Differentiation potential: As a population equivalent to the
founder cells of the mammalian embryo, ES cells have an
unrestricted capacity to form embryonic and adult cell
types and provide a source of essentially normal cells for
experimental analysis and transplantation.

2. Biological relevance: The demonstrated ability of ES cells
to respond normally to all signals that regulate embryogen-
esis allows the development of differentiation systems that
recapitulate embryonic events, and an opportunity to iden-
tify and characterize the molecular requirements for cell
differentiation, cell fate specification, and cell prolifera-
tion. Developmental intermediates and developmentally
distinct cellular subpopulations that accurately reflect in
vivo counterparts, many of which occur transiently during
embryonic development and/or in small numbers, can be
identified and characterized.
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3. Experimental utility: The availability of a system in which
both the differentiation environment and genotype of a
homogeneous precursor population can be manipulated
with precision provides unrivaled opportunities for inves-
tigation of the molecular, genetic, and cellular basis for
cell fate specification during mammalian development.

We describe next examples that illustrate how manipulation of
mouse ES cell differentiation in vitro has been used to investigate
questions of developmental importance, notably lineage estab-
lishment, and to generate cell populations for experimental analy-
sis or exploration of potential cell replacement therapies.

3.4. SYSTEMS FOR MOUSE ES CELL DIFFERENTIA-
TION: EXPLOITING PLURIPOTENCE IN CULTURE
FOR THE STUDY OF EMBRYOGENESIS

3.4.1. FORMATION OF THE EARLY EXTRAEMBRYONIC
LINEAGES  The first differentiation event in EBs is formation of
extraembryonic endoderm lineages from outer pluripotent cells.
Disruption of FGF signaling, achieved by expression of a domi-
nant-negative FGF receptor in ES cells, results in failure to form
extraembryonic endoderm during EB differentiation (Chen et al.,
2000), implicating FGF-mediated signaling in establishment of
this lineage. Although the source and molecular identity of the
FGF signal were not elucidated in this study, pluripotent cells have
been shown to express FGF4 both in vitro and in vivo (Heath et al.,
1989; Niswander and Martin, 1992).

Interruption of bone morphogenetic protein (BMP) signaling
within EBs, by expression of a dominant negative BMP receptor,
did not prevent formation of the extraembryonic endodermal
lineage but interfered with the differentiation of visceral endo-
derm from primitive endoderm (Coucouvanis and Martin, 1999),
suggesting sequential action of the FGF and BMP signaling path-
ways in establishment of this lineage. It has been hypothesized
that the formation of visceral or parietal endoderm from primi-
tive endoderm is determined by proximity to the pluripotent cells
(Lake et al., 2000) or trophectodermal cells of the embryo,
respectively (Hogan and Tilly, 1981). Consistent with this, BMP-
4 is expressed by the pluripotent cells of the embryo and EBs at
the time of visceral endoderm formation (Coucouvanis and
Martin, 1999).

3.4.2. PLURIPOTENT CELL DEVELOPMENT  After estab-
lishment of the extraembryonic lineages, pluripotent cells of the
ICM differentiate to form a second pluripotent cell population, the
primitive ectoderm. Primitive ectoderm formation can be reca-
pitulated in vitro by the formation of EPL cells from ES cells
(Rathjen et al., 1999), or during EB differentiation (Hébert et al.,
1991; Shen and Leder, 1992). The formation of EPL cells occurs
in response to medium conditioned by the human hepatocellular
carcinoma cell line, HepG2 (MEDII), and results in the formation
of a homogeneous population of cells with morphology, gene
expression profile, cytokine responsiveness, and differentiation
potential distinct from ES cells and characteristic of the embryonic
primitive ectoderm (Rathjen et al., 1999; Lake et al., 2000).

Several lines of evidence from the embryo suggest that signal-
ing from the adjacent extraembryonic endoderm is required for
differentiation of ICM to primitive ectoderm (reviewed in Pelton
et al., 1998). In vitro, primitive ectoderm formation in EBs lacking
the primitive or visceral endoderm lineages is disrupted, evidenced
by continued expression of the ICM-specific marker Rex1 (Faloon
et al., 2000) or a failure to establish the stratified epithelial layer

of pluripotent cells characteristic of primitive ectoderm
(Coucouvanis and Martin, 1999). Furthermore, despite their
diverse embryological origin, similarities of gene expression and
function between liver and visceral endoderm have been acknowl-
edged (Meehan et al., 1984; Rossant, 1995; Barbacci et al., 1999),
suggesting that EPL cell–inducing factors expressed by the HepG2
cell line substitute for inductive signals from visceral endoderm in
vivo. Consistent with this the active components of MEDII, a small
diffusible peptide and an extracellular matrix (ECM) component
(Rathjen et al., 1999), are respectively expressed by a visceral
endoderm-like cell line in vitro and localized to the basement
membrane supporting the pluripotent cells in vivo and in vitro
(Bettess, 2001).

Primitive ectoderm formation is accompanied by formation
of the proamniotic cavity in both the embryo and EBs. Cavitation
in EBs is initiated with the formation of multiple foci of cell
death throughout the pluripotent cell mass that merge to form a
single cavity surrounded by a monolayer of primitive ectoderm,
an orchestrated process involving both cell death and survival
(Coucouvanis and Martin, 1995). EBs formed from LAMC1–/–

ES cells fail to cavitate or establish a basement membrane
between the pluripotent and endoderm cell populations. Cavity
formation and morphological rearrangement of the pluripotent
cells to an epithelial layer in these EBs was restored with addi-
tion of ECM components to the differentiation environment
(Murray and Edgar, 2000), suggesting a role for the basement
membrane in the process of cavitation and primitive ectoderm
formation. Similarly, addition of ECM components to endoderm-
deficient EBs, formed from ES cells expressing the dominant-
negative FGF receptor, restored cavitation (Li et al., 2001; see
also Rathjen et al., 2002). These data suggest that the signals
required for both pluripotent cell death and survival during cavi-
tation are inherent in the basement membrane separating the
extraembryonic endoderm and pluripotent cells (Rodda et al.,
2002) and implicate both visceral endoderm and the basement
membrane in primitive ectoderm formation.

3.4.3. LOSS OF PLURIPOTENCE: FORMATION OF THE
EMBRYONIC GERM LAYERS  Although germ layer formation
occurs during EB development, the lack of organization and com-
plexity of the EB environment has impeded investigation of cell
specification at gastrulation in vitro. However, EPL cells provide
a source of primitive ectoderm that can be manipulated to recapitu-
late formation of individual germ layers in vitro in the absence of
alternate germ lineages and extraembryonic endoderm and has
allowed evaluation of environmental signals in these processes.
With variation of the differentiation environment, EPL cells can
be induced to differentiate to the mesodermal or ectodermal lin-
eages (Rathjen et al., 1999, 2001, 2002; Lake et al., 2000). Reduc-
tion of EPL cells to a single cell suspension and formation of EPL
cell EBs result in the formation of multipotent mesodermal pro-
genitors and differentiated mesodermal cell types but not cell
populations representative of either visceral endoderm or ecto-
derm (Lake et al., 2000). Disruption of cell:cell contacts with the
removal of cell:ECM association and MEDII/visceral endoderm
signaling recapitulates events at the primitive streak during meso-
derm formation, where the pluripotent cells delaminate, undergo
an epithelial-to-mesenchymal transition, and migrate away from
the endoderm.

By contrast, suspension culture of ES cells in MEDII (EBM)
induces formation of EPL cells followed by differentiation of the
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pluripotent cells into aggregates comprising a homogeneous popu-
lation of neurectoderm (Rathjen et al., 2002). In this environment,
the pluripotent cells maintain cell:cell and cell:ECM associations
and differentiate in the presence of a source of visceral endoderm-
like signaling, recapitulating the environment of cells fated to
neuroectoderm in the embryo (Quinlan et al., 1995). In chimeric
embryos, FgfR1–/– pluripotent cells, which are unable to migrate
through the primitive streak and thereby maintain cell:cell and
cell:ECM contact, accumulate on the border of the streak, and give
rise to a second site of neurectoderm formation (Ciruna et al.,
1997). Evidence in vitro and in vivo therefore points to a key role
for these environmental cues in pluripotent cell differentiation and
determination of embryonic germ layers.

Unlike the situation in Xenopus laevis in which addition of
exogenous factors to undifferentiated cells can result in specifica-
tion of cell fate, equivalent factors have not been shown to effect
differentiation of ES cells in a biologically meaningful manner.
Although the reasons for this are unclear, it has been suggested that
the complex nature of the culture medium, which characteristi-
cally contains high levels of serum, interferes with signaling from
exogenous molecules (Johansson and Wiles, 1995). Alternatively,
ES cells, with their demonstrated similarity to the ICM but not
primitive ectoderm, potentially represent an inappropriate starting
cell population for differentiation in response to factors involved
in gastrulation. ES cell differentiation in chemically defined
medium has suggested potential roles for members of the trans-
forming growth factor-β (TGF-β) family in mesoderm induction
(Johansson and Wiles, 1995; Wiles and Johansson, 1999). In this
system, differentiation in unsupplemented medium results in a
rapid loss of pluripotent cell markers and upregulation of the neu-
ral marker Pax6. Supplementation of the differentiation environ-
ment with BMP-4 and activin A resulted in upregulation of
mesodermal markers and, in the case of BMP-4, nonexpression of
Pax6. The timing of developmental arrest and lack of mesoderm
formation in embryos with targeted disruptions in the BMP signal-
ing pathway (Mishina et al., 1995; Winnier et al., 1995; Beppu
et al., 2000) are consistent with this proposed role of BMP in
pluripotent cell differentiation.

3.4.4. FORMATION OF SOMATIC LINEAGES  The estab-
lishment of somatic lineages during EB differentiation has
received enormous attention and a comprehensive description of
the field is beyond the scope of this chapter. The power of ES
cell–based somatic cell differentiation systems is illustrated by
reference to selected examples including the hemopoietic and
neural lineages.

3.4.4.1. Haemopoietic Lineages  The early events of hemo-
poietic differentiation within EBs have been shown to proceed via
consecutive, identifiable intermediate cell populations with pro-
gressively more restricted differentiation potentials. Following
loss of pluripotence, establishment of the hemopoietic lineage
occurs with formation of the transitional colony, a heterogeneous
and developmentally plastic progenitor cell population expressing
both Flk1 and brachyury, with the potential to differentiate into
hemopoietic, endothelial, and other mesodermal lineages
(Robertson et al., 2000). The transitional colony gives rise to a
second hemopoietic cell population, an Flk1+ blast cell or
hemangioblast, with a developmental potential restricted to the
hemopoietic and endothelial lineages (Kennedy et al., 1997; Choi
et al., 1998; Nishikawa et al., 1998; Robertson et al., 2000). Dif-
ferentiation of ES cell–derived transitional colonies to blast cell

colonies requires the Flk1 ligand vascular endothelial growth fac-
tor (VEGF) (Kennedy et al., 1997; Nakayama et al., 2000;
Robertson et al., 2000), and the transcription factor SCL/tal1
(Robertson et al., 2000). Activation of the FGF signaling pathway
is not required for induction of the blast cell colony but has been
shown to stimulate proliferation of the Flk1+ blast cell (Faloon
et al., 2001).

Initial induction of the hemopoietic lineage occurs spontane-
ously in fetal calf serum; however, the use of serum-free differ-
entiation conditions has defined a role for BMP signaling in the
formation of hemopoietic competent mesoderm (Johansson and
Wiles, 1995; Nakayama et al., 2000; Adelman et al., 2002). Char-
acterization of the mesodermal subpopulations formed from ES
cells in response to two members of the TGF-β family suggested
a role for BMP-4 in induction of cells fated to form ventral me-
soderm, the precursor for hemopoietic lineages, while activin A
induced dorsoanterior-like mesoderm (Johansson and Wiles,
1995). Formation of hemo-poietic cell populations in EBs can be
enriched by the sequential action of BMP-4 and VEGF, which
increase formation of a multipotent mesoderm progenitor cell
population and further differentiation to the hemopoietic lin-
eage, respectively (Nakayama et al., 2000; Adelman et al., 2002).
This is consistent with the expression pattern of VEGF during
mouse development (Miquerol et al., 1999) and compromised
hemopoietic and vascular development in VEGF-A+/– mice
(Ferrara et al., 1996).

The ability to form, purify, and analyze defined intermediary
populations in EBs has allowed analysis of differentiation poten-
tial and the opportunity to construct cellular phylogenies. Con-
trary to the conclusions from conventional embryology, ES
cell–derived blast cells have been shown to act as precursors for
both the endothelial and mural cell populations of the vasculature,
which can be induced by VEGF and platelet-derived growth fac-
tor-BB, respectively (Yamashita et al., 2000). This suggests that
both lineages that comprise the vasculature can be formed from the
hemopoietic progenitor cells.

3.4.4.2. Neural Lineages  A comprehensive review of neural
induction from ES cells can be found in Rathjen and Rathjen
(2002). The most common methodology for formation of neural
populations from ES cells is culture of ES cell aggregates in RA
at concentrations between 10–7  and 10–6 M, which results in for-
mation of populations enriched (approx 70%) in cells exhibiting
properties of neural and glial lineages (Fraichard et al., 1995;
Strübing et al., 1995; Bain et al., 1996; Li et al., 1998). The use of
this system for investigation of neural specification is compro-
mised by a lack of evidence for involvement of RA signaling in
establishment of this lineage in vivo, and the extensive cell death
that accompanies RA treatment of pluripotent cells (Li et al., 1998),
which prevents definitive identification of the RA-responsive
population and analysis of inductive events.

Two independent sources of biologically derived neural induc-
ing activities have been identified (Kawasaki et al., 2000; Rathjen
et al., 2002). These suggest that in addition to the requirements for
maintenance of cell:cell and cell:matrix association during pluri-
potent cell differentiation (Rathjen et al., 2002), neural lineage
formation requires additional inductive signals. Adherent
coculture of ES cells with the stromal cell line PA6 results in
efficient neural differentiation, with 92% of the resultant colonies
expressing neural markers, and <2% of colonies containing cells
expressing mesodermal markers (Kawasaki et al., 2000). Differ-
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entiation appeared to recapitulate embryogenesis with formation
of an intermediate population that formed both neural ectoderm
and surface ectoderm, the latter in response to exogenous BMP-4.
Neural induction was shown to require a PA6-associated activity
named stromal cell–derived neural inducing activity, which was in
part associated with the surface of the PA6 cells, with potential
involvement of a soluble component.

Differentiation of ES cells as EBM resulted in a homogeneous
population of aggregates comprising a convoluted, columnar,
stratified epithelium reminiscent of the embryonic neural plate/
neural tube (Rathjen et al., 2002). Analysis at a cellular and mo-
lecular level showed expression of markers of neural progenitors
N-Cam (97% of cells), nestin, Sox1, and Sox2 within the popula-
tion and a differentiation potential that encompassed neurons, glia,
and neural crest, characteristics consistent with a population of
neural progenitors. The formation of populations of glial or neural
crest cells could be directed in homogeneous fashion in response
to biologically relevant signaling molecules (Rathjen et al., 2002).
In addition to the near homogeneous expression of neural markers,
gene expression representative of progenitor/differentiated meso-
derm or extraembryonic endoderm could not be detected at any
stage during EBM development (Rathjen et al., 2002). Differen-
tiation in response to MEDII followed closely establishment of the
neural lineage in the embryo, with the sequential formation of
primitive ectoderm, neural plate and neural tube equivalent cell
populations, demonstrated by the synchronous temporal and
sequential regulation of genetic markers for each of these popula-
tions. The synchrony inherent in this differentiation regime allows
characterization of intermediate cell populations such as defini-
tive ectoderm.

3.4.4.3. Other Lineages  Identification of differentiation-in-
ducing activities by addition of purified factors to differentiating
ES cells has been limited by the repertoire of known molecules.
Characterization of novel factors and factor combinations has been
achieved by identification of tissue types, cell lines, and condi-
tioned medium capable of directing the differentiation of ES cells
to specific cellular lineages. For example, keratinocyte formation
in EBs can be stimulated by conditioned medium from human
dermal fibroblasts (Bagutti et al., 2001), an enhancement that has
been attributed to the presence and activity of keratinocyte growth
factor and FGF10 in the medium. Conditioned medium and cell
lines have been identified that direct ES cell differentiation to
specific cellular lineages, such as the hemopoietic (OP9 cells,
Nakano et al., 1994) and neural lineages (PA6 cells, Kawasaki et
al., 2000; MEDII, Rathjen et al., 2002), providing opportunities to
identify and characterize the factors involved as a prelude to estab-
lishment of developmental significance in vivo.

Recapitulation in vitro of lineage establishment in the mamma-
lian embryo by exploitation of ES and EPL cell differentiation has
led to a more advanced understanding of these processes, as well
as the genetic and environmental signals that regulate them. The
generally strong correlation between regulation of developmental
events in vitro and in vivo provides confidence that the experimen-
tal versatility of the ES cell system will facilitate analysis at an
increasingly sophisticated level. The ability to modify the envi-
ronment of transient differentiation intermediates by addition of
biological factors or inductive tissues/cells can be expected to lead
to identification of the cellular origin and molecular identity of
inductive signals that regulate embryogenesis. ES cells and EPL
cells with specific genetic modifications can be used to investigate

gene function in a biologically faithful environment free from the
constraints of normal embryogenesis. Additional application of
ES cell differentiation systems is likely to include gene discovery
in elusive cell types by genomic and proteomic approaches.

3.5. SYSTEMS FOR CELL PURIFICATION
FROM COMPLEX MIXTURES: MOUSE ES CELLS
AS A PROGENITOR POPULATION

As a pluripotent population capable of indefinite renewal, ES
cells can also be used as a starting point for the production of
experimentally relevant cell populations for analysis of down-
stream differentiation events, cellular characterization, and trans-
plantation. In cases in which the route of cell generation need not
follow the embryonic strategy, the level of partially or fully differ-
entiated ES cell descendants can be enriched by a variety of selec-
tion and/or purification strategies.

Several strategies have been employed to achieve populations
highly enriched in cells of predetermined identity. Enhancement
of defined cell populations within EBs has been achieved by the
application of selective growth conditions (Okabe et al., 1996;
Tropepe et al., 2001), use of chemical inducers of differentiation
(Bain et al., 1996), modification of the ES cell genome to allow
expression of selectable markers under the control of cell- or
lineage-restricted promoters (Klug et al., 1996; Muller et al.,
2000), addition of cytokines to differentiating mixtures of cells
(Choi et al., 1998; Fairchild et al., 2000), or combinations of
these approaches (Li et al., 1998; Brüstle et al., 1999; Lee et al.,
2000). Furthermore, coculture of ES cells with feeder layers has
been used to induce differentiation and result in enriched popu-
lations of some cell lineages (Nakano et al., 1994; Kawasaki et
al., 2000; Rathjen et al., 2002). Populations enriched in neural
progenitors and neurons (Bain et al., 1996; Okabe et al., 1996; Li
et al., 1998), cardiomyocytes (Klug et al., 1996; Muller et al.,
2000), and haemapoietic lineages (Nakano et al., 1994; Choi
et al., 1998; Fairchild et al., 2000) have been reported. Although
these approaches result in near homogeneous populations, in
general, establishment of the cellular lineages relies on initial
stochastic differentiation within EBs and does not exclude the
formation of other cell populations, particularly visceral endo-
derm. The resultant competing and potentially inappropriate
differentiation-inducing signals within EBs may complicate the
production of biologically representative cell populations
(Rathjen and Rathjen, 2002).

Analysis of the cell populations produced by selective proce-
dures, both in vitro and in vivo, suggests a high degree of func-
tional relevance. Cardiomyocytes enriched from EBs were found
to be similar to fetal cardiomyocytes in the characteristics and
distribution of ion currents (Doevendans et al., 2000), and bio-
physical and pharmacological properties of the Ca2+ current ICa

were similar to ICa in terminally differentiated cardiomyocytes
(Kolossov et al., 1998). Implantation of ES cell–derived
cardiomyocytes to the hearts of adult dystrophic mice showed that
these cells formed intracardiac grafts stable for at least 7 wk in vivo
(Klug et al., 1996). Similarly, analysis of neurons formed in vitro
demonstrated these cells to be characterized by complex electro-
physiology, immunocytochemistry, and expression of neuronal
signaling molecules such as dopamine, and functionally compa-
rable to neurons in vivo (reviewed in Guan et al., 2001). Implan-
tation of these cells into the brains or spinal cords of healthy or
diseased animals has shown survival; integration; and, in some
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cases, function in vivo (Brüstle et al., 1999; McDonald et al., 1999;
Kawasaki et al., 2000; Björklund et al., 2002).

3.6. DIFFERENTIATION OF HUMAN ES CELLS
IN VITRO

The developmental potential of human ES cells was demon-
strated initially by teratocarcinoma formation following injec-
tion into SCID mice (Thomson et al., 1998; Reubinoff et al.,
2000). The teratocarcinomas were similar to those produced from
mouse ES cells, with the formation of complex tissue morpholo-
gies comprising cell populations representative of all three germ
layers. Controlled differentiation of human ES cells in vitro has
proved more difficult than with mouse ES cells, compromised by
the heterogeneous nature of the starting population and difficul-
ties associated with reduction of the cells to a single cell suspen-
sion and in some lines of human ES cells by an inability to survive
as EBs (Reubinoff et al., 2001). Early work suggests that regu-
lation of human ES and mouse ES cell differentiation in vitro is
similar. Exposure of human ES cells to RA results in the forma-
tion of cell populations enriched in the neural lineage (Carpenter
et al., 2001, Schuldiner et al., 2001). Alternatively, neural pro-
genitor cells can be enriched by culture in serum-free medium
supplemented with FGF2, conditions determined by use of mouse
ES cells to favor neural differentiation and survival of neural
progenitors in culture. Neural progenitors differentiated in vitro
to both neuronal and glial cells, as determined by immunocy-
tochemistry, and survived and differentiated after implantation
to the brains of mice (Reubinoff et al., 2001; Zhang et al., 2001).

The formation of mesodermal cell lineages from human ES
cells in culture has also been demonstrated. Foci of beating
cardiomyocytes can be detected in human ES cell–derived EBs
although the frequency and timing of formation differ from
mouse ES cells, with only 8% of human ES cell–derived EBs
containing cardiomyocytes on d 20 of differentiation compared
with approaching 40% in mouse ES cell–derived EBs by d 12.
(Lake et al., 2000; Kehat et al., 2001). Despite these differences,
cardio-myocytes produced from human ES cells are structurally
and functionally comparable to cells formed during embryogen-
esis (Kehat et al., 2001). Hemopoietic colony-forming cells can
be formed from human ES cells when cocultured with the murine
bone marrow cell line S17 or the yolk sac endothelial cell line
C166 (Kaufman et al., 2001).

Alteration of human ES cell differentiation in response to
exogenous signaling molecules was demonstrated by reverse
transcriptase-polymerase chain reaction analysis of cell popula-
tions resulting from differentiation of human ES cells in environ-
ments supplemented with a range of purified growth factors
(Schuldiner et al., 2000). Although the outcomes of these experi-
ments were highly heterogeneous, it is reassuring that the addi-
tion of BMP-4 resulted in a population expressing markers of
skin, hemopoiesis, and extraembryonic endoderm, consistent
with expectations based on differentiation of mouse ES cells
(Coucouvanis and Martin, 1999; Kawasaki et al., 2000;
Nakayama et al., 2000).

3.7. THERAPEUTIC APPLICATION OF ES CELL
TECHNOLOGY BY CELL TRANSPLANTATION

The treatment of a number of human disease states resulting
from cell loss or cell dysfunction is limited by the lack of suitable
cell populations for therapeutic transplantation. ES cell differentia-

tion is one potential source of transplantable cells for use as cell
therapeutics. In combination the diverse differentiation potential,
extensive proliferative capacity, and tractability for sophisticated
genetic modification suggest that an ES cell population can be
viewed as an unlimited number of any cells with any genetic con-
stitution. Moreover, analysis of many of the cell populations pro-
duced from ES cells by differentiation has shown them to be not
only representative of embryonic or adult populations by morphol-
ogy and gene transcription, but also to share many functional char-
acteristics and, in the case of progenitor and intermediate cells,
manifest the appropriate developmental potential. The ability to
form biologically functional cell populations in response to normal
signaling pathways and via developmentally relevant intermediate
populations suggests that ES cell differentiation is a superior route
to the production of cells suited to integration, response and func-
tion within developing, developed, or diseased tissue.

Transplantation of ES cell–derived cell populations into nor-
mal and disease model animals has demonstrated the potential
for these cells in disease control. ES-derived neurons and neural
precursors (Brüstle et al., 1999; McDonald et al., 1999; Arnhold
et al., 2000; Kawasaki et al., 2000; Liu et al., 2000; Björkland
et al., 2002), cardiomyocytes (Klug et al., 1996), mast cells
(Tsai et al., 2000), and insulin-secreting cells (Soria et al., 2000)
have been transplanted successfully into appropriate recipient
sites and shown to survive; integrate; and, to some measurable
extent, function within host tissue (Brüstle et al., 1999;
McDonald et al., 1999; Liu et al., 2000; Tsai et al., 2000;
Björkland et al., 2002). For example, differentiating mouse ES
cells and ES cell–derived neural precursors have been implanted
to the brains of rats, into both ventricles and sites of solid tissue,
and found to survive and incorporate into the recipient brain;
migrate away from the site of injection; and differentiate to neu-
rons, astrocytes, and oligodendrocytes (Brüstle et al., 1997;
Arnold et al., 2000). ES cell–derived glial precursors implanted
to spinal cords of myelin-deficient rats differentiated to
myelinating oligodendrocytes and astrocytes both at the site of
injection and over a distance of several millimeters from the site
of injection (Brüstle et al., 1999; Liu et al., 2000). Similarly,
integration and differentiation of human ES cell–derived neural
precursors in the mouse brain has been demonstrated (Reubinoff
et al., 2001; Zhang et al., 2001). By contrast, ES-derived hemo-
poietic precursors have not been reported to integrate into the
hemopoietic tissue of the host or rescue and repopulate lethally
irradiated mice. This presumably reflects a failure of the differ-
entiation environment in vitro to generate functional precursors
for reconstituting adult hemapoiesis.

Functional recovery of disease model animals has been reported
after implantation of ES cell–derived cell populations, providing
important proof of concept for the projected applications of cell
therapy. Differentiating ES cells have been implanted into the
sites of cellular damage in rats with 6-ODHA lesions in the stria-
tum, a model for Parkinson disease, where they integrated, differ-
entiated appropriately to dopaminergic neurons; and, most
important, reduced the phenotypic consequences of the lesion
(Björklund et al., 2002). Behavioral recovery was accompanied by
alterations in brain chemistry consistent with formation of
functional dopaminergic neurons. Similarly, implantation of RA–
induced ES cell–derived neural progenitors to sites of lesion in
mechanically damaged spinal cords effected an improvement in
locomotor function, consistent with differentiation of implanted
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cells to neurons, astrocytes, and oligodendrocytes (McDonald
et al., 1999; Liu et al., 2000).

3.8. PROSPECTS FOR THE FUTURE
Early conclusions from ES cell differentiation in vitro comple-

ment conclusions drawn from the molecular characterization of
mouse development and provide confidence that the system is
relevant to the study of mammalian embryogenesis. In combina-
tion with the ability to modify precisely both the differentiation
environment and the genome, ES cell differentiation therefore
provides a system of unrivaled potential for the characterization of
lineage establishment in vivo, and for the production of a diverse
range of biologically normal differentiated cell populations for
experimental analysis and therapeutic application.

Directed differentiation of the cells, although in its infancy, can
be used to analyze establishment of the primary germ lineages and
their derivatives in simplified culture environments essentially
free of the complications of endogenous signaling from contami-
nating cell populations. Coupled with genetic modification, these
approaches provide a powerful tool for identification of inductive
molecules, signaling pathways, “master genes,” and transient
intermediate populations in lineage formation. Combined with the
more conventional approaches of mouse developmental biology,
this promises a more sophisticated experimental approach to un-
derstanding mammalian embryology.

Formation of somatic lineages from ES cells, representative of
differentiation intermediates or fully differentiated cell popula-
tions, provides an unlimited resource for cell characterization and
function studies. Particular experimental advantages are predicted
for the analysis of rare or transient cell populations in the embryo,
and the analysis of gene function in circumstances in which it is
obscured by embryological constraints in vivo. Establishment of
the differentiation potential of intermediate populations is pre-
dicted to underpin the development of sophisticated cellular phy-
logenies and will allow precise tracing of the contribution of
individual lineages to complex cellular structures. Furthermore,
these cell populations can be implanted into animal disease mod-
els to establish proof of concept for cell therapies and assess the
suitability of individual cell populations for disease control.

Isolation of pluripotent cells from the human opens the way
to study the processes of human embryology without resort to
human embryos. Comparative analysis of human and mouse ES
cell differentiation will allow the generality of these concepts to
mammalian development to be explored. The availability of an
unlimited source of untransformed human cells with genomic
alterations of predicted therapeutic value presents opportunities
for greater understanding of human physiology and disease and
is likely to underpin the development of novel cell and genetic
therapies for correction of currently intractable disease states.
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4 From Stem Cells
to Functional Tissue Architecture
What Are the Signals and How Are They Processed?

SUI HUANG, MD, PhD AND DONALD E. INGBER, MD, PhD

Specific regulatory inputs from the cell’s environment influence cell and tissue differentiation; soluble growth factors
and insoluble extracellular matrix interactions, as well as less-specific signals, such as mechanical forces, can switch cells
among different phenotypic fates. This behavior may be explained by the existence of different “attractor” states, which
represent stable phenotypes, including growth, differentiation, quiescence, apoptosis, and distinct differentiation lineages.
The attractor landscape, which is particular for each cell type, is determined by the underlying hard wiring of the cell’s
regulatory interactions. Thus, different regulatory inputs may select for proliferation, differentiation, quiescence, or
apoptosis of the stem cells and the ultimate formation of mature tissues by switching among different attractor states, rather
than by activating linear signaling pathways.

4.1. INTRODUCTION
Tissue development in the embryo results from the growth and

differentiation of pluripotent stems cells that form increasingly
specialized cell types and exhibit different “cell fates”: they di-
vide, differentiate, or die. In solid tissues with specialized form,
stem cell differentiation is accompanied by progressive remodel-
ing of preexisting extracellular matrix (ECM) scaffolds, and it is
the coordination between these processes in both time and space
that ensures correct pattern formation. Maintenance of tissue
architecture throughout adult life also requires fine control over
both tissue mass and ECM pattern integrity, which are ensured
through spatially coordinated growth and differentiation of tissue-
specific stem cells.

Recently, tissue-specific stem cells have been isolated and
arrays of soluble cytokines and growth factors that regulate their
differentiation have been described. Pluripotent stem cells that can
differentiate into various cell types also have been isolated, and
some can spontaneously assemble into structures that resemble
mature tissues. At the same time, ECM molecules have been shown
to have potent effects on cell proliferation and differentiation, and
to direct assembly of three-dimensional (3D) tissues in vitro. Yet,
ECM is often not considered when discussing how stem cell
behavior is regulated.

The challenge for the future in the stem cell field is to under-
stand how these cells can spontaneously generate 3D functional
tissue architecture “without a template” (Pedersen, 1999). To
address this challenge fully, we must answer some fundamental
questions. First, what is the very nature of the signals conveyed by

both soluble and insoluble factors that govern where and when
cells will be switched between the different fates that are neces-
sary for cells to organize into tissues and for tissues to organize
into organs? Second, how do cells process multiple simultaneous
inputs to produce a single coordinated cell fate response?

The major point of this chapter is that focusing on isolated cells
and individual regulatory factors will not answer these questions.
Instead, we must consider how individual cells chemically and
physically interact with their local tissue environment as well as
how cells use regulatory networks to process information provided
by multiple environmental cues. As a first attempt to confront these
issues, we present a comprehensive model of cell signaling net-
works that provides a new conceptual framework for understand-
ing how many different signaling pathways integrate inside the cell
and collectively give rise to meaningful cell behavior. We also
describe how local cues, in particular ECM and mechanical forces
that produce changes in cell shape, provide a structural basis for the
self-organizing process of tissue patterning.

4.2. CONTROL OF PATTERN FORMATION
4.2.1. GLOBAL VS LOCAL REGULATORY SIGNALS  The

precise coordination of cell growth and differentiation that is nec-
essary to create functional tissue architecture requires that each
cell correctly interpret multiple temporal and spatial cues from its
microenvironment. But how does a multipotent precursor cell
know when and where to stop dividing and to start to differentiate?
In other words, what are the environmental signals? In past studies
on morphogenesis, this question has generally been addressed by
focusing on global signal sources and, thus, it has been framed as
a problem of “positional information.” For example, great focus
has been placed on the identification of signals that determine
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long-range patterning, such as the anterior–posterior axes of the
embryonic body plan or the proximal–distal axes in limbs
(Wolpert, 1996). At this level, concentration gradients of soluble
regulator molecules (“morphogens”) are thought to convey the
positional information that regulates each cell’s fate (Gurdon and
Bourillot, 2001). The cellular response to these signals would, in
turn, control overall organ position, size, and shape.

By contrast, the intricate functional design of most living tis-
sues, such as glandular epithelium or branching networks of cap-
illary blood vessels, has structures with characteristic lengths at
the same size scale of individual cells (Huang and Ingber, 1999).
To generate structures that exhibit localized bending, budding, or
branching, one cell or a small group of cells has to divide to expand
tissue mass, while its immediate neighbors must remain quiescent
and differentiated (Fig. 1A). This spatial heterogeneity of cell fate
control is the basis for creating and preserving micro-anatomical
patterns that are characteristic of all tissues. Thus, individual stem
cells that are responsible for replenishing lost cells and maintain-
ing stable tissue form have to continuously monitor their environ-
ment and make their cell fate decisions based on local cues in
addition to global information.

Moreover, many living tissues exhibit fractal patterns; this find-
ing suggests that pattern formation results from iterative modular
processes that occur at multiple sites and at multiple size scales
within the same microenvironment. Fractal patterns cannot be
created solely by gradients of soluble chemicals over an entire
body part. Instead, computer modeling suggests that these patterns
emerge from interactions among cells whose behaviors are gov-
erned by simple local rules (Goldberger and West, 1987). Such
rules may depend on local regulatory inputs that result from the
need for an increase in cell mass of a specific cell type at a given

site. One example for the complementary role of global and local
signals is liver regeneration: following partial hepatectomy, liver
hepatocytes start to proliferate. Cell division is stimulated by the
release of diffusible growth factors, which, via feedback control
loops, also ensure that the regenerative process stops when physi-
ological tissue mass is achieved. However, at the microscopic
level, cell proliferation is governed largely by local neighborhood
rules such that parenchymal and stromal cells, vessels, and their
interconnecting ECM are arranged appropriately in order to
rebuild a rudimentary but functional tissue architecture, even if the
precise preexisting lobular structure is not fully restored.

Advances in cell and molecular biology as well as tissue engi-
neering have shed light on the nature of these local cues. A central
notion is that “solid-state” signals play a regulatory role in the cell
fate decision, in addition to soluble growth factors and cytokines.
These structural signals include adhesive cues from cell binding to
ECM and to other cells as well as mechanical cues that come from
physical distortion of the cells or their ECM. In other words, both
molecularly encoded information (e.g., the specific 3D structure
of receptor ligands) and “nonspecific” physical factors devoid of
genetic information impinge on the cell’s internal signaling net-
work to govern when and where it is appropriate to divide, differ-
entiate, or die.

4.2.2. CELL FATE SWITCHING: INSTRUCTIVE VERSUS
SELECTIVE CONTROL  If the cell fate decision is not simply
instructed by binding of regulatory molecules to their cell-surface
receptors, then the challenge is to understand how the cell inte-
grates the multitude of molecular and mechanical signals to gen-
erate a coherent cell behavior, like the decision of a stem cell either
to divide or to differentiate along a specific lineage. Take the best-
studied example of cell fate regulation, in which an external regu-

Fig .1. Integration of local signals during tissue pattern formation (A) Model for formation of an epithelial bud. Local, mesenchyme-directed
increase of ECM turnover and thinning results in a region of stretch because of tension in the tissue (Ingber and Jamieson, 1985) (1). Stretched
cells become responsive to soluble growth factors and proliferate (2), thereby providing the increase of epithelial cell mass needed to accom-
modate the out branching (3). Note that neighboring, not distorted, cells remain quiescent despite adherence to the ECM and exposure to the
same soluble growth factor. (B) Multiple environmental clues are integrated by the cell to produce a distinct cell fate decision.
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latory signal is a growth factor (e.g., fibroblast growth factor
[FGF]) that stimulates the cell to exit its quiescent state and enter
the cell cycle. Much of the work has been devoted to elucidating
the molecular targets and establishing the biochemical link
between input signal and cellular response, based on the concept
of instructive regulation. Accordingly, the signaling molecule car-
ries information in its 3D structure and transfers it to the cell via
specific molecular recognition between ligand and cell-surface
receptor, followed by a chain of similar, high-affinity, molecular
binding events (Brivanlou and Darnell, 2002).

In the case of mitogenic stimulation, the molecular basis
of these events is well characterized. For example, many ligand-
activated growth factor receptors activate the Ras protein via
adapter proteins (Fig. 2A). Active Ras then triggers a cascade of
phosphorylation events: Raf �Mek1 � Erk1/2 (Chang and Karin,
2001). The phosphorylated mitogen-activated protein kinase
Erk1/2 translocates into the nucleus and activates the Ets family
transcription factors, which are involved in transcriptional activa-
tion of cyclin D1 gene (Albanese et al., 1995; Lavoie et al., 1996).
Cyclin D1 protein promotes progression of the cell division cycle

by activating cyclin-dependent kinases (cdk4/6) that initiate pro-
gressive phosphorylation of the “gate keeper” of the cell division
cycle, the retinoblastoma protein, pRb. Once hyperphosphory-
lated, pRb releases an E2F transcription factor that acts as a
transactivator of genes required for S-phase initiation, such as
DNA synthesis enzymes, and S-phase cyclins (Sherr, 1996).

The concept that the ligand-mediated signal trickles down a
linear cascade of precise protein–protein interactions to the “des-
tination” (gene activation) is reminiscent of a Rube-Goldberg
machine in which every element of a chain of events that is appar-
ently unnecessarily long has a dedicated function. Yet, this
molecular description of the cell-signaling machinery is the cur-
rent paradigm of signal transduction by an “instructive” cue
because it impressively establishes a link between a specific extra-
cellular signal carried by a growth factor and the corresponding
cellular response—cell-cycle entry. However, it has not been pos-
sible to establish such a crisp causal chain for differentiation events
or for many other aspects of cell behavior (e.g., many apoptosis
events). Moreover, even in the case of cyclin D induction during
growth promotion, the picture now appears to be more compli-

Fig. 2. Concepts of instructive and selective regulation. (A) In instructive regulation, a linear cascade of interaction events mediated by high-
affinity molecular recognition conveys the message of the growth factor down to the nucleus, leading to the activation of the relevant genes
to implement the “instructed” behavior. (B) In selective regulation, global cell behavior is determined by a finite repertoire of distinct cell states
(“fates”) from which the cell has to select in response to external signals. Note that internal rules determine which transitions (thick gray arrows)
between the states are possible.
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cated, since other temporally shifted pathways that also impinge
on cyclin D1 are equally important for successful switching into
a proliferation mode. They include phosphatidyl inositol 3 kinase
and small guanosine 5'-triphosphatase–dependent pathways
(Marshall, 1999; Assoian and Schwartz, 2001), as well as signals
that depend on appropriate mechanical signals from the
cytoSkeleton (CSK) (Huang and Ingber, 2002). In other words,
other “nonspecific” cues, such as mechanical distortion of cells,
can harness the same molecular machinery responsible for cell-
cycle regulation as molecular growth factors (see below). The
linear view of cell regulation also has come under attack; the
Genome Project has revealed that information must be encoded in
some complex combinatorial way that would not permit one-to-
one encoding for each protein in its control of complex cell func-
tions (Claverie, 2001; Venter et al., 2001).

The concept of linear pathways of instructive signals fails to
capture essential features of cell regulation dynamics for several
reasons. First, from an evolutionary point of view, a “hard-coded”
information-processing chain devoted to the transmission of a
single message is difficult to explain because of the rigidity and
precision required. Instead, it has been suggested that evolvability
requires that regulatory pathways use “weak linkages” in which
signals do not need to be instructive (Kirschner and Gerhart, 1998).
Second, accumulating evidence of cross talk between pathways,
as mentioned earlier for cyclin D1 induction, has led to the picture
of a network of interactions rather than point-to-point communi-
cation lines between receptors and genes (Marcotte, 2001). In fact,
many regulatory proteins defy our habit of assigning an instructive
role that tells the cell what to do (e.g. FGF); instead, they are
pleiotropic and exert multiple distinct functions. For instance, Ras
not only induces proliferation, as originally described, but also
apoptosis and senescence—cell fates quite distinct from prolifera-
tion (Huang and Ingber, 2000). Third, as already described, the
environmental cues that determine cell fate are not only limited to
soluble, high-affinity factors, but also include a whole array of
nonspecific signals, such as mechanical forces and topological
constraints. These various signals, which simultaneously impinge
on every cell, have to be integrated into a single cell fate decision
and, hence, activate a common, coherent biochemical response.
Finally, cellular responses are subjected to natural dynamic con-
straints and thus obey certain rules that obviate the need for strict
instruction. This so-called “rule-like behavior” means that exter-
nal signals have no absolute “freedom of action,” but can only
steer cell behavior in some predetermined ways.

Rules of cell behavior are well known in developmental biol-
ogy, which takes a supracellular, rather than subcellular, view of
cell fate decisions. From this perspective, regulation of cell behav-
ior is a selective rather than an instructive process (Wolpert, 1994).
In a given tissue context, cells have only a limited number of
behavioral programs or cell fates available to “choose from.” The
regulatory cues simply serve to activate endogenous mechanisms
that select among these different fates within the cell’s behavioral
repertoire. For instance, a stem cell in a given tissue can choose
among a finite set of distinct alternatives, such as to proliferate
(i.e., undergo division for self-renewal), terminally differentiate,
undergo cell death—depending on the tissue context (Fig. 2B).
These cell fates are functionally distinct behaviors that are some-
how “preprogrammed” in the cell’s internal regulatory network.
No explicit instruction as to how to implement a cell fate is con-
veyed by the signal. Cell biology is full of evidence for selective

cell fate regulation that might have been underappreciated owing
to past overemphasis on the identification of specific molecular
pathways. We discuss some of the most salient examples in the
next section.

4.3. SELECTIVE REGULATION AND ROBUSTNESS
OF CELL BEHAVIORAL STATES

4.3.1. MUTUAL EXCLUSION OF PROLIFERATION AND
DIFFERENTIATION  The often used metaphor of “switch” to
describe how cells change among different stable behavioral states
or fates reflects the implicit perception of cell fates as distinct,
mutually exclusive states, separated by all-or-none transitions.
One important cell fate switch is the transition from a growth state
to a differentiated state: cells undergoing “terminal differentia-
tion” commonly lose the capacity to proliferate (Goss, 1967). This
process is not the result to a gradual change from one state A to
another state B, but a manifestation of the existence of two mutu-
ally exclusive fates that the cell has to select. This is illustrated by
the frequent finding that a variety of treatments that arrest the cell
cycle also induce differentiation in cell culture. Thus, exit from the
proliferative state is often directly coupled to entry into the differ-
entiation program; the cell does not need a specific instruction for
how to differentiate. For instance, removal of serum triggers dif-
ferentiation of precursor cells into different types of mature
“postmitotic” cells, such as myocytes, adipocytes or neurons
(Harrison et al., 1985; Olson, 1992; Brüstle et al., 1999). Even
inducing cell-cycle arrest by overexpressing the cell-cycle inhibi-
tor, p21Cip, which blocks G1 cdk activity can trigger differentia-
tion in some cell lines (Steinman et al., 1994; Parker et al., 1995).

4.3.2. ROBUSTNESS OF DIFFERENTIATION  Many in vitro
differentiation models also support the idea that cell fate switching
is a selective process. As discussed in Chapter 1, embryonic stem
(ES) cells derived from the blastocyst inner cell mass and, culti-
vated in vitro, spontaneously differentiate into various lineages,
giving rise to different specialized cell types, such as glandular
epithelial cells, myocytes, chondrocytes, and endothelial cells.
This process indicates that the proliferative state of these stem
cells is inherently unstable, and that cells randomly “fall” into the
preexisting differentiation programs that are inherently robust.

Adult cell differentiation models similarly reveal the intrinsic
robustness of cell fates, underscoring the model of selective regu-
lation. A frequent observation is that differentiation can be in-
duced by a multitude of reagents that do not necessarily need to be
specific “differentiation factors.” For instance, various nonspe-
cific chemicals that do not act instructively by binding high-affin-
ity receptors, such as dimethylsulfoxide, ethanol, methanol,
sodium butyrate, or ions, can induce the same terminal differentia-
tion as do physiological signals. This has been described for the
differentiation of various cells, including myeloid, neuronal, and
cartilage precursor cells (Boyd and Metcalf, 1984; Spremulli and
Dexter, 1984; Langdon and Hickman, 1987; Messing, 1993;
Newmark et al., 1994; Yu and Quinn, 1994; Waclavicek et al.,
2001). A well-studied system is keratinocyte differentiation trig-
gered by calcium, in which it was shown that multiple generic
signaling pathways, such as protein kinase C pathways, are in-
volved (Bikle et al., 2001).

Conversely, in cell fate control by physiological chemicals
that act on specific pathways, such as retinoic acid (RA) or cyclic
adenosine monophosphate (camp), the molecules do not actually
specify the destination of differentiation but, instead, can cause
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differentiation in many different tissues. These differentiating
agents carry no specific instructions, as the destination cell fate
is “programed” in the state of the precursor cell. Thus, the prod-
uct of the switch depends on the existing cell state and on envi-
ronmental factors. For instance, RA, which activates a nuclear
receptor, is a potent differentiation agent in many cells, includ-
ing hematopoietic and neuronal cells (Breitman et al., 1980;
Linney et al., 1992; McCaffery and Drager, 2000). Similarly,
cAMP, which activates protein kinase A–dependent pathways,
induces differentiation in a large number of cell lines, including
neurons, melanocytes, hematopoietic cells, and epidermal cells
(Voorhees et al; 1973; Deshpande and Siddiqui, 1976; Waymire
et al., 1978; Giuffre et al., 1988; Jiang et al., 1997; Hansen et al.,
2000). Although many of the experimental systems use tumor-
derived cell lines as a source for the undifferentiated precursor
cells, these findings are clearly indicative of qualitative (all-or-
none) switches from a proliferative to a differentiated state in
which the information for the destination cell fate preexists
within the precursor cell; the inducing chemical acts only as a
nonspecific trigger without instructive information.

4.3.3. WADDINGTON’S EPIGENETIC LANDSCAPE
AND CELL FATE SELECTION  The nature of the switch among
different cellular phenotypes and its dynamics support the con-
cept that cell fate regulation is selective and not instructive. This
idea of selection of preexisting, intrinsically robust fates was
actually captured in Waddington’s “epigenetic landscape,” a
model for “channeling” in development that was first proposed
more than 60 yr ago (Fig. 3) (Waddington, 1956; Stern, 2000). In
this view of embryonic regulation, the dynamics of development
occurs on a landscape with hills and valleys. The phenotypic
state of a cell at any time is indicated by the position of a marble
on that landscape. The marble will spontaneously roll down the
valleys, which represent stable developmental paths leading to a
distinct phenotype. In this developmental landscape, the “pits”
(or the local minima in the “potential landscape”) would corre-
spond to the distinct, stable phenotypes within a given repertoire
of fates that the cell may experience.

4.4. CELL FATE REGULATION
BY SOLID-STATE FACTORS

4.4.1. MECHANICAL FORCES AND CELL DISTORTION
The fact that chemical triggers of stem cell differentiation are not
necessarily physiological, designated inducers of differentiation
but, instead, can be nonphysiological agents that tip the cell into
a robust and preprogrammed fate that is essentially “waiting in
the wing,” paves the way to understanding why physical cues
devoid of molecularly encoded information can similarly control
specific behavioral programs. The robustness of developmental
processes in generating particular macroscopic 3D structures sug-
gests that during the formation of such complex structures by
coordinated cell fate switches, the cells have to continuously
reinterpret signals from the physical world, such as mechanical
forces to which the tissue is exposed. This feedback control is
essential in allowing the organism to form the higher-level struc-
tures that are subjected to the laws of macroscopic mechanics
(Chicurel et al., 1998; Huang and Ingber, 2000). In fact, mechani-
cal tension plays a central role in shaping tissue patterns in all
organs; examples include the development of bronchial trees
(Moore et al., 2002) and cortex gyration in the brain (Van Essen,
1997). But how are physical cues translated into precise cell fate

decisions that comply with the physical constraints imposed on
the cells by the tissue microenvironment?

4.4.2. ECM, CELL SHAPE AND CONTROL OF PROLIF-
ERATION  The common view of mitogenic stimulation (i.e.,
switch from quiescence to growth) holds that cooperative stimu-
lation of cell-surface growth factor receptors by soluble mitogens
and of transmembrane adhesion receptors, known as integrins, by
insoluble ECM proteins is required to promote cell-cycle progres-
sion (Huang and Ingber, 1999; Assoian and Schwartz, 2001). This
dual requirement is the basis for the concept of “anchorage depen-
dence” for growth of nontransformed cells. However, it has long
been suggested that cell shape or mechanical distortion also con-
trols the switch between quiescence and growth (Folkman and
Moscona, 1978; Ingber et al., 1981; Ingber, 1990). Thus, the cell–
ECM interaction has two components: a chemical component,
which is mediated by the ligand-induced activation of integrins
and associated biochemical signaling cascades, and a mechanical
component, which is mediated by integrin’s role in physically
resisting cell-generated tractional forces (Ingber and Jamieson,
1985; Ingber and Folkman, 1989). This latter structural effect of
ECM binding to integrins is responsible for the rearrangement of
the actin CSK and ensuing cell shape changes that are observed in
response to cell adhesion to the ECM. However, in living tissues,
integrins also can modulate cell and CSK form based on their
ability to transmit external mechanical loads from the ECM (e.g.,
owing to tissue or organ distortion) to the CSK (Ingber, 1991;
Wang et al., 1993).

4.4.3. EXPERIMENTAL APPROACH FOR CONTROLLING
CELL SHAPE AS AN INDEPENDENT VARIABLE  To study the
role of the mechanical component in cell fate regulation, it is nec-
essary to experimentally separate signals elicited by binding of
integrin receptors from those resulting from mechanical force
application to cells and their ECM adhesions. Application of
microfabrication technologies has provided a means to accom-
plish this goal by varying cell distortion independently of cell-
surface receptor binding to soluble and insoluble regulatory
molecules. For example, microcontact printing methods first

Fig. 3.Waddington’s epigenetic landscape. (From C.H. Waddington,
1956. Reprinted with permission from Harper Collins, London.)
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developed by the laboratory of George Whitesides at Harvard Uni-
versity for microelectronics applications (Whitesides et al., 2001)
can be used to pattern adhesive ECM islands of varying sizes
and shapes on the scale of individual cells onto otherwise nonad-
hesive substrates; living cells adhere and take the shapes of these
adhesive islands (Singhvi et al., 1994; Chen et al., 1997). By plat-
ing the cells on different sized islands, cell shape (spreading across
the substrate) can be varied while keeping the concentration of the
soluble (growth factors) and immobilized (ECM) mitogenic
ligands constant.

Using this approach, it was shown that endothelial cells that are
allowed to extend on large ECM islands switch into the growth
mode, whereas cells prevented from extending their CSK were
cell-cycle-arrested, and thus remained quiescent, despite stimula-
tion of both their surface growth factor receptors and integrins by
binding of these mitogenic ligands (Fig. 4). That CSK extension
is a crucial factor is evidenced by the finding that the ECM needs
to be either rigid or stiffened under isometric tension in order to
resist the cells’ inherent contractile forces (Mochitate et al., 1991).
More important, cells that are arrested by modulation of cell shape
exhibit the same profile of molecular changes that characterizes
other types of cell-cycle arrest (e.g., following growth factor with-
drawal or lack of adhesion) (Assoian and Schwartz, 2001). Thus,

cells on small ECM islands fail to induce cyclin D1 and to
downregulate the inhibitor p27Kip (Huang et al., 1998), demon-
strating that without explicit instruction mediated by high-affinity
growth factors, cell shape control impinges on the same molecular
machinery as do specific growth factors via their molecular recog-
nition pathways (Huang and Ingber, 2000).

4.4.4. CELL SHAPE: ONE VARIABLE CONTROLS VARI-
OUS CELL FATES  Cell distortion may represent a fundamental
control element for switching between cell fates. For example,
when cells are forced onto even smaller size islands so that they
almost round up, they undergo apoptosis even though they still
remain attached to the ECM and receive growth factor stimulation,
which normally would induce proliferation (Chen et al., 1997).
Interestingly, cells cultured on an intermediate island size, such
that they neither divide nor die, can be triggered to differentiate.
Endothelial cells cultured under these conditions form 3D capil-
lary tubes (Fig. 4) (Dike et al., 1999) and hepatocytes secrete blood
proteins, such as albumin, at high levels (Singhvi et al., 1994).

Thus, one physical parameter—cell distortion—can control the
switch to multiple cell fates, including division, differentiation,
and death. However, somehow a continuous variation in this shape
parameter is interpreted by the cell such that it is translated into
discrete cell fates. This finding has two major implications for

Fig. 4. Control of cell proliferation, apoptosis, and differentiation in endothelial cells by cell distortion. Variation in size and shape of ECM
islands (expressed as projected cell area, horizontal axis) in the presence of growth factors controls proliferation (solid line in graph, vertical
axis on right), apoptosis (dashed line, vertical axis on left), or differentiation into capillary tubes. (Bottom) Phase contrast microscopy
photograph of microvascular endothelial cells kept on patterned substrates at a distinct shape and size as indicated by horizontal axis of
projected cell area. The arrow indicates a differentiated endothelial cell forming a capillary (Chen et al., 1997; Dike et al., 1999).
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stem cell biology. First, it confirms the idea that cell fates are
robust, preexisting cellular “programs” that can be “selected” by
a variety of environmental inputs. Second, it provides a mecha-
nism by which the process of pattern formation is “self-aware” of
its physical progress because of a control loop in which mechani-
cal signals generated by the growth of the developing tissue feed
back to control cell fate decisions.

More important, experimental control of cell life, differentia-
tion, and death by cell distortion may mimic what occurs in the
tissue microenvironment. In developing tissues, such as branch-
ing capillary networks or budding epithelial glands (Fig. 1A), the
cells that commonly exhibit the highest growth rates are those
that are adherent to localized regions of the ECM (basement
membrane) that undergo the most rapid turnover and are physi-
cally thin, whereas nearby cells along thicker regions of the same
basement membrane remain smaller and turn on differentiation
(Huang and Ingber, 1999). Because all tissues exist in a state of
isometric tension (i.e., are physically tensed or prestressed), thin-
ner regions of the ECM should extend more than the rest, as
should the living cells that are adherent in these regions. Thus,
although the microenvironment may be saturated with soluble
mitogens and all cells may be bound to ECM, only those cells that
physically distort in regions of ECM thinning may respond to
these soluble growth cues by switching to the proliferation state.
In this manner, local changes in tissue structure owing to ECM
remodeling and cell-generated tractional forces may guide local
tissue patterning (Ingber and Jamieson, 1985; Huang and Ingber,
1999). Given that regions at the bottom of the crypts of the intes-
tinal epithelium that exhibit the highest stem cell proliferative
activity also display thinning of the underlying basement mem-
brane, a similar form of local control may influence where growth
of stem cells occurs in adult tissues.

4.4.5. CELL–CELL INTERACTION AND CELL FATE CON-
TROL  There is another solid-state factor that contributes signifi-
cantly to control of growth and differentiation in the tissue
microenvironment: cell-cell adhesion (Aplin et al., 1998). This
environmental input again has two components: one being physi-
cal (nonspecific) and the other molecular (specific). Physical cell–
cell contacts modulate CSK changes and influence cell shape by
modulating transfer of physical forces across the cell surface from
other cells, much like integrins do for forces transmitted from
ECM. Thus, e.g., restriction of cell spreading by high levels of
cell–cell contact formation may influence cell fate much like pre-
vention of cell spreading by experimental ECM islands (Folkman
and Moscona, 1978). In addition, this “contact inhibition” or,
more precisely, “cell density–dependent inhibition” is also medi-
ated by specific cell-surface receptors that engage in high-affinity
interactions and signal transduction. One of the best-studied
classes of cell–cell adhesion molecules is the cadherin family of
homophilic receptors. E-cadherin and N-cadherin have been
shown to have a role in signal transduction in addition to mediat-
ing cell–cell adhesion in epithelium and neuronal cells, respec-
tively. In fact, activation of these cadherins by ligands has been
reported to induce p27Kip-mediated cell-cycle arrest (St Croix et
al., 1998; Levenberg et al., 1999), much like prevention of cell
spreading on small ECM islands (Huang et al., 1998). However,
this chemical component of density-dependent inhibition of
growth may play a less significant role in vivo because stem cells,
which are responsible for maintaining tissue mass through prolif-
eration, are commonly surrounded by well-formed cell–cell junc-

tions within living tissues (e.g., within crypts of the intestine or
hair follicles of the skin).

In contrast to growth control, cell–cell interactions mediated
by specific molecular binding events play a dominant role in the
control of differentiation. Specifically, in asymmetric stem cell
division (Wolpert, 1988), in which only one daughter cell switches
into differentiation, distinct molecular signals on neighboring
cells, such as the Notch signaling system, ensure the disparate cell
fates of the two progenies. Again, it appears that these signals act
more as triggers of latent programs since the same molecules are
used in different tissues to produce different types of cell special-
ization (Lin and Schagat, 1997; Artavanis-Tsakonas et al., 1999).

Taken together, the switch between growth, differentiation,
and quiescence is governed by a set of inputs from the cell’s envi-
ronment (Fig. 1B) that includes soluble mitogens, insoluble adhe-
sive cues from ECM and cell–cell adhesion molecules, and
mechanical forces that can produce CSK distortion and modulate
cell shape. Any one of these signals is not alone sufficient to decide
cell fate; behavioral control is an integrated response that simul-
taneously takes all of these signals into account. For example, for
entry into the growth state, all three of the following factors need
to be present: (1) high levels of soluble mitogens, (2) high density
of ECM ligands, and (3) mechanical forces that produce distortion
of the CSK. In other words, any one signal has veto power. This
safeguard against uncontrolled growth requires that the cell inte-
grate these diverse signals and process them to yield a single
response that is best suited for the local tissue microenvironment.

4.5. CELLULAR SIGNAL PROCESSING
THROUGH USE OF DYNAMIC NETWORKS

4.5.1. FROM PATHWAYS TO DYNAMIC NETWORKS  We
have described the existence of distinct, mutually exclusive,
robust cell fates as the manifestation of some universal underly-
ing rules that constrain cellular behavior and argued that the con-
cept of instructive, linear signaling pathways fails to explain this
behavior. At the same time, genome-scale characterization of cel-
lular signaling reveals the existence of a cellular regulatory net-
work that replaces the traditional pathway paradigm (Marcotte,
2001). Thus, the challenge for the future is to understand how this
complex network of interactions gives rise to a phenotypic land-
scape like that described by Waddington (Fig. 3), and the associ-
ated prevalence of “rulelike” cell behavior.

Although the large size and complexity of the network of
interactions might appear intractable, it turns out that analysis of
generic networks from the field of complexity science reveals
some interesting general features. The most important notion is
that any network of interactions will exhibit ordered (rather than
“chaotic”) global dynamics given that the “wiring diagram”
exhibits certain features, such as overall sparse connectivity
(Kauffman, 1993), which in fact was recently found for yeast for
which such genomewide wiring diagrams are available (Jeong
et al., 2001; Wagner, 2002). To understand this, let us focus on
the protein–protein interactions and assume that we knew the
structure of the wiring diagram (“interactome”)—i.e., the entire
interaction map depicting how every protein interacts with
the others, and via what modality (e.g., inhibition, activation,
synergism). As postgenomic analysis of genes and proteins con-
tinues to expand, such maps become increasingly available,
although most still are only partial versions at present (Hazbun
and Fields, 2001; Wu et al., 2002).
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With such an interaction map in hand, one would then like to
translate it into a phenotypic landscape that captures the biological
essence of discrete cell fates, as illustrated in Waddington’s epi-
genetic landscape for the case of embryonic development (Fig. 3)
and manifested in the selective mode of cell fate regulation (Fig.
2B). The central notion for doing so is that the interaction networks
are not static maps. Rather, they are dynamic because every pro-
tein within that web of interactions exhibits a numerical value that
indicates its actual expression level or activation status, and these
values change over time. The profile consisting of such expression
and activity values across all the proteins directly maps into the
cellular phenotype. Because their activities are interconnected by

the regulatory interactions that define the network (e.g., stimula-
tory or inhibitory interactions), the profile of protein activities
constitutes a network state for a given time point. Now, the change
of the profile (=network state) over time cannot be arbitrary but is
highly constrained by the architecture of that network and the
modality of interactions among the elements (e.g., inhibitory,
stimulatory). In the next section, we introduce a formal tool that
will help us to understand how the constraints of network dynam-
ics are imposed by the underlying regulatory interactions.

4.5.2. THE PHASE SPACE CONCEPT  Physicists who study
“dynamic systems” composed of interacting parts have devel-
oped tools to describe the dynamic behavior of a system based on
its network structure, and to represent its global possibilities and
constraints (Kaplan and Glass, 1995). The goal in biology would
be to accomplish a similar aim by determining how the con-
strained dynamic behavior of cells, characterized by the switch-
ing among different stable phenotypes, may be regarded as a
manifestation of the underlying signal transduction networks.

In the case of the cellular regulatory network, we are clearly far
from knowing all the quantitative and qualitative biochemical
details of molecular interactions. Nevertheless, it is possible from
the knowledge of general network features to think of biological
regulatory networks as dynamic systems in order to arrive at some
universal principles (Huang, 2001). The essential concept that we
now borrow from the physical sciences is that of the phase space
(or state space): an abstract space that contains all the possible
network states. Much as the familiar network charts that biologists
use to depict the wiring diagram of molecular interactions is an
abstraction from the actual physical space, the phase space is an
abstraction from such interaction maps and represents the dynamic
behavior of the regulatory network (Fig. 5). To envision the phase
space of the cellular network, imagine that every network state is
defined by one possible combination of the activity status of all N
proteins that form the regulatory network. Some of the combina-
tions of protein activity states might represent a physiological cell
fate (e.g., growth or differentiation). All possible combinations
of activity states of the proteins, i.e., all possible network states,
together form the phase space, which has N dimensions, one for
each protein. With tens of thousands of cellular proteins, it is
obvious that the number of possible combinations of activity states
across the genome, and hence the size of the phase space, is huge.
However, because the proteins are not separate entities that can
change their activation state (e.g., expression level or phosphory-
lation state) independently, most of the combinations of activities
(i.e., most network states) cannot occur. For instance, because
protein p27 inhibits cdk4 activity (Sherr and Roberts, 1999), all
theoretically possible network states in which we have, simulta-
neously, high levels of p27 and high cdk4 activity would not be
possible, although such states are part of the theoretical phase
space. Such “unstable” network states would be forced to transi-
tion into a state in which, e.g., p27 is high and cdk4 activity is
absent (Huang and Ingber, 2000).

4.5.3. STRUCTURE IN PHASE SPACE: ATTRACTORS  By
extending this two-protein interaction to the entire genomewide
network, it becomes plausible that the overall dynamics of the
network is highly constrained by the underlying protein–protein
interactions. Unstable network states are forced to move in the
phase space until they end in “stable” states that represent protein
activity combinations that comply with the rules of their under-
lying regulatory interactions. Multiple theoretically possible, but

Fig. 5. Relationship among physical space, network topology, and
phase space: various ways of representing how cells process signals.
At the bottom, the biologists’ familiar schematic depiction of the
physical space with a cell and its nucleus is shown. The small arrows
indicate increasing abstraction of representation. The middle graph
represents a protein interaction network in which each open circle
represents one protein, with the connecting lines indicating their in-
teractions. The abstract phase space is visualized in the top graph as
a 3D “potential surface” with valleys and pits. Each point on the
landscape represents an entire genomewide profile of protein activi-
ties whose dynamics corresponds to cell behavior and is constrained
by the structure of the landscape. Note that the pits (attractors) corre-
spond to the stable cell fates illustrated in Fig. 2B.

04/Huan/045-056/F 8/19/03, 11:19 AM52

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 4  /  FROM STEMS CELL TO FUNCTIONAL TISSUE ARCHITECTURE 53

unstable, network states can converge onto the same stable state,
and “gradients” pointing toward these stable states are be formed.
In the technical language, these stable states to which the
unstable states “drain” are the attractor states of the system. The
set of all the nonstable states that drain into the same attractor
forms the basin of attraction of that attractor. Thus, the phase
space is not structureless but is divided into valleys and pits.
Because cell behavior is a manifestation of changes in the net-
work state, which is equivalent to moving in phase space, its
structure determines the constraints of the phenotypic behavior
of the cell. One has to keep in mind that despite the landscape
picture that we use here to capture visually the concept of net-
work dynamics (as shown in Fig. 5), the phase space is not in 3D
but in N-dimensional space. Nevertheless, this mental picture
now provides us with a molecular explanation of Waddington’s
epigenetic landscape that thus can be interpreted as the phase
space of an underlying regulatory network.

4.6. IMPLICATIONS FOR STEM CELL BIOLOGY
4.6.1. CELL FATES AS ATTRACTORS  From here it is straight-

forward to interpret the attractors of the phase space as the cell
fates of the phenotype space. Then the structure of the “attractor
landscape” with its ridges, peaks, valleys, and pits essentially
reflects the constraints on the phenotype dynamics imposed by
molecular regulatory interactions within the underlying network,
which give rise to distinct cell fates. In fact, already in the 1940s,
Delbrück (1949) discussed the possibility that differentiation states
are attractors in a genetic circuit that exhibits multiple stable states
(“multistability”). Similar ideas were later expressed by Monod
and Jacob (1961) and others (for review, see Thomas, 1998), and
more prominently by Kauffman (1969, 1993), who extended the
concept to large genetic networks and postulated that distinct cell
types correspond to attractors that have come about through evo-
lution. With recent insights into the detailed dynamics of cell fate
regulation in mammalian cells, a finer picture has emerged: cell
fate switching, such as among growth, differentiation into distinct
cellular phenotypes, and commitment to apoptosis, similarly obeys
constrained dynamics that are governed by underlying interac-
tions of the cellular regulatory network. In other words, these cell
fates correspond to the attractor states that emerge from a network
of molecular interactions (Huang, 1999).

4.6.2. BIOLOGICAL SIGNIFICANCE OF THE ATTRACTOR
LANDSCAPE  The concept of an attractor landscape that structures
the phase space of a network establishes a link between the
observed selective nature of cell fate regulation and the molecular
network of signal transduction. Viewing cell regulation through
the optics of the phase space may help to explain a series of fun-
damental observations in stem cell biology that has escaped expla-
nation in the narrow perspective of instructive pathways.

4.6.2.1. Intrinsic Robustness  If the attractors that emerge
from the cell’s molecular signaling networks represent cell fates,
then it becomes clear why cell fates are intrinsically robust and can
resist many random perturbations. This also provides a natural
explanation for the observation that a cell fate can be achieved
“from many different directions,” triggered by a large set of stimuli.
Boundaries of basin of attraction represent a natural decision-
making criterion, akin to “watersheds.” This allows the integra-
tion of multiple, often conflicting signals to produce a single,
coherent self-organized cell fate. Remember that each position on
the landscape represents an entire pattern of molecular activation

in the cell. Thus, as the marble on the landscape rolls down a
valley, the network state is forced to move along a certain trajec-
tory (a sequence of changing network states in the phase space)
that precisely determines which protein or gene is activated when.
Thus, what in the traditional instructive pathway point of view
appears as an amazingly well-orchestrated process is, in fact, an
inevitable process reflecting the state of the network state that
follows the structure of the phase space as it moves down a valley
toward an attractor.

4.6.2.2. Pleiotropy in Signal Transduction  If cell fates are
attractors, then regulatory inputs from the cell’s environment, such
as soluble factors, insoluble ECM, or mechanical forces are per-
turbations to the network that may cause attractor switching. Thus,
the target of selective regulation is to find the “right attractor” in
a given situation. Because attractors are intrinsically stable, net-
work simulations show that it typically will be necessary to change
the status of multiple network elements (i.e., the activity levels of
multiple genes and proteins) to overcome the boundaries between
different attractors (Huang, 2002). The need to activate such “tran-
sition-causing sets” of genes and proteins might explain why even
specific growth factors or differentiating agents elicit a pleiotropic
biochemical response that branches out to affect multiple genes
and proteins. For instance, platelet-derived growth factor or FGF
receptor activation changes the expression of up to a hundred genes
(Fambrough et al., 1999). By simultaneously altering multiple
molecular elements within the network, one attractor may be
switched to another (e.g., from quiescence to growth). Such sets of
genes and proteins appear to overlap, and an individual molecule
might be part of various transition-causing sets. This might
explain the promiscuous function of many signaling proteins such
as Ras, cAMP, and Myc, in which protein “function” depends on
the cellular context (Huang and Ingber, 2000).

The existence of stable attractors and the requirements for
pleiotropy also might help to explain why it is relatively simple to
find extracellular stimuli that can induce a cell fate switch, but also
why attempts to find downstream factors, such as transcription
factors that control a switch, have proven much less fruitful. Only
a few “master switches” have been found, such as myoD, PPARγ,
or GATA1, that are transcription factors and are (given a certain
initial cellular context) sufficient eo ipso to induce differentiation
of a precursor cell, or even trigger transdifferentiation among dif-
ferent cell lineages (Zon et al., 1991; Tontonoz et al., 1994; Walsh
and Perlman, 1997; Morrison and Farmer, 1999). Such master
switch genes themselves have broad downstream effects, includ-
ing activation of multiple proteins and other genes that are
required to promote the attractor switch, again a result consistent
with the attractor paradigm.

4.6.2.3. Default Fates  From the landscape metaphor, it is
plausible that attractors with a large basin of attraction are more
stable than those with a small basin. Although we are technically
not yet able to measure the effective structure of the attractor land-
scape of the mammalian genome, we can assume that the differen-
tiated state occupies a very large basin that covers large regions of
the phase space accessible to a given cell type, since many nonspe-
cific agents can trigger differentiation. This picture thus provides
a conceptual explanation for the widely held notion that the differ-
entiated state is the “default cell fate,” which needs no specific
instruction for the cell to realize, and is often achieved spontane-
ously if no specific countermeasures are taken, as may be readily
observed in ES cell cultures.
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4.6.2.4. Differential Barriers to Cell Fate Switching  Tran-
sitions among attractors require a complex, high-dimensional
signal that consists of changes in the activities of multiple pro-
teins and genes. Moreover, the higher the barrier between two
attractor states, the higher the requirements for signal pleiotropy:
more genes and proteins need to be turned on or off in order to
achieve a transition. For instance, it is in general “easier” to
switch from growth to differentiation than from a differentiated
state to growth. For most cell types in higher mammals, this
transition is almost unidirectional toward differentiation. In fact,
when gene expression profile changes were measured
(Fambrough et al., 1999; Tamayo et al., 1999), a much more
dramatic genomewide change was observed after stimulation of
quiescent cells to enter the cell cycle than when a precursor cell
was stimulated to differentiate (Huang and Ingber, unpublished
observation). In more general terms, the “ease” and directional-
ity of transitions among the cell fates appear to be governed by
rules that emerge from the underlying dynamic networks that
comprise cellular signal transduction.

One rule is that not every attractor can be reached from every
other attractor (Fig. 2B). Some transitions occur with ease and may
require only a few changes in protein activities, others require
simultaneous activation of large sets of genes and proteins, and
still others require very specific signals or never occur. The feasi-
bility of any particular cell fate switch depends on the position of
the attractor states in the phase space and the position of the cell
at the time of stimulation on the phenotype landscape. It is with
this background in mind that the occurrence of spontaneous
transdifferentiation events, such as from prostate tumor cells to
neuronal cells, or from pancreas to liver, needs to be seen (Bang
et al., 1994; Shen et al., 2000). It will be interesting in the future
to measure the phase space structure to reveal the actual neighbor-
hood relationships among these differentiation attractors of vari-
ous tissues.

4.6.2.5. Contextual Signals to Maintain Differentiated
Phenotype  Although much of development and differentiation
appears to be driven by robust intrinsic processes that do not
depend on precise instructive signals, the opposite can also be
observed. An excellent example is the loss of differentiated phe-
notypic traits when cells are removed from their tissue context
and cultivated in vitro. This cellular response also can be
explained by the concept of the attractor landscape that captures
the necessity of both intrinsic and extrinsic signals for regulation
of cell behavior. The constitutive activity state of proteins can
affect the apparent shape of the attractor landscape in terms of
the ability of the cell to attain or maintain any particular attractor
state. For instance, the differentiation attractor may be stable
only if a certain set of cellular proteins and genes is activated;
these molecules may, in turn, be constitutively activated by
environmental signals that are always present in vivo, but absent
in vitro. Removing cells from their tissue context, therefore,
might destroy that attractor by locally distorting the attractor
landscape and thus yield cells that lose their natural differenti-
ated phenotype when placed in culture. These cells may be stable
in their new phenotype in vitro because it represents a different
attractor that is similar but not identical to the one available in
situ. This could, e.g., correspond to a trough along a valley wall
in the attractor landscape, rather than the lowermost pit.

4.6.2.6. Genomewide Reprogramming  Although theoreti-
cally possible, in reality the cell normally cannot travel freely

anywhere in the phase space because the typical size of the tran-
sition-causing set of proteins and genes after a perturbation with
a single chemical or growth factor is limited. Thus, in response to
“typical” environmental signals that the cell in the tissue can be
exposed to, a given cell state has only a limited number of cell
fate alternatives available (“neighboring attractors”) among which
it can choose. However, complete genome reprogramming can
occur by exposing the nucleus to a new cytoplasm, as during
somatic cloning (Surani, 2001). This might represent a case in
which large, nonphysiological distances in phase space are tra-
versed to place the network state in an attractor that effectively
corresponds to the totipotent zygote.

4.7. CONCLUSION
In this chapter, we introduced the concept that control of cell

behavior obeys relatively simple rules that give rise to selective
regulation of robust cell fates. These rules are the consequence of
the natural constraints imposed by the underlying intracellular
regulatory network of molecular interactions and are not explicitly
encoded in linear instructive pathways. The biological importance
of this form of regulation based on dynamic networks is that it
allows the cell to integrate a large variety of microenvironmental
signals, both carried by specific high-affinity messenger molecules
and arising from nonspecific physical interactions devoid of
molecular specificity. The latter type of cues is crucial for pluripo-
tent cells to tune their cell fate decisions to adapt to their physical
environment, such as to assemble complex macroscopic 3D struc-
tures that generate and resist mechanical forces.

The underlying concept of attractor landscapes presented here
provides an intuitive explanation for many observations of stem
cell behavior that defy conventional linear pathway models. In
particular, it unites basic principles of developmental cell biology,
such as intrinsic programs, extrinsic cues, and probabilistic mecha-
nisms, under a common overarching concept. Nevertheless, that
should by no means obviate the need for detailed characterization
of the specific molecular features that are distinct for each indi-
vidual biological process. Despite the fundamental principle of
attractors and cell fates, some types of specialized cellular tasks,
such as the induction of cytokine release by a cytokine, may still
rely on an instructive information-processing system. Clearly,
understanding the specifics at the molecular level is critical to
provide handles for therapeutic intervention by drugs. However,
overemphasis of the linear pathway paradigm harbors the danger
of missing the forest for the trees. Thus, the general concepts dis-
cussed in this chapter may help to organize and synthesize the vast
amounts of molecular data that one might be tempted to hastily
accumulate in this coming age of high-throughput genomics and
proteomics. A future goal, then, should be to identify the available
paths in the attractor landscape that connect the stable attractor
states, instead of characterizing individual molecular pathways
and assigning them “instructive functions.” Ultimately, such a
road map that links the various cell attractors will tell us which
potential destinations a given stem cell can possibly reach and how
it might be induced to get there.

REFERENCES
Albanese, C., Johnson, J., Watanabe, G., et al. (1995) Transforming p21ras

mutants and c-Ets-2 activate the cyclin D1 promoter through distin-
guishable regions. J. Biol. Chem. 270:23,589–23,597.

Aplin, A. E., Howe, A., Alahari, S. K., and Juliano, R. L. (1998) Signal
transduction and signal modulation by cell adhesion receptors: the

04/Huan/045-056/F 8/19/03, 11:19 AM54

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 4  /  FROM STEMS CELL TO FUNCTIONAL TISSUE ARCHITECTURE 55

role of integrins, cadherins, immunoglobulin-cell adhesion molecules,
and selectins. Pharmacol. Rev. 50:197–263.

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999) Notch sig-
naling: cell fate control and signal integration in development. Sci-
ence 284:770–776.

Assoian, R. K. and Schwartz, M. A. (2001) Coordinate signaling by
integrins and receptor tyrosine kinases in the regulation of G1 phase
cell-cycle progression. Curr. Opin. Genet. Dev. 11:48–53.

Bang, Y. J., Pirnia, F., Fang, W. G., et al. (1994) Terminal neuroendo-
crine differentiation of human prostate carcinoma cells in response
to increased intracellular cyclic AMP. Proc. Natl. Acad. Sci. USA
91:5330–5334.

Bikle, D. D., Ng, D., Tu, C. L., Oda, Y., and Xie, Z. (2001) Calcium- and
vitamin D-regulated keratinocyte differentiation. Mol. Cell. Endo-
crinol. 177:161–171.

Boyd, A. W. and Metcalf, D. (1984) Induction of differentiation in HL60
leukaemic cells: a cell cycle dependent all-or-none event. Leuk. Res.
8:27–43.

Breitman, T. R., Selonick, S. E., and Collins, S. J. (1980) Induction of
differentiation of the human promyelocytic leukemia cell line (HL-
60) by retinoic acid. Proc. Natl. Acad. Sci. USA 77:2936–2940.

Brivanlou, A. H. and Darnell, J. E. Jr. (2002) Signal transduction and the
control of gene expression. Science 295:813–818.

Brüstle, O., Jones, K. N., Learish, R. D., et al. (1999) Embryonic stem
cell-derived glial precursors: a source of myelinating transplants.
Science 285:754–756

Chang, L. and Karin, M. (2001) Mammalian MAP kinase signalling cas-
cades. Nature 410:37–40.

Chen, C. S., Mrksich, M., Huang, S., Whitesides, G. M., and Ingber, D.
E. (1997) Geometric control of cell life and death. Science 276:
1425–1428.

Chicurel, M. E., Chen, C. S., and Ingber, D. E. (1998) Cellular control lies
in the balance of forces. Curr. Opin. Cell. Biol. 10:232–239

Claverie, J. M. (2001) Gene number: what if there are only 30,000 human
genes? Science 291:1255–1257.

Delbrück, M. (1949) Discussion. In: Unités Biologiques Douées de
Continuité Génétique. Colloques Internationaux du Centre National
de la Recherche Scientifique (CNRS), Paris.

Deshpande, A. K. and Siddiqui, M. A. (1976) Differentiation induced by
cyclic AMP in undifferentiated cells of early chick embryo in vitro.
Nature 263:588–591.

Dike, L. E., Chen, C. S., Mrksich, M., Tien, J., Whitesides, G. M., and
Ingber, D. E. (1999) Geometric control of switching between growth,
apoptosis, and differentiation during angiogenesis using
micropatterned substrates. In Vitro Cell Dev. Biol. Anim. 35:
441–448.

Fambrough, D., McClure, K., Kazlauskas, A., and Lander, E. S. (1999)
Diverse signaling pathways activated by growth factor receptors
induce broadly overlapping, rather than independent, sets of genes.
Cell 97:727–741.

Folkman, J. and Moscona, A. (1978) Role of cell shape in growth control.
Nature 273:345–349.

Giuffre, L., Schreyer, M., Mach, J. P., and Carrel, S. (1988) Cyclic AMP
induces differentiation in vitro of human melanoma cells. Cancer
61:1132–1141.

Goldberger, A. L. and West, B. J. (1987) Applications of nonlinear
dynamics to clinical cardiology. Ann. NY Acad. Sci. 504:195–213.

Goss, R. J. (1967) The strategy of growth. In: Control of Cellular Growth
in the Adult Organism. (Teir, H. and Rytömaa, T., eds.), Academic
Press, London, UK, pp. 3–27.

Gurdon, J. B. and Bourillot, P. Y. (2001) Morphogen gradient interpreta-
tion. Nature 413:797–803.

Hansen, T. O., Rehfeld, J. F., and Nielsen, F. C. (2000) Cyclic AMP–
induced neuronal differentiation via activation of p38 mitogen-acti-
vated protein kinase. J. Neurochem. 75:1870–1877.

Harrison, J. J., Soudry, E., and Sager, R. (1985) Adipocyte conversion of
CHEF cells in serum-free medium. J. Cell. Biol. 100:429–434.

Hazbun, T. R. and Fields, S. (2001) Networking proteins in yeast. Proc.
Natl. Acad. Sci. USA 98:4277–4278.

Huang, S. (1999) Gene expression profiling, genetic networks and cellu-
lar states: an integrating concept for tumorigenesis and drug discov-
ery. J. Mol. Med. 77:469–480.

Huang, S. (2001) Genomics, complexity and drug discovery: insights
from Boolean network models of cellular regulation. Pharmaco-
genomics 2:203–222.

Huang, S. (2002) Regulation of cellular states in mammalian cells from
a genome-wide view. In: Gene Regulation and Metabolism: Post-
Genomic Computational Approaches (Collado-Vides, J. and
Hofestädt, R., eds.) MIT Press, Cambridge, MA.

Hung, S., Chen, S. C., Ingber D. E. (1998) Cell-shape-dependent ccontrol
of p27Kip and cell cycle progression in human capillary endothelial
cells. Mol. Biol. Cell. 9:3179–3193.

Huang, S. and Ingber, D. E. (1999) The structural and mechanical com-
plexity of cell-growth control. Nat. Cell. Biol. 1:E131–E138.

Huang, S. and Ingber, D. E. (2000) Shape-dependent control of cell
growth, differentiation and apoptosis: switching between attractors in
cell regulatory networks. Exp. Cell Res. 261:91–103.

Huang, S. and Ingber, D. E. (2002) A discrete cell cycle checkpoint in late
G1 that is cytoskeleton-dependent and MAP kinase (Erk)-indepen-
dent. Exp. Cell Res. 275:255–264.

Ingber, D. E. (1990) Fibronectin controls capillary endothelial cell
growth by modulating cell shape. Proc. Natl. Acad. Sci. USA
87:3579–3583.

Ingber, D. E. (1991) Integrins as mechanochemical transducers. Curr.
Opin. Cell. Biol. 3:841–848.

Ingber, D. E. and Folkman J. (1989) How does extracellular matrix con-
trol capillary morphogenesis? Cell 58:803–805.

Ingber, D. E. and Jamieson, J. D. (1985) Cells as tensegrity strutures:
architectural regulation of histodifferentiation by physical forces
transduced over basement membrane. In: Gene Expression During
Normal and Malignant Differentiation. (Anderson, L. C., Gahmberg,
C. G., and Ekblom, P., eds.), Academic, Orlando, FL, pp. 13–32.

Ingber, D. E., Madri, J. A., and Jamieson, J. D. (1981) Role of basal
lamina in neoplastic disorganization of tissue architecture. Proc. Natl.
Acad. Sci. USA 78:3901–3905.

Jeong, H., Mason, S. P., Barabasi, A. L., and Oltvai, Z. N. (2001) Lethality
and centrality in protein networks. Nature 411:41,42.

Jiang, L., Foster, F. M., Ward, P., Tasevski, V., Luttrell, B. M., and
Conigrave, A. D. (1997) Extracellular ATP triggers cyclic AMP-
dependent differentiation of HL-60 cells. Biochem. Biophys. Res.
Commun. 236:626–630.

Kaplan, D. and Glass, L. (1995) Understanding Nonlinear Dynamics,
Springer-Verlag, New York.

Kauffman, S. A. (1969) Metabolic stability and epigenesis in randomly
constructed genetic nets. J. Theor. Biol. 22:437–467.

Kauffman, S. A. (1993) The Origins of Order, Oxford University Press,
New York.

Kirschner, M. and Gerhart, J. (1998) Evolvability. Proc. Natl. Acad. Sci.
USA 95:8420–8427.

Langdon, S. P. and Hickman, J. A. (1987) Correlation between the mole-
cular weight and potency of polar compounds which induce the differ-
entiation of HL-60 human promyelocytic leukemia cells. Cancer Res.
47:140–144.

Lavoie, J. N., L’Allemain, G., Brunet, A., Müller, R., and Pouysségur, J.
(1996) Cyclin D1 expression is regulated positively by the p42/
p44MAPK and negatively by the p38/HOGMAPK pathway. J. Biol.
Chem. 271:20,608–20,616.

Levenberg, S., Yarden, A., Kam, Z., and Geiger, B. (1999) p27 is involved
in N-cadherin-mediated contact inhibition of cell growth and S-phase
entry. Oncogene 18:869–876.

Lin, H. and Schagat, T. (1997) Neuroblasts: a model for the asymmetric
division of stem cells. Trends Genet. 13:33–39.

Linney, E. (1992) Retinoic acid receptors: transcription factors modulat-
ing gene regulation, development, and differentiation. Curr. Top. Dev.
Biol. 27:309–350.

Marcotte, E. M. (2001) The path not taken. Nat. Biotechnol. 19:
626–627.

Marshall, C. (1999) How do small GTPase signal transduction pathways
regulate cell cycle entry? Curr. Opin. Cell Biol. 1:732–736.

04/Huan/045-056/F 8/19/03, 11:19 AM55

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


56 HUANG AND INGBER

McCaffery, P. and Drager, U. C. (2000) Regulation of retinoic acid sig-
naling in the embryonic nervous system: a master differentiation fac-
tor. Cytokine Growth Factor Rev. 11:233–249.

Messing, R. O. (1993) Ethanol as an enhancer of neural differentiation.
Alcohol Suppl. 2:289–293.

Mochitate, K., Pawelek, P., and Grinnell, F. (1991) Stress relaxation of
contracted collagen gels: disruption of actin filament bundles, release
of cell surface fibronectin, and down-regulation of DNA and protein
synthesis. Exp. Cell Res. 193:198–207.

Monod, J. and Jacob, F. (1961) General conclusions: teleonomic mecha-
nisms in cellular metabolism, growth and differentiation. Cold Spring
Harbor Symp. Quant. Biol. 26:389–401.

Moore, K. A., Huang, S., Kong, Y. P., Sunday, M. E., and Ingber, D. E.
(2002). Control of embryonic lung branching morphogenesis by the
Rho activator, cytotoxic necrotizing factor-1. J. Surg. Res. 104:95–100.

Morrison, R. F. and Farmer, S. R. (1999) Insights into the transcriptional
control of adipocyte differentiation. J. Cell Biochem. Suppl. 32–33:
59–67.

Newmark, H. L., Lupton, J. R., and Young, C. W. (1994) Butyrate as a
differentiating agent: pharmacokinetics, analogues and current status.
Cancer Lett. 78:1–5.

Olson, E. N. (1992) Interplay between proliferation and differentiation
within the myogenic lineage. Dev. Biol. 154:261–272.

Parker, S. B., Eichele, G., Zhang, P., et al. (1995) p53-independent
expression of p21Cip1 in muscle and other terminally differentiat-
ing cells. Science 267:1024–1027.

Pedersen, R. A. (1999) Embryonic stem cells for medicine. Sci. Am. 280:
68–73.

Shen, C.-N., Slack, J. M. W., and Tosh, D. (2000) Molecular basis of
transdifferentiation of pancreas to liver. Nat. Cell. Biol. 2:879–887.

Sherr, C. J. (1996) Cancer Cell Cycles. Science 274:1672–1677.
Sherr, C. J. and Roberts, J. M. (1999) CDK inhibitors: positive and nega-

tive regulators of G1-phase progression. Genes Dev. 13:1501–1512.
Singhvi, R., Kumar, A., Lopez, G.P., et al. (1994) Engineering cell shape

and function. Science 264:696–698.
Spremulli, E. N. and Dexter, D. L. (1984) Polar solvents: a novel class of

antineoplastic agents. J. Clin. Oncol. 2:227–241.
St Croix, B., Sheehan, C., Rak, J. W., Florenes, V. A., Slingerland, J. M.,

and Kerbel, R. S. (1998) E-Cadherin-dependent growth suppression is
mediated by the cyclin-dependent kinase inhibitor p27(KIP1). J. Cell
Biol. 142:557–571.

Steinman, R. A., Hoffman, B., Iro, A., Guillouf, C., Liebermann, D. A.,
and el-Houseini, M. E. (1994) Induction of p21 (WAF-1/CIP1) during
differentiation. Oncogene 9:3389–3396.

Stern, C. D. (2000) Conrad H. Waddington’s contributions to avian and
mammalian development, 1930–1940. Int. J. Dev. Biol. 44:15–22.

Surani, M. A. (2001) Reprogramming of genome function through epige-
netic inheritance. Nature 414:122–128.

Tamayo, P., Slonim, D., Mesirov, J., et al. (1999) Interpreting patterns
of gene expression with self-organizing maps: methods and applica-
tion to hematopoietic differentiation. Proc. Natl. Acad. Sci. USA
96:2907–2912.

Thomas, R. (1998) Laws for the dynamics of regulatory networks. Int. J.
Dev. Biol. 42:479–485.

Tontonoz, P., Hu, E., and Spiegelman, B. M. (1994) Stimulation of adi-
pogenesis in fibroblasts by PPAR gamma 2, a lipid-activated tran-
scription factor. Cell 79:1147–1156.

Van Essen, D. C. (1997) A tension-based theory of morphogenesis and
compact wiring in the central nervous system. Nature 385:313–318.

Venter, J. C., Adams, M. D., Myers, E. W., et al. (2001) The Sequence of
the Human Genome. Science 291:1304–1351.

Voorhees, J. J., Duell, E. A., Bass, L. J., and Harrell, E. R. (1973) Natl.
Cancer Inst. Monogr. 38:47–59.

Waclavicek, M., Berer, A., Oehler, L., et al. (2001) Calcium ionophore:
a single reagent for the differentiation of primary human acute myel-
ogenous leukaemia cells towards dendritic cells. Br. J. Haematol.
114:466–473.

Waddington, C. H. (1956) Principles of Embryology, Allen & Unwin,
London, UK.

Wagner, A. (2002) Estimating coarse gene network structure from large-
scale gene perturbation data. Genome Res. 12:309–315.

Walsh, K. and Perlman, H. (1997) Cell cycle exit upon myogenic differ-
entiation. Curr. Opin. Genet. Dev. 7:597–602.

Wang, N., Butler, J. P., and Ingber, D. E. (1993) Mechanotransduction
across the cell surface and through the cytoskeleton. Science 260:
1124–1127.

Waymire, J. C., Gilmer-Waymire, K., and Haycock, J. W. (1978) Cyclic-
AMP-induced differentiation in neuroblastoma is independent of cell
division rate. Nature 276:194–195.

Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X., and Ingber, D. E.
(2001) Soft lithography in biology and biochemistry. Annu. Rev.
Biomed. Eng. 3:335–373.

Wolpert, L. (1994) Do we understand development? Science 266:
571–572.

Wolpert, L. (1996) One hundred years of positional information. Trends
Genet. 12:359–364.

Wolpert, L. (1998) Stem cells: a problem in asymmetry. J. Cell Sci. Suppl.
10:1–9.

Wu, C. H., Huang, H., Arminski, L., et al. (2002) The Protein Information
Resource: an integrated public resource of functional annotation of
proteins. Nucl. Acids Res. 30:35–37.

Yu, Z. W. and Quinn, P.J. (1994) Dimethyl sulphoxide: a review of its
applications in cell biology. Biosci. Rep. 14:259–281.

Zon, L. I., Youssoufian, H., Mather, C., Lodish, H. F., and Orkin, S. H.
(1991) Activation of the erythropoietin receptor promoter by transcrip-
tion factor GATA-1. Proc. Natl. Acad. Sci. USA 88:10,638–10,641.

04/Huan/045-056/F 8/19/03, 11:19 AM56

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 5  /  GERMLINE STEM CELLS 57

57

From: Stem Cells Handbook
Edited by: S. Sell © Humana Press Inc., Totowa, NJ

5 Germline Stem Cells

HAIFAN LIN, PhD

Germline stem cells (GSCs) serve as the self-renewing source for the continuous production of gametes in diverse organisms.
These stem cells can be classified into two types—stereotypic and populational–according to how they self-renew. Stereotypic
GSCs self-renew by asymmetric division, producing a daughter stem cell and a differentiated daughter cell. An example is the
Drosophila ovary. Each ovariole contains two to three GSCs at its apical region. These cells divide to produce one daughter cell
that remains a stem cell and another that begins differentiation as it is displaced from the cap cell. Populational stem cells divide
symmetrically and self-perpetuate only at the populational level. In the gonads of Caenorhabditis elegans, the mitotically active
germline nuclei share a common cytoplasm at the distal end of the gonad and are the self-renewing population of stem cells for
gametogenesis. The mitotic nuclei show a gradient of mitotic ability, with those more than 20 nuclei away from the distal tip cell
eventually entering meiosis and differentiating into haploid gametes. In mammalian testes, GSCs exist as single cells among type
A spermatogonia (type AS). An AS spermatogonium will either divide completely to form two daughter AS spermatogonia or
undergo incomplete cytokinesis to produce a pair of connected daughter cells (Apr) that are both committed to differentiation. In
most animals, GSCs are established during preadult gonadogenesis following the proliferation and migration of embryonic
primordial germ cells. However, it is not known how the stem cell fate is established in the preadult gonad.

Current research suggests that the self-renewing division of GSCs is largely controlled by signaling from the surrounding
somatic cells that form the stem cell niche. In Drosophila, the somatic signaling requires the Yb and piwi genes as well as the
dpp (TGFβ) signaling pathway. In addition, the hedgehog signaling pathway is also involved in regulating GSC division. In
C. elegans, the Leg-2/Glp-1 (Notch-like) pathway plays an essential role in germline maintenance. In mammalian systems, the
most upstream signals are follicle-stimulating hormone (FSH) and luteinizing hormone (LH) from the hypothalamic-pituitary
axis. These hormones regulate the activities of Leydig and Sertoli cells. In particular, Leydig cells produce testosterone to
stimulate Sertoli cells for the production of a number of growth and differentiation factors such as basic fibroblast growth factor
(bFGF), TGF-ß1, activinβ1, inhibin βB, Müllerian inhibiting substance, and Desert Hh. Germ cells express Wnt1, bFGF, nerve
growth factor (NGF), bone morphogenetic protens, BMP-8A, and BMP-8B. How these factors interact is not well known.
However, the Steel/c-KIT signaling does not appear to be involved in GSC division or maintenance but may be required for
the survival and/or proliferation of the differentiating type A spermatogonia. In addition, cell-cell junctions among Sertoli
cells, Leyding cells, and spermatogonia, mediated by Connexin 43, are important for initiating proliferation of quiescent
gonocytes for spermatogenesis. Complicated feedback loops among GSCs, Sertoli cells, Leydig cells, and the pituitary have
also been identified.

The somatic signaling appears to control the stem cell division via intracellular mechanisms such as the cell-cycle machin-
ery, differential gene expression, and asymmetric cytoskeletal organization. At present, little is known about the cell-cycle
machinery in stem cell division. Type A cyclins appear to be involved in meiosis but not mitosis, and PCNA is involved in
proliferation of spermatogonia but not in meiosis. The generation of asymmetric stem cell division is regulated by factors that
are differentially expressed and/or segregated between the two daughter cells. In Drosophila, genes called pumilio, nanos, and
stonewall are involved in GSC maintenance, whereas bag of marbles (bam), and benign gonial cell neoplasm (bgcn) promote
differentiation. In mammals, a candidate gene for self-renewal of spermatogonial stem cells is the human deleted in azoosper-
mia (DAZ) gene cluster, and other genes have been identified to control differentiation and apoptosis, such as p53. The
asymmetric division of GSCs in the Drosophila ovary also involves the membrane skeletal proteins in the form of the
spectrosome that anchors one pole of the mitotic spindle to define the divisional orientation. Such orientation is not required
for the maintenance of the stem cells but is important for the proper asymmetry of their division. Current findings provide a
framework for the further study of stem cell renewal in general.
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5.1. INTRODUCTION

The hallmark of a stem cell is its ability to self-renew and to
generate a large number of differentiated cells. Nowhere is the
significance of stem cells more apparent than in the germline,
where a small number of stem cells constantly divide in a self-
renewing fashion, producing numerous gametes with the remark-
able ability to create new individuals. Although the existence of
stem cells in the germline was proposed by E. B. Wilson (1896)
and his contemporaries more than a century ago, mechanisms that
control the stem cell property remain enigmatic. Traditionally,
germline stem cells have been treated as a minor and simple aspect
of gametogenesis in reproductive and developmental studies.
These studies provided brief, and often speculative, descriptions
of germline stem cell (GSC) division, regarding it as one of many
processes involved gametogenesis.

Within the past 10 yr, the central role of GSCs in gametogenesis
has been increasingly appreciated, and their effectiveness as a
model for stem cell research has been recognized. This recognition
has led to a surge of research activities that effectively combine
genetic, cell biological, and molecular approaches to study GSCs
in genetic model systems such as Drosophila, Caenorhabditis
elegans, and mice. These studies have in turn led to a series of
exciting discoveries in the past several years that provide break-
through insights into the mechanisms underlying the self-renew-
ing division of GSCs. This chapter summarizes and evaluates these
discoveries across major model systems in a balanced fashion,
with emphasis on its underlying mechanism. For more informa-
tion on various aspects of GSC division, please see earlier reviews

(Lin, 1997, 1998; Russell and Griswold, 2000; Kiger and Fuller,
2001; Xie and Spradling, 2001)

5.2. EXISTENCE OF STEM CELLS IN THE
GERMLINE: TWO TYPES, ONE PURPOSE

GSCs exist in many organisms, ranging from hydrazoan pol-
yps, nematodes, arthropods, amphibians, birds, fishes, to reptiles
and mammals (reviewed in Lin, 1997). Exceptions to this rule are
some vertebrates, including mammals, that do not contain stem
cells in the female germline (reviewed in Lin, 1997). GSCs can be
classified into two types, stereotypic vs populational, according to
how they self-renew. The main features of these two types of stem
cells are discussed below.

5.2.1. STEREOTYPIC STEM CELLS  The first type of stem cells,
called stereotypic GSCs (Lin, 1997), self-renew strictly by asym-
metric divisions that produce a daughter stem cell and a differenti-
ated daughter cell. A well-illustrated example of stereotypic stem
cells is found in the Drosophila ovarian germline. The Drosophila
ovary is composed of 16–18 functional units called ovarioles, each
of which contains two to three GSCs at its apical tip in a specialized
structure called the germarium, in contact with a group of somatic
signaling cells called the cap cells (Deng and Lin, 1997; Lin and
Spradling, 1997) (Fig. 1). These stem cells undergo self-renewing
asymmetric divisions during each cell cycle, producing a daughter
stem cell remaining in contact with the cap cell and a differentiated
daughter cell, called the cystoblast, that becomes displaced one cell
away from the cap cell. Laser ablation of these stem cells ceases the
production of new egg chambers, revealing that they are the exclu-
sive source for germline renewal (Lin and Spradling, 1993).

Fig. 1. Asymmetric division of GSCs in the Drosophila ovary and testis. (A) Ovariole with a string of developing egg chambers produced by
germarium; (B) magnified view of apical region of germarium boxed area in (A). There are usually two GSCs in the germarium, in contact with
apical somatic cells expressing Yb, piwi, dpp, and hh. In GSCs, spectrosomes (large, round shaded spheres), containing spectrin (Sp) and Hts
proteins, reside in the apical region of the cytoplasm both at interphase and during mitosis, apposed to the signaling somatic cells. During
mitosis, the spectrasome anchors one pole of the spindle so that the divisional plan is approximately perpendicular to the apicobasal axis of
the germarium. As a result, the daughter stem cell remains in contact with the somatic cells while the cystoblast (CB) becomes one cell away
from the somatic cells. The somatic stem cells (SSCs) are located in the middle region of the germarium, two to five cells away from the signaling
cells. CT: a two-cell cyst resulted from the incomplete division of the cystoblast. Not shown are genes such as pum, nos, bam, and bgcn that
are differentially expressed between the stem cell and the cystoblast. (C) Apical tip of Drosophila testis with only two of five to nine GSCs
shown, one at interphase, and the other at telophase. Shown also are the four synchronous divisions of the gonialblast with incomplete
cytokinesis that generate 16 interconnected spermatogonia encased by the two somatic cyst cells. CpC, somatic cyst progenitor cell.
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The asymmetry of the Drosophila ovarian GSC division is
manifested cytologically not only by the relative position of the
two daughter cells with respect to the cap cell, but also by the
differential segregation of an organelle in these stem cells called
the spectrosome (Lin et al., 1994; Lin and Spradling, 1995; Deng
and Lin, 1997). The spectrosome, a spherical structure 1.5 µm in
diameter at interphase, resides in the apical region of the cyto-
plasm closely apposed to the cap cell (Fig. 1B). It contains mem-
brane vesicles and membrane skeletal proteins such as α- and
β-spectrin, ankyrin, and adducin that are essential for its organiza-
tion (Lin et al., 1994; de Cuevas et al., 1996). The spectrosome also
contains regulatory molecules such as cyclin A and the Bag-of-
Marble (BAM) protein required for cystoblast differentiation
(McKearin and Ohlstein, 1995; Lilly et al., 2000). In addition, it is
associated with a centrosome (Lin et al., 1994). During mitosis, the
spectrosome remains in its apposition to the cap cell and anchors
one pole of the mitotic spindle to orient the spindle parallel to the
germarial axis (Deng and Lin, 1997; de Cuevas and Spradling,
1998) (Fig. 1B). At telophase, the spectrosome grows in size and
elongates toward the future cystoblast that is destined to be one
cell away from cap cells. The cleavage furrow then bisects the
elongated spectrosome asymmetrically so that two-thirds of it
remains in the daughter stem cell and one-third of it is segregated
to the cystoblast. The elongated spectrosome reflects the uncou-
pling of cytokinesis with the rest of the cell-cycle machinery. GSCs
without spectrasome divide with completely randomized spindle
orientation and produce ill-differentiated daughter cells (Deng and
Lin, 1997). Thus, the spectrosome anchors one of the spindle poles
to define the orientation of the stem cell division. Such defined
orientation appears to be essential for the proper differentiation of
the daughter cells.

Stereotypic GSCs also exist in the Drosophila testis, as
revealed by morphological studies and confirmed by genetic
clonal analysis (Harfy et al., 1979; Gonczy and DiNardo, 1996).
In the Drosophila testis, five to nine GSCs exist in the adult
testis, apposed to a group of nonmitotic somatic cells called
hub cells (Fig. 1C). Each GSC is flanked by a pair of cyst pro-
genitor cells—the somatic stem cells that are also incontact with
the hub cells. Both germline and somatic stem cells divide asym-
metrically in synchrony in a radial orientation with respect to the
top of the hub, producing differentiated daughter cells that are
displaced one cell away from the hub. This stereotypic pattern of
asymmetry is very similar to the division of ovarian GSCs. The
differentiated germ cell, called the gonialblast, will further
divide to produce interconnected spermatogonia. The two differ-
entiated somatic cells grow without further division, encasing
the spermatogonia cluster. The daughter GSC and the gonialblast
are connected by a transient cytoplasmic bridge that persists well
into the next cycle, a situation somewhat resembling that of GSCs
in the Drosophila ovary and mammalian testis (see below). A
salient feature of gametogenesis driven by stereotypic stem cells
is that stem cell division generates a defined cell lineage in which
a differentiated daughter cell divides a fixed number of times
before entering meiosis and postmeiotic differentiation.

5.2.2. POPULATIONAL STEM CELLS  The second type of
GSCs, called populational GSCs (Lin, 1997), self-perpetuate only
at the populational level, whereby the collective behavior of
mitotic cells in the gonad maintains a steady source of germline,
even though individual cells do not divide asymmetrically like
stereotypic stem cells. For example, in C. elegans, the mitotically

active germline nuclei share a common cytoplasm at the distal end
of the gonad and serve as a population of stem cells for gametoge-
nesis by virtue of their proximity to a somatic signaling cell, the
distal tip cell (DTC) (Hirsh et al., 1976; Kimble and White, 1981)
(Fig. 2). Laser ablation of the 5–10 most distal germ cells in L3
gonads affects, but does not eliminate, the proliferative germ cell
population . This is because mitotic germline nuclei show a gradi-
ent of mitotic ability, with those closest to DTCs being most mi-
totically active and those more than 20 nuclei away eventually
enter meiosis to become terminally differentiated.

Mammalian testes also appear to contain populational GSCs.
These spermatogenic stem cells are a subpopulation of sper-
matogonia that are located at the basal layer of the seminiferous
tubules, resting on the basal lamina and flanked by Sertoli cells
whose occluding junctions form the “blood–testis barrier”
(Fig. 3). Outside the basal lamina are thin myoid cells and the
steroid-secreting Leydig cells. According to the current model, the
As model, GSCs exist as single cells among type A spermatogonia
and are thus often called Type As (single) spermatogonia (reviewed
in de Rooij, 2001). This conclusion is based not only on morpho-
logical analyses, but also on kinetic studies involving 3H-dNTP
autoradiographic labeling and radiation insult. As spermatogonia
exist in low abundance. For example, in mouse, morphological
studies estimate that there are 2.5 million differentiating sper-
matogonia and 0.3 million undifferentiated spermatogonia per
testis, among which only about 35,000 are stem cells. This corre-
sponds to about 0.03% of all germ cells in the testis . An As sper-
matogonium either divides completely to form two daughter As

spermatogonia to renew itself or undergoes incomplete cytokine-
sis to produce a pair of connected daughter cells called Apr (pair)
spermatogonia that are both committed to differentiation (Fig. 3).
Apr in turn divides into chains of interconnected Aal (aligned) sper-
matogonia. Aal then undergo complete divisions and differentiate
into A1, A2, An (n=4 in mice); type In (intermediate); and type B
spermatogonia (reviewed in de Rooij, 2001. As, Apr, Aal, A1, A2,
A3, and A4 spermatogonia can each be identified by their chroma-
tin, especially heterochromatin patterns in the nucleus (Chiarini-
Garcia and Russel, 2001), as can type In and B spermatogonia
(Martins and Silva, 2001).

Fig. 2. Somatic signaling pathway at distal region of C. elegans go-
nad. See text for details. In the germline, mitotic germline nuclei that
form a “stem cell” population are indicated as white nuclei, while
meiotic nuclei are shaded. The mitotic proliferation zone spans a 20-
nucleus distance along the gonadal arm. n, nucleus.
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A main feature of the As model is that stem cells renew by
symmetric divisions. Glial cell line–derived neurotrophic factor
from Sertoli cells controls the ratio between self-renewal and dif-
ferentiation of the stem cells (reviewed in de Rooij, 2001). Such
regulation is not fine tuned. Thus, the density of spermatogonial
stem cells varies during different stages of the seminiferous tubule
cycle. As a result, the distribution of A1 spermatogonia is very
uneven along the tubule. Regulated apoptosis of A2, A3, or A4

spermatogonia then occurs to eliminate the surplus cells, allowing
an equal density of spermatocytes along the tubule (see below).

Regardless of whether the As model or any of the two other
alternative models is correct (reviewed in Meistricha nd van Beek,
1993; Lin, 1997), spermatogonial transplantation assay (Brinster
and Zimmerman, 1994) in combination with molecular marking
provides a functional assay to distinguish stem cells from sper-
matogonia that are committed to differentiation. Spermatogonia
that express α6- and β1- integrins but not c-Kit or αv-integrin
possess the best ability to restore spermatogenesis in recipient
testes (Shinohara et al., 1999, 2000). Interestingly, the presence of
these integrins on spermatogonial stem cells suggests that these
cells share elements of a common molecular machinery with stem
cells in other tissues.

Populational GSCs also appear to exist in Hydra oligactis and
H. magnipapillata (Littlefield, 1985; Nishimiya-Fujisawa and
Sugiyama, 1993). The known mechanism for the self-renewal of
populational GSCs differs from that of stereotypic GSCs (see
below). At present, it is too early to determine whether this differ-
ence is significant.

5.3. ESTABLISHMENT OF STEM CELLS IN THE
GERMLINE: ROME WAS NOT BUILT IN A DAY

Germline lineage analysis in many organisms has clearly dem-
onstrated that primordial germ cells (PGCs) are the precursor of
GSCs. The origin of PGCs and their migration that leads to gonad
formation have been well documented in both invertebrate and
mammalian systems (reviewed in Wylie, 1999). However, owing
to the lack of functional assays for the stem cell property, little is
known about when PGCs first acquire the self-renewing property
to become stem cells, let alone how this transition is regulated. At
present, few, if any, studies have been focused on these specific
areas of question. Nevertheless, descriptive knowledge on
germline development in general has provided sufficient informa-
tion that sheds light on the timing of stem cell establishment in the
germline. PGCs in higher metazoans, such as Drosophila and
vertebrates, are often formed outside the gonad or even outside the
embryo. They then migrate to the gonadal primordia, where they
interact with somatic gonadal cells to form the embryonic gonad.
The migration is often accompanied and/or followed by cell pro-
liferation. Thus, it is reasonable to assume that the stem cell fate
is established in the germline after gonadal formation but before
the initiation of their self-renewing divisions that leads to game-
togenesis.

5.3.1. DROSOPHILA  The Drosophila embryonic gonad ini-
tially contains 11.7 ± 3.0 (female) to 14.8 ± 3.8 (male) PGCs
(Poirie et al., 1995). In the male gonad, these PGCs appear to
become GSCs during embryogenesis, since differentiating sper-
matogonia are found in the first instar larva (Kerkis, 1993). By the
third instar larval stage, there appear to be 16–18 GSCs. However,
the number of GSCs decreases to five to nine in the young adult
(3-d-old) testis (Kerkis, 1933; Hardy et al., 1979). It is not known
how this decrease occurs and what its significance is.

In the Drosophila female gonad, only a subset of PGCs in the
gonad become stem cells. In contrast to the male gonad, PGCs in
the female gonad continue to proliferate during larval stages with-
out entering oogenesis, so that by the late third instar larval stage
each gonad contains 60–110 PGCs (King, 1970; Parisi and Lin,
1999). The gonad then differentiates into the adult ovary, parti-
tioning PGCs into approx 17 functional units called ovarioles
(King, 1970). Each ovariole contains four to seven PGCs but only
two to three of them will become stem cells, as indicated by
germline clonal analysis and mitotic cycle studies (Wieschaus and
Szabad, 1979; Deng and Lin, 1977; Lin and Spradling, 1997). The
remaining PGCs are thought to differentiate directly into
cystoblasts (King, 1970). However, the true fate of these cells
remains unknown. Thus, GSCs may not be established until the
larval–pupal transition. Consistent with this possibility, PGCs are
sensitive to P-M hybrid dysgenesis (a temperature-sensitive pro-
cess) from the last few hours of embryogenesis to the second instar
larval stages but not at pupal stages following stem cell formation
(Engels and Preston, 1079; Schaefer et al., 1979). This suggests
that PGCs up to the second instar stage possess different properties
from GSCs at the larval–pupal transition. Iinterestingly the resis-
tance of these GSCs to P-M hybrid dysgenesis bears a resemblance
to the resistance of mammalian “quiescent” spermatogonia to ir-
radiation insult (see next section), even though it is not known
whether this resemblance reflects any mechanistic similarities.

At present, it is not known how a subset of PGCs becomes
GSCs. It is possible that different PGCs possess different devel-

Fig. 3. Cell-cell signaling pathway during mammalian spermatogen-
esis. See text for details. GSC, spermatogonial GSC.
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opmental potentials on their formation, possibly owing to their
unequal inheritance of germ plasm components. It is also pos-
sible that PGCs are initially equipotent; a subset of them are then
induced to the stem cell fate by somatic signaling in the gonad.
Consistent with the second possibility, somatic cells in embry-
onic male and female gonads already exhibit differential gene
expression with respect to the anterior–posterior axis (Van Doren
et al., 2002). Thus, it is possible that the anterior embryonic
gonadal somatic cells might initiate the induction of GSC fate.
This is more readily comprehensible for the male gonad and may
also be true for the female gonad. In the female gonad, although
the asymmetric division of Drosophila female GSCs does not
occur until the larval–pupal transition stage, the determination of
the stem cell fate may occur as early as the embryonic gonadal
stage. It is possible that somatic cells at this stage already signal
a subset of PGCs to become stem cells. These stem cells then
proliferate via equal divisions to expand the stem cell population
during larval development, before the onset of asymmetric divi-
sion at the larval–pupal transition. The somatic signaling path-
ways mediated by Yb, piwi, and decapentaplegic (dpp, the
homolog of transforming growth factor β [TGF-β]) are required
for the self-renewing division of GSCs during oogenesis in
Drosophila (Cox et al., 1998; Xie and Xpradling, 1998; King and
Lin, 1999; King et al., 2001; see below). In addition, piwi and dpp
are also required for spermatogenesis. It is possible that these
signaling mechanisms are also involved in the initial establish-
ment of the stem cell fate. Consistent with this, escargot (esg),
encoding a transcription factor with zinc-finger motifs, is
expressed in the male embryonic gonad, both in somatic cells
and in PGCs (Streit et al., 2002). The germline esg expression is
not required for sex determination and spermatogenesis. How-
ever, somatic esg expression is required for the maintenance of
male GSCs, possibly owing to its embryonic expression.

A cell-autonomous gene, pumilio (pum), appears to be required
for both the establishment and maintenance of GSC fate (Lin and
Spradling, 1997; Forbes and Lehmann, 1998; Parisi and Lin,
1999). pum encodes an RNA-binding protein known to be a trans-
lational repressor during early embryogenesis (Murata and
Wahrton, 1995; Wharton et al., 1998). pum is essential for GSC
maintenanace (Lin and Spradling, 1997; Forbes and Lehmann,
1998; Parisi and Lin, 1999). It is also required for embryonic and
larval PGC development and for stem cell establishment (Asaoka-
taguchi et al., 1999; Parisi and Lin, 1999). The preoogenic and
oogenic requirements are manifested in a continuous fashion
(Parisi and Lin, 1999), thus possibly including the requirement
for transition from PGCs to GSCs.

5.3.2. MAMMALS  In mammals, GSCs exist only in males.
Morphological studies have revealed a defined sequence of germ
cell development that leads to stem cell formation and their sub-
sequent divisions during spermatogenesis. In the mouse, the
ancestral cells of PGCs are located in the epiblast, but lineage
restriction does not occur until these cells have moved to the
extraembryonic region. PGCs first become identifiable at 7.25–
7.5 d postcoitum (dpc), when they are located in a cluster at the
base of the future allantois (Chiquoine, 1954; Eddy, 1970; Jeon
and Kennedy, 1973; Clark and Eddy, 1975). They then migrate to
the urogenital ridges, accompanied by proliferation. By 11.5 dpc,
PGCs reach the gonadal primordium in the genital ridges where
they continue to proliferate. Meanwhile, they start to undergo
substantial growth in cell size. Following this phase of prolifera-

tion and growth, the male PGCs, now known as gonocytes or
prospermatogonia, become mitotically arrested around 13 to 14
dpc (whereas female PGCs stop mitosis between 13 to 15 dpc and
immediately enter meiosis; see McLaren, 1984). The gonocytes
move between adjacent Sertoli cells and become located in the
center of the seminiferous cords. At the onset of postnatal sper-
matogenesis, gonocytes extend processes toward the basal lamina
and relocate themselves peripherally within the cords to assume a
position apposed to the basal lamina. This relocation is accompa-
nied by the initiation of DNA synthesis, a critical event marking
the entry into spermatogenesis (for rats see McGuinness and Orth,
1992). During this time, the Golgi complex increases in size and
reorients toward the periphery of the cords; the gonocyte differen-
tiates into a transitional cell type called the primitive spermatogo-
nia, which then start to enter mitosis 3 d postnatally to yield type
A spermatogonia (Nebel et al., 1961). Thus, gonocytes are the
progenitors of the definitive spermatogonia with stem cell proper-
ties. Spermatogenesis starts at postnatal d 5 or 6 when the primitive
spermatogonia begin to proliferate (Bellve et al., 1977). These
progenitor cells undergo a series of mitoses to produce types
A1–4, intermediate, and type B spermatogonia (Bellve, 1979). On
d 9, the type B spermatogonia divide once to give rise to prelepto-
tene spermatocytes, which then enter the first meiotic divisions by
d 18 and rapidly divide to produce haploid round spermatids that
enter spermiogenesis. This pattern of germline development and
spermatogenesis is highly conserved among mammals and birds,
even though the exact timing and the number of premeiotic sper-
matogonial divisions varies from species to species (e.g., Hilscher
et al., 1974; reviewed in Bellve, 1979; Jones and Lin, 1993).

The above-reviewed morphological studies suggest that stem
cell properties may be acquired by the gonocyte when they
become primitive spermatogonia. However, little is known at the
molecular or functional levels about how gonocytes are different
from spermatogonia. The relocation behavior and the cellular
changes of gonocytes at the onset of spermatogenesis may reflect
the difference between these mobile cells and the primitive sper-
matogonia, the likely GSCs. If so, the gonocyte–spermatogonial
transition should be a critical step for establishing the stem cell
fate. However, relocating gonocytes already initiate DNA replica-
tion, suggesting that prerelocating gonocytes may be G1-arrested
primitive spermatogonia (Huckins and Clermont, 1968). If so, stem
cell properties would have to be established prior to or during
gonocyte formation. At present, few experimental data are avail-
able to distinguish between these two possibilities. For example,
markers specific to gonocyte or primitive spermatogonia have not
been identified. Characterization of the expression and activity of
cell-cycle molecules during gonocyte–spermatogonial transition
should help in testing whether gonocytes are G1-arrested primi-
tive spermatogonia, while transplantating gonocytes into the testis
using the technique of Brinster and Zimmermann (1994) should
test whether gonocytes possess stem cell properties.

Regardless of whether gonocytes are G1-arrested primitive
spermatogonia, a critical event for establishing the identity of
spermatogonial stem cells is the transition from proliferating PGCs
to mitotically quiescent gonocytes. This drastic transition is
marked not only by the abrupt entry into mitotic dormancy but also
by the subsequent loss of most PGC markers starting at 14.5 dpc
(Donovan et al., 1986), the loss of PGCs’ adhesiveness to
fibronectin and laminin substrates (De Felici and Dolci, 1989),
and substantial cell growth. For example, rat PGC increases in size
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from 530 to 2380 µm3 of postnatal gonocytes (Beaumont and
Mandl, 1963). There also appears to be a decrease in the level of
the c-kit receptor tyrosine kinase RNA that roughly correlates with
the entry of PGC into nonmitotic gonocytes (Orr-Urtreger et al.,
1990; Manova and Bachvarova, 1991), even though the signal is
present during the transition and persists up to neonatal gonocytes
(Orth et al., 1996). In addition, a new carbohydrate epitope recog-
nized by monoclonal antibody 4B6.3E10 appears on the surface of
gonocytes from 17 dpc and persists until the day of birth (van
Dissel-Emiliani et al., 1993). In human PGCs, the glycogen con-
tent is depleted on transition to gonocytes (Falin, 1969; Fujimoto
et al., 1977). All these changes could be indicative of a major
switch in cell fate or developmental properties. It would be very
interesting to study what causes these switches from PGCs to
gonocytes and how these switches are related to the establishment
of the stem cell fate.

Finally, it is possible that the migrating PGCs already possess
certain stem cell properties. This possibility is supported by the
observation that male and female mouse PGCs at the gestation
stage share indistinguishable stem cell properties, as assayed by
key regulators of PGC survival and proliferation such as Steel
factor (SLF, the c-Kit ligand), leukemia inhibitory factor (LIF),
and basic fibroblast growth factor (bFGF) (reviewed in De Felici
and Pesce, 1994; Donovan, 1994). These factors may play a rather
direct role in stem cell fate determination. For example, mouse
PGCs express low levels of transcripts for c-Kit from their first
appearance in the 7.5-d embryo. The expression in PGCs contin-
ues through early proliferation and migration stage, increases as
they reach the gonadal primordium, and then decreases as they
become nonproliferative (Orr-Urtrreger et al., 1990; Manova and
Bachvarova, 1991). Consistent with this expression pattern, in
embryos homozygous for severe mutations in the white-spotting
(W) locus that encodes c-Kit, the number of germ cells does not
increase after 8 days of development, suggesting that its ligand,
the SLF, is a proliferative signal for PGCs shortly after their seg-
regation from somatic cells. This signal may be required through-
out the proliferative phase of early germ cells and also in postnatal
stages of germ cell development, because in the testis c-Kit is
expressed in spermatogonia from 6 d of age onward, where it
appears to be present from at least as early as type A2 spermatogo-
nia through type B spermatogonia and into pachytene spermato-
cytes (Manova et al., 1990; Sorrentino et al., 1991). However,
these results do not suggest a role of c-Kit in gonocyte develop-
ment. Techniques such as gonocyte and spermatogonia isolation
(van Dissel-Emiliani et al., 1989; Bellve, 1993) combined with
germ cell transplantation assay (Brinster and Zimmermann, 1994)
should effectively determine the potential stem cell properties of
gonocytes and primitive spermatogonia.

In addition to signaling molecules such as SLF, other mecha-
nisms required for germline development may play a role in GSC
formation. For example, the Oct-4 POU transcription factor is
expressed specifically throughout the germline and appears to be
a master switch involved in the specification and development of
the germline (reviewed in Pesce et al., 1998). Naturally, it is rea-
sonable to assume that Oct-4 is directly or indirectly involved in
specifying the stem cell fate in the germline. Murine P1 protein, a
homolog of the yeast MCM3 protein required for initiating DNA
replication, is expressed in spermatogonia with transient accumu-
lation in the heterochromatic region of all chromosomes at late G1
(Starborg and Hoog, 1995). It is quite possible that the specifica-

tion of the stem cell fate is a gradual and reversible process involv-
ing the DNA replication, cell cycle, and differentiation mecha-
nisms as induced by the extracellular signals. The recent
development of cellular and transgenic technologies should allow
these areas of question to be addressed effectively. For example,
the testicular transplantaion method of Brinster (Brinster and
Zimmerman, 1994) can be used to assay the stem cell property of
various stages of PGCs and gonocytes of various genetic back-
ground. Likewise, cell type- and stage-specific conditional gene
knockout or transgene expression afforded by the inducible Cre-
lox technology (reviewed in Nagy, 2000, see also Vallier et al.,
2001) provides another effective approach to assay the stem cell
property of the germ cells at various stages of development and to
investigate its underlying molecular mechanisms.

5.3.3. C. ELEGANS  In the C. elegans germline, the syncytial
“stem cells” are derived from two precursor germ cells, Z2 and Z3,
in the gonadal primordia specified in the embryo (Kimble and Hirsh,
1979; Sulston et al., 1983). The segregation of the germline starts
at the first cleavage division when the posterior P1 cell inherits the
P granule and other germline determinants. This process continues
during subsequent cleavage divisions so that at the 28-cell stage
only the P4 cell contains P granules. P4 then divides once to produce
Z2 and Z3 cells, both of which become the germline precursors for
the postembryonic gonad. In the embryo, Z2 and Z3 associate with
Z1 and Z4, the two somatic gonadal precursor cells, to form the
gonadal primordium. The two germ cells divide variably through-
out larval and adult stages, producing more than 1000 germ cells.

Z2 and Z3 appear to be developmentally distinct from both
their precursor cells and their progeny. The difference between
Z2/Z3 and their precursor cells is that only their precursor cells,
not Z2 or Z3, are transcriptionally silent (Seydoux et al., 1996;
Seydoux and Dunn, 1997). Moreover, Z2 and Z3 and possibly
their intermediate daughters also are different from their mitoti-
cally active progeny. Z2 and Z3 do not require glp-1 for their
divisions, yet glp-1 is continuously required for the germline pro-
liferation after the L1 stage (Austin and Kimble, 1987). This dif-
ferential requirement of glp-1 function as determined by the
temperature-shift experiment is supported further by the observa-
tions that the null glp-1 mutation reduces the production of germ
cells to only four to eight but does not eliminate the germline at the
L1 stage (Austin and Kimble, 1987). In addition, ablation of DTCs
caused glp-1 mutant-like defects (Kimble and White, 1981). Thus,
Z2, Z3, and possibly their immediate progeny at L1 appear to
represent a special stage of germline development that leads to the
establishment of the stem cell population in the germline. If so, the
formation of these stem cell precursors would be dependent on
the removal of transcriptional suppression but not on activation of
the GLP-1-mediated proliferation mechanism. Furthermore, the
Z2/Z3-derived stem cell population would have to be expanded
and modulated during the subsequent larval development, since
ablating the 5–10 most distal germ cells in early L3 gonads does
not eliminate proliferation of the germ cell population (McCarter
et al., 1997). Hence, the stem cell property in the C. elegans
germline appears to be established through a two-step process
involving Z2 and Z3 as critical intermediate precursors.

5.4. EXTRINSIC MECHANISMS:
THE STEM CELL NICHE

It has long been implicated that the self-renewing division of
GSCs is regulated by extrinsic signaling (reviewed in Lin, 1997).
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In mammalian systems, extrinsic signaling is mediated by hor-
mones, growth factors, cytokines, and short-range cell–cell sig-
naling pathways such as those involving Steel/c-kit. In C. elegans,
a laser ablation experiment has elegantly demonstrated that
somatic signaling is required for germline maintenance (Kimble
and White, 1981). Somatic signaling also plays an essential role in
maintaining GSCs in Drosophila (Cox et al., 1998; King and Lin,
1999; Xie and Spradling, 2000). Recent studies in these model
systems suggest that the somatic signaling cells constitute a
microenvironment, the so-called stem cell niche, that regulates the
stem cell fate in the germline. The following section review
the current knowledge on the extrinsic mechanisms, starting from
the most upstream regulatory signals to molecular mechanisms
underlying the stem cell niche.

5.4.1. SIGNALS FROM BEYOND THE NICHE: HOR-
MONES AND CYTOKINES  Hormones are known to regulate
gametogenesis from Drosophila to mammals. Their specific role
in regulating GSC division has also been implicated. For example,
in Drosophila, it has been shown that ovarian metamorphosis,
coinciding with the initiation of oogenesis, is regulated by ecdys-
one and juvenile hormone (reviewed in King, 1970). Thus, these
hormones should play a critical role in stem cell development.
Recently, it has been shown that dietary condition regulates the
division rate of both germline and somatic stem cells in the ovary
(Drummond-Barbosa and Spradling, 2001). Such nutritional regu-
lation requires an intact insulin pathway.

In mammals, steroid and gonodotropic hormones are involved
in regulating spermatogenesis, with functions largely known to
regulate postspermatogonial development. During spermatoge-
nesis, luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) produced by the gonodotrophs of the anterior
pituitary gland target their receptors on Leydig and Sertoli cells,
respectively (reviewed in Griswold, 1995). On LH stimulation,
Leydig cells secrete testosterone into the interstitial compart-
ment, which then diffuses to reach Sertoli cells. The FSH and
testosterone stimulation lead Sertoli cells to secrete molecules
required for germ cell differentiation. However, these hormones
apparently do not affect the proliferation or differentiation of
type A spermatogonia (Meistrich and van Beck, 1993).

In addition to FSH and LH, a number of other growth factors
such as the seminiferous growth factor, and acidic and basic
fibroblast growth factors (aFGF and bFGF) have been shown to
stimulate the proliferation of cultured cells of testicular origin
(Braunhut et al., Zheng et al., 1990). Hence, these factors may
serve as autocrine or paracrine modulators of testicular functions,
including the regulation of GSC divisions. Alternatively, LIF and
ciliary neurotropic factor (CNTF) significantly enhance survival,
but not proliferation, of Sertoli cells and proliferating gonocytes
in a Sertoli cell–gonocyte coculture system (De Miguel et al.,
1996). Moreover, LIF and FGF-2 stimulate the proliferation of
quiescent gonocytes (van Dissel-Emiliani et al., 1996). These
results indicate that LIF or CNTF may play a role in initiating
GSC division. Finally, retinoids such as vitamin A are required
for the maintenance of spermatogenesis (Meistrich anf van Beek,
1993). In the vitamin A–deficient rat testis, many of the prolifer-
ating A spermatogonia degenerate (van Pelt et al., 1995), indicat-
ing its requirement for stem cell maintenance. In Japanese eel
(Anguilla japonica), estrogen estradiol-17β, a natural estrogen in
vertebrates, is found to be present in the serum, and its receptor
was expressed in the testis during spermatogenesis (Miura et al.,

1999). This estrogen appears to promote spermatogonial stem
cell renewal. The exact effect of these signaling molecules on
stem cells awaits further investigation.

5.4.2. THE STEM CELL NICHE: A FLY OVARIAN VERSION
In the Drosophila ovary, the role of somatic cells in regulating
GSC division was indicated first by the laser ablation of the apical
portion of the terminal filament, which increased the rate of GSC
division (Lin and Spradling, 1993). The essential role of somatic
signaling has been revealed by the genetic analysis of Yb, piwi,
dpp, and hh genes (Cox et al., 1998; Xie and Spradling, 1998; King
and Lin, 1999; King et al., 2001). Loss-of-function mutations in
piwi or Yb cause the failure of GSC maintenance. GSCs in the
mutants often differentiate into germline cysts without divisions.
Sometimes, they undergo a limited round of aberrant divisions.
Either way, functional GSCs are depleted. Interestingly, Yb
appears to be  specifically expressed in the terminal filament and
cap cells (King and Lin, 1999); removing Yb function in the
germline does not affect GSC division. piwi is expressed in both
somatic and germline cells; removing piwi from the germline does
not affect the maintenance of GSCs, even though their division
rate is slowed down by approximately fourfold (Cox et al., 1998,
2000). dpp appears to be expressed in cap cells and inner sheath
cells that are posterior to cap cells (Xie and Spradling, 2000). hh
is specifically expressed in terminal filament and cap cell (Forbes
et al., 1996) and plays a somewhat redundant role in regulating
GSC division (King et al., 2001). Thus, the study of Yb, piwi, dpp,
and hh reveals the essential role of somatic signaling mediated by
the terminal filament and cap cells in regulating GC division.

In particular, cap cells appear to play a central role in this
process. This is suggested by four lines of evidence. First, cap
cells are in direct contact with GSCs (Lin and Spradling 1997);
failure in anchoring one pole of the stem cell spindle to near the
cap cells affects the symmetry of the stem cell division (Ding and
Lin, 1997). Second, the zero population growth (zpg) gene
encodes a germline-specific gap junction protein, Innexin 4, that
is required for survival of differentiating early germ cells during
oogenesis and spermatogenesis (Tazuke et al., 2002). ZPG pro-
tein is found on germ cell surfaces, both those adjacent to sur-
rounding somatic cells, including cap cells, and those adjacent to
other germ cells. The zpg-null mutant contains small numbers of
early germ cells, resembling stem cells or their early products,
but lack later stages of germ cell differentiation. This suggests
that gap junctions between germ cells and their contacting
somatic cells are important for proper GSC maintenance. Third,
Yb mutation completely eliminates hh expression in cap cells but
only partially affects hh expression in terminal filament cells
(King et al., 2001). Fourth, ablation of most of the terminal fila-
ment cells increases the rate of GSC division instead of causing
failure in GSC maintenance (Lin and Spradling, 1993). This
suggests that terminal filament and cap cells have different roles,
with cap cells required for GSC maintenance. Thus, cap cells
likely define a niche essential for stem cell maintenance in
the germline.

The size of this stem cell niche appears to correspond to the
number of stem cells in the germline (Xie and Spradling, 2000).
Germaria with one, two, and three GSCs contain an average of
4.2, 5.3, and 6.6 cap cells, respectively. GSCs lost by normal or
induced differentiation are efficiently replaced by symmetric di-
vision of another stem cell along the cap cells, repopulating the
lost stem cells.
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The molecular nature of somatic signaling from the niche is
being effectively revealed. DPP is the Drosophila of homolog of
BMP2/4. Loss of dpp function causes Yb/piwi-like germline main-
tenance defects, while over expression of dpp produces GSC
tumors (Xie and Spradling, 1998). Genetic clonal analyses on the
receptors and downstream transducers of the dpp signal, such as
punt (encoding a type II receptor) and mad/Med (encoding
a dimeric transcription activator), show that the dpp signal is
directly received by GSCs. Somewhat similar to dpp, overex-
pression of Yb or piwi in somatic cells also increases the number
of germline stemlike cells by 2.5-fold (Cox et al., King et al.,
2001). Consistent with its somewhat redundant role in regulating
GSC division, overexpression of hh in somatic cells causes a
slight (56%) increase in GSC numbers. Thus, the somatic signal-
ing from the stem cell niche modulates the GSC activity in a dose-
dependent fashion.

Although the biochemical nature of YB and PIWI proteins is
not known, they do not show sequence features of cell-surface or
secreted molecules. In fact, PIWI is localized in the nucleoplasm
in both somatic and germline cells in the ovary (Cox et al., 2000).
PIWI is the founding member of the evolutionarily conserved
PIWI (a.k.a. Argonante) family proteins that have been shown to
play crucial roles in stem cell division, gametogenesis, and RNA
silencing in diverse organisms in both animal and plant kingdoms
(Cox et al., 1998; Benfey, 1999; Tabara et al., 1999; Cerutti et al.,
2000). A murine homolog of PIWI, called MIWI, appears to bind
to mRNA of its target genes to regulate spermiogenesis (Deng and
Lin, 2002). Therefore, it is possible that PIWI plays different
roles in signaling cells and stem cells by regulating different sets
of mRNAs. In the somatic signaling cells, YB is required for
PIWI expression (King et al., 2001). Since PIWI is not required
for HH and DPP expression (King et al., 2001; Szakmary and Lin,
unpublished data), it must lead to the production of yet another
signaling molecule(s) essential for GSC maintenance. From these
studies, a salient feature of the ovarian niche is emerging: it in-
volves multiple signaling pathways, with at least two of them
(DPP- and YB/PIWI-mediated pathways) essential for the stem
cell maintenance in the germline.

Interestingly, the cap cells also control the division of somatic
stem cells in the germarium that generate follicle cells to envelop
the GSC products into egg chambers (King et al., 2001). Yb is
required for both germline and somatic stem cell divisions; loss
of Yb function eliminates GSCs and drastically reduces somatic
stem cell division, while Yb overexpression increases GSC num-
ber and causes somatic stem cell overproliferation. Yb achieves
this dual control role by regulating the expression of piwi and hh
in the somatic signaling cells (King et al., 2001). The piwi- and
hh-mediated bifurcating signaling pathways then control GSC
and somatic stem cell division, respectively, with hh signaling
also having a minor effect in GSC division.

Yb-mediated signaling is female-specific because Yb-null
mutations only affect females and do not display a male phenotype
(King and Lin, 1999). While piwi-mediated signaling is required
for both male and female GSCs. Molecular analysis of Yb and piwi
and their interacting genes should lead to identification of the
molecular pathways involved in the somatic signaling, including
the signal(s) itself.

5.4.3. THE STEM CELL NICHE IN DROSOPHILA TESTIS:
A GROUP EFFORT  In the Drosophila testis, the hub cells appear
to be the somatic signaling center that regulates both germline and

somatic stem cell division. A key signaling molecule from the hub
cells is the ligand unpaired, which activates the Janus kinase-sig-
nal transducer and activator of transcription pathway in adjacent
GSCs to specify their self-renewal and maintenance (Kiger et al.,
2001). Unexpectedly, the dpp signaling pathway appears to play
a different role in the Drosophila testis (Matunis et al., 1997).
First, the dpp signaling in the testis is not required for germline
division or maintenance but restricts the proliferation of the differ-
entiated daughter. Second, the receptors and downstream trans-
ducers of the dpp signal are not required in the germline but in their
flanking somatic cyst cells. The loss of punt and schnurri (shn)
function in the somatic cyst cells results in overproliferation of the
differentiated daughter of the GSCs. shn encodes a zinc finger
transcription factor (an MBP-1/2 homolog) that acts downstream
of the dpp signal to regulate the expression of dpp-responsive
genes. Similarly, raf is required in somatic cyst cells to restrict
self-renewal and control stem cell number by ensuring asymmet-
ric division (Tran et al., 2000). In testes that are deficient for Raf
activity, there are excess stem cells and gonialblasts. Moreover,
the GSC population remains active for a longer fraction of life-
span than in wild type. A third signaling molecule involved in
restricting GSC overproliferation is the Drosophila epidermal
growth factor receptor (EGFR). Loss of EGFR activity in somatic
cyst cells disrupted the balance of self-renewal vs differentiation
in the germline, resulting in an increased number of GSCs (Kiger
et al., 2000). It appears that activation of this receptor specifies
normal behavior of somatic cyst cells. The somatic cyst cells in
turn provide information that either prevents overproliferation or
promotes differentiation of GSCs and/or their daughter cells that
the cyst cells enclose. Therefore, while hub cells are required for
the self-renewal of GSCs, somatic cyst cells could be considered
an antiproliferative part of the stem cell niche that ensures the
proper asymmetry of the stem cell division.

5.4.4. THE STEM CELL NICHE FOR THE C. ELEGANS
GERMLINE: A SOLO OF DTCS  The stem cell niche in C. elegans
is represented by DTCs whose process extends to a 20-nucleus
distance toward the proximal direction, stopping at the mitosis/
meiosis border (Fitzgerald and Greenwald, 1995). It has been long
established that lag-2/glp-1 signaling pathway plays a key role in
germline maintenance in C. elegans, where the LAG-2 somatic
signal on the surface of DTCs interacts directly with the GLP-1
receptor (reviewed in Kimble and Simpson, 1997). LAG-2 is a
transmembrane protein homologous to Delta (Dl) and Serrate (Ser)
in Drosophila, while GLP-1 is homologous to Notch, the receptor
of Dl and Ser. The GLP-1-mediated signal is transduced in the
germ cells through interaction with the LAG-1 protein, a homolog
of the Drosophila DNA-binding protein Suppressor of Hairless
(Su[H]) and the mammalian DNA-binding protein CBF1, which
are downstream interactors of the Notch protein in Drosophila and
mammals, respectively (reviewed in Kopan and Turner, 1996).
LAG-1 maintains a mitotic population of germ nuclei by suppress-
ing the function of gld-1 and gld-2, which promotes meiosis
(Kadyk and Kimble, 1998). Thus, gld-1 and gld-2 may be key
differentiation factors in the C. elegans germline. The DTC as a
single cell is perfectly designed as a stem cell niche—LAG-2 pro-
tein is distributed evenly on the surface of the cell, including its
cellular processes. The cellular processes extend variably to multi-
nuclear distances, forming a nice LAG-2 gradient that defines a
20-nucleus-long mitotic proliferation zone, with nuclei closer to
DTCs acquiring higher mitotic activity. Although the LAG-2/
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GLP-1 signaling pathway is conserved between C. elegans and
Drosophila, it appears to have no obvious function in regulating
Drosophila GSC division (Ruohola et al., 1991). This dichotomy
again reflects the divergence of the signaling mechanisms
employed by different GSC systems.

5.4.5. THE STEM CELL NICHE IN THE MAMMALIAN TES-
TIS: MULTIPLE CELL TYPES IN ACTION  The stem cell niche
in the testis can be elegantly demonstrated by spermatogonial
transplantation (Dobrinski et al., 1999; Nagano et al., 1999). When
spermatogonia are transplanted into seminiferous tubules of host
testes depleted of the GSC population, the donor spermatogonia
migrate to the wall of the tubule, forming colonies apparently
derived from single stem cells, restoring spermatogenesis. This
homing event occurs even if the site of injection is as distant as the
rete testis or efferent duct (Jiang, 2001). Moreover, the stem niche
is sufficiently potent to attract spermatogonial stem cells to colo-
nize, although there is incompletion of spermatogenesis, follow-
ing xenotransplantation between two different species, such as
baboon and mice, with more than 100 million yr of evolutionary
separation (Nagano et al., 2001). Clearly, the testicular stem cell
niche plays a decisive role in the self-renewal of spermatogonial
stem cells.

Then, what constitutes the potent stem cell niche in the mam-
malian testis? It has been well established that intratesticular cell–
cell interactions play a key role in regulating GSC division in
mammals (Fig. 3). In the testis, Leydig cells produce testosterone
that supports spermatogenesis through Sertoli cells. Conversely,
steroidogenesis in Leydig cells is regulated by pituitary gonadot-
ropins as well as a 70-kDa protein complex containing tissue
inhibitor of metalloproteinase-1 (TIMP-1) and the proenzyme
form of cathepsin L secreted from Sertoli cells (Robertson et al.,
1993; Boujrad et al., 1995; Bitgood et al., 1996). In addition, Ser-
toli cells produce a number of growth and differentiation factors,
such as insulin-like growth factor-1 (IGF-1; somatomedin C),
TGF-α, EGF, bFGF, TGF-β1, activinβA, inhibinβB, Müllerian
inhibiting substance (MIS), and Desert Hh (Dhh) (Bardin et al.,
1993). Germ cells express Wnt1, bFGF, nerve growth factor
(NGF), BMP8A, and BMP8B (Shackleford and Varmus, 1987;
Manova and Bachvarova, 1991; Parvinen et al., 1992; Han et al.,
1993). Some of these factors interregulate each other. For exam-
ple, IGF-1 is able to induce the maturation of Leydig cell function
and the IGF-1 production is stimulated by growth hormone
(Hansson et al., 1989; Chatelain et al., 1991). At present, little is
known about how these molecules serve as paracrines or autocrines
to regulate GSC division. Inactivation of inhibin α and activinβB,
FSH, LH, MIS, and TGF-α genes does not cause an apparent
defect in GSC division (reviewed in Jenkin et al., 1995; see also
Luetteke et al., 1993; . However, phenotypic analysis of Sl/W loci
and the inactivation of BMP-8b and Dhh has started to determine
whether they are involved in germline proliferation and mainte-
nance (Bitgood et al., 1996; Zhao et al., 1996), as discussed next.

Contrary to common belief, Steel/c-KIT signaling does not
appear to be involved in GSC division or maintenance (Rossi et al.,
2000). Sertoli cells produce SLF on FSH stimulation. SLF then
binds the c-KIT receptor on differentiating spermatogonia to
maintain spermatogenesis. Intraperitoneal and iv injections of an
anti-c-KIT antibody into prepubertal and adult mice completely
block the mitosis of differentiating type A spermatogonia but not
the mitosis of the gonocytes and undifferentiated type A sper-
matogonia. These results indicate that c-KIT is required for the

survival and/or proliferation of the differentiating type A sper-
matogonia, but not the undifferentiated type A spermatogonia (the
GSCs). Thus, the known role of the Steel/c-KIT-mediated mecha-
nism is in the pre- and poststem cell processes, in contrast to its
name as the stem cell factor.

On the other hand, the hh/ptc signaling pathway may be
involved in GSC maintenance in mammalian systems. This con-
servation, if it indeed exists, involves a more complicated regula-
tory circuitry of cell types. Among hh homologs in mammals, Dhh
is expressed specifically during spermatogenesis in the Sertoli cell
precursors shortly after the activation of Sry; its expression per-
sists in the Sertoli cells in the testis into the adult (Bitgood and
McMahon, 1995; Bitgood et al., 1996). Complete inactivation of
Dhh leads to germ cell degeneration (Bitgood et al., 1996). The
Dhh-null prepubertal and adult testes display abnormal peritubular
tissue and severely restricted spermatogenesis (Clark et al., 2000).
In particular, 92.5% of the mutant testes are feminized and lack
adult-type Leydig cells. These testes contain numerous undiffer-
entiated fibroblastic cells in the interstitium and abundant col-
lagen. The basal lamina are focally absent between the myoid cells
and Sertoli cells. In addition, extracordal gonocytes, apolar Sertoli
cells, and anastomotic seminiferous tubules are evident. Consis-
tent with these defects, ptc, a likely target of Dhh in the testis,
displays male-specific transcription in the Leydig cells and myoid
cells instead of spermatogonial cells (Bitgood et al., 1996; Clark
et al., 2000). PTC expression is lost in Dhh mutants. These obser-
vations suggest that Dhh plays an essential role in myoid cell
development, tubular morphogenesis, and the differentiation of
Leydig cells. The regulatory effect of Dhh on mammalian sper-
matogenesis is indirectly achieved through interstitial cells.

The dpp-equivalent signaling pathway is also involved in
mammalian spermatogenesis, but, again, with a different func-
tion. BMP-8a and BMP-8b are expressed initially in early germ
cells at the onset of spermatogenesis in early puberty and then
abundantly expressed in stage 6–8 round spermatids (Zhao and
Hogan, 1996). Consistent with this biphasal expression, BMP-
8b knockout (KO) mice exhibit defects both in reduced, or fail-
ure of, germ cell proliferation at the onset of spermatogenesis at
puberty and the significantly increased apoptosis of spermato-
cytes (Zhao et al., 1996). Thus, BMP-8b is crucial for GSC pro-
liferation and maintenance. However, BMP-8a KO mice do not
show obvious germ cell defects during the initiation of spermato-
genesis. However, 47% of adult homozygous BMP-8a males
show germ cell degeneration, establishing a role of BMP-8a in
the maintenance of spermatogenesis (Zhao et al., 1998). Pheno-
typic analysis suggests that BMP-8b is likely to function locally
through either an autocrine effect on germ cells or a short
paracrine effect on Sertoli cells. Consistent with either possibil-
ity, activin type II receptors (ActRIIA and ActRIIB) and recep-
tors of BMP-2 and BMP-7 (Yamashita et al., 1995) are expressed
within seminiferous tubules, with ActRIIB in spermatogonia and
early meiotic germ cells and Sertoli cells. Since BMP-8B is
within the same subfamily of BMP-7 (Griffith et al., 1996), it is
possible that BMP-8B binds to ActRIIB receptor.

The effectors of the BMP signaling pathway, madr1 and madr2,
two mouse homologs of the Drosophila mother against dpp (mad)
genes, have different patterns of expression in the testis. madr1 is
expressed mainly in the pachytene spermatocytes and round sper-
matids. In the adult BMP-8b mutant testis, the madr1-expressing
pachytene spermatocytes first show increased apoptosis (Zhao and
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Hogan, 1997). These data suggest that MADR1 serves as a down-
stream component of the BMP-8 signaling pathway during the
differentiation of meiotic male germ cells. MADR-2, on the other
hand, is present mainly in spermatogonia and early meiotic cells
and Sertoli cells (Zhao et al., 1996) and, thus, may be involved in
GSC division.

Two other related signaling molecules, glial cell line–derived
neurotrophic factor (GDNF) and neurturin (NRTN), are expressed
by Sertoli cells (Meng et al., 2000, 2001b) and play important roles
in spermatogonial renewal and subsequent stages of spermatogen-
esis. Their coreceptors, GDNF family receptor α1 and α2, are
expressed at different germ cells, suggesting different targets for
the ligands. GDNF regulates cell fate decisions of undifferentiated
spermatogonia, including the stem cells, during spermatogenesis in
a dose-sensitive manner. GDNF-haploid mice show depletion of
stem cell reserves, whereas mice overexpressing GDNF display
accumulation of undifferentiated spermatogonia (Meng et al., 2000).
These accumulated spermatogonia do not respond properly to differ-
entiation signals and undergo apoptosis on retinoic acid treatment.
They develop into seminomas—invasive testicular tumors retaining
germ cell characters, in older GDNF-overexpressing mice (Meng
et al., 2001a). Thus, GDNF contributes to paracrine regulation of
spermatogonial self-renewal and differentiation.

Different from GDNF, NRTN-deficient mice show apoptosis
of spermatogenic cells at low penetrance, while overexpression of
NRTN initially causes gradual depletion of spermatogenic cells.
After 5 wk of age, spermatogenic defects disappear and the NRTN-
overexpressing mice were fertile. The data suggest that NRTN
might regulate the survival and differentiation of spermatocytes
and spermatids, but the low penetrance indicates that NRTN is not
as essential as GDNF for spermatogenesis (Meng et al., 2001b).

In addition to the above signaling pathways, cell–cell junctional
molecules have been implicated in spermatogonial stem cell main-
tenance. For example, Connexin43 (Cx43), a gap junction protein
encoded by the Gja1 gene, is expressed in several cell types of the
testis (Roscoe et al., 2001). Cx43 gap junctions couple Sertoli cells
with each other, Leydig cells with each other, and spermatogonia/
spermatocytes with Sertoli cells. Cx43 null mutant neonates show
a germ cell deficiency that arises during fetal life. Grafted mice
testes lacking Cx43 display normal steroidogenesis, but the
germline deficiency persists postnatally, giving rise to a “Sertoli-
cell-only” phenotype (Roscoe et al., 2001). These results indicate
that intercellular communication via Cx43 channels is required for
postnatal expansion of the male germline, possibly by directly
mediating communications between spermatogonial and other
cells. In addition, Sertoli cell–gonocyte coculture experiments
revealed the presence of numerous adhesion plaques between these
cells, suggesting that Sertoli cells and gonocytes are able to com-
municate in vitro (van Dissel-Emiliani et al., 1993). This simple
culture system may provide an effective model for studying the
function of the cell–cell signaling pathways between Sertoli cells
and gonocytes that are required for initiating the cell cycle of the
quiescent gonocytes to form type A spermatogonia for the onset of
spermatogenesis. Moreover, it may provide a functional assay to
define a minimal stem cell niche for the mammalian testis.

5.5. INTRACELLULAR STEM CELL MECHANISM:
SYMMETRY VS ASYMMETRY

The very nature of stem cells determines that they should pos-
sess a robust cell-cycle program that is tightly regulated by signal-

ing from the niche. For stereotypic stem cells, it is also important
to have a precise asymmetry-generating mechanism. The asym-
metric mechanism may consist of asymmetrically expressed and/
or segregated cell fate regulators and a cellular machinery respon-
sible for their asymmetric segregation or for establishing an asym-
metric exposure of the two daughter cells to extrinsic signals. At
present, less is known about the intracellular mechanisms than the
extrinsic signaling. Nevertheless, rapid progress in the past sev-
eral years has allowed various facets of the intracellular mecha-
nism to be elucidated.

5.5.1. CELL CYCLE MACHINERY  The study of cell-cycle
regulators in controlling GSC division has been largely at the
descriptive level. In mice, G1 cyclins D1, D2, and D3; G2 cyclin
A2 as well as CDK4 D3; and Wee-1 are expressed in spermatogo-
nia, with some of them also expressed in later stages of spermato-
genesis (Ravnik et al., 1995; Wu and Wolgemuth, 1995; Ravnik
and Wolgemuth, 1996; Sweeney et al., 1996; Zhang et al., 1999).
However, targeted disruption of an A-type cyclin gene suggests
that it has a role in meiosis, but not in stem cell divisions (Liu
et al., 2000). Cdc25A and Cdc25C phosphatases are also weakly
expressed in the spermatogonia, but Cdc25C-null mice are fertile
(Chen et al., 2001). The proliferative cell nuclear antigen protein,
involved in DNA synthesis and repair, is detected in proliferating
spermatogonia but not in meiotic spermatocytes (Chapman and
Wolgemuth, 1994).

Recent mouse KO studies suggest that several cell-cycle compo-
nents may have a role in stem cell division. For example, p18(Ink4c)
and p19(Ink4d), two inhibitors of cyclin D–dependent kinases
(Cdks) are expressed in the seminiferous tubules of postnatal wild-
type mice, being largely confined to postmitotic spermatocytes
undergoing meiosis. Male mice deficient in both Ink4c and Ink4d
are sterile (Zindy et al., 2001). The sterility is owing to the delayed
exit of spermatogonia from the mitotic cell cycle, leading to the
retarded appearance of meiotic cells that do not properly differen-
tiate and instead undergo apoptosis at an increased frequency. These
data indicate that p18(Ink4c) and p19(Ink4d) collaborate in regulat-
ing spermatogenesis, helping to ensure mitotic exit and the normal
meiotic maturation of spermatocytes.

Another example is afforded by p27kip1, a cyclin-dependent
kinase inhibitor that regulates the G1/S transition of the cell cycle.
p27kip1 is expressed when gonocytes become quiescent on d 16
dpc, suggesting that p27kip1 is an important factor for the G1/G0
arrest in gonocytes. In p27kip1 KO mice, the numbers of type A
spermatogonia are increased, and abnormal preleptotene spermato-
cytes are present, some of which seemingly try to enter a mitotic
division instead of entering the meiotic prophase (Beumer et al.,
1999). These observations indicate that p27kip1 suppresses sper-
matogonial proliferation, or apoptosis, and the onset of the meiotic
prophase in preleptotene spermatocytes. However, because p27kip1
is only expressed in Sertoli cells, the role of p27kip1 in both sper-
matogonia and preleptotene spermatocytes must be indirect.

In Drosophila, roughex and cyclin A regulate the normal pro-
gression of male meiosis while cyclin E controls the female nurse
cell endocycle. However, their role in GSC division has not been
addressed (Gonczy et al., 1994; Lilly and Spradling, 1996;  Lilly
et al., 2000). One gene, shut-down (shu), might link cell cycle to
extrinsic signaling (Munn and Steward, 2000). The shu mutant
displays a piwi/Yb-like phenotype, but, the mutation is germline
dependent. Thus, shu appears to encode a cell-autonomous factor
essential for the normal function of the GSCs and subsequent
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oogenesis. Consistent with this, the shu RNA and protein are
strongly expressed in the GSCs and in 16-cell cysts. The RNA is
also present in the germ cells throughout embryogenesis. The SHU
protein shares similarity to the heat-shock protein-binding
immunophilins. Both immunophilins and SHU contain an FK506-
binding protein domain and a tetratricopeptide repeat. In plants,
high-molecular-weight immunophilins have been shown to regu-
late cell divisions in the root meristem in response to extracellular
signals. These results suggest that shu may regulate germ cell
divisions in the germarium.

In C. elegans, a subset of cyclins is mostly expressed in the
germline (Kreutzer et al., 1995). This expression pattern provides
a basis for functional analysis of these molecules in GSC division.
In addition, cul-2, a C. elegans homolog of human cullin, is
expressed in proliferating germ cells and is required at two distinct
points in the cell cycle: the G1-to-S-phase transition and mitosis.
cul-2 mutant germ cells undergo a G1-phase arrest that correlates
with accumulation of CKI-1, a member of the CIP/KIP family of
cyclin-dependent-kinase inhibitors (Feng et al., 1999). These two
genetic models provide effective platforms for further analyses of
the role of cell-cycle genes in stem cell division.

5.5.2. ASYMMETRICALLY EXPRESSED AND/OR SEGRE-
GATED CELL FATE REGULATORS  The generation of asym-
metry during stem cell division is expected to be regulated by
factors that are differentially expressed and/or segregated
between the two daughter cells. Such a differential gene expres-
sion could be controlled at the DNA or genetic information level,
such as gene conversion during mating-type switch in the yeasts
(Klar and Bonaduce, 1993; Amon, 1996). However, this level of
regulation is unlikely to occur in GSCs because these cells need
to maintain their genome to produce gametes of the same genetic
constitution. If such regulation happens, it would have to be
reverted precisely. However, differential gene expression can be
manifested at the level of asymmetric DNA replication, like what
occurs in the fission yeast (Dalgaard and Klar, 2001), epigenetic
modification of the chromatin, transcription, posttranscriptional
RNA processing, translation, and post-translational processing
of the protein products.

In Drosophila, although asymmetrically segregating cell fate
determinants, such as NUMB and PROSPERO, have been identi-
fied in neuroblasts (reviewed in Lin and Schagat, 1997), such
molecules have not been clearly demonstrated for GSCs. Never-
theless, several Drosophila genes have recently been shown to be
required cell autonomously for either the maintenance of female
GSCs or the proper differentiation of cystoblasts. Among them,
pumilio (pum) is essential for GSC maintenance. pum mutant
females often contain an abnormal number of GSCs at the onset of
oogenesis, owing to the requirement of pum during preoogenic
germline development (Parisi and  Lin, 1999). Moreover, the
formed GSCs fail to maintain themselves during oogenesis (Lin
and Spradling, 1997; Forbes and Lehmann, 1998; Parisi and Lin,
1999). PUM is an RNA-binding protein known to mediate trans-
lational repression in the embryo (Murata and Wharton, 1995;
Wharton et al., 1998). It is present at a high level in GSCs but at
a low level in cystoblasts (Forbes and Lehmann, 1998; Parisi and
Lin, 1999). Thus, PUM may be an asymmetrically expressed cell
fate regulator that selectively suppresses the translation of certain
RNAs in the stem cell to prevent it from differentiation. Several
pum homologs have been identified in mammals and are expressed
in the testis (e.g., Nagase et al., 1996; H. L., unpublished data),

suggesting that a pum-like mechanism may exist in mammalian
spermatogonial stem cells as well.

The partner of pum in the embryo, nanos (nos), may be
involved in germline maintenance since 50% of the newly enclosed
nos mutant adult ovaries are germlineless (Forbes and Lehmann,
1998; Bhat, 1999). This defect, however, could also be owing to an
earlier requirement of nos for germline development prior to
oogenesis. During oogenesis, nos has been reported to function in
the differentiation of cystoblasts and germline cysts since nos
mutations block germline cyst development in adult ovaries with-
out the immediate loss of germline (Forbes and Lehmann, 1998).
However, this could be a milder manifestation of the failure in
germline maintenance, either due to the hypomorphic nature of the
mutation or the slightly redundant role of nos in the process.

In addition to pum and nos, the putative transcription factor
stonewall (stwl) is required for preoogenic development and for
the maintenance of female GSCs. Some stwl germaria are
germlineless, while others display a rapid decrease in egg cham-
ber production, in addition to subsequent oogenic defects
(Akiyama, 2002).

Contrary to the role of pum, nos, and stwl, the bag of marbles
(bam) gene is required cell autonomously to promote stem cell
differentiation in both females and males (McKearin and
Spradling, 1990; mcKearin a nd Ohlstein, 1995; Gonczy et al.,
1997; Ohlstein and McKearin, 1997). bam mutant germ cells fail
to differentiate but, instead, proliferate like stem cells or ill-differ-
entiated germline cells (McKearin and Spradling, 1990; McKearin
and Ohlstein, 1995). Heat shock–induced ectopic expression of
bam is sufficient to eliminate GSCs (Ohlstein and McKearin,
1997). Differential expression of bam mRNA and the cytoplasmic
form of the BAM protein in the cystoblast but not the GSCs sug-
gests that BAM is an asymmetrically expressed cell-autonomous
regulator for the cystoblast fate.

Like bam, the benign gonial cell neoplasm (bgcn) gene appears
to be another cell-autonomous factor required for the cystoblast
fate. Mutations of bgcn block the differentiation of GSC product,
causing bam-like phenotype (Gateff, 1982). In addition, bgcn
mutations dominantly enhance a bam mutant phenotype, reveal-
ing the functional interdependence of these two genes (Ohlstein et
al., 2000). bgcn mRNA is expressed in a small number of germline
cells in the germarium, including the stem cells (Ohlstein et al.,
2000). bgcn encodes a protein that is related to the DExH-box
family of RNA-dependent helicases but lacks critical residues for
adenosine triphosphatase and helicase functions. Hence, it is pos-
sible that BGCN and BAM may be involved in regulating the
translation of the cystoblast differentiation genes.

In mammals, a promising candidate for an intrinsic factor
required for the self-renewal of spermatogonial stem cells is the
human deleted in azoospermia (DAZ) gene cluster in the azoosper-
mia factor (AZF) region on Y chromosome (Saxena et al., 1996).
DAZ, a candidate of AZF, encodes a putative RNA-binding pro-
tein with strong homology to the Drosophila BOULE protein
required for meiosis during spermatogenesis (Eberhart et al.,
1996). DAZ is expressed specifically in the germ cells of the adult
human testis and most abundantly in spermatogonia (Menke
et al., 1997). The mouse homolog of DAZ, Dazh (or Dazla), is also
expressed in germ cells, starting at 12.5 dpc in embryonic gonads
before germ cell sex differentiation (Cooke et al., 1996; Reijo
et al., 1996; Seligman and Page, 1998). The Dazh level decreases
in female embryos following the entry of oogonia into meiosis but
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persists in the male gonad and is present in d 1 neonatal male mice
whose germ cells are gonocytes. Subsequently, Dazh expression
increases as spermatogonial stem cells appear, reaches the peak
as spermatogenic cells first enters meiosis, and persists at this
level thereafter (Reijo et al., 1996). Important information on
Dazh function comes from the analysis of Dazh-KO mice, whose
embryonic gonads are normal up to 15 dpc, but by 19 dpc germ
cells in seminiferous tubules (and in ovaries as well) are signifi-
cantly reduced in both heterozygous and homozygous Dazh-
deficient mice (Ruggiu et al., 199&). This result suggests that
Dazh is quantitatively required for the initial maintenance of
gonocytes—which are either mitotically arrested GSCs or the
immediate precursors of GSCs. Recently, DAZ, and an autoso-
mally encoded DAZ-like protein, DAZL-1, have been shown to
bind ribohomopolymers in vitro (Tsui et al., 2000b). DAZL-1 is
also associated with polysomes. Thus, the DAZ family proteins
may regulate spermatogenesis by regulating the translation of
certain spermatogenic mRNAs. Proteins interacting with DAZ
and DAZL-1 have been identified (Tsui et al., 2000a; Dai et al.,
2001). Further analyses of these proteins will provide new oppor-
tunities to further define the DAZ-mediated mechanism in sper-
matogenesis, possibly in regulating GSC division.

In addition to DAZ, the Hertwig’s anemia (an) mutation does
not affect the migration of PGCs but causes their death in the testis.
Hence, the an gene may be required for the PGC-to-gonocyte tran-
sition (Russell, 1985). The atrichosis (at) mutation causes Sertoli-
only phenotype, suggesting the role of at in PGC or gonocyte
development (Chubb and Nolan, 1984). The juvenile spermatogo-
nia depletion (jsd) mutation does not affect the first wave of sper-
matogenesis. However, the spermatogenesis fails to be maintained,
leading to degeneration of germ cells after midpuberty (Beamer
et al., 1998; Barton et al., 1989; Mizunuma et al., 1992). Thus, this
gene plays a clearcut role in the self-renewal of GSCs. Recent
germ cell transplantation experiments suggest that jsd is a cell-
autonomous gene (Boettger-Tong et al., 2000; Ohta et al., 2001).
Molecular characterization of jsd should shed interesting light on
the cell-autonomous mechanism that controls the self-renewal of
spermatogonial stem cells.

For long-term self-renewal, spermatogonial stem cells must
derive a way to protect their telomere. Consistent with this notion,
the telomerase activity is expressed at high levels in the type A
spermatogonial stem cells, is downregulated during spermatoge-
nesis, and is absent in the differentiated spermatozoa
(Ravindranath et al., 1997).

In C. elegans, a DNA microarray approach has been taken to
profile gene expression patterns in the germline (Reinke et al.,
2000). More than 1416 germline-enriched transcripts have been
identified that define three groups of germline-expressing genes—
the germline intrinsic group, the sperm-enriched group, and the
oocyte-enriched group. The germline intrinsic group, defined as
genes expressed similarly in germlines making only sperm or only
oocytes, contains a family of piwi-related genes that may be
important for stem cell proliferation.

5.5.3. APOPTOSIS  Because mammalian GSCs are popula-
tional stem cells, they utilize apoptosis as a means to achieve
homeostasis between self-renewal vs differentiation. The Bcl-2
family members Bax and Bcl-x(L) are involved in this density
regulation of spermatogonia along the tubule (reviewed in de
Rooij, 2001). Several mechanisms are available to cope with major
or minor shortages in germ cell production. After severe cell loss,

stem cell renewal is preferred over differentiation and the period
of proliferation of A(s), A(pr), and A(al) spermatogonia is
extended. Minor shortages are dealt with, at least in part, by less
apoptosis among A2–A4 spermatogonia. The regulation of
apoptosis involved the tumor suppressor p53 (Beumer et al., 1998;
Van Buul et al., 2001). During normal spermatogenesis in the
mouse, spermatogonia do not express p53. However, following
irradiation, p53 becomes expressed in spermatogonia. p53 KO
mouse testes contain about 50% more A1 spermatogonia as well
as increased numbers of giant-sized spermatogonial stem cells. In
addition, the differentiating A2-B spermatogonia are more radiore-
sistant compared with their wild-type controls, indicating that p53
is involved in eliminating lethally irradiated differentiating sper-
matogonia. These results suggest that p53 is an important factor in
normal spermatogonial cell production as well as in the regulation
of apoptosis after DNA damage.

Apoptosis during spermatogenesis is regulated by extrinsic
signals, as shown by experiments on in vitro seminiferous tubule
cultures. FSH prevents germ cells from undergoing apoptosis in
vitro, while the SLF level is increased dramatically in response to
FSH stimulation. SLF in turn supports germ cell survival during
spermatogenesis by upregulating prosurvival Bcl-2 family pro-
teins, Bcl-w and Bcl-xL, and downregulating proapoptosis Bcl-2
family proteins, such as Bax (Yan et al., 2000a, 200b).

5.5.4. CELLULAR MACHINERY FOR ASYMMETRIC
LOCALIZATION/ORIENTATION  For stereotypic stem cells, it
is crucial to have a cellular mechanism that ensures the proper
segregation and localization of cytoplasmic components. The role
of cytoskeletal systems in mammalian and C. elegans GSC divi-
sion still remains unexplored. In Drosophila, it is well established
that cytoskeletal systems play a crucial role in such asymmetric
segregation and localization as well as in spindle orientation dur-
ing mitosis (reviewed in Amon, 1996; Guo and Kemphues, 1996;
Lin and Schagat, 1997). In Drosophila ovarian GSCs, the cytosk-
eleton has been shown to play an important role in the asymmetric
GSC divisions (Lin et al., 1994; Lin and Spradling, 1995;
de Cuevas et al., 1996; Deng and  Lin, 1997; McGrail and Hays,
1997). As reviewed in the beginning of this chapter, the
spectrosome, enriched in membrane skeletal protein, ensures the
divisional asymmetry by anchoring the mitotic spindle orientation
and by localizing important cell fate and cell-cycle molecules such
as BAM and cyclin A. At telophase, the spectrosome grows in size
and elongates toward the future cystoblast and eventually becomes
asymmetrically bisected by delayed cytokinesis occurring at the
next cell cycle. Delayed cytokinesis may be a common feature of
GSC division, since it is also seen for dividing spermatogonial
stem cells in both Drosophila and mammals.

It is important to point out that even if the spectrosome is im-
portant for the asymmetry of GSC division, such asymmetry may
not be essential for the self-renewal of GSCs in the Drosophila
ovary. In the absence of the spectrosome and its derivative struc-
ture, the fusome, a normal number of egg chambers, though ill
differentiated, are still produced (Lin and Spradling, 1997). This
possibly reflects the fact that, although GSC divisions are ran-
domly oriented without the spectrosome, the topology of the stem
cell niche still allows about 50% of the daughter cells to be in-
cluded in the niche. Consequently, a self-renewing population of
germ cells is still maintained. Thus, without the spectrosome, the
GSCs in the Drosophila ovary lose the stereotypic stem cell qual-
ity and become populational stem cells. The spectrosome thus has
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two functions: first, it ensures the precise asymmetry needed for
the stem cells to undergo stereotypic fashion of self-renewal, and
second, it ensures the asymmetry that is required for the proper
differentiation of the cystoblast. Studies on the spectrosome have
revealed the critical role of membrane skeletal proteins in estab-
lishing a divisional asymmetry that may be important in other stem
cell systems.

Then, what links the spindle pole to the spectrosome? What
orients the spectrosome toward the cap cell? The answer to these
questions lies in cytoplasmic dynein (McGrail and Hays, 1997).
In germline cysts, cytoplasmic dynein is required in linking one
pole of the mitotic spindle to the fusome. Given the structural
similarities between the fusome and the spectrosome, it is likely
that cytoplasmic dynein plays the same role in GSCs. Studying
how the spectrosome is anchored near cap cells may offer oppor-
tunities to reveal how somatic signaling induces polarity in the
target stem cells.

5.6. CONCLUSION
GSCs offer excellent opportunities for studying fundamental

questions in stem cell biology. Indeed, the pluripotency of stem
cells in adult tissues may be a partial manifestation of the totipo-
tency of the germline. Thus, the two systems may, after all, share
common mechanisms that guarantee their multipotentials in
development. By choosing to study stem cells in the germline, one
places his/her research in a unique position that allows both stem
cell and germline biology to be effectively explored. Owing to the
effective combination of genetic, cell biological, molecular, and
developmental approaches that are uniquely afforded by model
organisms such as C. elegans, Drosophila, and mice, works in
recent years on GSCs have clearly revealed some of the key intra-
and intercellular mechanisms for the self-renewal of GSCs. The
surrounding signaling cells have been shown to constitute stem
cell niches that play an instructive role in determining the fate and
behavior of GSCs. Some important cell-cell signaling molecules
and intrinsic factors have been identified, and their regulatory
relationship has begun to be explored in the context of gene
expression, cell-cycle progression, cytoskeletal organization, and
mitotic behavior of stem cells.

Elucidation of the mechanisms for the self-renewing division
of GSCs is now occurring at an exciting rate. New genetic and
microarray screens will identify more genes involved in GSC
mechanisms. Meanwhile, further analysis of known genes and
pathways involved in GSC division will reveal exactly how cell-
cell signaling and intracellular events occur in an orchestrated
manner to ensure the stem cell property. These genetic and
molecular analyses will also reveal how GSC division and main-
tenance are related to general cell-cycle and germline mechanisms.
The knowledge gained from these studies should allow research-
ers to effectively reveal the defining mechanisms of stem cells and
the germline—two great mysteries in biology and medicine.
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6 Stem Cells and Cloning

IAN WILMUT AND LESLEY ANN PATERSON, PhD

Development to term of a cloned offspring derived from an embryo created by somatic cell nuclear transfer is a
remarkable demonstration of adult cellular plasticity. Reconstruction of embryos by transfer of human cells into enucleated
oocytes (therapeutic cloning) is one potential source of pluripotent embryonic stem (ES) cells for cell replacement therapy.
Furthermore, ES cell lines that are derived by this method should be histocompatible with the patient who supplied the donor
cells. In addition, therapeutic cloning from diseased individuals will provide ES cell lines that can be used as in vitro cellular
models for research purposes. In animal reproductive cloning (i.e., creation of an entire offspring), nuclei from a variety
of tissues have been used for transfer into metaphase II–arrested enucleated oocytes, although the success rate is very low.
Losses occur throughout the process, from the nuclear transfer procedure; from poorly developed embryos, loss of fetuses,
and death at birth or newborns within 24 h; as well as from premature postnatal death. Development of viable individuals
from nuclear transfer is typically between 1 and 4%; nevertheless, therapeutic cloning requires development only to the 6-
day embryo stage, and thus we should expect efficiency to be greater. The results from animal reproductive cloning studies
have revealed important aspects about the nuclear transfer process. The task of the oocyte in reprogramming a diploid
somatic cell nucleus is a formidable one, and it is not surprising that the success rate is low. Abnormalities in DNA
methylation patterns of the chromatin have been found in cloned embryos. Considering that epigenetic changes may be
associated with development of cancers, care must be taken to screen for the dysprogramming of genes in ES lines derived
from cloned embryos. Thus, although the therapeutic promise is very great, the safety of transplanted cloned cells must be
assessed. In addition, the creation of in vitro cellular models of disease by therapeutic cloning will provide an exceptional
tool for research and drug screening.

6.1. INTRODUCTION
Human stem cells offer great potential for lifelong treatment of

deteriorating and debilitating diseases such as Parkinson’s disease,
diabetes, multiple sclerosis, and heart disease. There are primarily
two stem cell sources available: those derived from embryos and
those derived from adult tissues (including the umbilical vein).

Investigations carried out using stem cells in mice have
revealed their powerful therapeutic capabilities. Transfer of adult
neural stem cells (Teng et al., 2002) and neural differentiated
embryonic cells (McDonald et al., 1999) into spinal cord injury in
rats resulted in hind-limb weight bearing, stepping, and enhanced
coordination. Oligodendrocytes and insulin-secreting cells, both
derived from embryonic stem (ES) cells, replaced lost myelin in
rat spinal cords (Liu et al., 2000) and normalized glycemia in
diabetic mice (Soria et al., 2000), respectively. In addition, follow-
ing transplantation of partially differentiated mouse ES cells into
the rat model of Parkinson’s disease, approximately half of the rats
with surviving grafts contained dopamine neurons (Bjorklund

et al., 2002). These demonstrations show the vast potential of cell
replacement therapy in humans.

6.1.1. ADULT AND ES CELLS  There are advantages and
disadvantages of obtaining stem cells from adult sources or
embryos as sources for therapy (see Table 1). ES cells are pluripo-
tent, immortal cell lines derived from the inner cell mass (ICM) of
embryos, with the potential to differentiate into cells from all three
embryonic lineages, even after prolonged culture (Thomson et al.,
1998). Adult stem cells reside in certain tissues of the body and
exist to replenish the tissues in which they reside. These cells show
limited differentiation potential and are therefore said to be
multipotent. However, the plasticity of these stem cells lines is
potentially much greater than previously believed, and investiga-
tions have shown that adult stem cells can “transdifferentiate” into
cells of different embryonic lineages: from muscle to blood and
vice versa, from blood to liver, and from brain to blood and muscle
(For a review, see Clarke and Frisen, 2001). Nevertheless, recent
publications have highlighted the need for caution in interpreta-
tion of the apparent plasticity of adult stem cells. Two independent
groups cultured mouse ES cells alongside mouse brain (Ying et al.,
2002) and bone marrow cells (Terada et al., 2002). Both sets of
results showed that apparently reprogrammed adult cells were
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polyploid and were in fact hybrids, created by fusion with the ES
cells. This does not prove that the previous demonstrations of adult
stem cell plasticity are false but that further analysis, such as karyo-
typing, must be carried out after transdifferentiation experiments.
It also highlights the need to continue all lines of research using
both embryo and adult sources of cell lines, to discover the full
potential, applications, and limitations of each.

In this chapter, we consider the applications and uses of ES
cells, particularly regarding  embryos created by nuclear transfer.
The derivation and application of adult stem cell therapy are dis-
cussed in several other chapters in this book.

6.2. ES CELL DIFFERENTIATION
As with their murine counterparts (Evans and Kaufman, 1981),

human ES cells are pluripotent, immortal, continually proliferat-
ing cell lines with the capability to form all three of the embryonic
germ layers (Thomson et al., 1998). Differentiation into many
“useful” human cell types has been demonstrated, by either spon-
taneous or directed differentiation, including insulin-producing
cells (Assady et al., 2001), nerve cells (Reubinoff et al., 2001;
Zhang et al., 2001), and hematopoietic cells (Kaufman et al., 2001).

6.3. SOURCES OF ES CELLS
ES cells can be harvested from embryos, surplus to in vitro

fertilization (IVF), as was used to derive the first human ES cell
line (Thomson et al., 1998); from embryos created from donated
oocytes and sperm (Lanzendorf et al., 2001); and from cloned
embryos. Each of these sources has advantages and disadvantages.
There are thousands of IVF embryos in storage and surplus to
fertility treatment requirements and would therefore provide ad-
equate numbers for research purposes (with the appropriate fully
informed consent). Furthermore, since these embryos are already
destined for destruction, they may be considered, by society and
governmental regulations, as a legal and suitable source of ES
cells. Nevertheless, during IVF treatments a number of embryos
are made, and the best-quality ones are chosen for implantation,
leaving the potentially lesser-quality embryos for ES cell deriva-
tion. Furthermore, these embryos are frozen, which could further
limit their developmental potential. The creation of embryos from
donated sperm and oocytes in the laboratory for ICM cell harvest-
ing may well provide higher-quality embryos and further assist in
successful ES derivation by using unfrozen embryos.

 Some tissues and organs such as some brain tissues and the
eye are immunoprivileged so that immunologically different cells
are not rejected. Therefore, banked ES cell lines derived from IVF
embryos (surplus to fertility treatment or created specifically)
could be used to derive the appropriate cell types. However,

banked ES cell–derived tissue would be immunologically differ-
ent for most patients and so would be rejected when grafted into,
e.g., the liver and heart. In this case, immunosuppression treat-
ment would be required for transplant of cells that do not illicit an
immune response.

6.4. THERAPEUTIC CLONING
One strategy to avoid immunorejection is to use nuclear transfer

to insert a cell nucleus, donated from the patient, into an enucleated
oocyte and then activate it to begin cell division and thus derive
histocompatible ES cells from the resulting blastocysts. Another
very powerful application of therapeutic cloning is the derivation
of disease-specific ES cell lines for research purposes, e.g., by
creating nuclear transfer embryos from the cells of patients with
motor neuron disease. This would provide an invaluable in vitro
cellular model of the disease for a wide variety of research pur-
poses, and as a practically limitless cell source for drug discovery.

6.5. NUCLEAR TRANSFER
6.5.1. THE PRESENT SITUATION  Research into the deriva-

tion of ES cells from nuclear transfer embryos is in its infancy.
Nevertheless, lessons from nuclear transfer in animal reproduc-
tive cloning have already revealed both successes and limitations
of this procedure.

The actual protocol used for nuclear transfer is dependent on
the species but follows a basic set of techniques (Wilmut et al.,
1997). The nucleus or whole cell is transferred to a metaphase II–
arrested enucleated oocyte, previously stripped of its own genetic
material. The reconstructed embryo is triggered to begin embryo
development by an electrical pulse or chemicals. Surviving
nuclear transfer embryos are incubated in vitro, and those in which
development is successful are transferred to recipients for devel-
opment to term.

Seven species of animal have been cloned to date using somatic
cell nuclear transfer: sheep (Wilmut et al., 1997), cow (Cibelli et
al., 1998), mouse (Wakayama et al., 1998), pig (Polejaeva et al.,
2000), goat (Keefer et al., 2000), cat (Shin et al., 2002), and rabbit
(Chesne et al., 2002). A variety of adult cells have been used
including fibroblasts, cumulus cells, granulosa cells, muscle cells,
and blood cells. Although no particular adult cell type has had a
significantly high success rate, cumulus and fetal fibroblasts have
been successful for several species. A significantly higher propor-
tion of mouse ES cell–derived blastocysts reach development to
term, and as opposed to somatic cells (Wakayama et al., 1999),
inbred cells (both somatic and ES) are significantly less successful
for cloning than heterozygous cells (Eggan et al., 2001; Wakayama
and Yanagimachi,  2001).

Overall, irrespective of the species or cell type, nuclear trans-
fer remains very inefficient, and typically between 0 and 5% of
reconstructed oocytes produce offspring. The losses occur
throughout the nuclear transfer process (Heyman et al., 2002),
from poorly developed embryos, loss of fetuses through miscar-
riage, and death at birth or of newborns within 24 h, which are
often attributed to cardiopulmonary defects (Wilmut et al., 1997;
Hill et al., 1999). Large offspring syndrome, a condition in which
large size is the most recognizable feature of a variety of abnor-
malities, has been frequently seen in cloned animals (Sinclair
et al., 2000). Even after apparently normal birth of livestock,
premature postnatal deaths have been reported (Renard et al.,
1999; Lanza et al., 2001) and two independent studies have

Table 1
Comparison of Embryo and Adult Stem Cell Sources

Banked Cloned Adult
ES cells ES cells stem cells

Histocompatible +++ +++
No. of Cells +++ +++ ?
Differentiation ++ ++ ?
Life Span +++ +++ +
Normality/ Safety ? ? ?
Availability +++ ++ +

06/Wilm/075-080/F 8/19/03, 11:45 AM76

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 6  /  STEM CELLS AND CLONING 77

revealed that cloned mice have a significantly shorter life-span
(Ogonuki et al., 2002) and can develop obesity in adult life
(Tamashiro et al., 2002). In the latter case, the phenotype is not
passed onto the offspring, indicating that this abnormality was
due to an epigenetic effect (see below for a discussion on mole-
cular mechanisms). Nevertheless, only nuclear transfer embryos
will be required for ES cell derivation, and the efficiency for
successful blastocyst derivation is much higher than production
of viable cloned offspring.

6.5.2. NUCLEAR TRANSFER METHOD  For each cloned
species, the optimal nuclear transfer technique may vary in one or
more steps of the procedure. Either the entire donor cell can be
fused with the enucleated oocyte (Fig.1), which is commonly used
for sheep and cattle (e.g., Wilmut et al., 1997), or the donor nucleus
is extracted from the cell and inserted into the oocyte using a piezo-
injection technique, which is generally used with mice (Wakayama
et al., 1998). Furthermore, following construction of the nuclear
transfer embryos, a delay to activation (from 15 min to hours) has
been shown to be essential in mice (Wakayama et al., 1998), but
not an absolute necessity in cattle.

Although single nuclear transfer directly into zygotes is an
ineffective technique (Wakayama et al., 2000), serial nuclear
transfer has been successfully used for pigs and mice (Polejaeva
et al., 2000; Ono et al., 2001). In this case, following the first
nuclear transfer into an enucleated oocyte, the “pronucleus” that
forms is then transferred to a zygote (previously created by IVF

and stripped of its own genetic material) for development. The
beneficial effect on cloned embryo development and develop-
ment to term may be reflected in exposure of the transferred
somatic nucleus first to the oocyte cytoplasm for initial repro-
gramming and then to the naturally fertilized zygotic cytoplasm
for continued development. Furthermore, rabbit was considered
one of the more “difficult-to-clone” mammals and recent success
with this species was attributed to extending the asynchrony
between donor and recipient females and shortening the time for
activation (Chesne et al., 2002). Despite repeated attempts by
several laboratories, somatic cell nuclear transfer has been
unsuccessful in dogs, monkeys, and rats.

6.5.3. CELL CYCLE  Cell cycle of the donor cell and oocyte
must be taken into account to ensure that normal ploidy is main-
tained (reviewed in Campbell et al., 1996). By activating an oocyte
prior to nuclear transfer, a donor nucleus at any stage in the cell
cycle can be used, although these cytoplasts tend to have poorer
developmental rates (Wakayama and Yanagimachi, 2001). The
vast majority of cloning experiments use cells in G1 or G0 with a
metaphase II–arrested oocyte. Reprogramming of G2/M nuclei is
also possible and has been achieved in mouse with both somatic
(Ono et al., 2001) and ES cells (Wakayama et al., 1999). Because
metaphase nuclei contain double the normal chromosome comple-
ment, cytochalasin B is omitted from the embryo culture medium,
allowing production of a polar body and halving of the chromo-
some number.

Fig. 1. Enucleation. The holding pipet (A) secures the Hoescht stained oocyte in place. The polar body (B) and metaphase chromosomes (usually
located next to the polar body) are removed by the enucleation pipet (C) by piercing the zona pellucida and then sucking out the chromosomes,
the polar body (B), and some cytoplasm (E). The enucleation pipet (C) is irradiated with UV light to determine that both polar body (B) and
metaphase chromosomes (F) have been removed. (Photograph by W. Ritchie.)

06/Wilm/075-080/F 8/19/03, 11:45 AM77

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


78 WILMUT AND PATERSON

Despite attempts at enhancing nuclear transfer efficiency by
altering various aspects of the nuclear transfer method, using dif-
ferent methods, cell type cycles, and activation regimes, the over-
all efficiency remains low. To understand the poor development of
somatic and ES cell–cloned embryos, and therefore take appropri-
ate steps to improve it, the nuclear reprogramming mechanisms
that occur following transfer must be understood.

6.5.4. MOLECULAR MECHANISMS  Spermatozoa and
oocytes are highly specialized haploid cells that have been
equipped and prepared specifically to fuse at fertilization to form
a one-celled embryo capable of development to term. An incred-
ible amount, therefore, is asked of an enucleated oocyte to repro-
gram a diploid differentiated somatic cell nucleus into a
functioning embryonic one. The fact that nuclear transfer is so
inefficient is not surprising; the fact that nuclear transfer is ever
successful is remarkable. Little is known of the early molecular
events with naturally fertilized embryos let alone cloned embryos,
but this research area has received more interest in recent years.

For nuclear reprogramming to be effective, a number of events
must occur, beginning with breakdown of the nucleus, stripping
the DNA of its somatic histones (as opposed to the protamines in
which the sperm nucleus is packed), correct epigenetic reprogram-
ming (physically marking the DNA but without altering the nucle-
otide sequence) such as chromatin remodeling, and DNA
methylation to ensure appropriate gene transcription at the right
time. One of the mechanisms highlighted for the low efficiency of
somatic cell nuclear transfer and the developmental abnormalities
that result is due to abnormal gene expression as a result of epige-
netic errors. In the search for molecular mechanisms that are caus-
ing the problems in cloned embryos, fetuses, and offspring, DNA
methylation has been investigated (reviewed in Fairburn et al.,
2002), although other marking methods could also be significant
(see Young and Fairburn, 2000).

DNA methylation patterns are very dynamic in early mamma-
lian embryos, and the potential for errors to be introduced in
nuclear transfer is substantial. Cloned bovine embryos have
highly irregular patterns of methylation similar to the donor cells
from which they were derived and very different from that of
“normal” embryos produced by fertilization (Bourc’his et al.,
2001; Dean et al., 2001; Kang et al., 2001). Overall, the studies
show partial but incomplete methylation reprogramming in
cloned embryos (see Fairburn et al., 2002), and so at least the
majority of nuclear transfer embryos are unable to properly
reprogram the nucleus to achieve proper embryonic methylation
status. By contrast, cloned porcine embryos do not appear to
show highly aberrant patterns of methylation (Kang et al., 2001).
Furthermore, analyses of tissue-specific methylation patterns in
cloned mice also revealed aberrant methylation patterns, com-
pared to fertilized embryos (Ohgane et al., 2001).

Nevertheless, faulty epigenetic reprogramming can allow
development to term and even then may not be apparent in the
phenotype. Recent research shows that mice cloned from ES cells
can survive until adulthood and appear phenotypically normal
despite epigenetic aberrations in their genome (Humpherys et al.,
2001). In all of the mice cloned, at least one of the six imprinted
genes that were examined was not properly reprogrammed
(Humpherys et al., 2001). Further research is required to deter-
mine whether this effect is also seen with adult somatic cells as the
pluripotent nature of ES cells may render these cells more suscep-
tible to improper reprogramming (see also Inoue et al., 2002).

Not all reprogramming mechanisms are irregular in all cloned
embryos. Experiments have demonstrated normal reprogramming
of readjustment of telomere length and X chromosome inactiva-
tion (see Rideout et al., 2001, for a review).

Aside from improper expression of imprinted genes, the
dysregulation of nonimprinted genes may also hamper proper
development. A study showed that transcription in three regular
genes, all of which have roles in either implantation and/or
postimplantation development, was delayed or absent in a num-
ber of cloned bovine embryos during preimplantation develop-
ment (Daniels et al., 2001). Hence, insufficient nuclear
reprogramming of the genome from both imprinted and
nonimprinted genes may be responsible for poor embryo and
fetal development in cloned animals.

Epigenetic errors could potentially be introduced into cloned
embryos at a number of levels: through intrinsic errors in the
donor cells or errors induced by the culture of donor cells, through
incomplete reprogramming of donor cell chromatin into an
embryonic state after reconstruction (either through variations in
the reprogramming capacity of the recipient oocyte or by the
method of nuclear transfer), or through the subsequent method of
reconstructed embryo culture. Evidence from using mouse ES
cells suggests that any induced aberrations by nuclear transfer/
embryo culture are similarly unlikely to be remedied and there-
fore will carry on through the fetus and, survival permitting, the
offspring (see Young and Fairburn, 2000).

6.5.5. SAFETY  There is no method at present to screen for all
the known imprinted genes let alone the ones yet to be identified.
Many epigenetic changes are associated with the development of
cancer (Wajed et al., 2001), and therefore it is crucial that powerful
screening methods are developed to ensure the safety of emerging
cloning and stem cell technologies. There are already safety con-
cerns from the use of ES cells (Cervantes et al., 2002), particularly
their potential to become tumorigenic.

Although therapeutic cloning will not require the production of
offspring, the fate of postnatal clones is still significant. The phe-
notype of clones reflects that nuclear reprogramming is incom-
plete and that, depending on the extent, aberrant epigenetic effects
that alter gene expression can either be fatal or permit life but with
deleterious side effects that sometimes can not be noted until later
in life. Nuclear transfer embryos may be considered a further risk;
incomplete reprogramming of the inserted nucleus may lead to
perturbation of a gene(s) that could cause cell dysfunction. Fur-
thermore, genes with aberrant methylation may not reveal them-
selves in the ES line, but the effects may come into play once
differentiation into a particular cell type is induced. In addition to
the ES cell lines containing aberrant functioning genes, the delete-
rious effects may only become apparent on differentiation to a
particular cell type.

6.6. FUTURE PROSPECTS
Development to term of an offspring derived from a cloned

embryo is a remarkable demonstration of plasticity, especially of
even fully differentiated cells. This ability to become repro-
grammed is dependent on placing the differentiated nucleus in the
correct environment, i.e., oocyte cytoplasm. Investigations into
the early events of nuclear reprogramming, and the oocyte factors
involved, will enhance our understanding of cellular differentia-
tion. Increasing our knowledge in this area will not only improve
nuclear transfer efficiency, but also cellular plasticity may lead to
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methods allowing the transdifferentiaion of adult stem cells into
other cell types for cell replacement therapy.

ES cells were derived relatively recently, and further research
is required in derivation, culture, and differentiation of these
cells. Further research needs to be directed toward creation and
culture of human nuclear transfer embryos with the capability to
reach the blastocyst stage, at which stage ES cells can be derived.
Therapeutic cloning has the potential to produce histocompat-
ible cells for cell replacement therapies and to be an excellent
medical and research tool for an in vitro cell model for study of
serious diseases.
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7 Genomic Imprinting in Mouse
Embryonic Stem and Germ Cells

JEFFREY R. MANN, PhD AND PIROSKA E. SZABÓ, PhD

Genomic imprinting is an epigenetic system determining the parent-of-origin-specific monoallelic expression of a
subset of genes, with imprints being imparted in the germline according to germ cell sex. Monoallelic expression begins
early in development and is maintained throughout life, regulating the expression of genes important for somatic cell
growth and differentiation. An important epigenetic mechanism for controlling the monoallelic expression of imprinted
genes is the differential allelic methylation state of cis-acting gene DNA regulatory elements—this differential methy-
lation leads to differential expression in trans. Genetic imprinting may be altered during the derivation and propagation
of embryonic stem and germ cells in vitro and, therefore, is an important consideration in the use of such stem cells, and
possibly somatic-derived stem cells, for therapy.

7.1. INTRODUCTION
Genomic imprinting is an epigenetic system that determines

the somatic monoallelic expression of a small subset of genes
according to parent of origin—the imprinted genes. Monoallelic
expression of imprinted genes begins very early in development
and is maintained throughout life. It is therefore a very stable
epigenetic system (Bartolomei and Tilghman, 1997; Solter, 1998;
Reik and Walter, 2001). Why should a discussion of such a system
be relevant to a discussion of stem cells? One reason is that stem
cells are often maintained for extended periods in abnormal situ-
ations such as culture in vitro and, therefore, aside from genetic
mutation, can undergo significant abnormal epigenetic change, or
“epimutation” (Holliday et al., 1996). Because genomic imprint-
ing, and other epigenetic systems, regulate the expression of a
number of genes important for cell growth and differentiation,
there are clearly important implications for the use of cultured
stem cells in therapy. Here, we describe what is known of the
stability of genomic imprinting, with particular reference to mouse
embryonic stem (ES) cells and embryonic germ (EG) cells, and
discuss the implications for stem cell propagation in vitro.

7.2. OVERVIEW OF GENOMIC IMPRINTING
7.2.1. IMPRINTING AS AN EPIGENETIC SYSTEM

Epigenetics can be thought of as “the study of mitotically and/or
meiotically heritable changes in gene function that cannot be
explained by changes in DNA sequence” (Russo et al., 1996).
Epigenetics is not so much interested in what activates or
represses a gene, or in gene function, but in how a gene maintains

a particular activity state from one cell generation to the next.
The numbers of cell divisions involved are not important—they
could be very small in rapidly differentiating systems such as the
early embryo, or very large in a culture of a transformed differ-
entiated cell type. Pluripotent stem cells are unusual in that an
intermediate differentiated state is stabilized almost indefinitely.
Then, suddenly, through either asymmetric or symmetric divi-
sion, further differentiation ensues.

What form do epigenetic mechanisms take? An excellent over-
view is provided by Riggs and Porter (1996), and their list includes
feedback loops of trans-acting factors, for which there is the best
evidence; DNA methylation and chromatin structure, for which
there is growing evidence; and nuclear compartmentalization of
chromosomes or subchromosomal regions, and replication tim-
ing, for which there is little evidence. Genomic imprinting and X
chromosome inactivation are special cases in that stable differen-
tial activity states exist within the same cell. Thus, cis-acting
mechanisms would seem to be important for maintaining these
states. With respect to genomic imprinting, DNA methylation has
been studied almost exclusively, although there are now some
studies relating histone modifications to allele-specific expression
(Pedone et al., 1999; Hu et al., 2000; El Kharroubi et al., 2001;
Gregory et al., 2001; Kohda et al., 2001; Xin et al., 2001; Yoshioka
et al., 2001). Modifications involving histone acetylation are likely
to be specific, because induction of global core histone acetylation
in cultured mouse embryonic fibroblasts does not affect
monoallelic expression of imprinted genes (Fig. 1).

7.2.2. DNA METHYLATION IN GENOMIC IMPRINTING
Before we consider imprinting in stem cell systems, we first briefly
describe the current knowledge regarding the role of methylation
in imprinting. Imprinted genes possess differentially methylated
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DNA regions (DMRs); that is, for one parental allele a particular
site or region is methylated, whereas for the other parental allele
it is not. This observation has strongly suggested a role for DNA
methylation in the regulation of monoallelic expression (Mann
et al., 2000). Indeed, evidence is mounting: DNA methyltrans-
ferase (cytosine-5) (DNMT)–deficient mouse embryos lacked
methylation at DMRs, and monoallelic expression of imprinted
genes was disrupted (Li et al., 1993; Caspary et al., 1998). In
addition, deletion studies in mice have shown that the primary
DMRs of the insulin-like growth factor-2 (Igf2) and H19 genes
(Thorvaldsen et al., 1998; Kaffer et al., 2000; Srivastava et al.,
2000; Szabó et al., 2002b), and the insulin-like growth factor-2
receptor (Igf2r) gene (Wutz et al., 1997, 2001), are critical for
monoallelic expression. Consequently, these DMRs are now also
called imprinting control regions/elements (ICRs/ICEs). While
these experiments involved deletion of the ICR, a third study
involved deletion of a repeat element, associated with the ICR, of
the RAS protein-specific guanine nucleotide–releasing factor 1
(Rasgrf1) gene (Yoon et al., 2002). This deletion led to loss of both
differential ICR methylation and monoallelic expression, provid-
ing evidence for a role of methylation per se. Putative ICRs have
been assigned for other murine imprinted genes, but to date, high-
resolution deletions have not been reported.

Studies of genomic imprinting can be placed into one or more
of three categories:

1. Establishment of the imprint, which presumably takes
place when the maternal and paternal genomes are sepa-
rate—in the two germlines and in the zygote. Further-
more, it could involve a preferential retention of
differential methylation during the widespread loss of
paternal methylation in the zygote (Oswald et al., 2000;
Santos et al., 2002).

2. Maintenance of the imprint during germ cell and somatic
cell development. For sperm, imprinting information is
likely to be maintained by methylation, as its nucleus is
packaged by protamines; that is, there would appear to be
no opportunity for the maintenance of cell memory by
histone modifications (Jenuwein and Allis, 2001).

3. Development, or extension, of the imprint, when further
modifications in cis are induced. This probably mostly
occurs during the phase of intensive de novo methylation
beginning at the periimplantation stage. Often, promoters
become methylated on the inactive alleles of imprinted
genes. This may aid in initiating or maintaining the inac-
tive state, although evidence is lacking (Mann et al., 2000;
Paulsen and Ferguson-Smith, 2001).

Some notable examples of studies in these categories are:

1. Establishment: Aside from logical necessity, the require-
ment for germline establishment of methylation imprints
was demonstrated when the Dnmt cDNA was knocked-
back-in to hypomethylated Dnmt –/– ES cells. While glo-
bal methylation was restored in these ES cells, and in
somatic cells derived from them, methylation at DMRs
and monoallelic expression was not (Tucker et al., 1996).
In a recent study, knockout of the DNA (cytosine-5)-
methyltransferase 3-like gene (Dnmt3l) revealed that its
product is required for the positive methylation of ICRs
in the maternal germline, and for monoallelic somatic
expression (Bourchis et al., 2001).

Fig. 1. Effect of histone deacetylase inhibitors on expression of
imprinted genes. Exponentially growing (C57BL/6J × CAST/Ei) F1
hybrid mouse primary embryo fibroblasts were seeded at 105 cells/
well in a 12-well plate. After 25 h, medium was replaced and
Nabutyrate (butyrate) and trichostatin A (TSA) were added at 0, 1,
2.5, 5, 10, and 20 mM, and 2, 10, 50, 100, 250, and 500 ng/mL,
respectively. Cells were then grown for the time indicated before
preparing RNA. Allele-specific analysis of expression was carried
out as described, using the reverse treanscriptase polymerase chain
reaction single-nucleotide primer extension assay (Szabó and Mann,
1995b). For each gene, the top and bottom row of bands represent the
presumptive inactive and active allele, respectively, with the parental
derivation given at the right. The value above each pair of bands is the
percentage of RNA, contributed by the presumptive inactive allele, to
the total RNA present for that gene. Standards are 1:0, 1:1, and
0:1 mixtures of allelic RNAs. (A) Effect on four imprinted genes after
96 h of exposure to drugs; (B) effect on Igf2 at three different times
of exposure. 96+96 h—96 h of exposure followed by 96 h of
nonexposure. The only gene for which some effect was obtained was
Igf2. However, this was achieved at a concentration of drugs in great
excess of what is required to achieve global acetylation, and therefore
the results were probably nonspecific.
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2. Maintenance: Monoallelic expression of Igf2 is regulated
by hypermethylation of the paternal Igf2/H19 ICR—
this methylation inhibits CTCF binding at the ICR and
thereby prevents the region from functioning as a chro-
matin insulator (Bell and Felsenfeld, 2000; Hark et al.,
2000; Kanduri et al., 2000a, 2000b; Szabó et al., 2000a,
2002b; Holmgren et al., 2001; Reed et al., 2001). Pater-
nal-specific repression of the Igf2r gene is maintained in
cis through expression of an antisense RNA. This RNA
emanates from the ICR—contained within an intron
of Igf2r—and extends beyond the Igf2r promoter
(Sleutels et al., 2002). It is likely that expression of this
antisense RNA is regulated by methylation (Wutz et al.,
1997, 2001).

3. Extension: Inactivation of the paternal H19 promoter
occurs after fertilization and is dependent on the presence
of the paternal ICR (Srivastava et al., 2000).

These studies are revealing that monoallelic expression is regu-
lated by the methylation-dependent activity of cis-acting gene
regulatory elements (ICRs). These elements, in trans, are switched
off and on by the presence and absence of DNA methylation,
respectively. The uniqueness of this system does not appear to be
in the type of regulatory element involved, e.g., chromatin insula-
tors and promoters of antisense transcripts, or in the epigenetic
mechanisms regulating the activity of these elements, such as DNA
methylation. What is unique is the differential acquisition and
retention of these epigenetic controls with respect to the two
parental alleles.

7.3. IMPRINTING DYSREGULATION
AND ITS CONSEQUENCES

For imprinted genes, dysregulation often involves the activa-
tion of the normally silent allele to give two active alleles—this
biallelic expression is often accompanied by overexpression—
or the opposite—repression of the normally active allele to give
two inactive alleles (nullallelic expression). These effects have
been observed in mice deficient in DNMT activity; for example,
loss of methylation in cis leads to activation of silent paternal
Igf2 allele and, at the same time, repression of the active maternal
Igf2r allele (Li et al., 1993). Nullallelic activity of some
imprinted genes leads to abnormal phenotype, e.g., Igf2—small
size (DeChiara et al., 1991), achaete-scute complex homolog-
like 2 (Drosophila) (Ascl2)—failed placental spongiotrophoblast
development (Guillemot et al., 1995), Igf2r—large size and other
defects (Lau et al., 1994; Wang et al., 1994). These observations
show that some imprinted genes have essential functions but
provide little information on the function of imprinting itself,
i.e., why only one copy of the gene is active. Observing the con-
sequences of biallelicexpression, or overexpression, might pro-
vide more information in this regard. For Igf2 and Igf2r, biallelic
expression results in large (Leighton et al., 1995) and small (Wutz
et al., 2001) size, respectively, showing that the level of expres-
sion of these genes is critical. At least one hypothesis of evolu-
tion has been proposed for why this might be the case in the
context of monoallelic expression, and it is based on the impor-
tance of these genes for growth (Moore and Haig, 1991). How-
ever, to date, biallelic expression of no other imprinted gene has
been shown to have deleterious effects, and why these genes
should be expressed monoallelically is more obscure.

7.4. GENOMIC IMPRINTING IN ES CELLS

7.4.1. ORIGIN OF ES CELLS  The inner cell mass (ICM) gives
rise to the embryo, the amnion, the yolk sac, and the chorioallan-
toic portion of the placenta. When explanted and dissociated in
cell culture, given the right conditions, it gives rise to ES cells
(Evans and Kaufman, 1981; Martin, 1981). ES cells most closely
resemble early ICM cells in their ability to contribute to various
cell lineages in chimeras (Beddington and Robertson, 1989).
Hence, they can be thought of as ICM, or ICM-like, cells locked
into continuing cycles of division in the undifferentiated state.
This is achieved through activation of the receptor complex (leu-
kemia inhibitory factor receptor [LIFR]–interleukin-6 signal trans-
ducer [IL6ST]) signaling pathway by exogenous LIF ligand, and
other factors in the culture medium (Stewart et al., 1992; Yoshida
et al., 1994).

7.4.2. RETENTION OF IMPRINTS  From many studies, it is
apparent that at least some genomic imprints are retained during
during ES cell derivation. First, The relative level of expression of
imprinted genes in parthenogenetic (two maternal genomes) and
androgenetic (two paternal genomes) ES cells, and in differentiat-
ing embryoid bodies (EBs) derived by suspension culture of these
cells, is skewed in the direction expected. For example, the amount
of Igf2 RNA in parthenogenetic and androgenetic ES cells and
EBs is less and more than in their wild-type (one maternal and one
paternal genome) counterparts, respectively. In addition, allele-
specific expression in wild-type EBs is often skewed in the direc-
tion expected (Fig. 2). Second, viable mice can be derived, or
cloned, wholly from ES cells, being achieved by aggregating them
with tetraploid morula. Nevertheless, success depends on the qual-
ity of the ES cell line (Nagy et al., 1993). Third, chimeras made
with androgenetic ES cells (Mann et al., 1990), compared with
chimeras made with androgenetic morulae or ICMs (Barton et al.,
1991; Mann and Stewart, 1991; Keverne et al., 1996), have a simi-
lar, and dramatic, phenotype. Only chimeras with a very low level
of androgenetic contribution survive to term, and these possess
pronounced skeletal abnormalities. The latter defects are depen-
dent on Igf2 expression in androgenetic cells (McLaughlin et al.,
1997). Androgenetic ES cells can contribute extensively to many,
if not all, lineages in chimeras (Mann et al., 1990), including the
germline (Narasimha et al., 1997). Finally, chimeras made with
parthenogenetic morulae fare much better in development than
androgenetic chimeras, although growth retardation and a low
contribution of parthenogenetic cells to certain tissues is observed
(Stevens, 1978; Nagy et al., 1987; Thomson and Solter, 1988,
1989; Paldi et al., 1989; Fundele et al., 1990; Fundele and Surani,
1994; Allen et al., 1995; Keverne et al., 1996). Parthenogenetic ES
cells can give extensive chimerism (Evans et al., 1985), and, para-
doxically, the defects observed can be less severe (Allen et al.,
1994). This could involve the loss of imprints leading to the acti-
vation of maternally repressed imprinted genes.

7.4.3. LOSS OF IMPRINTS  It is clear that in some respects,
ES cells differ from ICM cells. This is not surprising, seeing that
ES cells undergo a relatively large number of cell divisions before
they are induced to differentiate, and, these divisions take place in
cell culture. By contrast, the ICM/primitive ectoderm undergoes
just a few cell divisions before differentiation at gastrulation. Thus,
in ES cells, there is ample opportunity for genetic mutation and
epigenetic change to occur, both of which could adversely affect
the differentiative program. In deriving a new cell line, from the
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time that an ICM is explanted, to when a new cell line is frozen
down, approx 20 cell divisions may take place over a 15-d period
(Mann, 2002). In a typical gene-targeting experiment, ES cells
will have undergone a further 30 or more divisions before a recom-
binant clone is used for chimera production.

In at least some instances, the parent- or allele-specific
expression and methylation of imprinted genes in ES cells is
different from that in ICM cells. First, as mentioned, the degree
of difference depends on the time in culture. In later-passage ES
cells, allele-specific expression and methylation deviated sig-
nificantly from the situation at earlier passage (Szabó and Mann,
1994; Dean et al., 1998). For example, paternal-specific hyper-
methylation of the H19 promoter—this methylation being an
indicator, at least, of the closed chromatin structure of this pro-
moter (Szabó et al., 2000)—was progressively lost during ES
cell passage (Fig. 3) (Szabó and Mann, 1994). Interestingly, this
region is not paternally methylated in the ICM; paternal methy-
lation of this region occurs shortly after implantation (Sasaki
et al., 1995). Second, during development, the maternal allele of
the imprinted small nuclear ribonucleoprotein N (Snrpn) gene is
always silent—no significant activity, relative to the paternal
allele, was measured (Szabó and Mann, 1995a). However, in
cultured EBs derived from earlier-passage ES cells, this allele
exhibited measurable relative expression (Fig. 2). Furthermore,
the maternal Igf2 allele, the allele that becomes inactive, showed

a higher relative level of expression than what was observed in
early differentiated derivatives of the 6.5 d postcoitus (dpc) egg
cylinder (Fig. 2) (Szabó and Mann, 1995a). Thus, losses of regu-
lation in ES cells can occur quickly. Other imprinted genes also
appear to be dysregulated at the levels of expression and methy-
lation (Dean et al., 1998), although direct comparisons with ICM
cells are lacking. Finally, cloned fetuses, derived by combining
earlier-passage ES cells with tetraploid ova, can possess abnor-
mal patterns of allele-specific methylation and expression of
imprinted genes, again indicating rapid loss of regulation during
ES cell derivation or culture (Dean et al., 1998). Similar results
were obtained when cloned mice were derived from the trans-
plantation of ES cell nuclei into oocytes (Humpherys et al., 2001).
In this latter study, how much dysregulation was due to the clon-
ing procedure is unclear, because no data exists for the perfor-
mance of ICM nuclei under the same conditions.

7.5. GENOMIC IMPRINTING IN EG CELLS
7.5.1. ORIGIN OF EG CELLS  EG cells are derived from

primordial germ cells (PGCs). PGCs arise at approx 7.5 dpc at an
extraembryonic location and, then, while dividing mitotically and
increasing in number, migrate to the genital ridges, with all arriv-
ing by 11.5 dpc (Ginsburg et al., 1990). It is apparent that EG cell
lines can be derived from embryos at any stage from 8.5 to 12.5
dpc, or at essentially all stages of PGC development. While LIF is

Fig. 2. Allele-specific expression of imprinted genes in EBs. Differ-
entiating EBs were derived by culturing ES cells in suspension for
9 d, as described by Szabó and Mann (1994). Two (C57BL/6J ×
CAST/Ei)F1 (B6CSF1) ES cell lines, and two ES cell lines of the
reciprocal mating (CSB6F1), were used. Other details are as described
in the legend to Fig. 1.

Fig. 3. Methylation of H19 promoter in earlier- and later-passage ES
cells. Southern blots showing the degree of methylation at one HhaI
and one SmaI site within the H19 promoter are shown. Two partheno-
genetic (PG), two wild-type (WT), and two androgenetic (AG) cell
lines were examined at earlier passage (7—12), and these same cell
lines were examined at later passage (22—32). At earlier passage,
note hypomethylation in the two PG cell lines (high level of digestion
to small band sizes), and hypermethylation in the two AG cell lines
(low level of digestion). At later passage, or approx 70 cell divisions
later, all cell lines showed a greater level of digestion, indicating
loss of methylation. (Data taken from Szabó and Mann, 1994.)
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sufficient for the derivation of ES cells, EG cell derivation requires
LIF, or some other cytokine able to interact with the LIFR-IL-6ST
receptor complex, KIT ligand, and fibroblast growth factor 2.
However, once derived, LIF is sufficient for propagation (Donovan
et al., 2001).

7.5.2. STATUS OF IMPRINTS  A number of observations
provide evidence that a significant loss of genomic imprints can
occur during the derivation of EG cell lines from migratory PGCs.
Imprints are largely intact in migratory PGCs, unlike the situation
in PGCs of the genital ridge. In the former, the expression of Snrpn,
H19, and Igf2 was found to be monoallelic, and close to monoallelic,
at 9.5 and 10.5 dpc (migratory stages), respectively (Szabó et al.,
2002a). By contrast, at 11.5 dpc (nonmigratory stage), expression
was essentially biallelic (Szabó et al., 2002a), confirming results
obtained with manually purified PGCs (Szabó and Mann, 1995b).
In accord with these data, preliminary observations indicate that
the Igf2/H19 ICR is differentially methylated in 9.5 dpc-PGCs, but
biallelically hypomethylated in 11.5-dpc PGCs (M. R. Reed and
J. R. Mann, unpublished data). By contrast, Igf2r is biallelically
expressed in migrating PGCs (Szabó et al., 2002a), as in the totipo-
tent lineage at earlier stages: during cleavage, at 2.5 dpc; in the
blastocyst ICM, at 3.5 dpc; and in the primitive ectoderm, at 6.5 dpc
(Szabó and Mann, 1995a). Nevertheless, the Igf2r ICR is differen-
tially methylated in 9.5-dpc PGCs, but biallelically hypomethylated
in 11.5-dpc PGCs (M. R. Reed and J. R. Mann, unpublished data).
Thus, inherited Igf2r methylation imprints are maintained in
migrating PGCs but are not “read” (Efstratiadis, 1994), or extended,
in such a way as to achieve monoallelic expression.

Approximately half of the EG cell lines derived from 8.5-dpc
PGCs, and all cell lines derived from 12.5-dpc PGCs, were
hypomethylated at both copies of the Igf2r ICR (Labosky et al.,
1994). Hypomethylation of the Igf2r ICR was also observed in two
EG cell lines derived from 9.5-dpc PGCs. Furthermore, these two
lines were hypomethylated on both copies of DMR sequences of
the imprinted cyclin-dependent kinase inhibitor 1C (P57) (Cdkn1c)
and KCNQ1 overlapping transcript 1 (Kcnq1ot1) genes, although
biallelic hypomethylation was observed for the Igf2/H19 ICR in
only one line (Durcova-Hills et al., 2001). As might be expected,
EG cell lines derived from 11.5- and 12.5-dpc PGCs were
biallelically hypomethylated at DMR sequences for essentially all
imprinted genes examined—Igf2r, Cdckn1c, Kcnq1ot1, mater-
nally expressed transcript (Mest), paternally expressed gene 3
(Peg3), and neuronatin (Nnat) (Tada et al., 1998; Durcova-Hills
et al., 2001). The exception was the Igf2/H19 ICR—lines from
female embryos exhibited biallelic hypomethylation (Tada et al.,
1998), while lines from male embryos exhibited differential
methylation (Tada et al., 1998; Durcova-Hills et al., 2001). In
these latter studies, analyses were not allele specific, and, there-
fore, it was not possible to determine whether this sex-specific
difference reflected a higher rate of erasure in female PGCs, or the
establishment of new imprints in male PGCs.

The loss of methylation imprints in EG cells, derived from
migrating PGCs, appears to be more pronounced than the loss in
ES cells, for which methylation imprints are often retained
(Labosky et al., 1994; Szabó and Mann, 1994; Tucker et al., 1996).
This may reflect a fundamental difference between ICM cells and
migrating PGCs. The former are undergoing extensive de novo
methylation at the periimplantation stage (Monk et al., 1987;
Santos et al., 2002), while the latter are poised to undergo
demethylation at sequences of imprinted genes at the end of the

migratory phase. They may also undergo extensive global
demethylation at this time. On this point, although 12.5-dpc PGCs
are globally hypomethylated, at imprinted and nonimprinted gene
sequences (Monk et al., 1987; Brandeis et al., 1993), the global
methylation status of migrating PGCs is yet to be determined.

7.6. GENOMIC IMPRINTING
AND MAMMALIAN CLONING

The success of cloning sheep from adult somatic nuclei (Wilmut
et al., 1997) came as quite a surprise, given the relative lack of
success in previous studies—adult amphibians were unable to be
cloned from adult somatic nuclei (Laskey and Gurdon, 1970;
Gurdon et al., 1975; Wabl et al., 1975; Di Berardino and Hoffner,
1983), and the first attempts at cloning adult mice from blastomere
nuclei were unsuccessful (McGrath and Solter, 1984). Now, toti-
potency can be seen to be predominantly a property of the egg
cytoplasm, rather than of the gamete nuclei. Nevertheless, the fre-
quency at which somatic nuclei can support normal development
in oocyte transplantation experiments is very low (Wakayama and
Yanagimachi, 2001). The reason for this low frequency is obscure
but is commonly ascribed to incomplete nuclear reprogramming.
It can be overlooked that high failure rates are also obtained when
the nuclei of blastomeres are transplanted (McGrath and Solter,
1984; Tsunoda et al., 1987), even though these cells are totipotent
(Tarkowski, 1959; Kelly, 1975). Thus, it is clear that a nucleus
with a totipotent program is not sufficient to obtain normal devel-
opment at high frequency after oocyte transplantation—other
things are required. Nuclear stage in relation to the cell cycle is one
factor (Campbell et al., 1996), but the status of other subtle inter-
relationships between the cytoplasm and nucleus at transplanta-
tion are probably also important, and these remain to be defined.

While imprinting is dysregulated in animals cloned using ES
cells (Dean et al., 1998; Humpherys et al., 2001), to date, there is
no evidence that it is dysregulated in animals cloned from somatic
cell nuclei. Indeed, imprinting can be remarkably stable, given
that mice can be cloned using cumulus cell nuclei through six
generations (Wakayama et al., 2000)–assuming that imprinting
dysregulation will lead to embryonic death. Furthermore, mice
cloned from Sertoli and cumulus cell nuclei displayed a normal
mRNA concentration for a number of imprinted genes, although
placentae did not (Inoue et al., 2002). To date, there are no studies
on the status of imprinted gene expression in dying embryos cloned
using somatic nuclei; therefore, it remains possible that imprinting
dysregulation does contribute to the high rate of failure. It has been
observed that cow blastocysts, derived from the transplantation of
fetal fibroblast nuclei into oocytes, possess aberrant methylation
patterns (Kang et al., 2001). The nuclei of postmigratory 11.5-dpc
PGCs probably lack the majority of imprints (Szabó and Mann,
1995b), and these nuclei may not be able support normal develop-
ment on transplantation to oocytes; the failure may in part be due
to the lack of imprints (Kato et al., 1999; Lee et al., 2002). It should
be noted that the simple culture of ova can affect the methylation
and expression of imprinted genes (Doherty et al., 2000; Khosla
et al., 2001; Young et al., 2001), and this procedure is often em-
ployed in cloning procedures.

7.7. CONCLUSIONS, AND IMPLICATIONS
FOR STEM CELLS FROM ADULTS

It is apparent that ES and EG cells have abnormal imprinting
profiles, or changes in allele-specific methylation and expression

07/Mann/081-088/F 8/19/03, 11:51 AM85

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


86 MANN AND SZABÓ

patterns. The changes appear to be more significant in EG cells,
and this is probably due to their derivation from PGCs that have
undergone a significant amount of imprinting erasure, or are poised
to do so. Because some imprinted genes are involved in growth
and control of the cell cycle (e.g., Igf2, Igf2r, and Cdckn1c, and
their dysregulation is implicated in cancer (Schofield et al., 2001;
Plass and Soloway, 2002), caution needs to be exercised in using
ES and EG cells, and their differentiated derivatives, in therapeu-
tic strategies involving transplantation of these cells, or their dif-
ferentiated derivatives. Even greater caution should be exercised
in using ES cells derived from parthenogenetic blastocysts (Cibelli
et al., 2002), because these already have a highly abnormal
imprinting profile. Indeed, the use of such ES cells would seem to
offer no advantage; whether these cells have a higher level of
ethical acceptability must take into consideration that murine, and
therefore probably human parthenogenomes, can develop into
embryos with primitive brains, which is well beyond the legal
limit for human embryo experimentation in countries even with
liberal legislation. In human, this limit is 14 d, or the primitive-
streak stage (McLaren, 1985), which is equivalent to approx 7.5
dpc in the mouse. Stem cells derived from adult individuals could
also develop changes in their imprinting profile after extended
periods in culture—to date, there is no information in this regard.
Examination of the methylation status of ICRs and the expression
status of imprinted genes involved in control of growth and the cell
cycle would seem to be an important step in the assessment of stem
cell lines to be used in therapy. When allele-specific analyses are
not possible owing to the lack of polymorphisms, total methyla-
tion and expression levels can provide indications of allele-speci-
ficity—fifty percent methylation is usually taken to mean that one
allele is hypermethylated, while the other is hypomethylated, and
overexpression is often translated as biallelic expression.
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8 Stem Cells in Amphibian Regeneration

DAVID L. STOCUM, PhD

Salamanders, newts, and frogs can regenerate limbs, spinal cord, neural retinal and lens of the eye, cardiac muscle, and
so on from adult stem cells that dedifferentiate from differentiated cells at the site of injury and then differentiate in response
to signals derived from serum and adjacent tissues. Regeneration of the limb requires degradation of the extracelluar matrix,
which liberates osteocytes, chondrocytes, myofibers, Schwann cells, and fibroblasts to undergo dedifferentiation to form
a blastema in the presence of serum-derived thrombin. Proliferation and redifferentiation of the blastema cells to form a new
limb requires an overlying epidermis, which grows over the wound site, as well as regenerating nerves, which provide
fibroblast growth factors. This regeneration provides a prototype for the plasticity of adult tissue cells.

8.1. INTRODUCTION
All plants and animals reproduce, either asexually or sexually,

by means of stem cells. They also use stem cells to regenerate
throughout life. These adult stem cells are conventionally defined
as undifferentiated cells that divide asymmetrically to produce
another stem cell (self-renewal) and a cell of more restricted
potential that proliferates and differentiates into one or more func-
tional phenotypes. Certain invertebrates such as coelenterates and
flatworms reproduce asexually by fission. They can also regener-
ate whole animals from fragments obtained by transection, sug-
gesting that they use the same or similar mechanisms for asexual
reproduction and regeneration (Alvarado, 2000). In vertebrates,
regeneration is restricted to a few tissues whose cells are subject
to continual turnover, such as blood and lymphoid cells; epider-
mis; epithelial linings of the digestive and respiratory systems;
olfactory neurons; feathers; hair; and scales or sporadic injury,
such as liver, bone, muscle, and fingertips. Many vertebrate tis-
sues, however, respond to injury by forming scar tissue that com-
promises function in proportion to the extent of scarring. Despite
these restrictions, stem cells have been identified recently in sev-
eral mammalian tissues that do not regenerate spontaneously, sug-
gesting latent capacity for regeneration that has been suppressed
(Stocum, 2001).

Larval and adult urodeles (salamanders and newts) and anuran
(frogs and toads) tadpoles regenerate the same tissues as birds and
mammals (with the exception of hair, feathers, and scales!) via
conventional, undifferentiated adult stem cells. Unlike mammals,
however, they can regenerate the spinal cord from ependymal stem

cells (Chernoff, 1996; Benraiss, 1999). Most strikingly, amphib-
ians can also regenerate the neural retina (NR) and lens of the eye,
cardiac muscle, intestine, tail, jaws, and limbs (Stocum, 1995;
Brockes, 1997; Geraudie and Ferretti, 1998). The stem cells that
regenerate these tissues, however, are created in a unique way: by
the dedifferentiation (loss of phenotype-specific structure) of dif-
ferentiated cells at the site of injury. Depending on the tissue or
structure of origin, these dedifferentiated cells can be organized as
proliferating layers (NR), or as a blastema associated with (limb,
tail, jaws) or without (lens, tip of heart ventricle, intestine) an
epithelial covering. They may be unipotent, redifferentiating only
into the cell type of origin, or able to transdifferentiate into cell
types other than the one of origin. They are self-renewing, not in
the conventional sense, but in the sense that they can be produced
anew in successive rounds of regeneration.

Understanding the mechanisms that regulate stem cell produc-
tion by dedifferentiation is an important problem with significant
implications for regenerative medicine (Stocum, 2001). In this
chapter, I review the mechanism of production of stem cells by
dedifferentiation during the regeneration of amphibian limbs, NR,
and lens.

8.2. LIMB REGENERATION
8.2.1. ORIGIN OF STEM CELLS  The production of stem cells

by dedifferentiation has been most extensively studied in regener-
ating urodele limbs. The amputated limbs of salamanders and
newts regenerate via formation of a blastema of mesenchyme-like
stem cells under the wound epidermis that migrates over the
amputation surface (Fig. 1). The blastema is similar in form to that
of the early embryonic limb bud. It grows by stem cell prolifera-
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tion and differentiates into precisely the limb parts that were lost.
Irradiation experiments, and experiments in which labeled tissues
were grafted into the limb prior to amputation or into the early
blastema, revealed that the cells of the blastema are derived from
tissues local to the amputation plane. Butler and O’Brien (1942)
X-irradiated whole Ambystoma larvae while keeping a small seg-
ment of the limb shielded; conversely, they irradiated the same
segment while shielding the rest of the animal. The limbs were
then amputated through the irradiated or nonirradiated segment.
The limb regenerated only if the segment had been shielded, thus
demonstrating the origin of the blastema from cells in the imme-
diate vicinity of the amputation.

Formation of the blastema by dedifferentiation was conclu-
sively demonstrated by tracking labeled differentiated cells in
regenerating limbs. Steen (1968) grafted triploid long bone
cartilage into diploid limbs and demonstrated the presence of dedi-
fferentiated triploid cells in the blastema. Lo et al. (1993) micro-
injected the fluorescent lineage tracer rhodamine-conjugated

lysinated dextran into cultured newt myotubes derived by the
fusion of myoblasts that had proliferated in the presence of 3H-
thymidine, thus double labeling the myotubes (nucleus plus cyto-
plasm). The labeled myotubes were pelleted and implanted under
the wound epidermis of regenerating hind limbs, 3–7 d after
amputation through the femur. By the conical blastema stage
(Fig. 1), the myotubes had cleaved and proliferated to form hun-
dreds to thousands of undifferentiated, double-labeled
mononucleate cells, confirming previous electron microscopic
observations indicating that myofibers fragmented into
mononucleate cells that dedifferentiated and became part of the
blastema (Hay, 1959). Similar results were obtained with
myotubes labeled with a retrovirus expressing human alkaline
phosphatase, or with PKH26, a lipophilic tracker dye (Kumar
et al., 2000). Counts of triploid cells in blastemas derived from
diploid axolotl limbs in which the skin or cartilage was replaced
with triploid skin or cartilage showed that dermal fibroblasts con-
tribute 43% of the cells of the blastema, while cartilage contributes
only 2% (Muneoka et al., 1986). The remainder is derived from
nondermal connective tissue, myofibers, and Schwann cells, but
the percentages of these contributions are unknown. The percent-
age of contributions from these tissues in adult newt limbs may be
different, but this has not been examined. Labeled epidermal cells
do not contribute to the stem cells of the blastema (Riddiford,
1960; Namenwirth, 1974).

Several specific markers characterize the dedifferentiated
cells and wound epidermis of the blastema (Brockes, 1997;
Geraudie and Ferretti, 1998). The 22/18 antigen is an intermedi-
ate filament of unknown type that is associated with dedifferen-
tiated cells derived from muscle and Schwann cells. Keratins 8
and 18 are expressed in all the stem cells of the blastema. Another
type II keratin, Notopthalmus viridescens keratin (NvK) II, is
expressed in both dedifferentiated cells and wound epidermis.
Two antigens that appear to be actin-binding proteins, wound
epidermis (WE) 3 and 4, are expressed exclusively in the wound
epidermis (Tassava et al., 1993). The function of all these pro-
teins in regeneration is unknown.

8.2.2. MECHANISM OF STEM CELL FORMATION
8.2.2.1. Degradation of Extracellular Matrix  On amputa-

tion, the extracellular matrix (ECM) of bone, cartilage, muscle,
nerve sheath, and dermal tissue is degraded, liberating osteocytes,
chondrocytes, myofibers, Schwann cells, and fibroblasts from
their tissue organization. The liberated cells then undergo dedif-
ferentiation to become mesenchyme-like stem cells. Degradation
of the ECM is accomplished by proteases. These include acid
hydrolases such as cathepsin D and acid phosphatase (Ju and Kim,
1998), β-glucuronidase and carboxylic ester hydrolases (Schmidt,
1966), as well as matrix metalloproteinases (MMPs) such as MMP
2 and 9 (gelatinases) and MMP3/10a and b (stromelysins) (Grillo
et al., 1968; Dresden and Gross, 1970; Miyazaki et al., 1996; Park
and Kim, 1999; Yang et al., 1999). MMPs are secreted in proen-
zyme form and must themselves be activated by other proteases.
The most likely protease to do this in regenerating limbs (and
other regenerating tissues?) is plasmin, which is itself derived
from plasminogen by the action of tissue plasminogen activator,
a serine protease in the blood. Plasmin can convert both pro-
collagenases and prostromelysins to their active forms. Thus, it
might be expected that high levels of tissue plasminogen activator
and plasmin would be present during blastema formation, but this
hypothesis has not yet been tested.

Fig. 1. Light micrograph of longitudinal section through regenerat-
ing axolotl forelimb amputated 7 d previously through the distal
radius and ulna. Hematoxylin and eosin (×100). The blastema is a
conical mass of stem cells derived by dedifferentiation of cartilage,
muscle, dermal, and Schwann sheath cells. Note the thickened cap
of apical wound epidermis (arrow) at the tip of the blastema. Signals
from the wound epidermis and the nerves that have regenerated into
the blastema (which cannot be seen) keep the stem cells in a dedi-
fferentiated and proliferating state until redifferentiation/
transdifferentiation sets in. R, radius; U, ulna.
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Acid hydrolases are released after amputation from injured and
dying cells, and by chondroclasts and osteoclasts, which degrade
cartilage and bone matrix in regenerating limbs (Stocum, 1979).
The cell types that produce MMPs and perhaps other proteases
have not been clearly defined, but candidates are macrophages,
the wound epidermis, and the blastema stem cells themselves. The
matrix of the mature limb is replaced by a more limb bud–type
matrix rich in collagen I, hyaluronate, and fibronectin (Stocum,
1995). Matrix degradation ceases coincident with the start of dif-
ferentiation in the growing blastema. The cessation of matrix deg-
radation involves the downregulation of acid hydrolases and
MMPs (Miyazaki et al., 1996; Ju and Kim, 1998; Park and Kim
1999; Yang et al., 1999), and is likely to involve the upregulation
of tissue inhibitors of metalloproteases, though expression of these
inhibitors has not yet been examined.

8.2.2.2. Mechanism of Dedifferentiation  What is the
mechanism of dedifferentiation, once a cell is released from its
tissue organization? Altered cell shape and soluble factors in serum
at the wound site, appear to play important roles. Cells of intact
tissues are under tension due to their connections to ECM mol-
ecules by adhesion molecules such as integrins. Proteolytic deg-
radation of the ECM would break these contacts, leading to
changes in cell shape and reorganization of the cortical cytoskel-
eton. This reorganization could, in turn, activate signal transduc-
tion pathways that induce the upregulation of genes encoding
enzymes (“dedifferases”) that dismantle the internal structure of
cells, as well as the downregulation of phenotype-specific pro-
teins. Consistent with this idea, the ECM molecules tenascin,
osteonectin, and thrombospondin promote reorganization of the
actin cytoskeleton in cultured bovine arterial endothelial cells by
modulating adhesive contacts (Sage and Bornstein, 1991).
Tenascin is known to be upregulated in regenerating newt limbs
(Onda et al., 1991). Furthermore, gelatinase A (GL-A), an MMP
involved in connective-tissue remodeling and tumor invasion, is
activated in cultured fibroblasts when they are treated with cyto-
chalasin D. The activation is mediated by a membrane-type MMP
that cleaves the GL-A propeptide (Tomasek et al., 1997).

8.2.2.3. Muscle Dedifferentiation  The production of blast-
emal stem cells from myofibers is of particular interest because of
its complexity compared to other cell types. Myofibers are multi-
nucleate and must somehow produce mononucleate cells while
disassembling a complex contractile apparatus, as well as reenter-
ing the cell cycle. Other cell types in the limb are already
mononucleate and their structure is not as highly differentiated as
that of the myofiber. The reentry of myonuclei into the cell cycle
and the cellularization of myofibers have both been the subject of
recent analysis.

8.2.2.3.1. Reentry of Myonuclei into Cell Cycle  Serum
factors appear to play an important role in the reentry of newt
skeletal muscle nuclei into the cell cycle. Serum from a variety
of animals contains a variety of growth factors that stimulate
cultured newt and mouse myoblasts to enter S by promoting
phosphorylation of the retinoblastoma (Rb) protein, leading to
release of E2F transcription factors that activate genes essential
for DNA synthesis. Serum-stimulated Rb phosphorylation and
entry into S phase is also observed in the nuclei of cultured newt
myotubes, but not in the nuclei of mouse C2C12 myotubes
(Tanaka et al., 1997). However, the same growth factors that
stimulate DNA synthesis in both newt and mouse myoblasts are
unable to do so in newt myotubes, suggesting that serum contains

another kind of factor that stimulates DNA synthesis in these
multinucleate cells.

Fractionation of serum and testing of the fractions on cultured
myoblasts and myotubes revealed that the crude thrombin fraction
contained the stimulatory activity (Fig. 2). The activity of this
fraction was abolished by incubating it with thrombin inhibitors
such as hirudin. The crude thrombin fraction was further separable
into two peaks (Fig. 2). Peak 1 had the stimulatory activity; further
fractionation of this peak yielded pure thrombin. Using a
fluorogenic substrate on cryostat sections of regenerating newt
limbs, thrombin activity was demonstrated to be elevated during
the dedifferentiation stage and was abolished when the sections
were incubated with thrombin inhibitors (Tanaka et al., 1999).

Thrombin does not act directly on newt myotubes, however,
but indirectly through a serum protein activated by thrombin
(Tanaka et al., 1999). This was shown by the fact that neither crude
thrombin preparations nor pure thrombin could elicit DNA syn-
thesis in cultured newt myotubes unless serum was also present.
The protein was shown to reside in the second peak of the fraction-
ated crude thrombin (Fig. 2). This peak retained 40% of the stimu-
latory activity of the crude thrombin fraction under serum-free
conditions (Tanaka et al., 1999). The action of the protein seems
to be specific to newt myotubes. Both serum and the crude throm-
bin fraction promote complete cell cycling in newt and mouse
myoblasts, but neither the peak one nor two fractions have any
effect on myoblasts.

Newt myotubes are thus clearly different from mouse myotubes
in the ability to receive and transduce a signal provided by a throm-
bin-activated protein in serum that leads to cell-cycle entry and
DNA synthesis. The protein is both necessary and sufficient to
stimulate newt myotube nuclei to enter S phase, but it is not suf-
ficient to drive them through mitosis; the nuclei arrest in the
G2 phase of the cycle. Mouse myonuclei will synthesize DNA in
response to serum stimulation, however, if they are part of a het-
erokaryon made by fusing C2C12 and newt myoblasts (Velloso
et al., 2001). These observations suggest that mouse myotubes and
newt and mouse myoblasts do not respond to the serum protein
because they either lack the receptor for the protein, have an inac-
tive receptor, or lack components of the transduction system that
lead to Rb phosphorylation. So far, the protein has escaped iden-
tification, but it is not any of the usual substrates associated with
the blood-clotting function of thrombin (Tanaka et al., 1999).

Fig. 2. Diagram illustrating effects of two serum (S) fractions (1 and 2),
purified thrombin (T), and a purified protein activated by thrombin
(AP in square) on mouse myotubes and myoblasts, and on newt
myotubes. Purified thrombin activates the protein when incubated with
serum (+S) and stimulates newt myotube nuclei (but not mouse myotube
or myoblast nuclei) to synthesize DNA. Fraction 2 contains the already
activated protein, which stimulates DNA synthesis in newt myotubes in
the absence of serum.
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8.2.2.3.2. Relationship of Cell-Cycle Reentry to Cellulari-
zation  A major question is, Is reentry into the cell cycle of newt
myofiber nuclei during regeneration mechanistically coupled to
the cleavage of myofibers into mononucleate cells? To investigate
this potential interdependence, cultured myotubes were either
X-irradiated or transfected with the p16 gene for cyclin-dependent
kinase 4/6 inhibitor to inhibit serum-stimulated entry into S phase
(Velloso et al., 2000). The inhibited myotubes were then labeled
with fluorescein-dextran and implanted into limb blastemas along
with control myotubes labeled with Texas Red-Dextran. Both
control and experimental myotubes formed mononucleate cells,
but only control cells synthesized DNA and underwent mitosis, as
measured by incorporation of bromodeoxyuridine, indicating that
myotube cellularization and entry into the cell cycle are indepen-
dent of one another.

While serum factors are sufficient to drive the nuclei of cul-
tured newt myotubes into S, the cell cycle is not completed unless
the myotubes cleave into mononucleate cells. The mechanism of
cellularization is not clear, but it would appear that mononucleate
cell status is obligatory for completion of the cell cycle. Thus, it
would be predicted that the thrombin-activated serum protein is
sufficient to trigger complete cycling in mononucleate cells from
nonmyogenic limb tissues.

2.2.3.3. Newt Mechanisms are Partly Conserved in
Mouse Myotubes  Although mouse myofibers do not cellularize
and dedifferentiate after injury in vivo, they have the latent abil-
ity to do so, as shown by two experimental manipulations of
C2C12 myotubes in vitro. The first is transfection of the
myotubes with the gene msx1, which is expressed in the undiffer-
entiated limb bud mesenchyme and in the regeneration bllastema
(Hill, 1989; Robert et al., 1989; Crews et al., 1995; Simon et al.,
1995) and inhibits myogenesis in vitro when expressed
ectopically in cultured mouse myoblasts (Song et al., 1992;
Woloshin et al., 1995). Forced expression of msx1 in cultured
C2C12 myotubes induces morphological and molecular dedif-
ferentiation, reducing the expression of muscle regulatory pro-
teins to undetectable levels in 20–50% of the myotubes (Odelberg
et al., 2001). About 9% of the dedifferentiated myotubes cleave
to produce either smaller multinucleated myotubes or proliferat-
ing mononucleate cells. Clonal populations of these mono-
nucleate cells are multipotent, able to differentiate in vitro
into cells that express chondrogenic, adipogenic, myogenic, and
osteogenic molecular markers, like mesenchymal stem cells
(MSCs) of the bone marrow stroma (Pittinger et al., 1999;
Odelberg et al., 2001).

The second experimental manipulation is morphological dedi-
fferentiation of C2C12 myotubes induced by extract derived from
amputated newt limbs undergoing dedifferentiation (McGann
et al., 2001). Muscle differentiation proteins were reduced to
undetectable levels in 15–30% of the treated myotubes, and 18%
exhibited entry of nuclei into S phase. Eleven percent of the
myotubes cleaved and about 50% of these continued cleaving to
produce proliferating mononucleated cells. Control myotubes
exposed to extract of unamputated limbs did not cleave and dedi-
fferentiate. These data indicate that the newt regeneration extract
supplies the mouse myotubes not only with the thrombin-activated
signal for entry into S phase, but also something that enables
reception of the signal or activation of signal transduction path-
ways leading to cleavage and dedifferentiation. Regardless of the
mechanism involved, it is clear that a large part of the dedifferen-

tiation potential of amphibian myofibers is conserved in mamma-
lian myotubes and perhaps other mammalian cell types.

8.2.3. PROLIFERATION OF BLASTEMA STEM CELLS
8.2.3.1. Wound Epidermis and Nerves are Required for

Proliferation  Continuous- and pulse-labeling studies with
3H-thymidine indicate that >90% of blastemic cells will ultimately
cycle during the regeneration of either larval or adult regenerating
limbs. The actively cycling fraction of cells at any given time is
lower in adult limbs, however, thus partly accounting for the fact
that regeneration of adult limbs takes longer (Goldhamer and
Tassava, 1987; Tomlinson and Barger, 1987). Proliferation of
blastemic cells depends on factors contributed by the wound epi-
dermis, regenerating nerves, and blastemic mesenchymal cells
themselves. In newts and larval Ambystoma, denervation of the
blastema at any time results in cessation of growth (Schotte and
Butler, 1941; Singer and Craven, 1948). Preventing contact
between the wound epidermis and underlying blastemic stem cells
results in a decrease in proliferation. This inhibition of prolifera-
tion is always accompanied by an inability to complete the
proximodistal pattern of the regenerate (Stocum and Dearlove,
1972) and premature differentiation of cartilage (Globus et al.,
1980), suggesting that the epidermis provides signals essential for
maintaining blastemic stem cells in a dedifferentiated state.
The Msx-2 gene may have this function, because it is strongly
expressed in the wound epidermis of regenerating axolotl limbs
(Carlson et al., 1998). Other genes encoding known inhibitors of
differentiation that are upregulated in the wound epidermis of the
regenerating newt limb are the helix-loop-helix (HLH) genes Id2
and HES1. A third inhibitor of differentiation gene, Id3, is
expressed equally in the blastemal epidermis and mesenchyme
(Shimizu-Nishikawa et al., 1999).

8.2.3.2. Fibroblast Growth Factors are Important Regula-
tors of Blastemal Stem Cell Proliferation  The wound epidermis
and the nerves promote the proliferation of blastema stem cells
through members of the fibroblast growth factor (FGF) family.
Several FGFs are able to substitute for the outgrowth-promoting
effect of the apical ectodermal ridge in chick embryos (Niswander
et al., 1994; Fallon et al., 1994). FGF-1, -2, and -8 are expressed in
the axolotl distal limb bud ectoderm and apical epidermis of
the regenerating limb (Boilly et al., 1991; Mullen et al., 1996; Han
et al., 2001). FGF-1 and FGF-2 elevate the mitotic index of blast-
ema mesenchyme in the absence of nerves or epidermis in vitro
(Albert et al., 1987), or in vivo (Chew and Cameron, 1983). FGFR-
1 (receptor for FGF-1, -2, -4) is expressed in the blastemal mesen-
chyme of regenerating newt limbs, but not the wound epidermis,
whereas the keratinocyte growth factor receptor (KGFR) variant of
FGFR-2 (receptor for FGF-1, -7) is expressed in the wound epider-
mis and the bek variant (receptor for FGF-2, -8) is expressed in the
mesenchyme (Poulin et al., 1993; Poulin and Chiu, 1995). FGF-8
is expressed in the apical wound epidermis and FGF-10 in the
mesenchyme of regenerating hind limbs in Xenopus tadpoles, but
not in the amputated hindlimbs of tadpoles approaching metamor-
phosis, which fail to regenerate (Yokoyama et al., 2001). Although
FGF-8 is essential for normal limb development (Kuhlman and
Niswander, 1997; Meyers et al., 1998), exogenously supplied FGF-
8 does not promote any substantial regeneration in regeneration-
incompetent Xenopus limbs. Exogenous FGF-10 restores the
regeneration of foot structures while simultaneously inducing
expression of FGF-8 in the apical epidermal cap, but fails to restore
more proximal elements (Yokoyama et al., 2001). FGFR-1 and
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FGFR-2 are expressed in the wound epidermis and blastemal mes-
enchyme of regeneration-competent, but not regeneration-incom-
petent, Xenopus hind limbs, and antibodies to these receptors
inhibit regeneration in regeneration-competent limbs (D’Jamoos
et al., 1998). These observations indicate that FGF-10 and FGF-8
are key molecules in the regeneration of Xenopus hind limbs, and
that the expression of FGF-8 is dependent on FGF-10. They also
suggest that other members of the FGF family, or growth factors
outside this family, are necessary for complete regeneration.

Other molecules synthesized by the apical wound epidermis
that might play a role in blastema cell proliferation are an uniden-
tified antigen called 9G1 (Onda and Tassava, 1991) and the prod-
uct of the Dlx-3 gene, a homeobox homolog of Drosophila
distal-less, which is required for leg outgrowth in the fly (Cohen
and Jurgens, 1989). Expression of 9G1 is downregulated by den-
ervation, but this was shown to be through an effect of the nerves
on the blastemic mesenchyme (Onda and Tassava, 1991). Dlx-3 is
strongly expressed in the wound epidermis of regenerating axolotl
limbs and tail. Expression peaks just prior to redifferentiation and
decreases to zero by late digit stages (Mullen et al., 1996).

FGF-2 is also present in the nerves reinnervating the blastema
of regenerating axolotl limbs and is downregulated in response to
denervation. FGF-2 can substitute for the nerve in denervated
limbs when delivered in beads implanted into early blastemas,
allowing regeneration to progress to digit stages (Mullen et al.,
1996). The expression of FGF-2 and Dlx-3 by the wound epider-
mis may be dependent on the nerves. Sensory nerves reinnervating
the blastema extend into the epidermis. Denervation down-
regulates the expression of both FGF-2 and Dlx-3 in the wound
epithelium during nerve-dependent stages of regeneration. Dlx-3
expression is not affected by denervation in nerve-independent
stages; whether or not FGF-2 expression is affected is unknown
(Mullen et al., 1996). Whether denervation affects the expression
of FGF-2 and Dlx-3 in the wound epidermis directly or through
effects on the blastemic mesenchyme is also unknown. Other
molecules that may be essential for the neurotrophic activity are
glial growth factor (Brockes, 1984), substance P (Globus, 1988),
and transferrin (Mescher, 1996). The growth-promoting activity
of neural extracts on organ cultures of denervated axolotl blast-
emas is completely removed by antitransferrin antiserum and
restored by purified axolotl transferrin (Mescher et al., 1997).

8.2.4. PLASTICITY OF BLASTEMA STEM CELLS  As they
continue to proliferate, the stem cells of the blastema withdraw
from the cell cycle in a proximal-to-distal wave and differentiate
to restore the original pattern and structure of the missing limb
segments. During this process, fibroblasts and myogenic cells
transdifferentiate into cartilage and cartilage transdifferentiates
into fibroblasts of a variety of connective tissues, and perhaps into
muscle, as shown by grafting experiments employing labeled cells.

X-irradiated axolotl limbs in which triploid skin was grafted
in place of the normal diploid skin produced blastemas com-
posed entirely of triploid stem cells after amputation (Dunis and
Namenwirth, 1977). The triploid stem cells, which were derived
from dermal fibroblasts, transdifferentiated into chondrocytes to
provide the regenerate skeleton but did not transdifferentiate into
muscle. Steen (1968) showed that blastemic stem cells derived
from triploid cartilage grafted into diploid axolotl hosts differen-
tiated only into chondrocytes. However, a large fraction of the
regenerated skeleton was composed of diploid cells, indicating
that stem cells from nonskeletal tissues had transdifferentiated

into chondrocytes. The same result was obtained with limbs con-
taining triploid muscle grafts, suggesting that stem cells derived
from muscle transdifferentiate into chondrocytes during regen-
eration. To determine whether these cells were derived from
mysial sheaths, myofibers, or both, Casimir et al. (1988) used as
markers two hypomethylated sites on newt DNA encoding the
heavy myosin chain of cardiac and skeletal muscle, called “hypo
A” and “hypo B.” In the unamputated limb, hypo A is more
highly represented in skeletal and cardiac muscle DNA, and in
the DNA of cultured myogenic cells, while hypo B is represented
in muscle (myogenic plus connective tissue) DNA, but is not
represented in the DNA of cultured myogenic cells. Thus, hypo
A was used as a marker for myogenic cells, and hypo B as a
marker for connective-tissue cells. DNA from the cartilage of
limb regenerates exhibited elevated levels of both markers over
that of the unamputated limb skeleton, suggesting that both con-
nective-tissue fibroblasts and myogenic cells transdifferentiate
into chondrocytes during regeneration. Other evidence indicates
that blastemic stem cells derived from myofibers can give rise to
nonmuscle cells. Myofibers from a nucleolar mutant of Xenopus
(1-nu) gave rise to chondrocytes and other cell types during re-
generation after implantation into wild-type Xenopus tadpole
hind limbs, as did rhodamine-conjugated lysinated dextran and
3H-T-labeled newt myotubes implanted under the wound epider-
mis of regenerating newt limbs (Steen, 1973; Lo et al., 1993).
Consistent with these results, isolated muscle from the medusa
Podocoryne carnea can transdifferentiate into nine different
nonmuscle cell types (Schmid and Alder, 1984; Alder and
Schmid, 1987), and clonal myoblasts from late embryonic rat or
chick embryos differentiate as chondrocytes when cultured on
demineralized bone matrix (Nathanson, 1979).

Skeletal cells can also transdifferentiate into nonskeletal cells.
Triploid cartilage grafted in place of the cartilage of X-irradiated
diploid limbs transdifferentiated into perichondrium, and fibro-
blasts of joint connective tissues, dermis, and skeletal muscle
connective tissue (Namenwirth, 1974). Blastemic cells derived
from cartilage implanted into X-irradiated limbs were reported
to transdifferentiate into muscle (Maden and Wallace, 1975;
Desselle and Gontcharoff, 1978), although it is possible that the
muscle was derived from host myogenic cells that migrated to
the amputation site from more proximal locations (Hinterberger
and Cameron, 1990).

8.3. NR AND LENS REGENERATION  The embryos of sev-
eral vertebrate species, including fish, frogs, birds, and rats, as
well as the tadpoles of the anuran Xenopus laevis and the adult
newt, can regenerate the lens and NR (Reyer, 1977; Stroeva and
Mitashov, 1983; Park and Hollenberg, 1993; Mitashov, 1996).
Regeneration is accomplished by the dedifferentiation of pig-
mented retinal or corneal epithelial cells to stem cells that prolif-
erate and then transdifferentiate into NR or lens cells. Members of
the FGF family play a prominent role in regeneration of the NR
and lens, as they do in limb regeneration.

8.3.1. LENS REGENERATION
8.3.1.1. Dedifferentiation and Transdifferentiation of Pig-

mented Epithelial Cells  The newt is the only adult urodele and
X. laevis tadpoles are the only anurans that can regenerate the lens.
The newt regenerates the lens from pigmented epithelial cells of
the dorsal iris after lensectomy (Fig. 3) or, if the dorsal iris is
missing, from the retinal pigmented epithelium (RPE) (Reyer,
1977; Stroeva and Mitashov, 1983; Mitashov, 1996). Xenopus
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tadpoles regenerate the lens from the inner corneal epithelium
(Freeman, 1963); this is associated with degradation of the ECM
by MMPs, as in regenerating limbs (Carinato et al., 2000). The
capacity for lens regeneration in the newt iris declines from dorsal
to ventral. Pieces of ventral iris fail to form lens under experimen-
tal conditions in which dorsal iris readily regenerates lens (Reyer,
1977). The cells of the ventral iris, however, have not lost the
capacity for lens regeneration, because they can form lens when
dissociated and cultured in vitro (Eguchi, 1998).

The earliest effect of lensectomy in the newt eye appears to be
an increased synthesis of RNA by the amplification of rRNA genes
and their increased rate of transcription, 2 d after operation (Reese
et al., 1969; Collins, 1972). Dedifferentiation and proliferation has
begun by 4 d (Yamada and Roesel, 1969, 1971; Reyer, 1971).
Expression of the c-myc proto-oncogene is enhanced, as expected,
by increased proliferative activity (Agata et al., 1993). The cells
take on an irregular shape and eliminate melanosomes, which are
phagocytized by macrophages that invade the iris epithelium
(Eguchi, 1963; Yamada and Dumont, 1972; Reyer, 1982, 1990 a,
b). The numbers of mitochondria, free ribosomes, and microfila-
ments increase (Reyer, 1977). Proteoglycans are lost from the
surface of dedifferentiating dorsal iris cells (Zalik and Scott, 1972,
1973). Eguchi (1998) identified a specific-cell surface glycopro-
tein, 2NI-36, that disappears from the surface of dorsal, but not
ventral, iris cells. Ventral iris treated with antibody to this antigen
and implanted into a lentectomized eye can regenerate a lens. These
observations suggest that the disappearance or inhibition of 2NI-
36 is necessary and sufficient to trigger dedifferentiation of pig-
mented epithelial cells. 2NI-36 is also found in many other tissues
of the newt, including the RPE, and has been postulated to exert a
general stabilizing effect on differentiation (Imokawa and Eguchi,
1992; Imokawa et al., 1992).

With continued proliferation, the dedifferentiated dorsal iris
cells transdifferentiate into lens epithelial cells that express α and
β crystallins, forming a small lens vesicle at the edge of the dorsal

iris (Yamada and McDevitt, 1974). The lens epithelial cells facing
the retina subsequently withdraw from the cell cycle, express γ
crystallins, and differentiate into lens fibers (Takata et al., 1966;
Eguchi, 1967). The new lens enlarges to normal size by the con-
tinuing division of lens epithelial cells and their differentiation
into lens fibers.

Lens regeneration requires a non-species-specific interaction
of the dorsal iris with the NR. Fragments of dorsal iris cultured
in the dorsal fin or brain ventricle (Reyer et al., 1973) or isolated
in vitro (Yamada, 1973) do not regenerate lens, although the
cells sometimes undergo depigmentation. Newt dorsal iris cul-
tured in vitro with frog NR regenerates lens, whereas newt ven-
tral iris does not (Yamada et al., 1973). Xenopus corneal tissue
will not form lens when isolated in vitro but will do so when
cultured with NR (Bosco et al., 1993). During embryonic devel-
opment, the optic vesicle exerts a late inductive influence on
presumptive lens ectoderm. Both lens and nonlens embryonic
ectoderm implanted into the cavity of mature lensectomized
Xenopus eyes is stimulated to form lens cells in a fashion resem-
bling the embryonic induction by the optic vesicle (Henry and
Mittleman, 1995). Because the dorsal iris or cornea does not
regenerate lens unless the lens is removed, it has been proposed
that the lens produces a factor that normally inhibits iris or cor-
neal cells from dedifferentiating. The evidence for such a factor,
however, is conflicting (Reyer, 1977).

8.3.1.2. Regulation of Lens Regeneration by FGF  Several
lines of evidence suggest that the lens regeneration–promoting
factor produced by the NR may be FGF-1. FGF-1 transcripts are
expressed in the intact eye and are upregulated in regenerating lens
cells of newts (Del-Rio Tsonis et al., 1997). FGF-1 stimulates
cultured newt dorsal iris and Xenopus corneal cells to transdiffer-
entiate into lens cells, although this transformation is not associ-
ated with the formation of a normally organized lens (Cuny et al.,
1986; Bosco et al., 1997). FGF-2 does not have this effect in vivo
(Del-Rio Tsonis et al., 1995), but it can induce the transdiffer-

Fig. 3. Diagram of regenerating lens and NR in the adult newt eye after lentectomy or degeneration of NR. I, peripheral zone; II central zone
of the retina. The peripheral part of the NR regenerates from precursor neuroepithelial cells in the ora serrata (1). The large, central part of the
retina (2) regenerates from the retinal pigmented epithelium (3). The lens (5) regenerates from the dorsal iris (4). (Reproduced with permission
from Mitashov, 1996.)
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entiation of chick RPE cells to lens cells in vitro (Mochii et al.,
1998). Exogenous FGF-1, which binds to FGFR-1 and to the
KGFR variant of FGFR-2, and FGF-4, which binds to the bek
variant of FGFR-2, cause structural abnormalities in regenerating
newt lenses when applied via implanted beads, a result similar to
that seen in the developing lenses of FGF transgenic mice (Del-
Rio Tsonis et al., 1997).

In situ hybridization experiments have shown that transcripts
for FGFR-1 are expressed in the NR and lens epithelium of the
intact adult newt eye. After lensectomy, expression of the FGFR-
1 gene is maintained in the retina but is upregulated during dedi-
fferentiation of dorsal iris cells and throughout their
transdifferentiation into lens cells (Del-Rio Tsonis et al., 1998).
Transcripts are also expressed in the ciliary body and the ventral
iris, although at a lower level than in the dorsal iris. A similar
pattern of expression of FGFR-2 and FGFR-3 is observed in the
intact eye and regenerating lens (Del-Rio Tsonis et al., 1997).
Despite the widespread expression of FGFR-1 transcripts,
immunostaining showed that the FGFR-1 protein is confined to
the dedifferentiating cells of the newt dorsal iris that form the
lens, indicating that expression of the gene is regulated at the
level of translation (Del-Rio Tsonis et al., 1998). A further indi-
cation of the central importance of FGFR-1 (and FGF-1) is that
lens regeneration is inhibited by SU5402, a 3-substituted indolin-
2-one that specifically inhibits the autophosphorylation, and thus
activation, of this receptor (Del-Rio Tsonis et al., 1998).
McDevitt et al. (1997) examined by immunoblotting the protein
expression patterns of FGFR-2 and -3, as well as FGFR-1. They
reported no regional, temporal, qualitative, or quantitative dif-
ferences for FGFR-1 and -2 expression. A higher level of FGFR-
3, however, was observed in intact dorsal iris and in dorsal iris
cells as they engage in lens regeneration.

8.3.1.3. Transcription Factors Regulating Lens Regenera-
tion  Several transcription factors are crucial to lens regeneration.
pax-6, a master gene for eye development, is expressed in the
intact retina of the adult newt, and in the cells of the dorsal iris that
form new lens at all stages of lens regeneration. Expression of pax-
6 is also observed in the developing retina and lens of the embry-
onic and larval axolotl (Del-Rio Tsonis et al., 1995). The
expression patterns of pax-6 and Mitf, which encodes a basic HLH-
leucine zipper protein, are complementary in chick embryo pig-
mented epithelial cells, both in vivo and in vitro. Overexpression
of Mitf inhibits FGF-2-induced dedifferentiation and trans-
differentiation of cultured chick pigmented epithelial cells
to lens cells, and simultaneously inhibits expression of pax-6.
Although not yet demonstrated in amphibians, these results sug-
gest that the negative regulation of pax-6 by Mitf is a crucial event
in preventing lens regeneration, i.e., maintaining the differentia-
tion of dorsal iris cells (Mochii et al., 1998). This idea is further
strengthened by the fact that the axolotl cannot regenerate the lens
at older stages of development, an inability that is correlated with
a decline in the expression of pax-6 (Del Rio-Tsonis et al., 1995).

8.3.1.4. Retinoic Acid and Lens Regeneration  Eye devel-
opment, including the lens, is highly dependent on retinoic acid
(RA) signaling through its nuclear RA receptors (RARs). The
RARs and Pax-6 activate expression of the αB crystallin gene. RA
signaling is dependent on Pax-6, as shown by the fact that in mice
mutated for pax-6, RA signaling in the eye is decreased and the
developing lens cannot respond to exogenous RA (Enwright and
Grainger, 2000). Inhibition of RA synthesis by disulfiram, or RAR

function by the RAR antagonist 193109, resulted in the inhibition,
retardation, or abnormal morphogenesis of regeneration, although
in some cases ectopic lenses regenerated from the ventral iris or
the cornea (Tsonis et al., 2000). Collectively, these observations
suggest that RARs and Pax-6 act together in promoting the dedi-
fferentiation and transdifferentiation of dorsal iris cells to lens
cells, but that elsewhere in the eye (ventral iris and cornea) RARs
function to inhibit ectopic lens regeneration. RAR-δ, which medi-
ates proximodistal positional effects of RA in regenerating newt
limbs (Pecorino et al., 1996), may also mediate the effects of RA
on lens regeneration. RAR-δ transcripts are expressed at low lev-
els in the ganglion cell layer of the retina, but not elsewhere in the
eye. After lensectomy the RAR-δ gene is expressed in the dedif-
ferentiated cells that form the new lens vesicle, and the level of
expression increases to its highest level during lens fiber differen-
tiation (Tsonis et al., 2000).

8.3.2. NR REGENERATION
8.3.2.1. Dedifferentiation and Transdifferentiation of Pig-

mented Epithelial Cells  Cutting the optic nerve and blood ves-
sels to the eye in adult newts and anuran tadpoles results in
degeneration of the NR, followed by its regeneration by dediffer-
entiated RPE and ciliary body (ora serrata) cells (Fig. 3), which
also act as scavengers to clean up cell debris (Klein et al., 1990;
Mitashov, 1996; Raymond and Hitchcock, 1997). The dedifferen-
tiated cells organize into layers, with those cells next to the choroid
layer redifferentiating as RPE cells to maintain the pigmented
retina, while those cells facing the vitreous chamber trans-
differentiate into the different NR cell layers: ganglion cell layer,
inner and outer nuclear layers, and photoreceptor layer (Stone,
1950; Keefe, 1973a, b, c; Levine, 1977; Reyer, 1977). The optic
nerve is reformed by regenerating ganglion cell axons that project
correctly to the optic tectum, allowing recovery of vision (Sperry,
1944; Gaze, 1959).

Dedifferentiation of RPE cells involves changees in their shape,
internal structure, and gene activity, regulated by the ECM and
soluble signals. RPE cells change shape from cuboidal to colum-
nar within 2 d after removal or destruction of the NR, followed
over the next week by cell enlargement and depigmentation by
extrusion of melanosomes, which are removed by phagocytic cells.
Although not well-studied, it is likely that the change in shape of
the RPE cells is related to enzymatic ECM breakdown and loss of
epithelial cell–cell contacts and that these shape changes lead to
melanosome extrusion and altered patterns of gene activity through
reorganization of the cytoskeleton, as postulated for dedifferenti-
ating limb cells. Laminin appears to be an important regulator of
NR regeneration. Dedifferentiation and transdifferentiation of
Rana tadpole RPE cells is promoted by growing them on a laminin
substrate in vitro (Reh et al., 1987). During the in vivo regenera-
tion of NR in Rana tadpoles, the first new NR cells arise in asso-
ciation with the vitreal vascular membrane (Reh and Nagy, 1987),
which contains a high concentration of laminin (Reh et al., 1987).

8.3.2.2. Regulation of NR Regeneration by FGF  FGF-2, as
well as nerve growth factor (NGF), insulin-like growth factor-1
(IGF-1) and IGF-2, and transforming growth factor-β (TGF-β),
are expressed in the eye tissues of birds and mammals (Noji et al.,
1990; Park and Hollenberg, 1993). Studies on chick embryos sug-
gest that FGF-2 is an important signaling molecule in NR regen-
eration. During optic cup formation in stage 9 to 10 embryos, the
prospective RPE (outer layer of the optic cup) differentiates as NR
if its contact with the prospective NR (inner layer of the optic cup)
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is broken (Orts-Lorca and Genis-Galvez, 1960), suggesting that
the prospective NR normally inhibits the prospective RPE from
differentiating as NR. By stage 22–24, the RPE and NR are differ-
entiated and the RPE will not form NR when the NR is completely
removed. However, the RPE can be stimulated to regenerate the
NR by implanting a piece of NR back into the vitreous chamber
(Coulombre and Coulombre, 1965, 1970) or by implanting blocks
of ethylene/vinyl coacetate polymer impregnated with 10 ng of
FGF-2 or, at higher concentrations, FGF-1 (Park and Hollenberg,
1991). In both cases, the polarity of the regenerated NR is
reversed, with the photoreceptor layer facing the implant, imply-
ing that RPE cells experiencing the highest concentration of FGF
become photoreceptors. Incubation of stage 9 to 10 chick optic
vesicles in medium containing FGF-2 also induced the prospec-
tive RPE to differentiate as NR, producing an eye with two NRs of
normal polarity (Pittack et al., 1997). FGF-2 has also been shown
to induce RPE cells to form NR cells in vitro (Pittack et al., 1991).

Collectively, these results suggest that during chick embryo-
genesis the RPE and NR exert a reciprocal inhibitory effect on one
another. The NR prevents the RPE from becoming NR through as-
yet unidentified signals, while the RPE prevents the NR from pro-
ducing FGF-2. If the NR is separated from the RPE or removed and
a piece put back, it produces FGF-2, which stimulates RPE cells
to regenerate NR. Because in amphibians the RPE regenerates the
NR after complete destruction of the original NR, either no FGF
signal is required for regeneration; or enough FGF is released from
the degenerating NR, or the RPE is released from an inhibitory
influence of the NR and itself produces FGF, which acts in an
autocrine fashion. Although FGFRs are expressed in the intact
retina of the adult newt, there are no data on expression of FGFs
or receptors in the regenerating amphibian NR.

8.3.2.3. Other Signaling Molecules and Transcription
Factors that Regulate NR Regeneration  Identification of other
signaling molecules and transcription factors involved in dedif-
ferentiation, proliferation, and transdifferentiation of RPE cells
is just beginning. Overexpression of Mitf has the same inhibitory
effects on FGF-2-induced dedifferentiation and transdiffer-
entiation of cultured chick RPE cells into NR cells as it does on
their dedifferentiation and transdifferentiation into lens cells
(Mochii et al., 1998). Conversely, induction of dedifferentiation
and transdifferentiation of RPE cells by FGF-2 inhibits Mitf
expression. These observations suggest that downregulation of
this gene might be essential for NR regeneration, as well as lens
regeneration, in amphibians. The sonic hedgehog (shh) and
patched (ptc) genes are expressed in adjacent domains in the
developing mouse retina (Jensen and Wallace, 1997). Treatment
of cultured mouse NR cells with the amino-terminal fragment of
the Shh protein promotes their proliferation. Finally, dedifferen-
tiated and proliferating newt RPE cells express an antigen that
binds the mouse monoclonal antibody RPE-1. Expression of
RPE-1 is extinguished only when the cells express NR molecular
markers (Negeshi et al., 1992; Mitashov, 1996), suggesting
that at least part of the expression pattern of dedifferentiated
RPE cells overlaps with that of NR cells during proliferation
and transdifferentiation.

8.4. CONCLUSION AND RESEARCH QUESTIONS
Amphibians create stem cells for limb, lens, and NR regenera-

tion by a process of histolysis and dedifferentiation that involves
the proteolytic degradation of ECM, loss of phenotypic structure,

and renewed cell cycling. Dedifferetiation involves changes in the
shape of cells liberated from their tissue matrix; loss of cell-sur-
face proteins and proteoglycans, and, in the case of myofibers, the
dismantling of a highly differentiated contractile system. The FGF
family of growth factors and receptors, as well as other signaling
molecules and transcription factors, plays a major role in promot-
ing and regulating dedifferentiation and proliferation. Labeling
studies have shown that myonuclei can synthesize DNA in the
absence of cellularization but do not traverse the rest of the cell
cycle unless cellularization has occurred. Mammalian muscle does
not normally respond to a thrombin-activated serum factor that
triggers DNA synthesis in newt myotubes but conserves a substan-
tial portion of the mechanisms of cellularization, cell-cycle reen-
try, and dedifferentiation. Stem cells derived from pigmented
epithelial cells can transdifferentiate into either lens or NR cells.
Stem cells derived from skeletal elements of the limb can
transdifferentiate into fibroblasts of connective tissue and perhaps
muscle, while fibroblasts and myogenic cells can transdifferentiate
into chondrocytes. These findings raise a number of interesting
research questions, as follows:

1. What are the mechanisms of dedifferentiation and
transdifferentiation? What is the pattern of gene activity
that is associated with dedifferentiation? What is the path-
way of intracellular signal transduction that leads to this
pattern? What are the physical and chemical signals that
are transduced? What signals are involved in changing the
pattern of gene activity in a dedifferentiated cell to a pat-
tern specifying a cell type different from the one of origin?
A first step in answering these questions can be made by
comparisons of arrays of genes active in tissues before and
after injury. Beyond this, there must be gain- and loss-of-
function studies to clarify the roles of various genes.

2. What factors are required for dedifferentiated cell cycling?
In the regenerating limb, factors from wound epidermis
and regenerating nerves provide growth and trophic fac-
tors that are necessary for cycling of dedifferentiated cells.
These factors are also found in serum. What is their func-
tional and/or interactive relationship to the thrombin-acti-
vated serum factor? Does the thrombin-activated serum
factor that triggers reentry of myotube nuclei into the cell
cycle do the same in other regenerating urodele tissues
such as lens and NR? Are the same growth factors and
trophic molecules involved in the proliferation of dediffer-
entiated cells derived from different structures but sup-
plied in different ways, e.g., by the epidermis and nerves
for limb, but by the dedifferentiated cells themselves for
lens and retina?

3. Does dedifferentiation in diverse amphibian tissues involve
activation of a common set of genes? It is likely that a
common set of cell-cycling genes is activated in dediffer-
entiating cells, but what other common genes might be
activated or upregulated, such as genes encoding inter-
nally acting “dedifferases,” externally acting proteases that
degrade ECM, genes that encode ECM molecules charac-
teristic of a more embryonic environment, or genes encod-
ing growth factors that maintain proliferation? Again, the
comparative approach to gene activity will be valuable in
answering this question.

 4. Do conventional stem cells contribute to the blastema?
Conventional neuroepithelial stem cells of the ciliary body
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reconstitute the peripheral part of the regenerating NR
(Mitashov, 1996). Do conventional stem cells contribute
to the regeneration of other tissues that produce stem cells
by dedifferentiation? Conventional undifferentiated stem
cells reside in the bone marrow, stroma (marrow stromal or
mesenchymal stem cells), and muscle (satellite cells) of
amphibian limbs for use in the repair of fractures or muscle
injuries. While a contribution of these cells to the limb
regeneration blastema is not ruled out, there is no direct
evidence for such a contribution. Testing this possibility is
difficult because it requires a way to selectively label
mesenchymal stem or satellite cells so that they can be
followed during limb regeneration. Muscle explants might
possibly be used to label satellite cells. The nuclei of sat-
ellite cells in muscle explants have been shown to be selec-
tively labeled by 3H-thymidine during the first 6 d of
culture (Cameron et al., 1986). The muscle explant might
then be transplanted back into an amputated limb and the
labeled cells subsequently followed. Selectively labeling
MSCs may prove more difficult. However, if salamanders
with marked bone marrow cells could be made, such as by
repopulating the marrow of irradiated animals with marked
marrow cells (triploid, transgenic for LacZ or green fluo-
rescent protein, opposite sex chromosomes), or by grafting
marked hematopoietic regions in early embryos, it might
be possible to determine whether marrow stromal cells of
long bones contribute to the regeneration blastema after
amputation. A significant mechanistic difference between
tissue regeneration and limb regeneration would be indi-
cated if conventional stem cells were used only in the pro-
cess of individual tissue regeneration, while whole limb
regeneration depended primarily on dedifferentiation to
produce stem cells. During regeneration, are some of
the blastema stem cells arrested in their differentiation to
become satellite cells and periosteal stem cells that also
repopulate the bone marrow, or are all of these stem cells
derived from preexisting stem cells of the undamaged limb
tissues and migrate into the differentiating muscles and
bones of the regenerate?

5. Are limb blastema stem cells that form cartilage and bone
similar to the MSCs of the bone marrow? These cells have
a common embryological history, both being derived ulti-
mately from limb bud mesenchyme that becomes perios-
teum. As regeneration proceeds to maturity, some
blastemic cells would redifferentiate into periosteal fibro-
blasts, whereas others would remain undifferentiated in
the lower layers of the periosteum and become MSCs that
enter the bone marrow cavity of the regenerated calcified
cartilage with invading blood vessels. Are the markers
expressed in the MSCs of bone similar to those expressed
by blastema stem cells?

6. How plastic are stem cells derived by dedifferentiation?
Could the dedifferentiated cells of limb, retinal pigmented
epithelium, and other tissues turn into neural cells or blood
cells if transplanted into a cord lesion or asked to reconsti-
tute some other tissue?

7. What are the missing components of the dedifferentiative
mechanism in mammalian cells? The thrombin-activated
protein that triggers reentry into the cell cycle in newt
myotubes is found in the sera of mammalian species

(Tanaka et al., 1997). Why, then, do mammalian myotubes
(and other cells?) not respond to this protein? Is it because
the receptor for the protein is missing? Is the receptor
present but requires the protein for activation, as well as
other factors for cellularization ? Is this why the extract of
regenerating newt limbs induces cellularization, morpho-
logical and molecular dedifferentiation, and proliferation
of mouse myotubes in culture (McGann et al., 2001)?

The answers to these questions will greatly advance our
knowledge of the mechanism by which amphibian cells dediffer-
entiate in response to injury and perhaps enable us to induce the
production of stem cells in the same way in nonregenerating mam-
malian tissues.

ACKNOWLEDGMENT

I thank Holly L. D. Nye, Department of Cell and Structural
Biology, University of Illinois at Urbana-Champaign, for criti-
cally reviewing the manuscript and suggesting changes.

REFERENCES

Agata, K., Kobayashi, H., Itoh, Y., Mochii, M., Sawada, K., and Eguchi,
G. (1993) Genetic characterization of the multipotent dedifferenti-
ated state of pigmented epithelial cells in vitro. Development 118:
1025–1030.

Albert, P., Boilly B., Courty, J., and Barrritault, D. (1987) Stimulation in
cell culture of mesenchymal cells of newt blastemas by EDGF1 or II
(basic or acidic FGF). Cell Differ. 21:63–68.

Alder, H. and Schmidt, V. (1987) Cell cycles and in vitro
transdifferentiation and regeneration of isolated striated muscle of
jellyfish. Dev. Biol. 124:358–369.

Alvarado, A. S. (2000) Regeneration in the metazoans: why does it hap-
pen? Bioessays 22:578–590.

Benraiss, A., Arsanto, J. P., Coulon, J., and Thouveny, Y. (1999)
Neurogenesis during spinal cord regeneration in newts. Dev. Genes
Evol. 209:363–369.

Boilly, B., Cavanaugh, K. P., Thomas, D., Hondermarck, H., Bryant, S.
V., and Bradshaw, R. A. (1991) Acidic fibroblast growth factor is
present in regenerating limb blastemas of axolotls and binds specifi-
cally to blastema tissues. Dev. Biol.145:302–310.

Bosco, L., Valle, C., and Willems, D. (1993) In vivo and in vitro experi-
mental analysis of lens regeneration in larval Xenopus laevis. Dev.
Growth Differ. 35:257–270.

Bosco, L., Venturini, G., and Willems, D. (1997) In vitro lens
transdifferentiation of Xenopus laevis outer cornea induced by fibro-
blast growth factor (FGF). Development 124:421–428.

Brockes, J. P. (1984) Mitogenic growth factors and nerve dependence of
limb regeneration. Science 225:1280–1287.

Brockes, J. P. (1997) Amphibian limb regeneration—rebuilding a com-
plex structure. Science 276:81–87.

Butler, E. G. and O’Brien, J. P. (1942) Effects of localized X-irradiation
on regeneration of the urodele limb. Anat. Rec. 84:407–413.

Cameron, J. A., Hilgers, A. R., and Hinterberger, T. J. (1986) Evidence
that reserve cells are a source of regenerated adult newt muscle in
vitro. Nature 321:607–610.

Carinato, M. Walter, B. E., and Henry, J. J. (2000) Xenopus laevis
gelatinase B (Xmmp-9): development, regeneration, and wound heal-
ing. Dev. Dyn. 217:377–387.

Carlson, M. R. J., Bryant, S. V., and Gardiner, D. M. (1998) Expression
of Msx-2 during development, regeneration, and wound healing in
axolotl limbs. J. Exp. Zool. 282:715–723.

Casimir, C. M., Gates, P. B., Patient, R. K., and Brockes, J. P. (1988)
Evidence for dedifferentiation and metaplasia in amphibian limb
regeneration from inheritance of DA methylation. Development
104:657–668.

Chernoff, E. A. G. (1996) Spinal cord regeneration: a phenomenon unique
to urodeles? Int. J. Dev. Biol. 40:823–832.

08/Stocu/089-100/F 8/19/03, 11:58 AM97

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


98 STOCUM

Chew, K. E. and Cameron, J. A. (1983) Increase in mitotic activity of
regenerating axolotl limbs by growth factor-impregnated implants. J.
Exp. Zool. 226:325–329.

Cohen, S. M. and Jurgens, G. (1989) Proximal-distal pattern formation in
Drosophila: cell autonomous requirement for distal-less gene activity
in limb development. EMBO J. 8:2045–2055.

Collins, J. M. (1972) Amplification of ribosomal ribonucleic acid cistrons
in the regenerating lens of Triturus. Biochemistry 11:1259–1263.

Coulombre, J. L. and Coulumbre, A. J. (1965) Regeneration of neural
retina from the pigmented epithelium in the chick embryo. Dev. Biol.
12:79–92.

Coulombre, J. L. and Coulombre, A. J. (1970) Influence of mouse neural
retina on regeneration of chick neural retina from chick embryonic
pigmented epithelium. Nature 228:559–560.

Crews, L., Gates, P. B., Brown, R., et al. (1995) Expression and activity
of the newt Msx-1 gene in relation to limb regeneration. Proc. R. Soc.
Lond. (Biol.) 259:161–171.

Cuny, R., Jeanny, J. C., and Courtois, Y. (1986) Lens regeneration from
cultured newt irises stimulated by retina-derived growth factors
(EDGFs). Differentiation 32:221–229.

Del-Rio Tsonis, K., Washabaugh, C. H., and Tsonis, P. A. (1995) Expres-
sion of pax-6 during urodele eye development and lens regeneration.
Proc. Natl. Acad. Sci. USA 92:5092–5096.

Del-Rio Tsonis, K., Jung, J. C., Chiu, I.-M., and Tsonis, P. A. (1997)
Conservation of fibroblast growth factor function in lens regenera-
tion. Proc. Natl. Acad. Sci. USA 94:13,701–13,706.

Del-Rio Tsonis, K., Trombley, M. T., McMahon G., and Tsonis, P. A.
(1998) Regulation of lens regeneration by fibroblast growth factor
receptor 1. Dev. Dyn. 213:140–146.

Desselle, J.-C. and Gontcharoff, M. (1978) Cytophotometric detection of
the participation of cartilage grafts in regeneration of X-rayed urodele
limbs. Biol. Cell. 33:45–54.

D’Jamoos, C. A., McMahon, G., and Tsonis, P. A. (1998) Fibroblast
growth factor receptors regulate the ability for hindlimb regeneration
in Xenopus laevis. Wound Rep. Reg. 6:388–397.

Dresden, M. H. and Gross, J. (1970) The collagenolytic enzyme of the
regenerating limb of the newt Triturus viridescens. Dev. Biol. 22:
129–137.

Dunis, D. A. and Namenwirth, M. (1977) The role of grafted skin in the
regeneration of X-irradiated axolotl limbs. Dev. Biol. 56:97–109.

Eguchi, G. (1963) Electron microscopic studies on lens regeneration. I.
Mechanism of depigmentation of the iris. Embryologia 8:47-62.

Eguchi, G. 1967 In vitro analyses of Wolffian lens regeneration: differ-
entiation of the regenerating lens rudiment of the newt, Triturus
pyrrhogaster. Embryologia 9:246–266.

Eguchi, G. (1998) Transdifferentiation as the basis of eye lens regenera-
tion. In: Cellular and Molecular Basis of Regeneration (Ferretti, P.
and Geraudie, J., eds.), John Wiley & Sons, New York, pp. 207–229.

Enwright, J. F. and Grainger, R. M. (2000) Altered retinoid signaling in
the heads of small eye mouse embryos. Dev. Biol. 221:10–22.

Fallon, J. F., Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B., and
Simandl, B. K. (1994) Apical ectodermal ridge growth signal for chick
limb development. Science 264:104–107.

Freeman, G. (1963) Lens regeneration from cornea in Xenopus laevis. J.
Exp. Zool. 154:39–65.

Gaze, R. M. (1959) Regeneration of the optic nerve in Xenopus laevis.
Quart. J. Exp. Physiol. 44:290–308.

Geraudie, J. and Ferretti, P. (1998) Gene expression during amphibian
limb regeneration. Int. J. Cytol. 180:1–50.

Globus, M. (1988) A neuromitogenic role for substance P in urodele
limb regeneration. In: Regeneration and Development (Inoue, S.,
Shirai, T., Egar, M., et al., eds.), Okada Printing and Publishing, pp.
675–685.

Globus, M., Vethamany-Globus, S., and Lee, Y. C. I. (1980) Effect of
apical epidermal cap on mitotic cycle and cartilage differentiation in
the newt, Notophthalmus viridescens. Dev. Biol. 75:358–372.

Goldhamer, D. J. and Tassava, R. A. (1987) An analysis of proliferative
activity in innervated and denervated forelimb regenerates of the newt,
Notopthalmus viridescens. Development 100:619–628.

Grillo, H., Lapiere, C. M., Dresden, M. H., and Gross, J. (1968) Col-
lagenolytic activity in regenerating forelimbs of the adult newt
(Triturus viridescens). Dev. Biol. 17:571–583.

Han, M.-J., An, J.-Y., and Kim, W.-S. (2001) Expression patterns of Fgf-
8 during development and limb regeneration of the axolotl. Dev. Dyn.
220:40–48.

Hay, E. D. (1959) Electron microscopic observations of muscle dediffer-
entiation in regenerating Amblystoma limbs. Dev. Biol. 3:26–59.

Henry, J. J. and Mittleman, J. M. (1995) The matured eye of Xenopus
laevis tadpoles produces factors that elicit a lens-forming response in
embryonic ectoderm. Dev. Biol. 171:39–50.

Hill, R. E., Jones, P. F., Rees, A. R., et al. (1989) A new family of mouse
homeobox-containing genes: molecular structure, chromosomal loca-
tion, and developmental expression of Hox-7.1. Genes Dev. 3:26–37.

Hinterberger, T. J. and Cameron, J. A. (1990) Myoblasts and connec-
tive-tissue cells in regenerating amphibian limbs. Ontogenez 21(4):
341–357.

Imokawa, Y. and Eguchi, G. (1992) Expression and distribution of regen-
eration-responsive molecule during normal development of the newt,
Cynops pyrrhogaster. Int. J. Dev. Biol. 36:407–412.

Imokawa, Y., Ono, S.-I., Takeuchi, T., and Eguchi, G. (1992) Analysis of
a unique molecule responsible for regeneration and stabilization of
differentiated state of tissue cells. Int. J. Dev. Biol. 36:399–405.

Jensen, A. M. and Wallace, V. A. (1997) Expression of Sonic hedgehog
and its putative role as a precursor cell mitogen in the developing
mouse retina. Development 124:363–371.

Ju, B.-G. and Kim, W.-S. (1994) Pattern duplication by retinoic acid
treatment in the regenerating limbs of Korean salamander larvae,
Hynobius leechi, correlates well with the extent of dedifferentiation.
Dev. Dyn. 199:253–267.

Ju, B.-G. and Kim, W.-S. (1998) Upregulation of cathepsin D expression
in the dedifferentiating salamander limb regenerate and enhancement
of its expression by retinoic acid. Wound Rep. Reg. 6:S349–S358.

Keefe, J. R. (1973a) An analysis of urodelan retinal regeneration: I. Stud-
ies of the cellular source of retinal regeneration in Notopthalmus
viridescens utilizing 3H-thymidine and colchicines. J. Exp. Zool.
184:185–206.

Keefe, J. R. (1973b) An analysis of urodelan retinal regeneration: II.
Ultrastructural features of retinal regeneration in Notophthalmus
viridescens. J. Exp. Zool. 184:207–232.

Keefe, J. R. (1973c) An analysis of urodelan retinal regeneration: III.
Degradation of extruded melanin granules in Notopthalmus
viridescens. J. Exp. Zool. 184:233–238.

Klein, L. R., MacLeish, P. R., and Wiesel, T. N. (1990) Immunolabeling
by a newt retinal pigment epithelium antibody during retinal develop-
ment and regeneration. J. Comp. Neurol. 293:331–339.

Kuhlman, J. and Niswander, L. (1997) Limb deformity proteins: role in
mesoderm induction of the apical ectodermal ridge. Development 124:
133–139.

Kumar, A., Velloso, C. P., Imokawa, Y., and Brockes, J. P. (2000) Plas-
ticity of retrovirus-labelled myotubes in the newt limb regeneration
blastema. Dev. Biol. 218:125–136.

Levine, R. (1977) Regeneration of the retina in the adult newt, Triturus
cristatus, following surgical division of the eye by a post-limbal inci-
sion. J. Exp. Zool. 200:41–54.

Lo, D. C., Allen, F., and Brockes, J. P. (1993) Reversal of muscle differ-
entiation during urodele limb regeneration. Proc. Natl. Acad. Sci. USA
90:7230–7234.

Maden, M. and Wallace, H. (1975) The origin of limb regenerates from
cartilage grafts. Acta Embryol. Exp. (Palermo) 2:77–86.

McDevitt, D. S., Brahma, S. K., Courtois, Y., and Jeanny, J.-C. (1997)
Fibroblast growth factor receptors and regeneration of the eye lens.
Dev. Dyn. 208:220–226.

McGann, C. J., Odelberg, S. J., and Keating, M. T. (2001) Mammalian
myotube dedifferentiation induced by newt regeneration extract. Proc.
Natl. Acad. Sci. USA 98:13,699–13,703.

Mescher, A. L. (1996) The cellular basis of limb regeneration in urodeles.
Int. J. Dev. Biol. 40:785–796.

Mescher, A. L., Connell, E., Hsu, C., Patel, C., and Overton, B. (1997)
Transferrin is necessary and sufficient for the neural effect on growth

08/Stocu/089-100/F 8/19/03, 11:58 AM98

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 8  /  STEM CELLS IN AMPHIBIAN REGENERATION 99

in amphibian limb regeneration blastemas. Dev. Growth Differ.
39:677–684.

Meyers, E. N., Lewendoski, M., and Martin, G. R. (1998) Generation of an
Fgf8 mutant allelic series using a single targeted mouse line carrying
Cre and Fle recombinate recognition sites. Nat. Genet. 18:136–141.

Mitashov, V. I. (1996) Mechanisms of retina regeneration in urodeles. Int.
J. Dev. Biol. 40:833–844.

Miyazaki, K., Uchiyawa, K., Imokawa, Y., and Yoshizato, K. (1996)
Cloning and characterization of cDNAs for matrix metaloproteinases
of regenerating newt limbs. Proc. Natl. Acad. Sci. USA 93:6819–6824.

Mochii, M., Mazaki, Y., Mizuno, N., Hayashi, H., and Eguchi, G. (1998)
Role of Mitf in differentiation and transdifferentiation of chicken pig-
mented epithelial cell. Dev. Biol. 193:47–62.

Mullen, L. M., Bryant, S. V., Torok, M. A., Blumberg, B., and Gardiner,
D. M. (1996) Nerve dependency of regeneration: the role of Distal-
less and FGF signaling in amphibian limb regeneration. Development
122:3487–3479.

Muneoka, K., Fox, W. F., and Bryant, S. V. (1986) Cellular contribution
from dermis and cartilage to the regenerating limb blastema in axolotls.
Dev. Biol. 116:256–260.

Namenwirth, M. (1974) The inheritance of cell differentiation during
limb regeneration in the axolotl. Dev. Biol. 41:42–56.

Nathanson, M. (1979) Skeletal muscle metaplasia: formation of cartilage
by differentiated skeletal muscle. In: Muscle Regeneration (Mauro,
A., ed.), Raven, New York, pp. 83–90.

Negeshi, K., Shinagawa, S., Ushijima, M., Kaneko, Y., and Saito, T.
(1992) An immunohistochemical study of regenerating newt retinas.
Dev. Brain Res. 68:255–264.

Niswander, L., Tickle C., Vogel, A., Booth, I., and Martin, G. R. (1993)
FGF-4 replaces the apical ectodermal ridge and directes outgrowth
and patterning of the limb. Cell 75:579–587.

Noji, S., Matsuo, T., Koyama, E., et al. (1990) Expression pattern of
acidic and basic fibroblast growth factor genes in adult rat eyes.
Biochem. Biophys. Res. Commun. 168:343–349.

Odelberg, S. J., Kollhof A., and Keating, M. T. (2001) Dedifferentiation
of mammalian myotubes induced by msx-1. Cell 103:1099–1109.

Onda, H. and Tassava, R. A. (1991) Expression of the 9G1 antigen in the
apical cap of axolotl regenerates requires nerves and mesenchyme. J.
Exp. Zool. 257:336–349.

Onda, H., Poulin, M. L., Tassava, R. A.,and Chiu, I.-M. (1991) Charac-
terization of a newt tenascin cDNA and localization of tenascin
during newt limb regeneration by in situ hybridization. Dev. Biol.
148:219–232.

Orts-Lorca, F. and Genis-Galvez, J. M. (1960) Experimental production
of retinal septa in the chick embryo: differentiation of pigment epithe-
lium into neural retina. Acta Anat. 42:31–70.

Park, C. and Hollenberg, M. J. (1991) Induction of retinal regeneration in
vivo by growth factors. Dev. Biol. 148:322–333.

Park, C. and Hollenberg, M. J. (1993) Growth factor–induced retinal
regeneration in vivo. Int. Rev. Cytol. 146:49–71.

Park, I.-S. and Kim, W.-S. (1999) Modification of gelatinase activity
correlates with the dedifferentiation profile of regenerating axolotl
limbs. Mol. Cells 9:119–126.

Pecorino, L. T., Entwistle, A., and Brockes, J. P. (1996) Activation of a
single retinoic acid receptor isoform mediates proximodistal
respecification. Curr. Biol. 6:563–569.

Pittack, C., Jones, M., and Reh, T. A. (1991) Basic fibroblast growth
factor induces retinal pigment epithelium to generate neural retina in
vitro. Development 113:577–588.

Pittack, C., Grunwald, G. B., and Reh, T. A. (1997) Fibroblast growth
factors are necessary for neural retina but not pigmented epithelium
differentiation in chick embryos. Development 124:805–816.

Pittinger, M. F., Mackay, A.M., Beck, S., et al. (1999) Multilineage poten-
tial of adult human mesenchymal stem cells. Science 284:143–147.

Poulin, M. L. and Chiu, I.-M. (1995) Re-programming of expression of
the KGFR and bek variants of fibroblast growth factor receptor 2
during limb regeneration in newts (Notopthalmus viridescens). Dev.
Dyn. 202:378–387.

Poulin, M. L., Patrie, K. M., Botelho, M. J., Tassava, R. A., and Chiu, I.-
M. (1993) Heterogeneity in expression of fibroblast growth factor

receptors during limb regeneration in newts (Notopthalmus
viridescens). Dev. Dyn. 202:378–387.

Raymond, P. A. and Hitchcock, P. F. (1997) Retinal regeneration: common
principles but a diversity of mechanisms. Adv. Neurol. 72:171–184.

Reese, D. H., Puccia, E., and Yamada, T. (1969) Activation of ribosomal
RNA synthesis in initiation of Wolffian lens regeneration. J. Exp.
Zool. 170:259– 268.

Reh, T. A. and Nagy, T. (1987) A possible role for the vascular membrane
in retinal regeneration in Rana catesviena tadpoles. Dev. Biol. 122:
460–482.

Reh, T. A., Nagy, T., and Gretton, H. (1987) Retinal pigment eoithelial
cells induced to transdifferentiate to neurons by laminin. Nature 330:
68–71.

Reyer, R. W. (1971) DNA synthesis and the incorporation of labeled iris
cells into the lens during lens regeneration in adult newts. Dev. Biol.
24:533–558.

Reyer, R. W. (1977) The amphibian eye: development and regeneration.
In: Handbook of Sensory Physiology vol. VII/5 (Crescitelli, F., ed.),
Springer-Verlag, Berlin, pp. 309–390.

Reyer, R. W. (1982) Dedifferentiation of iris epithelium during lens regen-
eration in newt larvae. Am. J. Anat. 163:1–23.

Reyer, R. W. (1990a) Macrophage invasion and phagocytic activity dur-
ing lens regeneration from the iris epithelium in newts. Am. J. Anat.
188:329–344.

Reyer, R. W. (1990b) Macrophage mobilization and morphology during
lens regeneration from the iris epithelium in newts: studies with cor-
related scanning and transmission electron microscopy. Am. J. Anat.
188:345–365.

Riddiford, L. M. (1960) Autoradiographic studies of tritiated thymidine
infused into the blastema of the early regenerate in the adult newt,
Triturus. J. Exp. Zool. 144:25–32.

Robert, B., Sassoon, D., Jacq, B., Gehring, W., and Buckingham, M.
(1989) Hox-7, a mouse homeobox gene with a novel pattern of expres-
sion during embryogenesis. EMBO J. 8:91–100.

Sage, H. and Bornstein, P. (1991) Extracellular matrix proteins that
modulate cell-matrix interactions. J. Biol. Chem. 266:831–834.

Schmid, V. and Alder, H. (1984) Isolated mononucleated, striated
muscle can undergo pluripotent transdifferentiation and form a com-
plex regenerate. Cell 38:801–809.

Schmidt, A. J. (1966) The Molecular Basis of Regeneration: Enzymes,
Illinois Monographs Med Sci, vol. 6, no. 4, University of Illinois
Press, Urbana.

Schotte, O. E. and Butler, E. G. (1941) Morphological effects of denerva-
tion and amputation of limbs in urodele larvae. J. Exp. Zool. 87:279–321

Shimizu-Nishikawa, K., Tazawa, I., Uchiyama, K., and Yoshizato, K.
(1999) Expression of helix-loop-helix type negative regulators of dif-
ferentiation during limb regeneration in urodeles and anurans. Dev.
Growth Differ. 41:731–743.

Simon, H.-G., Nelson, C., Goff, D., Laufer, E., Morgan, B. A., and Tabin,
C. (1995) Differential expression of myogenic regulatory genes and
Msx-1 during dedifferentiation and redifferentiation of regenerating
limbs. Dev. Dyn. 202:1–12.

Singer, M. and Craven, L. (1948) The growth and morphogenesis of the
regenerating forelimb of adult Triturus following denervation at vari-
ous stages of development. J. Exp. Zool. 108:279–308.

Song, K., Wang, Y., and Sassoon, D. (1992) Expression of Hox-7.1 in
myoblasts inhibits terminal differentiation and induces cell transfor-
mation. Nature 360:477–481.

Sperry, R. W. (1944) Optic nerve regeneration with return of vision in
amphibians. J. Neurophysiol. 7:57–69.

Steen, T. P. (1968) Stability of chondrocyte differentiation and contribu-
tion of muscle to cartilage during limb regeneration in the axolotl
(Siredon mexicanum). J. Exp. Zool. 167:49–78.

Steen, T. P. (1973) The role of muscle cells in Xenopus limb regeneration.
Am. Zool. 13:1349–1350.

Stocum, D. L. (1979) Stages of forelimb regeneration in Ambystoma
maculatum. J. Exp. Zool. 209:395–416.

Stocum, D. L. (1995) Wound Repair, Regeneration, and Artificial Tis-
sues, R. G. Landes, Austin, TX.

08/Stocu/089-100/F 8/19/03, 11:58 AM99

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


100 STOCUM

Stocum, D. L. (2001) Rx for tissue restoration: regenerative biology and
medicine. Korean J. Biol. Sci. 5:91–99.

Stocum, D. L. and Dearlove, G. E. (1972) Epidermal-mesodermal inter-
action during morphogenesis of the limb regeneration blastema in
larval salamanders. J. Exp. Zool. 181:49–62.

Stone, L. S. (1950) The role of retina pigment cells in regenerating neural
retina of adult salamander eyes. J. Exp. Zool. 113:9–31.

Stroeva, O. G. and Mitashov, V. I. (1983) Retinal pigment epithelium:
proliferation and differentiation during development and regenera-
tion. Int. Rev. Cytol. 83:221–293.

Takata, C., Albright, J. F., and Yamada, T. (1966) Lens antigens in a lens-
regenerating system studied by the immunofluorescent technique.
Dev. Biol. 9:385–397.

Tanaka, E. M., Gann, A. F., Gates, P. B., and Brockes, J. P. (1997) Newt
myotubes re-enter the cell cycle by phosphorylation of the retinoblas-
toma protein. J. Cell Biol. 136:155–165.

Tanaka, E. M., Dreschel, D. N., and Brockes, J. P. (1999) Thrombin
regulates S phase re-entry by cultured newt myoblasts. Curr. Biol. 9:
792–799.

Tassava, R. A., Castilla, M., Arsanto, J.-P., and Thouveny, Y. (1993) The
wound epithelium of regenerating limbs of Pleurodeles waltl and
Notophthalmus viridescens: studies with mAbs WE3 and WE4, phal-
loidin, and Dnase I. J. Exp. Zool. 267:180–187.

Tomasek, J. J., Halliday, N. L., Updike, D. L., et al. (1997) Gelatinase A
activation is regulated by the organization of the polymerized actin
cytoskeleton. J. Biol. Chem. 272:7482–7487.

Tomlinson, B. and Barger, P. M. (1987) A test of the punctuated-cycling
hypothesis in Ambystoma forelimb regenerates: the roles of animal
size, limb regeneration, and the aneurogenic condition. Differentia-
tion 35:6–15.

Tsonis, P. A., Trombley, M. T., Rowland, T., Chandraratna, R. A. S., and
Del-Rio Tsonis, K. (2000) Role of retinoic acid in lens regeneration.
Dev. Dyn. 219:588–593.

Velloso, C. P., Kumar, A., Tanaka, E. M., and Brockes, P. (2000) Gen-
eration of mononucleate cells from post-mitotic myotubes pro-
ceeds in the absence of cell cycle progression. Differentiation 66:
239–246.

Velloso, C. P., Simon, A., and Brockes, J. P. (2001) Mammalian
postmitotic nuclei reenter the cell cycle after serum stimulation in
newt/mouse hybrid myotubes. Curr. Biol. 11:855–858.

Woloshin, P., Song, K., Degnin, A., Killary, D. J., Goldhamer, D.J.,
Sassonn, D., and Thayer, M. J. (1995) MSX1 inhibits Myo expression
in fibroblast X10T1/2 cell hybrids. Cell 82:611–620.

Yamada, T. and Dumont, J. N. (1972) Macrophage activity in Wolffian
lens regeneration. J. Morphol. 136:367–384.

Yamada, T. and McDevitt, D. S. (1974) Direct evidence for transforma-
tion of differentiated iris epithelial cels into lens cells. Dev. Biol. 38:
104–118.

Yamada, T. and Roesel, M. (1969) Activation of DNA replication in the
iris epithelium by lens removal. J. Exp. Zool. 171:425–432.

Yamada, Y. and Roesel, M. (1971) Control of mitotic activity in Wolffian
lens regeneration. J. Exp. Zool. 177:119–128.

Yamada, T., Reese, D. H., McDevitt, D. S. (1973) Transformation of iris
into lens in vitro and its dependency on neural retina. Differentiation
1:65–82.

Yang, E. V., Gardiner, D. M., and Bryant, S. V. (1999) Expression of
Mmp-9 and related matrix metalloproteinase genes during axolotl limb
regeneration. Dev. Dyn. 216:2–9.

Yokoyama, H., Ide, H., and Tamura, K. (2001) FGF-10 stimulates limb
regeneration ability in Xenopus laevis. Dev. Biol. 233:72–79.

Zalik, S. E. and Scott, V. (1972) Cell surface changes during dedifferen-
tiation in the metaplastic transformation or iris into lens. J. Cell Biol.
55:134–146.

Zalik, S. E. and Scott, V. (1973) Sequential disappearance of cell surface
components during dedifferentiation in lens regeneration. Nat. (N.
Biol.) 244:212–214.

08/Stocu/089-100/F 8/19/03, 11:58 AM100

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 9  /  STEM CELLS IN DERMAL WOUND HEALING 101

101

From: Stem Cells Handbook
Edited by: S. Sell © Humana Press Inc., Totowa, NJ

9 Stem Cells in Dermal Wound Healing

WILLIAM J. LINDBLAD, PhD

Repair of damaged dermal tissue is accomplished by dynamic cell-cell and cell-matrix interactions involving activation
of resident cells as well as cells that migrate into the lesion. Immediately after injury there is a hemostatic response that
activates platelets. Platelets release transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF),
which begin the recruitment of inflammatory cells and activate several resident dermal cell types. The most notable early
inflammatory response is the infiltration of neutrophils. These are necessary to control infection and begin clearing the
damaged tissue but are not critical to the healing process. Wound healing begins a few days later with the infiltration of
monocyte/macrophages at the site. These cells release a number of cyotokines, synthesize extracellular matrix (ECM), and
serve as a source of stem cells. The ECM becomes vascularized by angiogenesis and forms granulation tissue.
Neovascularization is accomplished using both resident endothelial cells and circulating progenitor cells from the blood.
Scar formation proceeds with the activation, migration, and proliferation of fibroblasts and the formation of a three-
dimensional scaffold of ECM. A hematologically derived monocyte/stem cell may be the major contributor to early matrix
synthesis. These blood-derived stem cells are able to produce a wide variety of proinflammatory cytokines (IL-1β, TNF-
α, MIP-1α, MIP-1β, PDGF-A and TGF-β), which make major contributions to the healing process. Contraction of the
wound is driven by activation and differentiation of mesenchymal cells into myofibroblasts that are able to draw the edges
of the damaged tissue over the deficit. Migration of viable keratinocytes within the wound and from the edges of it stimulated
by types I and IV collagen, fibronectin and vitronectin, as well as serum factors is responsible for reepithelialization of the
surface. The cells include both the basal stem cells of the epidermis and the transit-amplifying cells. If epidermal stem cells
are lost, migrating stem cells from surviving hair follicles are able to supply epidermal cells.

9.1. INTRODUCTION
The processes involved with repair of damaged dermal tissue

require the activation of numerous cell types with subsequent
migration, proliferation, and reconstitution of biological struc-
tures (Cohen et al., 1992). These dynamic cell–cell and cell–
matrix interactions have largely been viewed in terms of
activation of terminally differentiated cells. In this paradigm, the
resident cells, largely quiescent, retain the capacity to enter the
cell cycle given the appropriate environmental cues and repopu-
late the damaged area. However, recent studies show that for
some of these cell types, activation of a stem cell compartment
clearly occurs. Although these studies have largely focused on
the epidermis, it is not unreasonable to suggest that other wound-
healing processes require the contribution of a stem cell compo-
nent. This chapter highlights discussion of a putative stem cell
population that may be recruited to the site of injury where it
contributes to the reconstitution of the extracellular matrix
(ECM) (Table 1).

9.2. WOUND HEALING EVENTS
Tissue repair is initiated with injury to the tissue and consists

of a series of highly coordinated, overlapping processes. An ini-
tial hemostatic response that staunches blood loss also activates
platelets to release growth factor–filled α-granules and synthe-
size a series of bioactive lipid mediators (Clark, 1996). Of the
growth factors released, transforming growth factor-β (TGF-β)
and platelet-derived growth factor (PDGF) are central for the
prompt recruitment of inflammatory cells and activation of
several resident dermal cell types. Within 24 h the wounds
become richly populated with neutrophils recruited to the wound
site by these soluble mediators (Clark, 1996). Although it does
not appear that this initial influx of activated cells is crucial to the
overall healing process, it is clear that these cells are required to
control infection and clear damaged tissue (Simpson and Ross,
1972). Recent studies suggest that an exaggerated or prolonged
influx of the neutrophil can alter the proteolytic environment suf-
ficiently to convert an acute healing response into a chronic site
of tissue degradation (Mast and Schultz, 1996; Yager and
Nwomeh, 1999).
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Subsequent to the initial influx of neutrophils, but with signifi-
cant overlap, there is a directed accumulation of monocyte/mac-
rophages at the wound site. These cells have been repeatedly shown
to be central to the development of a complete wound-healing
response (Leibovich and Ross, 1975). However, the function of
these cells has been largely explained by their ability to synthesize
a number of important soluble mediators including TGF-β and
thereby these cells serve as regulatory cells (Rappolee et al., 1988).
As detailed below, there is evidence that these cells also possess the
ability to synthesize numerous ECM proteins and may therefore be
intimately involved in assembling the nascent or provisional ECM
of the wound bed. In addition, a subpopulation of the monocyte/
macrophage lineage may represent a putative stem cell population.

The provisional ECM represents a complex assemblage of such
molecules as fibrin, fibronectin, vitronectin, thrombospondin, and
tenascin onto which cells can migrate and receive appropriate cues
for selected gene expression (Yamada and Clark, 1996). The for-
mation of the provisional ECM is viewed as a spontaneous event,
not requiring the active involvement of cells for its initial structure.
This matrix then undergoes a series of changes that is a function of
cellular activity, to become granulation tissue and, ultimately, the
final collagenous structure of the scar. Alteration in the formation
of the matrix or the abnormal removal of the matrix may lead to
termination of the healing response (Rogers et al., 1995).

With the formation of a pseudo-stable provisional matrix,
revascularization of the damaged tissue will occur through an
angiogenic response (Madri and Bell, 1992). This response
encompasses several stages of new vessel formation, not only the
activation, migration, and proliferation of endothelial cells, but
also the formation of a three-dimensional (3D) tubular structure
that requires stabilization. Just as important as this formation of
neovessels is the subsequent regression of the excess vessels that
are formed in the initial angiogenic response. This process has
been viewed primarily from the standpoint of resident endothelial
cell dynamics, but recent studies argue that endothelial cell pro-
genitors are present in adult bone marrow and may be able to
contribute to the angiogenic response in wound healing (Carmeliet
et al., 2001; Reyes et al., 2002). Thus, the angiogenic response
following injury may represent a complex interaction between
the activation of resident endothelial cells and endothelial precur-
sor cells that arrive to complement this local activity. Note that
the extent to which tissue repair is dependent on the angiogenic
response that is normally elicited in adults is not clear. Recent

work suggests that in the mouse, the angiogenic response from an
excisional wound may be significantly inhibited using αv-integrin
blocking antibodies, without significant inhibition of wound heal-
ing (Jang et al., 1999).

With the formation of granulation tissue from the initial provi-
sional ECM plus the angiogenic response, the formation of scar
proceeds with the activation, migration, and proliferation of fibro-
blasts throughout the provisional ECM/granulation tissue. Driv-
ing the cells through these cellular activities are a number of soluble
mediators, although TGF-β appears to represent the predominant
regulator of matrix deposition (Roberts, 1995). The formation of
a permanent ECM progresses through a series of stages, starting
with a hyaluronic acid–rich phase through to a final stage in which
the ECM is largely collagenous with a concomitant abrupt reduc-
tion in hyaluronic acid (Dunphy and Upuda, 1955).

In addition to providing for the structural basis of a final col-
lagenous replacement of the damaged tissue, the cells within the
ECM participate in a contraction mechanism that reduces the
size of the dermal deficit (Gross, 1996). This wound contraction
is driven by the activation and differentiation of mesenchymal
cells into myofibroblasts, α-actin-rich cells that are transiently
present in the healing dermis (Gabbiani et al., 1971). These cells
produce the force required to draw the edges of the damaged
tissue over the defect, effectively reducing the volume of injured
dermis that requires resurfacing and replacement with ECM.

All of these processes advance through an ordered set of activa-
tion steps with increasing cell numbers followed by an equally
regulated decrement of the cellular and matrix compartments.
Mechanisms that control the elimination of cell populations and
downregulation of cell activity are not as clearly defined but appear
to be the result of apoptotic events (Squier et al., 1995; Savill,
1997). Clearly, the reduction of neutrophils from the damaged tis-
sue encompasses an apoptotic component, as does the clearance of
fibroblasts and myofibroblasts (Desmoulière et al., 1995). How-
ever, what cues activate the apoptotic pathways are still unclear.

The above outline of dermal tissue repair does not include
reepithelialization, the process that replaces an epidermal cover-
ing for the underlying dermis. The magnitude of this response is
clearly dependent on the extent of epidermal loss, such that with
incisional wounds, the response of the epidermis is minimal,
whereas with superficial burn injury, this may represent virtually
the entire injury response. However, it is with this tissue that stem
cell response to injury has been most widely studied.

Table 1
Confirmed and Putative Stem Cell Populations Contributing to Dermal Wound Healing

Process Cell type Source Function

Reepithelialization Epidermal stem cell and transient-amplifying cells Resident Cells provide source of cells for
resurfacing skin when significant
epidermal cell loss occurs

Angiogenesis Bone marrow–derived multipotent adult Blood-borne May provide a source of angioblasts
progenitor cell and mature endothelial cells during

wound angiogenesis

ECM synthesis Bone marrow derived– multipotent adult Blood-borne May provide cells to deposit collagenous
progenitor cell matrix in provisional ECM
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9.3. REEPITHELIALIZATION AND STEM CELLS
Closure of the epidermis following injury is essential to rees-

tablishing a functional homeostatic barrier over the entire body
surface. The injury response of the epidermis initially represents
a migratory response by keratinocytes from islands of viable cells
within the wound and from around the wound’s circumference
(Odland and Ross, 1968). This migration represents an intricate
interplay between ECM molecules present in the provisional ECM
and the keratinocytes with little contribution from cell prolifera-
tion at this early time (Clark et al., 1982). The provisional ECM
contains several matrix molecules that have been shown to stimu-
late keratinocytes’ motility, including types I and IV collagen,
fibronectin and vitronectin, as well as other serum factors (Stenn
and Dvoretzky, 1979; Woodley et al., 1990).

Cell proliferation to replace lost epidermal cells occurs within
two compartments: a stem cell compartment and a transient-am-
plifying cell compartment. The stem cell compartment consists of
islands of cells located in the basal cell layer adjacent to the epi-
dermal–dermal basement membrane (Jones and Watt, 1993; Jones
et al., 1995). These cells stain brightly for α2β1 and α3β1 integrins,
through which they would possess high affinity for the underlying
basement membrane matrix molecules. The transient-amplifying
cells derived from these basal stem cells show two to three times
less integrin staining and presumably are able to migrate away
from the basal layer and contribute to the expansion of keratino-
cytes required to repopulate a denuded section of skin. Although
the staining for integrins has identified a stem cell population in
the epidermal basal layer, there is a discrepancy between the pro-
portions of these cells that are stem cells based on the kinetics
of cell division and this integrin staining. Whereas by staining
approximately 40% of the basal cells are stem cells, by cell kinetic
analysis only 10% are stem cells (Jones et al., 1995).

In thick skin, the stem cells of the basal cell layer are located at
the tips of the rete ridges, and from this region transit-amplifying
cells differentiate and migrate to fill the rete ridge space (Jensen
et al., 1999). These cells then undergo differentiation as they move
toward the surface of the epidermis, including the further loss of
integrin staining. Consequently, in tangential excisional wounds
to the skin or in deep partial-thickness or full-thickness burns, the
loss of these basal cells results in an inability of that section of
epidermis to be resurfaced, except through the migration of
keratinocytes from the wound edges. However, there is another
population of epidermal stem cells from which keratinocytes can
be obtained for repopulating the epidermis—cells from the hair
follicle shaft.

Epidermal stem cells have been identified in human hair fol-
licles in the midregion of the follicle (Rochat et al., 1994). These
cells respond to morphogenetic signals to produce hair follicles,
sebaceous glands, and epidermis (Oshima et al., 2001). Therefore,
residual hair follicles within a damaged region of the skin would
be able to supply the cells required to reconstitute a functional
epidermis in the adjacent region.

9.4. REPLACEMENT OF COLLAGENOUS
STRUCTURES

All of the events of tissue repair occur on or within an appro-
priate 3D ECM that imparts crucial spatial and regulatory infor-
mation to the cells. Beginning with the deposition of a provisional
ECM via the conversion and self-assembly of fibrinogen to a fibrin
network and binding of various soluble attachment proteins, each

cell type provides for the deposition of matrix proteins and
proteoglycans that are required for the proper migration and/or
cellular phenotypic behavior. Ultimately, a greatly expanded
mesenchymal cell population synthesizes the massive deposits of
collagenous ECM termed a scar.

The first 3D scaffold that must be formed in a wound is the
provisional ECM. As noted previously, this structure allows for
keratinocytes and endothelial cells to migrate into the damaged
area and based on its matrix components, induces the appropriate
phenotypic behavior of these cells. In addition to the passively
accumulated ECM proteins, there is a component of the matrix that
results from the active synthesis of collagen molecules that are
added to the provisional structure. Current research suggests that
a hematologically derived monocyte that may express stem cell
surface epitopes contributes partially, if not completely, to this
early matrix synthesis.

Speculation about the origin of cells responsible for the depo-
sition of collagen in tissue repair has spanned the past 140 yr
(Cohnheim, 1867; Metchnikoff, 1893). At that time it was pro-
posed that blood-borne cells populated the injury site and trans-
formed into connective-tissue fibrocytes. Specifically the
monocyte/macrophage was identified as the putative progenitor
cell. This concept was supported by Shelton and Rice (1959), who
presented evidence that mouse mononuclear cells within a diffu-
sion chamber could transform into fibroblast-like cells within 3 d.
Additional studies using autoradiographic techniques also impli-
cated transformation of blood-borne mononuclear cells into col-
lagen biosynthetic–capable cells (Gillman and Wright, 1966).
Finally, several investigators examined cells of hematological
origin and showed the presence of collagen biosynthetic enzymes
within the cells (Goldberg and Green, 1968; Chen-Kiang et al.,
1977; Myllyla and Seppa, 1979). Therefore, there are considerable
data suggesting that some component of the ECM deposited within
a wound area arises from hematological cells migrating to the site
of injury and then phenotypically becoming connective-tissue-
synthesizing cells.

However, this line of evidence is not without contradictory
studies, and one could cite an equal number of studies providing
data supporting the concept that the collagen-producing cells of
the wound were purely cells of endogenous tissue origin. One of
the more influential studies in this latter group was by Ross et al.
(1970). These investigators used a parabiotic animal preparation
to show that cells from the parabiotic animal that had been radio-
labeled with 3H-thymidine did infiltrate a wound; however, all the
labeled cells were inflammatory cells (neutrophils, monocytes,
and lymphocytes), as shown by light and electron microscope
autoradiography. This influential study inhibited further study in
this area for a number of years.

With the advent of immunological techniques to identify cell
populations by cell-surface antigens and their biosynthetic prod-
ucts, examination of the origins of ECM-producing cells in tis-
sue repair could be reexamined. Several years ago, we identified
the deposition of types I, III, and IV collagen within the provi-
sional ECM of rat dermal excisional wounds during the first 24–
36 h postinjury (Graham et al., 1984). This finding was surprising
because it was doubtful that resident mesenchymal cells would
have been able to migrate into the provisional ECM within this
time frame. In addition, pan-leukocyte immunohistochemical
staining indicated that the only cell type present in this region
was hematological cells. Dual immunohistochemical staining
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for type IV collagen and Mac-1, a macrophage-selective cell-
surface antigen, confirmed that the area of collagen deposition
corresponded to areas with a large number of Mac-1-positive
cells. These results supported the concept that the initial syn-
thesis and deposition of collagenous matrix in wound healing
occurs in the provisional matrix and is produced by cells of hema-
togenous origin.

Subsequent studies using human blood cells confirmed that a
circulating population of cells contained the obligate collagen
biosynthetic enzyme prolyl hydroxylase and was able to induce
the expression of this enzyme within 18–24 h postisolation
(Lindblad et al., 1987). Of note, this population of cells was not an
adherent cell population, but the cells were sensitive to exposure
to adherent cell products and platelet-derived products. Further
studies have shown that induction of mRNA for types I and III
procollagen by the cells occurs within the first 24–36 h of culture.
Therefore, the cells possess all of the characteristics that would be
consistent with the in vivo immunohistochemical analysis in rat
dermal wounds.

These results were extended to a mouse model in which mac-
rophages were isolated by implanting Nucleopore® membranes in
the peritoneum, the membranes removed, and the cells cultured
under standard conditions (Vaage and Lindblad, 1990). Using a
variety of techniques including phagocytosis of yeast and positiv-
ity for anti-Mac-1 immunofluorescence, the cells were identified
as 95+% macrophages. These cultures of cells expressed prolyl
hydroxylase, type I procollagen mRNA, and using metabolic
labeling were able to express complete collagenous proteins. By
dual immunnofluorescent staining it was shown that the expres-
sion of type I collagen did in fact occur in the Mac-1-positive cells.
More recently, in situ hybridization and immunohistochemistry
extended these results to show that the macrophages contain type
I procollagen mRNA (Zhai et al., 1996; Lindblad, 1998).

Another research group has identified a circulating cell type,
termed a fibrocyte, that is localized to sites of injury (Bucala
et al., 1994). These cells have been cell-surface phenotyped as
collagen+/CD13+/CD34+/CD45+ and have also been isolated
from the wound chamber model of wound healing in mice
(Chesney et al., 1998). While these cells are able to express type
I collagen, this expression is not observed for several days in
vivo, or in vitro it may take up to 2 wk to observe significant
collagen expression. In addition, these cells are able to produce
an array of proinflammatory cytokines including interleukin-1β,
tumor necrosis factor-α, macrophage inflammatory protein-1α
(MIP-1α), MIP-1β, PDGF-A, and TGF-β (Chesney et al., 1998).
Of note, TGF-β may function in an autocrine fashion within these
cells, because these cells are responsive to this growth factor
with enhanced cellular activity (Abe et al., 2001).

Currently, the monocyte/macrophage cell population identi-
fied in our laboratory with collagen biosynthetic capabilities has
not been thoroughly phenotyped for cell-surface markers. How-
ever, preliminary results are consistent for a putative stem cell
subpopulation. Although it is conceivable that two circulating
blood cell subpopulations are involved in the initial deposition of
collagen in the provisional ECM, this seems unlikely. Rather, it
may be that some of the differences in biochemical activity, e.g.,
expression of type I and IV collagen within 24–36 h vs 1 to 2 wk,
reported are results of experimental conditions. In toto, the data
are consistent with the initial deposition of collagen in tissue repair
resulting from the action of a blood-borne monocyte subpopula-

tion with stem cell markers infiltrating the provisional ECM and
depositing a collagenous matrix to support the subsequent pro-
cesses of wound healing.

9.5. CONCLUSION
Understanding of the cellular and biochemical processes of

dermal wound healing has rapidly advanced over the past decade,
with many of the key mediators and events now characterized.
With these advances, the concept that stem cells may play an
important role in contributing pools of cells to repopulate dam-
aged tissue or to play transient roles has emerged. Although the
stem cells of the epidermis have received the most attention, stud-
ies in angiogenesis and matrix deposition are beginning to add the
stem cell to the constellation of cells involved in these processes
as well. Along with these putative roles, stem cells may well be
involved in expansion of the mesenchymal pool of cells for the
reconstitution of the collagenous dermis and scar.
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10.1. DEFINITIONS
There are a number of different terms that have been ascribed

to the cell type that may be, or to the population that may contain,
a mesenchymal stem cell (MSC). Therefore, some clarification
of cell terminology is needed for the use of the term MSC in this
chapter. The formal definition of the term stem includes the abil-
ity of a progenitor cell to “self-renew,” i.e., to divide and retain
a daughter cell that does not differentiate (or produce progeny
that differentiate) while producing another daughter cell that dif-
ferentiates, or divides and then differentiates. To date, no one has
rigorously proved that the cells designated “MSCs” have this
unique stem cell renewal capability. For this reason, some have
termed the expandable population of mesenchymal cells with
differentiation potential as mesenchymal progenitor cells, while
others have used terminology based on conventional terminol-
ogy in their field of study. For example, Friedenstein refered to

cells isolated from bone marrow as colony-forming unit-fibro-
blastic (CFU-f), a terminology originating from that used by
hematologists to describe colony growth in hematopoietic stem
cell assays. Similarly, hematologists have referred to the marrow
cells that fabricate the unique connective-tissue scaffold that
supports hematopoietic cells as “stromal” cells, and these cell
preparations could contain MSCs.

In this review, MSCs refers to adult mesenchymal progenitor
cells with differentiation potential to form a variety of mesenchy-
mal tissues. These cells may be identical to, or be found in, cell
preparations that have been termed mesenchymal progenitor cells,
marrow stromal cells, MSCs, and CFU-f. Indeed, MSCs may also
be found in a variety of nonhematopoietic tissues, such as muscle,
skin (Pettis et al., 1990; Mizuno and Glowacki, 1996), and adipose
tissue (Zuk et al., 2001). The origin of these MSCs in different
tissues could be the smooth muscle cell lineage pericytes
(Galmiche et al., 1993) associated with vasculature, which have
been shown to be both osteogenic (Brighton et al., 1992) and chon-
drogenic (Doherty et al., 1998).

Bone Marrow Mesenchymal Stem Cells

JAMES E. DENNIS, PhD AND ARNOLD I. CAPLAN, PhD

The term mesenchymal stem cell (MSC) refers to adult mesenchymal progenitor cells with the potential to produce
progeny that differentiate to produce a variety of mesenchymal cell types (e.g., fibroblasts, muscle, bone, tendon, ligament
adipose tissue). It is not known if these cells actually have the capacity to self-renew, which is a property of stem cells. MSCs
may be found in muscle, skin, and adipose tissue, as well as in the bone marrow. MSCs in the bone marrow may be identified
by colony-forming units that produce fibroblasts and make up a very small percentage of the total marrow population. The
ability of MSCs in the bone marrow to form bone and cartilage has been known for more than 100 yr. MSCs or their progeny
in the bone marrow provide a stromal microenvironment for hematopoiesis. During development, MSCs in the bone marrow
may derive from the developing vessels (pericytes) or from circulating precursors. MSCs also produce osteoclasts and
osteoblasts responsible for remodeling of bone and adipocytes, which make up a major portion of the bone marrow. MSCs
may be isolated from bone marrow, peripheral blood, fat, skin, vasculature, and muscle, where they most likely are
responsible for normal tissue renewal, as well as for a response to injury. Bone marrow MSCs are negative for primitive
hematopoietic cell markers but express antibody-defined markers: SH2 (type III TGF receptor), SH3 and SH4 (ecto-5'-
nucleotidase), and STRO-1. Individual clones of cell lines derived from MSCs have different potentials for differentiation,
indicating different stages of determination and levels of plasticity. Transplanted MSCs have been shown to enhance bone,
tendon, cartilage, and nerve repair in experimental models. Systemic transplantation of MSCs has not always led to
functional results in tissue repair but has tremendous potential. The use of MSCs for gene therapy for hematopoietic,
metabolic, and neurological disorders is currently under investigation.
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10.2. HISTORY
The presence of mesenchymal progenitor cells within the bone

marrow has been documented from the late nineteenth century by
the works of Goujon (1869), who was the first to show the osteo-
genic potential in heterotopic transplants of rabbit marrow, and
which was later confirmed in transplantation experiments by
Biakow (1870). Danis (1960) showed that whole marrow itself
was osteogenic, and not just an inductive factor or chemoattractant
for osteogenic cells, by placing marrow within a diffusion cham-
ber (two semipermeable membranes separated by a plastic ring),
implanting this within a host animal, and observing the contents
by histological methods. Similar confirmatory experiments were
conducted by other groups (Petrakova et al., 1963; Friedenstein
et al., 1966; Bruder et al., 1990), wherein the formation of carti-
lage and bone within the diffusion chamber was observed, dem-
onstrating that bone marrow had, at a minimum, the potential to
form bone and cartilage. Friedenstein and co-workers
(Friedenstein, 1973) showed that the osteogenic potential of bone
marrow was a feature of a specific subgroup of cells termed the
CFU-f, which made up a very small percentage of the total mar-
row cell population. Friedenstein (1980) later showed that CFU-
fs were formed from single cells and that some of these CFU-fs
were able to form both bone and the microenvironment necessary
for the formation of hematopoitic elements. These cells that form
a hematopoietic microenvironment (Friedenstein et al., 1974;
Trentin, 1976) can be considered a third phenotype for which the
bone marrow has the potential to differentiate into, although other
laboratories have categorized bone marrow stromal cells (hemato-
poietic supportive cells) as early osteogenic progenitors, a debate
that has yet to be resolved.

The first formal presentation of the concept of a stem cell resid-
ing in bone marrow was in a publication by Owen in 1978, wherein
the marrow stroma was hypothesized to consist of a lineage analo-
gous to the hematopoietic lineage (Till and McCulloch, 1980).
Owen (1985) expanded on this hypothesis and proposed a model
for the stromal lineage that contained “stem cell,” “committed
progenitor,” and “maturing cell” compartments, and included a
lineage diagram for “stromal stem cells” that included “reticular,”
“fibroblastic,” “adipocytic,” and “osteogenic” cells as end-stage
phenotypes. In 1991, Caplan (Caplan, 1991) proposed the exist-
ence of an MSC having the capacity to differentiate into multiple
mesenchymal phenotypes including adipose, tendon, ligament,
muscle, and dermis (Fig. 1) (Caplan, 1994). Formal proof of the
multipotentiality of MSCs or CFU-fs came from experimentation
on clonal populations. It was demonstrated that approx 30% of
isolated CFU-f colonies were able to form bone alone or bone with
marrow in open transplants (Friedenstein, 1980) and that about
40% of rabbit marrow cells isolated by limiting dilution or by
cloning rings were able to form bone (Bennett et al., 1991). Mul-
tipotential mesenchymal cells were also identified in a studies
using MSCs isolated from the marrow of transgenic mice contain-
ing a gene for conditional immortality (Dennis and Caplan,m 1996;
Dennis et al., 1999). In that study, multiple colonies were isolated
by cloning rings and limiting dilution while under immortalized
culture conditions and then tested for differentiation potential
under standard culture conditions or in vivo. For mouse marrow–
derived mesenchymal progenitor cells, it was determined that these
cells contain a mixture of cells having various differentiation po-
tentials (Dennis and Caplan, 1996) ranging from monopotential to

quadripotential (Dennis et al., 1999). Similar results were reported
for MSCs isolated from human marrow, wherein three of six iso-
lated and expanded MSC colonies were able to differentiate into
bone, adipose, and cartilage while all six were able to differentiate
into bone (Pittenger et al., 1999).

10.3. THE EMBRYONIC ORIGIN OF MSCS
While MSCs have an essential role for the differentiation of all

the mesenchymal tissues of an organism, it is the function of
MSCs in the adult organism that is the focus of this essay. The
developing organism seeds within different tissues the progenitor
cells necessary for tissue maintainence turnover and repair in the
adult. One example of this is the satellite cells in striated muscle
located within the basement membrane of myotubes (Mauro,
1961), which do not express any muscle proteins, except when
stimulated to expand and differentiate in response to injury. Sat-
ellite cells are distinct from the muscle fibroblasts that are found
outside the muscle basement membrane, which, interestingly,
may be another source of progenitor cells within muscle tissue
that have the capacity to differentiate into other mesenchymal
phenotypes (Lee et al., 2000). Following muscle injury, satellite
cells mitotically expand; migrate into the damaged muscle; fuse;
and then form fully functional, innervated myotubes. The satellite
cells are thought to arise from residual migrating myogenic cells
during development that do not fuse into primary or secondary
myotubes. For MSCs, the origin of MSCs that eventually reside
in adult marrow is less clear.

During limb development, the primitive limb bud first forms
a cartilage anlage from condensing mesenchymal cells. Bone
then forms around the cartilage anlage at the middiaphysis and
expands bidirectionally toward the distal and proximal epiphy-
ses. Just at the time that bone is forming at the middiaphysis, the
cartilage beneath the bone becomes hypertrophic, and soon after
the initial bone matrix has mineralized, the cartilage of the
middiaphysis is invaded by vasculature (Pechak et al., 1986).
The invading vasculature infiltrates the region once occupied by
hypertrophic cartilage and eventually the entire cartilage anlage
is replaced by vasculature and marrow elements. Hematopoietic
stem cells migrate to the nascent bone marrow from their preced-
ing embryonic location within the liver. The MSCs in bone
marrow can arrive by three different mechanisms: (1) They can
enter along with the vasculature; (2) they can migrate into the
space after vascularization along the vessel paths, i.e., from the
periosteum, which has documented multipotentiality (Nakahara
et al., 1992; Yoo and Johnstone, 1998); or (3) they can arrive via
the blood proper, indicating the existence of a circulating MSCs.
The first two mechanisms differ only with respect to the timing
of MSC entrance into the marrow, not by the path of arrival or
migration. The third mechanism differs from the other two only
with respect to which side of the capillary basement membrane
the MSCs use, the luminal or abluminal. However, this mecha-
nism of MSC migration or circulation has important implications
for adult tissue repair in that it may be possible to deliver repara-
tive MSCs via the circulation as opposed to only localized appli-
cations, especially if MSC docking sites exist on the endothelium
lining the vascular network.

The first and second mechanisms of MSC arrival (along with
the vasculature) to the bone marrow space are supported by two
distinct observations and experiments with the vascular-associ-
ated cells (pericytes), and on smooth muscle cells from marrow.
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Pericytes are cells that are closely associated with capillaries
(Rouget, 1873), which express smooth muscle markers (Meyrick
et al., 1981; herman and D’Amore, 1985) and have the potential
to differentiate into osteoblasts (Brighton et al., 1992). Although
often categorized as being a cell type distinct from that of smooth
muscle cells, some data indicate that pericytes have the potential
to differentiate into smooth muscle cells (Meyrick et al., 1981).
The pericytes of the periosteum are one candidate cell type for
the origin of marrow MSCs because they are in the correct ana-
tomical region for migration into the nascent marrow space, and
also because pericytes have been shown to have the potential to
differentiate into chondrocytes and adipocytes (Rhodin, 1968;
Doherty et al., 1998). Another set of data addresses the differen-
tiation of MSCs in the marrow from the perspective of the smooth
muscle lineage, and these data show that MSCs analyzed for their
expression of smooth muscle cell markers can be separated into
distinct steps along a proposed smooth muscle cell lineage
(Rémy-Martin et al., 1999). Based on this model, both MSCs and
pericytes would be part of a smooth muscle cell lineage that
includes the multipotential MSCs of marrow. In addition,
pericytes have been shown to express the STRO-1 antigen
(Doherty et al., 1998), which is a known marker for marrow
colony-forming cells (Simmons and Torok-Storb, 1991) and is
expressed in multipotential human MSCs (Dennis et al., 2001).
While this circumstantial evidence suggests a lineage relation-
ship between pericytes and MSCs that further implies a logical
source of marrow MSCs, to date, there is no direct evidence as to
the origin of the osteogenic cells in the marrow.

The observation that vascular-associated cells (pericytes) have
osteogenic potential adds some modern flavor to an old argument

concerning the origin of osteoblastic cells in bone and in bone
repair (as reviewed by Keith, 1919). Duhamel du Monceau pro-
posed, in 1741, that the periosteum was the primary agent for the
repair of bone. The word agent is used here instead of cell source
because this work precedes the Cell Theory of Schleiden and
Schwann by about a century. By contrast, Albrecht von Haller
argued that bone was a product of arteries and that periosteum was
simply a source of nourishment. It would seem that this scientific
argument is relevant even today—von Haller could take the posi-
tion that the well-documented osteogenic potential of periosteum
could be traced back to the presence of pericytes within the peri-
osteal vasculature.

The role of MSCs within the marrow of an adult organism can
be as varied as the phenotypes that MSCs can express. (The focus
of this discussion is the role of MSCs in the adult, not the devel-
oping organism.) If one makes the reasonable, yet debatable,
position that MSCs which migrate into marrow, and then differen-
tiate into stromal support cells—i.e., the cells that make up the
hematopoietic microenvironment (Trentin, 1976)—then MSCs
have an essential role in setting up the adult site of hematopoiesis.
Whether MSCs perform the task of hematopoietic support directly,
or whether this function is performed by their “committed” and
expressive progeny, are issues of lineage progression and pheno-
type plasticity that are discussed in detail later. Our interpretation
of the data from many laboratories on marrow MSCs or stromal
cells (which are probably identical) is that some or all stromal
hematopoietic support cells have the ability to differentiate into
other mesenchymal phenotypes, and that these cells may reassume
a quiescent multipotential MSC phenotype when the physiologi-
cal demand for hematopoietic output diminishes.

Fig. 1.
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MSCs within marrow also function as a reservoir of stem cells
for the repair of bone fractures and for the natural turnover of
bone. The sequence of cellular events in fracture repair includes
the formation of a clot, migration of macrophages and “mesen-
chymal” cells into the site, formation of cartilage in the fracture
callus, and the bridging of the fracture via endochondral ossifica-
tion (Ham and harris, 1971). The MSCs are the cells that form both
the cartilage callus and the bone that bridges the repair site. MSCs
also play an osteogenic role in normal bone remodeling or turn-
over. During natural bone turnover, hematopoietic lineage-
derived osteoclasts resorb portions of bone in “resorption pits,”
the osteoclasts expire, and the excavated pits are then refilled
with new bone by osteoblasts that differentiate from MSCs. The
MSCs are the reservoir for osteoblastic cells that are needed for
the turnover process that occurs throughout an organism’s life-
time. It is hypothesized that diminished numbers of MSCs or the
restricted access to MSC reservoirs is responsible for some age-
related bone loss.

A more controversial role for MSCs has to do with the expres-
sion of the adipocyte phenotype. A number of laboratories have
documented the ability of MSCs to differentiate into adipocytes,
but the precise role of adipocytes within the marrow remains un-
known. There is evidence that rat bone marrow adipocytes pro-
duce an uncoupling protein that is consistent with marrow
adipocytes functioning in the regulation of heat (Marko et al.,
1995). Another theory is that adipocytes serve as an expandable
and retractable space-regulatory cell within the confines of the
bone marrow (Tavassoli, 1974). When there is high hematopoietic
demand, adipocytes dwindle to make room for hematopoiesis, and
when hematopoietic demand declines, the adipocytes expand to
fill in the unused space. This hypothesis of a space-filling role is
supported by the fact that marrow adipocytes do not mobilize lip-
ids in response to starvation, as do extramedullary adipocytes
(Tavassoli, 1974). A variety of other functions have been ascribed
to adipocytes (reviewed by Gimble, 1990), including hematopoi-
etic support, which may be more relevant to discuss within the
context of differentiation plasticity (see below).

In summary, MSCs within adult bone marrow have five pri-
mary roles: as progenitor cells for bone formation during turnover
or repair, in cartilage formation during repair, in vascular support,
in hematopoietic support, and as progenitors for adipocytes whose
precise function has yet to be defined.

10.4. HARVESTING, ISOLATION,
AND CHARACTERIZATION

The primary source for MSCs is the bone marrow, although
recent reports indicate that MSCs can be isolated from other
sources, such as peripheral blood (Kuznetsov et al., 2001), fat (Zuk
et al., 2001), skin (Pettis et al., 1990; Mizuno and Glowacki, 1996),
vasculature (Brighton et al., 1992), and muscle (Lee et al., 2001).
Interestingly, the demonstration of a progenitor cell population in
vasculature fits with data suggesting that MSCs are part of a smooth
muscle cell lineage (Galmiche et al., 1993; Rémy-Martin et al.,
1999), and that the source of multipotential cells in fat may actu-
ally be the vasculature. Whether derived from animals or humans,
the selection of fetal bovine serum (FBS) is critical to the success
of expansion and maintenance of differentiation potential (Lennon
et al., 1996). Human MSCs are isolated from marrow aspirates as
described originally by Haynesworth et al. (1992b), with some
modifications. Marrow aspirates are diluted with phosphate-buff-

ered saline (PBS) at 3.5 parts PBS to 1 part marrow aspirate, cen-
trifuged at 900g for 10 min at room temperature. The pellets are
combined, resuspended in PBS, and counted, and the volume is
adjusted to a cell concentration of 2.0 × 107 cells/mL. The cells are
then layered onto 1.073 g/mL of Percoll (e.g., 5–10 mL of marrow
cells is layered onto 25 mL of Percoll in a sterile 50-mL tube). The
tubes are centrifuged for 30 min at 1100g with the brake off, and
the top cell band is removed with a 5-mL pipet and combined with
25 mL of PBS and centrifuged, and the pellet is taken up in 10 mL
of hMSC medium (Dulbecco’s modified Eagle’s medium
[DMEM] [low glucose] plus 10% FBS). Cells are plated 7.5 – 25.0
× 104 cells/cm2 and cultured at 37°C in humidified air containing
5% carbon dioxide; the medium is exchanged twice weekly.

The procedure for nonhuman bone marrow samples or for
human samples obtained directly from marrow space is slightly
different than for aspirates. Plugs of marrow are suspended in
DMEM and dispersed by passage through 18-, 20-, and 22-gage
needles. The dispersed marrow is centrifuged at 900g for 5 min,
resuspended in DMEM, counted, and plated at 7.5 – 25.0  × 104

cells/cm2 in DMEM containing a selected lot of FBS. Between
12 and 18 days later, the cultures have formed colonies and are
ready for passaging. The MSCs are washed once in Tyrode’s salt
solution, incubated for 5 min in 0.25% Trypsin-EDTA (Gibco),
and a one-half volume of calf serum is added to inhibit digestion.
The cells are then centrifuged and replated at approx 7.5 – 25.0
× 104 cells/cm2. A significant number of contaminating hemato-
poietic cells, especially monocytes, remain attached to the pri-
mary culture plates.

Numerous laboratories have published methods to isolate and
expand MSCs from different species, including human (Kuznetsov
et al., 1997; Colter et al., 2000), mouse (Krebsbach et al., 1997),
rabbit (Wakitani, 1994). (Bone marrow cultures for all of these
species and of guinea pig have been described by a pioneer in the
studies, A. J. Friedenstein [Friedenstein et al., 1974, 1976].) Most
of these methods of culturing MSCs rely on differential adherence
to plastic and the use of serum concentrations lower than that used
in hematopoietic cultures to eliminate most nonadherent hemato-
poietic cells. Differences in preparations among laboratories are
primarily in the use of base medium (usually αMEM or DMEM),
the lot of serum, and whether or not cells have been partially pu-
rified by density gradient centrifugation.

A number of markers have been identified to distinguish
MSCs from hematopoietic cells. Three of the earliest markers
identified are SH2, SH3, and SH4, which were shown to bind to
MSCs and not to hematopoietic cells (Haynesworth et al., 1992a).
Subsequent studies have revealed that the antibody SH2 binds
endoglin (Barry et al., 1999), a type III transforming growth
factor β receptor found on mesenchymal tissues and on macroph-
ages and endothelial cells, indicating that this marker is not spe-
cific for MSCs. In addition, the antibodies SH3 and SH4 have
been shown to specifically bind an ecto-5'-nucleotidase, CD73.
In combination, SH2, SH3, and SH4 are used to characterize
individual preparations of human MSCs. Markers for hemato-
poietic cells, such as anti-CD31, anti-CD1, and anti-CD14, have
been used to negatively select (deplete) hematopoietic cells from
MSC cultures (Rickard et al., 1996).

The antibody STRO-1 (Simmons and Torok-Storb, 1991) has,
so far, been the most useful antibody for identifying and posi-
tively selecting for MSCs in bone marrow. STRO-1 has been
successfully used to isolate the CFU-f cells from marrow
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(Simmons et al., 1994), and STRO-1-selected cells have been
shown to be osteogenic (Gronthos et al., 1994), chondrogenic,
adipogenic, and hematopoiesis supportive (Dennis et al., 2001).
Unlike the other antibodies to date, STRO-1 can be used not only
to stain and characterize MSCs, but also to sort cells by magnetic
activated cell sorting (Gronthos et al., 1994; Tamayo et al., 1994;
Dennis et al., 2001).

10.5. CELL LINES VS PRIMARY CULTURES
The use of cell lines for research carries several important

caveats. One primary criticism concerning the use of cell lines is
that the entire basis of generating or selecting for a cell line renders
that cell line nonphysiological in that most of the cells are trans-
formed and some are tumorigenic. Indeed, the base characteristic
of a cell line is that it will expand in culture indefinitely. This alone
makes these cells different from native cells. Additionally, the
details of the origin and selection of each individual cell line is
important for assessing how each cell’s phenotypic characteristics
may, or may not, be representative of native cells. For example,
many cell lines, especially from rodents, are derived from long-
term cultures that spontaneously transform. This spontaneous
transformation generally follows a time period in culture (“crisis”)
during which cells cease dividing, many of them die, or they show
features of senescence. The cells that break out of this crisis rep-
resent a rare subpopulation of cells and usually contain abnormal
numbers of chromosomes, which is a likely cause of their transfor-
mation. Some cell lines are derived from cancerous lesions,
wherein transformation has occurred in vivo instead of in vitro.

More recently, cell lines have been formed by introducing
genes into cells that can impart immortality, such as the SV-40
large T-antigen (Takahashi et al., 1995; Houghton et al., 1998).
(The transformation of a cell into a cell line is often termed immor-
talization, to reflect the cells’ ability to divide indefinitely.) The
advantage of this method is that the mechanism of immortaliza-
tion is known and is not such a highly selective and rare event.
The disadvantage to this method is that the transforming gene is
always expressed, which is non-physiologic, and the gene is usu-
ally randomly introduced into the host cell, which can have other
unknown effects on the physiology of the cell line.

A more elegant method of immortalization has been devised,
wherein cells are transduced with a immortalization gene that is
“conditional”; that is, the culture conditions can be adjusted to
stably express the immortalizing gene or gene product. One
example of this is the temperature-sensitive gene for the SV-40
large T-antigen. At low temperatures (i.e., 33°C), the large T-
antigen remains stable, whereas at higher temperatures (37–
39°C) the large T-antigen is very labile and cannot function to
derepress mitosis. A useful addition to this method is the inclu-
sion of a promoter region that can increase the expression of
large T-antigen after the addition of exogenous molecules. One
example of this is the class I histocompatability antigen promo-
tor with a γ-interferon-sensitive element that has been combined
with the temperature-sensitive gene for large T-antigen and in-
serted into the mouse genome (Jat et al., 1991). This transgenic,
H-2Kb tsA58 mouse, or “immortomouse,” contains this construct
that has the potential to confer conditional immortality in each of
it’s cells, although not all cell isolates behave identically. The
advantages of cell lines isolated from these transgenic mice are
that there is a single copy of a defined gene, that the gene is
conditionally expressed, and that the presence of the inactivated

gene does not seriously affect the growth and development of
the organism. These cells are not identical to native cells because
they are induced to express the immortalization gene while the
cells are being propogated, and the effect of the abnormal expres-
sion of this gene on cell physiology (even when the gene is later
turned off) is not known.

An extensive number of cell lines have been made from cultures
containing MSCs. Many of these cell lines have been derived from
hematopoietic cultures as a method of analyzing the contribution
of “stromal” cells to the support and differentiation of hematopoi-
etic stem cells (reviewed by Deryugina and Muller-Sieburg, 1993).
Many of these “stromal” cell lines have since been found to have
characteristics of MSCs. For example, the mouse-derived stomal
line MBA-15 (Benayahu et al., 1989) has been shown to be osteo-
genic, as has the cell line MBA-1, which is also chondrogenic
(Benayahu et al., 1994). The stromal-derived cell line BMS2
exhibits an adipocytic morphology along with the ability to support
lymphocytes in culture (Pietrangeli et al., 1988; Dorheim et al.,
1993). It is beyond the scope of this chapter to cover all of the cell
lines developed for other applications (besides MSCs) that have
MSC-like characteristics. Interestingly, many of these cell lines
may have originated from MSCs, although the laboratories that
have studied them have been concentrating on other applications.
There are, however, some laboratories that have specifically set
out to obtain cell-lines composed of MSCs (Dennis and Caplan,
1996; Ragab et al., 1998).

In our laboratory, we set out to isolate, clone, and analyze the
differentiation potential of MSCs isolated from the marrow of the
H-2Kb tsA58 transgenic mouse, which contains a temperature-
sensitive gene for large T-antigen under the control of the class I
histocompatibility antigen promotor (Jan et al., 1991). Individual
marrow-derived clones from this transgenic mouse were shown to
vary in their differentiation potential to include clones that were
mono-, bi-, and tripotential (with respect to osteogenic, adipogenic,
and hematopoietic support phenotypes) (Dennis and Caplan,
1996). A later study identified another conditionally immortalized
clone, BMC9, which has the potential to differentiate into at least
four phenotypes: osteoblasts, chondrocytes, adipocytes, and osteo-
clast-supportive cells (Dennis et al., 1999).

A temperature-sensitive construct of large T-antigen has also
been used to immortalize human marrow–derived stromal cells
(Hicok et al., 1998), which were shown to express both osteoblas-
tic and adipocytic markers.

10.6. DIFFERENTIATION STUDIES
10.6.1. PLASTICTY  Determination is a well-known concept

in embryology (Hopper and Hart, 1985) that describes the progres-
sion of a totipotent oocyte into a collection of cells that is more
restricted in the number of cell types into which they can differen-
tiate. Cells become determined to differentiate along one of three
germ layers and later become determined to differentiate into spe-
cific organs or cells within that layer. While it has generally been
accepted that cells retained some plasticity (the ability to
transdifferentiate or dedifferentiate and redifferentiate into other
cell types), especially in the developing embryo, recent results on
the differentiation of some mesenchymal phenotypes suggest that
plasticity may be more common than previously thought. Mesen-
chymal tissues may be particularly prone to phenotype plasticity
than the other germinal layers, although recent results suggest that
even neural tissues may exhibit plasticity toward the hematopoi-
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etic lineage (Bjornson et al., 1999) and hematopoietic stem cells
may differentiate into hepatic oval cells (Petersen et al., 1999).

One line of evidence of mesenchymal plasticity comes from
analysis of the expression of markers for differentiation of spe-
cific cell phenotypes. For example, adipocytes express a particu-
lar set of genes that are associated with the accumulation of lipid.
These adipocyte gene include, AP2; adipsin; and a set of tran-
scription factors such as PPARγ2, CEBP/α and CEBP/β. Interest-
ingly, there is evidence that differentiated adipocytes, cells that
have accumulated lipid droplets, have the ability to trans-
differentiate into ostoblasts (Bennett et al., 1991). Another char-
acteristic of mesenchymal cells from marrow is that they often
have overlapping functions and phenotypes. Put another way,
there is often a blurring of the boundary between phenotypes. For
example, cells that support the formation of osteoclasts are often
considered to be preosteoblasts. But isn’t the ability to express
specific signaling molecules in response to physiological stimuli
to promote osteoclast formation a property of a differentiated
cell? Are all osteoclast-supportive cells osteoblastic? Data from
our laboratory indicate that some mouse-derived marrow clones
are osteoclast supportive yet nonosteogenic, while other clones
are chondrogenic, osteogenic, and adipogenic but do not support
osteoclast formation (unpublished results). Indeed, when review-
ing the literature on hematopoietic, preadipocyte, and preosteo-
blastic cell lines, there seem to be cells that fit every combination
and permutation of different mesenchymal markers and pheno-
types (although some phenotypes are more common that others).
For example, there are preadipocytes that can support myeloid
hematopoietic cells (Udagawa et al., 1989; Gimble et al., 1992),
and the murine marrow-derived cell line, BMS2, can support os-
teoclast formation either as a preadipocyte or after induction and
expression of mature adipocyte markers (Kelly et al., 1998). There
are nonadipogenic cells, such as ST2 cells, that also support
osteoclast formation. In a study by Takahashi et al. (1994), clones
of a parental cell line, MCHT-1, were analyzed for their response
to adipogenic and osteogenic conditions and for their ability to
support osteoclast formation. They found that all the clones sup-
ported osteoclast formation (at different rates and levels), but
varied widely in their expression of osteoblast or adipocyte mark-
ers (Takahashi et al., 1994).

To account for these data on the multiple differentiation poten-
tials of MSCs, several different models have been proposed,
including detailed lineage models (Minguell et al., 2001) or mod-

els that try to account for overlapping phenotypic markers, such as
the diagram in Fig. 2, which is modified version of one of the
models proposed by Gimble et al. (1996). Within the model pro-
posed in Fig. 2, the stromal support cell is considered an early
progenitor of other mesenchymal phenotypes, which does not
fit the unpublished data from our laboratory, nor does it account
for the published phenotypes of various mouse cell lines. In addi-
tion, there is no accounting for plasticity of phenotypes after cells
express phenotypic markers. To account for plasticity, lineage
progression, and multipotentiality, the Stochastic Activation/
Repression Model has been proposed (Dennis and Charbord,
2002) and is illustrated in Fig. 3. In this model, the multipotential
events are considered to occur within the MSC compartment,
which is not physical compartment but is more accurately defined
as a genetic state of differentiation potential. Cells within the MSC
compartment can exhibit a range of multiple or monopotentials,
while cells in the differentiation compartment are expressing those
potentials in response to external stimuli. Plasticity occurs when
a cell exits the MSC compartment with multiple differentiation
potentials and switches from one phenotype to another. The pri-
mary advantage of the Stochastic Activation/Repression Model is
that it accounts for the (apparent) randomness of the multiple
potentials observed for MSCs and cell lines. However, the mecha-
nism for the formation of this random mixed population of MSCs
with different potentials remains unknown.

10.6.2. TRANSPLANTATION STUDIES  The ability of MSCs
to be expanded in culture, coupled with their potential to differen-
tiate into end-stage mesenchymal phenotypes, makes MSCs a
likely source of  cells for tissue repair strategies. One advantage of
the use of MSCs is that cells are easily obtained by a standard,
outpatient bone marrow harvest. The cells can then be expanded
and used for autologous transplantation. The key obstacles to
overcome are expansion while retaining differentiation potential,
delivery of cells to the site of repair, promotion of differentiation
toward the appropriate mesenchymal phenotype, and the integra-
tion of the differentiated tissue into the host repair site. Although
advances have been made in different repair models, several sig-
nificant obstacles have yet to be overcome.

10.6.3. BONE REPAIR  The utility of using MSCs to improve
bone healing was demonstrated in a critical-sized bone defect in
rat (Kadiyala et al., 1997), wherein calcium phosphate ceramics
showed significantly more bone fill (43%) than was found in bone
marrow–loaded ceramics (19%) or cell-free ceramics (10%).
MSCs were further tested for their ability to repair bone in a
femoral gap model in a dog segmental defect model (Bruder et al.,
1998). Again, radiological and histomorphometic analysis dem-
onstrated greater bone fill in implants loaded with MSCs than in
empty control implants. In a study in rabbits, the use of PGLA
plymer fleece or fibrin beads cultured in periosteum-derived
MSCs also showed superior bone healing by histological and
radiological criteria than did matching empty control implants
(Perka et al., 2000). In another approach to enhancing bone repair,
calcium phosphate scaffolds and metallic plates were coated with
MSCs and cultured for 1 wk in osteogenic conditions and then
implanted into nude mice. The precoating and incubation in
osteogenic conditions promoted the formation of bone around the
implants (de Bruijn et al., 1999). A similar method was employed
to “jump start” the bone healing process in a dog segmental bone
defect. In this case, perestium was used as a source of MSCs (or
osteogenic cells), which were then coated onto ceramic scaffolds,

Fig. 2.
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and implanted for 1 mo intramuscularly (Cong et al., 2001). The
implants were transferred to the segmental defect site, whereupon
the implants rapidly fused to the ends of the defect. These studies
have demonstrated the feasibility of using MSCs to augment the
repair of bone and to augment the integration of scaffold materials
into bone sites.

10.6.4. TENDON REPAIR  MSCs have also been tested in
tendon repair models, which showed that MSCs co-implanted in
a collagen matrix carrier were able to integrate into the neotissue
and that the implanted MSCs became aligned in parallel with the
fibers and native cells. In a rabbit Achillies tendon repair model,
it was shown that MSCs combined with a type I collagen regained
nearly 65% of the normal tendon maximum force compared with
only 31% of maximum force in the cell-free type I collagen con-
trols (Young et al., 1998; Butler and Awad, 1999). In a similar
study of MSCs combined with type I collagen gels, MSCs again
showed improved biomechnical properties at 4 wk (the end of the
study) over matched cell-free controls (Awad et al., 1999). It would
be interesting to determine how MSCs would perform in compari-
son to type I collagen loaded with some other source of cells, such
as dermal fibroblasts.

10.6.5. CARTILAGE REPAIR  MSCs are chondrogenic (Yoo
et al., Dennis et al., 1999, 2001), so another tissue engineering
application is for the repair of cartilage, a tissue that is notorious
for its inability to heal, especially in adult animals. A number of
studies have been conducted on the repair of articular cartilage
defects that have been implanted with MSCs contained within
different polymers, such as hyluronic acid–based polymers
(Solchaga et al., 1999, 2000), type I collagen (Wakitani et al.,
1994), and polylactic acid (Dounchis et al., 2000). None of the
polymer-cell constructs to date have produced a consistent repair

of articular cartilage defects, even though the cells used for these
studies have the potential to express a chondrogenic phenotype.
The application of MSCs to cartilage repair will not be achieved
until methods are devised that promote a consistent healing of
defects without the formation of fibrous tissue. Another major
obstacle to the application of MSCs in cartilage repair is improv-
ing the integration of neocartilage matrix with the surrounding
native cartilage matrix.

10.6.6. NERVOUS SYSTEM  MSCs have been tested as thera-
peutic agents for the repair of brain injury. Mice injected with
bromodeoxyuridine-tagged MSCs were shown to express NruN, a
neuronal-specific protein and glial fibrillary acidic protein, and
functional tests indicated significant recovery from cerebral artery
occlusion as compared to vehicle-only controls (Li et al., 2000). In
a drug-induced model of Parkinson’s disease, mice injected with
MSCs expressed tyrosine hydroxylase and exhibited significant
improvement in functional testing (Li et al., 2001b), and in a model
for stroke, MSC-injected rats showed improvement in neurologi-
cal severity scores (Li et al., 2001a). MSCs have also been shown
to promote peripheral nerve repair. Rat MSCs cultured in the pres-
ence of forskolin, basic fibroblast growth factor, platelet-derived
growth factor, and heregulin were transplanted into the cut ends of
sciatic nerves and were able to differentiate into cells expressing
myelinating proteins (Dezawa et al., 2001).

10.6.7. SYSTEMIC DELIVERY  Another potential applica-
tion for MSCs is the systemic introduction of osteogenic cells to
counteract age-related osteoporosis or as a potential cure for
osteogenesis imperfecta (Caplan and Bruder, 2001). To effec-
tively treat these diseases, it is necessary to devise a method for
the systemic introduction of MSCs. The literature on the subject
of circulating MSCs contains conflicting results. Early studies

Fig. 3.
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on the reconstitution of bone marrow after ablation indicated that
the stromal component of marrow was derived from the local
environment, not from a systemic source. In rabbits with ablated
marrow of the femur, the stromal component of the marrow was
recovered in animals that had received total body irradiation
with the femur shielded, while animals that received just femoral
irradiation did not recover the marrow stroma, indicating that
recovery of marrow stroma is local (Maloney and Patt, 1968). In
another study, male–female parabionts were formed and one
partner was irradiated while the other was shielded, and the chro-
mosomes of the CFU-f were determined 30 d later. The results
showed some chimerism of the stromal cell population, at a level
of approx 1 CFU per femur (Maloney et al., 1985), indicating that
systemic movement of MSCs was possible, but that it occurred
very rarely.

Studies in human have also yielded conflicting results. One
study of the Y chromosomes in sex-mismatched chimeras in
human indicated that most of the stromal cell population was of
donor origin (Keating et al., 1982). Two subsequent studies, both
of which used the more accurate method of in situ hybridisation
to identify Y chromosomes, as opposed to the identification of
“Y bodies” by differential fluorescent staining, showed that
the stromal cell population in sex-mismatched chimeras were
entirely of host origin (Simmons et al., 1987; Athanasou et al.,
1990). A more recent study showed evidence of engraftment of
MSCs injected into mice with the use of polymerase chain reac-
tion (PCR) to detect a mutated human minigene for the proα1 (I)
chain of procollagen I (Pereira et al., 1995). Based on the ratio of
the normal gene to the mutated gene, up to 12% of the spleen cells
were reported to be of donor origin by d 30, although the percent-
age (for all tissues assayed) decreased by 150 d postinjection. In
a similar study, transgenic mice carrying a defective gene for
type I collagen were shown to express donor MSC DNA in a
variety of tissues by PCR analysis and by fluorescent in situ
hybridization (Pereira et al., 1998). Another study in mouse dem-
onstrated the expression of a marker gene (chloramphenicol
acetyltransferase) linked to the osteocalcin promotor in the bones
of mice injected with MSCs carrying the marker gene (Hou et al.,
1999).

 Further evidence of the transplantability of MSCs was pro-
vided by a study of the fate of human MSCs infused into fetal
sheep, wherein human cells were detected in a variety of tissues,
such as muscle, cartilage, and thymus, using in situ hybridization
to ALU sequences and staining with human-specific antibody to
β-2-microglobulin (Hou et al., 1999). These more recent studies
show the potential for MSCs to engraft and express different
phenotypes after systemic introduction. However, the ability to
detect implanted MSCs is more likely a function of improved
detection methods of the more recent reports, and not improved
implantation efficiencies, which are still quite low. For clinical
applications of MSCs to diseases, such as osteogenesis
imperfecta, much more efficient methods of MSC engraftment
will be needed to cure the disease. For some applications, such
as the introduction of a genetically modified cell producing a
soluble factor, a low level of engraftment may be sufficient for
some therapeutic applications.

10.6.8. GENE THERAPY  The potential for applications of
gene therapy through the use of MSCs are enormous, based on
the potential for MSCs to differentiate into multiple phenotypes
and the ease with which MSCs can be harvested and expanded in

culture. Limitations to the application of gene therapy with MSCs
is primarily a molecular biological question of introducing and
expressing the genes of interest. It is beyond the scope of this
review to address all the advances and prospects for gene therapy
in general. With respect to the cellular issues that relate to MSCs,
there are specific advancements and limitations of MSC use in
gene therapy that are relevant to this review.

The attractiveness of MSCs as targets for gene therapy lies in
three primary considerations: (1) MSCs are easy to obtain by bone
marrow aspiration, with little or no morbidity to the patient; (2)
MSCs are a homogeneous population of cells that can be easily
expanded; and (3) MSCs have the potential to differentiate into
multiple cell phenotypes, which may make them useful for target-
ing specific tissues. Most of these advantages have already been
recognized with respect to their application to tissue engineering.
The fact that MSCs divide quickly has made them appealing tar-
gets for retroviral transfer, although, with advancements in the use
of lentiviruses, a specific subset of retoviruses that efficiently
transfect nondividing cells, the high mitotic rate of MSCs is no
longer of critical importance for cell transduction. The primary
hurdles in MSC applications for gene therapy with respect to the
cellular issues and not the molecular biological are the reintroduc-
tion of MSCs into the host and engraftment and expression of the
gene of interest.

In one of the earliest reports on the use of MSCs as targets for
gene therapy, Allay et al. (1997) showed expression of bacterial
LacZ reporter gene in human MSCs implanted in athymic mice
that were expressing an osteoblastic and osteocytic pheonotype.
In addition, it was demonstrated that hMSCs transfected with a
gene for human interleukin-3 (IL-3) and then implanted into
nonobese diabetic/severe combined immunodeficiency disease
(NOD/SCID) mice showed detectable levels of secreted hIL-3
for up to 12 wk postimplantation. Evidence was also presented
showing that mouse MSCs transfected with the gene for human
factor IX and then implanted into syngeneic mice had detectable
levels of protein in plasma (Gordon et al., 1997). Another study
demonstrated the presence of human growth hormone and factor
IX expression in dogs that had been injected with genetically
modified autologous MSCs (Hurwitz et al., 1997). Therapeutic
levels of human factor VIII were detected in NOD/SCID mice
injected with hMSCs transduced with a retroviral vector contain-
ing the B domain-deleted fragment of human factor VIII (Chuah
et al., 2000), although the level of expression in injected mice
dropped back to basal levels within 3 wk. Baboon MSCs trans-
duced with a gene for human erythropoietin were shown to ex-
press detectable levels of erythropoietin in recipient mice for up
to 28 d, and when implanted in immunoisolation devices in allo-
geneic baboons, human erythropoietin was detected for up to 137
d (Bartholomew et al., 2001).

In addition to the potential application of MSCs to defects in
hematopoiesis, MSCs were shown to be effective targets for the
introduction of the gene for insulin-like growth factor-1 (IGF-1),
via adenovirus transduction, with the specific goal of improving
cartilage repair (Nixon et al., 2000). MSCs showed a 1000 multi-
plicities of infection at optimal viral doses and >100 ng/mL of
IGF-1 was detected in the medium after 48 h. Although MSCs
have an inherent ability to form bone, some laboratories have
augmented this bone-forming ability through introduction of the
gene for bone morphogenetic protein-2 (BMP-2). BMP-2-trans-
duced MSCs were also used to repair fractures in nonunion animal
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models (Lieberman et al., 1999; Turgeman et al., 2001) and in a
spine fusion model in rabbits (Riew et al., 1998).

Because MSCs have been shown to have potential for neural
differentiation (Chuah et al., 2000), they were tested for their
potential for gene therapy for Parkinson’s disease. Rat MSCs
expressing transfected genes of two enzymes (typrosine hydroxy-
lase and guanosine 5'-triphosphate cyclohydrolase I) necessary
for production of L-DOPA (3,4-dihydroxyphenylalanin) were in-
jected into syngeneic rats. Although transgene expression ceased
by 9 d, there was a physiological reduction in symptoms, as shown
by a transient reduction in apomorphin-induced rotation com-
pared to controls (Schwarz et al., 1999). Mice injected with MSCs
transduced with glial cell line–derived neurotrophic factor
showed greater numbers of typrosine hydroxylase–positive neu-
rons than mice injected with nontransduced control MSCs (Park
et al., 2001).

MSCs were also chosen as a target cell for introduction of the
gene α-L-iduronidase, which is deficient in Hurler syndrome. Cul-
tures of MSCs transduced with α-L-iduronidase were shown to
secrete this enzyme into the extracellular space and could cross-
correct this defect in neighboring cells by protein transfer (Baxter
et al., 2002).

Clearly, MSCs are a viable target for the delivery of therapeutic
genes for the reconstruction of different tissues and for the poten-
tial correction of different metabolic syndromes. Just as clear is the
fact that the number of target genes used for MSC genetic therapy
can be expected to increase dramatically in the next few years.

10.7. PROSPECTS
Applications for MSCs to correct a variety of disorders in the

musculoskeletal system and for systemic delivery of genetically
engineered products is still in the early stages of development. The
use of MSCs for bone repair is probably the most advanced with
respect to potential for clinical applications. The use of MSCs to
repair tendon is continuing to be developed while the application
of MSCs to repair cartilage has been fraught with difficulties,
perhaps related to the propensity of MSCs to differentiate into
hypertrophic cartilage, as shown by the expression of type X col-
lagen (Yoo et al., 1998; Dennis et al., 2001). Interestingly, little
effort has been made in the application of MSCs to ligament repair,
which may be an even more important clinical problem than ten-
don repair. Applications of MSCs to cardiac repair and to nerve
regeneration are still relatively recent and could develop into clini-
cal studies in the near future. The potential for these applications
is exciting, as is the potential for MSCs as delivery vehicles of
therapeutic genes. Certainly the next decade will be an interesting
and challenging one for the advancement of these potential appli-
cations into actual therapies.
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11 Normal and Leukemic Hematopoietic
Stem Cells and Lineages

ERNEST A. MCCULLOCH, MD, FRS

The spleen colony assay in which single cells injected into heavily irradiated mice produce colonies (clones) that contain
cells representing all three myelopoietic lineages (plurpiotent), developed by the author and J. E. Till, was a milestone in
the study of hematopoietic stem cells (HSCs) and lineages. Hematopoietic development requires interaction of stem cell
factor with its receptor c-kit on stem cells. A hierarchy of stem and progenitor cells results in different lines of differentiaton
by transit-amplifying cells belonging to different sublineages and responding to different growth factors. A more primitive
stem cell than the spleen colony-forming cell was identified by cell sorting, and a set of cell markers may now be used to
identify cells at different stages of the hematopoietic lineage. Bone marrow transplantation studies show that HSCs can give
progeny that contribute to other organs, such as liver, muscle, and brain, and “stem” cells from other tissues, such as muscle
and brain can produce blood precursor cells. Malignancies of the hematopoietic system are manifested by either an increased
growth fraction (acute leukemias) or decreased death fraction (maturation arrest and failure of cells to die). In very simplistic
terms, cure of acute leukemia requires elimination of the most primitive stem cell, which harbors the genetic change; cure
of chronic leukemias requires ways to force cells to differentiate and die.

11.1. INTRODUCTION
Adult organs and tissues vary in the mechanisms used to main-

tain integrity and function. The neurons of the central nervous
system, once established, are maintained throughout life; if lethal
damage is inflicted, recovery does not occur, although adjacent
cells may proliferate to form a scar. Other organs, such as liver
and many endocrine glands, consist of functional cells that do not
divide; if such organs are damaged, the functional cells can pro-
liferate, restoring cellular number and function. Such organs are
considered to be conditionally self-renewing. The functional cells
of other systems, such as the skin, gastrointestinal tract, and hema-
topoiesis, are both short-lived and incapable of proliferation.
These organs are maintained by a small population of cells with
extensive capacity for proliferation together with the ability to
have daughters either that are functional or, during a limited num-
ber of divisions, whose progeny acquire the special systems that
are needed for function. Such systems are obligatory renewal
systems; the cells that maintain them are stem cells. Recent evi-
dence suggests that this standard classification of tissues may not
be complete. Satellite cells in skeletal muscle, oval cells in the

liver, and ependymal cells in brain have stem properties, includ-
ing the capacity to give rise to hematopoietic descendants. This
stem cell plasticity is discussed later.

Tumors are obligatory renewal systems; each is a clone, a cel-
lular population derived from a single cell (Fialkow, 1976). Like
normal obligatory renewal systems, many tumor cells are not capa-
ble of proliferation; the tumor expands because of the divisions in
a population of malignant stem cells. These, like normal stem
cells, can give rise both to new stem cells (“birth”) or to daughters
with limited or no growth potential (“death”). The generation of
inert tumor cells limits the growth of the tumor. Without “death”
tumors would double in 12–14 h; cancer would be an acute fatal
disease, rather than a chronic condition, often responsive to treat-
ment. Death in tumors may be analogous to normal differentiation,
as both deprive cells of growth potential. Alternatively, death may
be genetically programmed (apoptosis) (Cotter et al., 1990).
Apoptosis has characteristic morphological features; these
changes are often seen in tumors after injury but are less frequent
in untreated controls. It seems possible that both a differentiation-
like process and apoptosis occur in malignant clones.

Hematopoiesis has many features that facilitate the experimen-
tal study of obligatory renewal. The cells of the system may circu-
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late in the blood or be held loosely by nonhematopoietic stroma in
bone marrow or spleen. Thus, they are obtained as cell suspen-
sions, ready for assay. In the human, blood and marrow are rou-
tinely safely sampled for diagnosis. Usually, enough cells are taken
to allow experimental studies when these are approved by the
appropriate committee.

The morphological appearance of maturing and mature cells
has been well established, using staining methods designed for the
study of blood cells. Functional assays for stem cells and precur-
sors have been devised and well characterized. Hematopoietic
malignancies, particularly the leukemias, retain the experimental
advantages of the normal. In addition, leukemias have often been
the system in which therapeutic methods are developed and tested.
Thus, the experimental techniques may be used for therapeutic
research as well as studies of disease mechanisms.

This chapter provides an account of some of the questions that
have arisen about normal and leukemic hematopoiesis. In particu-
lar, the roles of stem cells are considered. Emphasis is placed on

how information about the normal has helped in the understanding
of the malignant.

11.2. NORMAL STEM CELLS
11.2.1. COLONIES IN SPLEEN  In the late nineteenth cen-

tury, staining methods were developed that made it possible to
visualize blood cell structures. Work on human cells led to a clas-
sification of blood cells based on their origin. Cells from marrow
were considered to be myelopoietic. Lineages were described for
red cells, granular leukocytes, and platelets. For each, nuclear and
cytoplasmic structures were used to find the earliest recognizable
precursor; daughter cells with increasing evidence of the charac-
teristic of each cell type were described and named. Cells from
lymphatic organs, called lymphocytes, were morphologically eas-
ily distinguished from myeloid lineages, although both circulated
together in the peripheral blood. The division of hematopoiesis
into myeloid and lymphoid cells was retained when experimental
animals were studied, although often both had a common organ of
origin in the spleen.

Morphology did not lead further up the lineage, although ear-
lier cells, perhaps stem cells, were postulated. Lack of data often
leads to hypothesis and controversy. Two schools of thought were
soon established; members of one taught that a single stem cell
was the origin of all the cells of the blood. Others were equally
committed to the doctrine that each lineage was headed by its own
stem cell. Either point of view could be supported by the leuke-
mias, because both acute and chronic leukemias had distinct mor-
phological and clinical characteristics that allowed them to be
defined as either lymphoid or myeloid. The issue could be
resolved only if new experimental evidence was found. In 1961,
J. E. Till and E. A. McCulloch reported experiments in which
small numbers of normal mouse marrow cells were transplanted
by iv injection into heavily irradiated mice; when these recipients
were killed after 10–14 d, their spleens were seen to contain nod-
ules that could easily be counted. A linear relationship was estab-
lished between the number of marrow cells injected and the
number of nodules found in the recipients’ spleens. When the
spleens were examined histologically, the nodules were found to
consist of maturing and mature blood cells. Histological exami-
nation had a further advantage: fixation in the commonly used
Bouin’s solution made the nodules more distinct and the counting
easier (Till and McCulloch 1961) (Fig. 1).

The linear relationship between cells injected and nodules,
now known to be hematopoietic colonies, made some quantita-
tive experiments possible. For example, many marrow radiobio-
logical parameters were determined. The value of the procedure
was limited, because it was not clear whether each colony was
derived from a single cell or a closely adherent cell clump. This
uncertainty was acknowledged in the nomenclature used to
describe the assay. The term colony-forming unit, or CFU, was
developed; the results could then be given as CFUs per cell num-
ber injected; usually, for normal mice, the value was about 1 CFU
per 103 marrow cells.

The spleen colony assay became much more important when
it was shown that each colony was a clone, derived from a single
cell. This result was achieved using irradiated marrow cells to
form colonies. Sometimes surviving CFUs had unique chromo-
somal abnormalities that served as clonal makers. In colonies
with marker chromosomes, the marker was found in all dividing
cells; normal karyotypes were not seen. This was proof that all

Fig. 1. Mouse spleen taken 12 d after lethal irradiation and injection
of 8 × 104 normal mouse marrow cells. The spleen was fixed in Bouin’s
solution; such fixation enhances distinction of the colonies. (Reprinted
from The origin of the cells of the blood. In: The Physiological Basis
of Medical Practice, 8th ed. (Best, C. H. and Taylor, N. B., eds.),
Williams & Wilkins, Baltimore, with permission.
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the cells in such colonies were derived from single cells that had
survived irradiation but with a radiation-induced chromosomal
change (Becker et al., 1963). Because colonies were readily
shown to contain all three myelopoietic lineages, it followed that
CFUs were pluripotent. Their identity as hematopoietic stem
cells (HSCs) was settled further by the demonstration that spleen
colonies contained not only differentiating cells but also cells
that retained the capacity to form spleen colonies. The presence
of such cells was shown by dissecting out well-separated colo-
nies, making cell suspensions from them, and injecting them into
secondary irradiated hosts; these were killed after 10 d and were
often found to have spleens with colonies (Siminovitch et al.,
1963). The generation of new CFUs during colony formation
showed that the cells of origin of primary colonies were able to
make cells like themselves, the property of self-renewal. These
experiments provided an experimentally based definition of a
stem cell as a cell with extensive proliferative capacity, includ-
ing self-renewal and the ability to give rise to differentiated prog-
eny. The long controversy was settled, at least for myelopoiesis;
the three lineages had a common origin.

Later work showed that colony formation in the spleen was
complex, consisting of at least three waves. First, about 6 d after
transplantation small colonies are seen, consisting only of eryth-
ropoietic cells. The cells of origin of the early colonies are under
the control of the flexed- tail locus in the mouse; they are commit-
ted to erythropoiesis and are active only in embryogenesis or
marrow regeneration (Fowler et al., 1967; Gregory et al., 1975a,
b). Because the progenitors of these colonies lack self-renewal,
they are transient. About 4 d later, larger colonies are seen that
contain the three myelopoietic lineages but have little capacity for
self-renewal. These also are replaced and by d 14 larger colonies
are seen derived from pluripotent, self-renewing stem cells (Magli
et al., 1982).

The waves of colonies seen as hematopoietic regeneration
studied in the spleens of irradiated marrow-transplanted mice
show that hematopoietic lineages are not well represented by
the simple linear diagrams that are the most common way in which
they are described. Rather than simple and direct transitions from
one stage of differentiation to the next, a three-dimensional (3D)
process unfolds, as committed progenitors undergo their limited
divisions and stem cells either renew themselves or enter into a
state of rest.

11.2.2. STEM CELL HETEROGENEITY AND REGULATION
CFU self-renewal was shown in experiments in which cells from
colonies were transplanted into secondary irradiated recipients.
The outcome showed much more than self-renewal; the distribu-
tion of new CFUs among spleen colonies was very skewed; many
colonies had few, if any, new CFUs, while stem cells were very
common in a few. Information was available about such skewed
distributions and possible mechanisms by which they might be
generated (Arley, 1943; Feller, 1957). An attractive possibility
was a stochastic process in which “birth” (self-renewal) and
“death” (differentiation) occurred at random, governed only by set
probabilities. A computer simulation was constructed, and the
outcome was in excellent agreement with the experimental data. It
seemed likely that the marked colony-to-colony variation was the
outcome of a stochastic process occurring during clonal expansion
(Till et al., 1964). Similar variation in other systems has also been
attributed to stochastic processes (Nakahata et al., 1982;
Kobayashi and Nakahata, 1989; Hayman et al., 1993).

The lax regulation of hematopoiesis inherent in the stochastic
model seemed counterintuitive to many, who saw the blood for-
mation as capable of both sustaining normal levels of functional
cells in the circulation and responding promptly to infection or
after bleeding. More precise control mechanisms were evident in
studies of genetically anemic mice. Mutations in two loci proved
particularly informative. Mice with mutations of both alleles at
the W (genotype W/Wv) or the Steel locus (genotype Sl/Sld) are
phenotypically similar; they are anemic, sterile, with white skin
coat and markedly increased sensitivity to the lethal effects of
radiation. The spleen colony method disclosed a marked differ-
ence between them. Mice of genotype W/Wv have defective stem
cells. When their marrow was injected into irradiated recipients,
spleen colonies were not observed. By contrast, marrow from
Sl/Sld mice formed colonies normally; however, when these ani-
mals were irradiated and used as recipients, their spleens and
marrow spaces were found to be incapable of supporting hemato-
poietic growth (McCulloch et al., 1964; McCulloch et al., 1965).
It was clear that the W locus coded for an intrinsic regulator and
the Steel locus for an extrinsic regulator. It is now known that the
gene at W is c-kit; the gene product is a transmembrane receptor.
The product of the Sl is the ligand, now called Steel factor or stem
cell factor (Geissler et al., 1988, 1991; Giebel and Spritz, 1991;
McCulloch and Minden, 1993). Binding of kit by its ligand is an
example of a very common regulatory mechanism. Many cell
functions, including both mitogenic and apoptotic events, are
based on genetically determined proteins, as either surface recep-
tors or ligands; ligand binding initiates a series of signaling events,
usually based on phosphorylation or dephosphorylation. Mul-
tiple proteins are involved, sometimes with overlapping function.
Bray (1995) has made the suggestion that the protein-based sig-
naling system in cells is highly analogous to the binary language
used by computers.

The data support the coexistence of stochastic processes and
genetically controlled protein signaling networks. The latter are
complex and interactive; yet often the outcome of a signal is binary;
examples are differentiation or self-renewal; apoptosis or survival.
Perhaps there is a stochastic element to signaling, based on fixed
probabilities of certain interactions in a 3D network.

11.2.3. HIERARCHIES AFTER SPLEEN CFU   Stem cells,
capable of self-renewal, may have daughters that undergo limited
divisions while acquiring the cellular molecules or activities
required for function. Useful clonogenic assays in culture have
been developed for these lineage-committed progenitors. The first
such were discovered independently in Australia by Bradley and
Metcalf (1966) and Pluznick and Sachs (1966) in Israel; both tech-
niques required that hematopoietic cell suspensions be immobi-
lized in viscid medium (agar or methylcellulose) and supported by
either “feeder cells” or medium derived from such cells. The first
culture assays detected progenitors of macrophages, granulocytes,
and cells with progeny of both lineages. The CFU terminology was
adapted to these new assays by the addition of suffixes. The origi-
nal spleen colony-forming cells became CFU-S; the progenitors of
granulocytes and macrophages were called CFU-G and CFU-M,
respectively, while the bipotential cells for both were CFU-GM.
Similar assays were soon found for both immature and maturing
erythropoietic cells(Stephenson et al., 1971; McLeod et al., 1974;
Heath et al., 1976); the assay for immediate red cell precursors
came first, and, using the then-growing nomenclature, these were
called CFU-E. As earlier cells were recognized as clusters of
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CFU-E, a new title had to be found; it was BFU-E, for burst-
forming unit, erythroid. For both classes, the hormone erythropoi-
etin was required. Assays for megakaryocytic cells were also
developed (Sauvage et al., 1994; Wendling et al., 1994). The cul-
ture methods were used to seek earlier committed progenitors,
with capacity for giving rise to several lineages. An example is the
generation in culture of colonies with macrophages, and granulo-
cytic, erythropoietic, and megakayoctic cells; the progenitor of
such colonies was called CFU-GEMM (Fauser and Messner,
1979). Lymphoid cells also proved to be capable of colony forma-
tion in culture (Radnay et al. 1979; Izaguirre et al., 1980).

With these assays available, it was a requirement that they be
ordered in their lineages. Two general methods have been used. In
the first, clonogenic cells could be shown to be different if they
could be separated physically. A number of techniques were used
including density gradients and separation at unit gravity (Turner
et al., 1967; Miller and Phillips, 1969; Worton et al., 1969). A
second different, indirect, but satisfying method was based on the
stochastic model. The model supposes that heterogeneity is gen-
erated during clonal expansion and increases with time of growth.
Thus, if two clonal methods were detecting the same cell, the
results of such assays would be perfectly correlated when
assessed in individual spleen colonies, and the correlation would
be retained as duration of colony -formation increased. By con-
trast, if two assays were detecting different cells, the results of the
assays should not be perfectly correlated and the correlation
should decrease with time. Moreover, correlation would be a func-
tion of the degree of difference between two cell classes, each
measured by its own assay. This method was used first to compare
cells forming macrophage-granulocytic colonies in culture (CFU-
GM) with CFU-S. The result was the measurement of a correla-
tion that was high but significantly different from unity. The
conclusion was that CFU-S and CFU-GM were not identical but
closely related in the myelopoietic lineage, with CFU-S con-
sidered the most primitive of the two, based on its self-renewal
potential (Wu et al., 1968). As individual spleen colonies were
characterized in detail, differing correlations were found between
committed progenitors detected using culture assays, CFU-S, and
differentiated cells recognized by morphology. The data on cor-
relations were used to construct a lineage map of murine myelo-
poiesis (Gregory and Henkelman, 1977); this map remains the
basis for the present understanding of myelopoiesis.

The colony assays for committed precursors were essential for
the construction of lineages. They had equal importance for two
other issues in hematopoiesis. The first was that the requirement
for feeder cells or media conditioned by such cells served to iden-
tify important proteins regulating hematopoiesis and to provide
bioassays for known regulators such as erythropoietin. Some
colony-stimulating factors (CSF), recognized by their specificity
for colony assays, were named by that relationship. For example,
the factor required for granulopoiesis in culture was called G- CSF
(Avalos et al., 1987). Later, CSF molecules were seen as members
of the large family of regulators called interleukins; names were
chosen for this relationship. An example is interleukin-3 (IL-3), a
potent stimulator of early committed progenitors (Delwel et al.,
1987). At the time these biological activities were observed, ad-
vances in molecular biology made it possible to clone the genes
responsible for their production; with such genes, pure recombi-
nant molecules were made (Fung et al., 1984; Gough et al., 1984;
Clark and Kamen, 1987). Growth factors were soon found to be

ligands; the genes encoding their receptors were cloned (Avalos et
al., 1987; DiPersio et al., 1988; D’Andrea et al., 1989; Gorman et
al., 1990; Itoh et al., 1990; Jones et al., 1990; Sherr, 1990). It
became clear that binding of growth factors to their receptors ini-
tiated a signaling process that governed cellular responses, the
same mechanism described earlier in relation to the binding of c-
kit to its ligand. With these cloned molecules, responses to growth
factors could be described with specificity. The outcomes were
found to be complex, with many examples of synergism or other
interactions (Bartelmez and Stanley, 1985; Ikebuchi et al., 1987;
Donahue et al., 1988; Warren and Moore, 1988; Bot et al., 1989;
Caracciolo et al., 1989; Ferrero et al. 1989). Donald Metcalf
(2002), who, with his colleagues at the Walter and Eliza Hall Insti-
tute, has contributed greatly to research on growth factors, has
written an informative book on the subject.

The second important consequence of culture assays for hema-
topoietic precursor cells was that the technology was immedi-
ately applicable to human cells. All of the culture methods for
committed precursors proved effective when human marrow or
peripheral blood was tested. It followed that diseases of bone
marrow could be examined for the involvement of precursors. A
limitation remained; there was no exact human equivalent of the
spleen colony assay. Investigators sought a way to detect pluri-
potent stem cells in culture. One surrogate assay was that for
CFU-GEMM (Fauser and Messner, 1979), as the colonies con-
tained at least four lineages. Self-renewal was not convincingly
demonstrated, because replating of multilineage colonies usu-
ally gave rise to secondary colonies with fewer lineages. Another
surrogate for CFU-S was a method that gave rise to small colo-
nies of cells without evidence of differentiation; these appeared
at varying times after the cells were plated. Colonies arising late
could often be replated (Nakahata and Ogawa, 1982; Suda et al.,
1985; Ikebuchi et al., 1987). While useful, the method was not
widely adopted; the principle contribution to knowledge came
from the Ogawa laboratory where the method was developed.

11.2.4. STEM CELLS EARLIER THAN CFU-S  Cells earlier
than CFU-S must exist, since, eventually, all mature cells are
derived from embryonic stem cells (ES). CFU-S can readily be
detected in fetal liver; cells from this source have greater self-
renewal capacity than CFU-S from adult tissues. Whether or not
HSCs exist that are earlier than CFU-S remains controversial.
The questions are posed in two related ways. First, is their an
earlier cell that gives rise to stem cells committed to myelopoie-
sis (CFU-S) and others that give rise to both B- and T-lympho-
cytes? Second, repopulation of irradiated hosts, leading to their
survival, is almost certainly a function of CFU-S, but, are earlier
cells with greater proliferative capacity required for long-term
reconstitution of hematopoiesis? The usual methods of cell sepa-
ration and purification were used to study these issues. The most
unequivocal results were used when the unique integration sites
of retroviruses were used to mark marrow cells (Williams et al.,
1984). It was then possible to follow in detail the fate of trans-
planted marrow as a function of time. Early polyclonal hemato-
poiesis in grafts was soon replaced by clonal populations. During
the first year, these clones were found to be unstable; often both
myeloid and lymphoid cells were present, although one lineage
was usually dominant. Clones with only a single lineage were
also seen, but, with time, a second lineage might appear. At much
later times, only a single clone was found in each recipient and
this clone always contained both lymphoid and myeloid cells
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(Lemischka et al., 1986; Jordan and Lemischka, 1990). This last
result is proof that a stem cell exists with both lymphopoietic and
myelopoietic potential. Enough clones with only a single lineage
were seen at earlier times to provide support for a model that
supposes a pluripotent stem gives rise to stem cells committed to
either lymphoid or myeloid differentiation. Yet, these clones
were sufficiently unstable, varying with time regarding their
cellular composition, that the data are also compatible with the
view that a single stem cell gives rise to the three lineages of
myelopoiesis and two lineages of lymphopoiesis (Fig. 2).

Much of the uncertainty about the earliest HSCs arises from
limitations to the colony assays. These assays are both selective
and quantitative, yet they are indirect in that they measure what a
cell has done, rather than what a cell might do. Determination of
cell phenotypes by measuring surface or cytoplasmic markers,
defined immunologically or by other criteria, when linked to func-
tional assays, might show if there is more than one class of stem
cell. Flow cytometry was sufficiently developed that it provided
the means for both measuring and separating cells on the basis of
markers. Weissman and colleagues pioneered this approach
(Muller-Sieburg et al., 1988; Spangrude et al., 1988, 1991). They
separated from marrow a tiny subpopulation with a defined phe-
notype (thy1loSca+); using a variety of assays, they found evidence
compatible with the conclusion that lymphopoietic, myelopoietic,
and spleen colony-forming capacities resided in each cell of the
purified population. This tiny population, enriched 1000-fold from
the starting material, meant that their functional characterization
was limited; for example, capacity for spleen colony formation
rested on findings from a single animal. Because of these limita-
tions, many researchers attempted to repeat their finding and
extend their phenotypic characterization, including looking for
the phenotypes of human cells. Markers other than those defined
immunologically were proposed. Chaudhary and Ronninson
(1991) have shown that P-glycoprotein, a cell membrane protein
that serves to pump poisons out of cells, was expressed on stem
cells. Mulligan and colleagues have suggested that the ability to
efflux Hoechst dyes may be a stem cell property (Goodell et al.,

1996, 1997); dye exclusion using rhodamine also proved useful as
a phenotypic marker (Bertoncello et al., 1885).

Iscove and colleagues took a different tack, one that made use
of the powerful tools of molecular biology. They plated marrow
in culture with appropriate growth factors and watched growth
carefully; when four cell colony “starts” were seen, the cells were
collected. DNA was extracted from a single cell and the others
were replated. Complementary DNA was then prepared as a
series of 150–400 base strands. These were amplified further.
Then, an expression profile of the original single cell was
obtained by probing the cDNA with cloned sequences for known
significant proteins, such as growth factors. This could be com-
pared with the phenotypes of the other members of the “start,”
and expression pattern of the cell used as a DNA source could be
determined from their culture characteristics (Billia et al., 2001).
These approaches use cell function, rather than markers, as a way
of describing a phenotype.

Even with the work of many groups, there is no widely
accepted stem cell phenotype; in part this may be because expres-
sion of membrane or cytoplasmic protein may vary during a cell’s
lifetime, without affecting its proliferative properties (Nolta and
Joran, 2001).

Phenotypes could be used to find and measure cells at varying
differentiation stages only when their in vivo potential was known.
The spleen colony method and the culture techniques for commit-
ted progenitors were useful but did not permit a search for cells
earlier than CFU-S. To seek earlier stem cells, assays were devel-
oped in which the end point was permanent reconstitution of both
lymphoid and myeloid cell populations of heavily irradiated mice.
A popular model developed by Harrison was based on competition
between two cell populations. One of these was from the same
strain as the recipient; the other was compatible with the recipient
but with a marker, usually a hemoglobin with an electrophoretic
mobility difference. A mixture of the two populations was injected
after irradiation; the peripheral blood was then sampled as a func-
tion of time. Repopulating cells in the marked population were
then measured as a function of the number of such cells that com-

Fig. 2. Diagrams of two alternative ideas about early stem cell differentiation. (A) Shows all of the lineages derived from a common stem cell.
(B) Shows a stem cell giving rise to daughter stem cells restricted to either myelopoietic or lymphopoietic differentiation. (Reprinted from
McCulloch, 1993, with permission.)
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peted successfully with normal donor marrow, to remain over a
long term as the peripheral blood population (Harrison and Zong,
1992). Using this method, it was possible to design experiments to
determine whether cells with capacity for long-term reconstitution
differed from CFU-S.

The experiments of Weissman and colleagues, described ear-
lier, could be interpreted to mean that CFU-S had properties that
would permit long-term reconstitution of all lineages. Others,
using separation procedures, have reported a high degree of sepa-
ration of cells detected by the two assays. An example is a sepa-
ration experiment using centrifugal elutriation reported by Jones
et al. (1990). They obtained two fractions, one containing cells that
formed colonies in culture or in spleen; this fraction protected
animals after irradiation, but spleen, marrow, and lymph nodes of
long-term survivors were populated principally with host cells.
The long-term survival of irradiated mice receiving their second
fraction was achieved by mixing the separated cells of the two
fractions, but prepared from mice that differed at a sex- linked
locus. Using this marker, Jones et al. (1990) found that tissues
taken from mice 60 days after irradiation contained principally
cells from the fraction without progenitors. The data were consis-
tent with the separation of CFU-S from long-term reconstituting
cells, but the degree of purification was sufficiently limited to cast
doubt on this conclusion.

A combination of methods, such as physical separation and
sorting on the basis of phenotypes associated with long-term
reconstituting ability, regularly gave extensive separation of cells
with long-term reconstituting ability and CFU-S. In all of this
work, fractions greatly depleted of colony-forming cells and
enriched for long-term reconstituting cells regularly contained
small numbers of CFU-S (Muller-Sieburg et al., 1988; Spangrude
et al., 1988, 1991; Trevisan and Iscove, 1995; Trevisan et al., 1996).

Apart from these separation experiments, there is a striking
difference between CFU-S and long-term repopulating cells; CFU-
S are present in marrow with a frequency of about 1/103, while
long-term repopulating cells are 10- to a 100-fold less frequent
(Harrison et al., 1988; Szilvassy et al., 1990). Among CFU-S,
much heterogeneity can be shown by transplantation experiments;
these indicate variation in self-renewal capacity and, hence, in the
size of clones that may be generated. Furthermore, heterogeneity
in renewal capacity changes as cells are passaged. For example,
when secondary colonies are generated by transplantation of cells
from primary colonies, new CFU-S cannot be detected by trans-
plantation into tertiary hosts. This loss of renewal capacity as a
function of growth history, called “decline,” may not be differen-
tiation, since the colonies do not lose the capacity to give rise to the
three myelopoietic lineages (Siminovitch et al., 1964). It may be
that the small numbers of CFU-S that are regularly found in popu-
lations greatly enriched for long-term repopulating ability may be
cells that, because of a short previous proliferative history, have
the extensive proliferative capacity required for long-term recon-
stitution (McCulloch, 1993).

11.2.5. STEM CELL PLASTICITY  Description of cellular hier-
archies usually implies a unidirectional differentiation from stem
cells to their descendants, and that stem cells committed to an
organ system, such as blood formation or intestine, can only pro-
vide new differentiated cells for that system. These long-held ideas
have now been seriously challenged by experiments showing that
HSCs can give rise to liver cells (Peterson et al., 1999), muscle
(Ferrari et al., 1998; Jackson et al., 1999; Goodel et al., 2001), and

brain (Bjornson et al., 1999; Brazelton et al., 2000); furthermore,
subsets of cells from these organs can repopulate blood and mar-
row. The design and interpretation of the work required under-
standing normal regeneration in each tissue. Liver is usually
quiescent, but cell proliferation starts rapidly in hepatocytes in
response to injury. When hepatocyte cell division is inhibited, a
special class of liver cells, called oval cells, divide; these cells may
be liver stem cells that can give rise to hepatocytes. Muscle stem
cells, sometimes called satellite cells, are present between muscle
fibers; these both proliferate and differentiate to maintain muscle
mass. Satellite cells are not present in cardiac muscle; after a
myocardial infarction, the heart heals by fibrosis, rather than by
muscle regeneration. Adult neurons are unable to proliferate. Brain
does contain a population of glial cells that can divide, giving rise
to progeny with long, branching extensions. Such cells are most
readily seen in the olfactory bulb, which is commonly used for
their study.

Differentiation of HSCs in other organs is studied after marrow
transplantation into heavily irradiated recipients. A genetic
marker, often the Y chromosome or one of its gene products, is
used to identify donor cells in female recipients. Usually, it is
necessary to induce a proliferative state in a potential recipient
organ other than marrow. Liver may be damaged to promote oval
cell proliferation. Skeletal muscle regeneration is required to show
differentiation of marrow cells into muscle; cardiac muscle is pre-
pared for engraftment by tying a coronary artery leading to infarc-
tion. For brain, the olfactory bulb is the site were marrow-derived
neural cells could be most readily identified.

Showing that muscle cells could differentiate into a hemato-
poietic population required a modified approach. A technique
originally designed to enrich for satellite cells was used to make
the donor population. Heavily irradiated mice were recipients; to
ensure their survival, a competitive assay was used in which
differing numbers of muscle cell preparation were added to a
genetically distinguishable marrow source (see above). Then,
after time, cells of peripheral blood were examined to identify
red cells or leukocytes derived from the muscle preparation.

The ability of neural stem cells to repopulate marrow was shown
by injecting them into irradiated hosts; here, survival of the ani-
mals was evidence of marrow repopulation. Confirmation was
obtained by culturing marrow from neural stem cell recipients in
methylcellulose with appropriate cytokines (see above). Colonies
of differentiating blood cells were readily identified with the
marker of the donor neural stem cells.

These experiments, while strongly supporting the concept that
stem cells of adult tissues are not entirely tissue determined, left
unanswered questions. Perhaps the most serious was the possibil-
ity that reconstitution of marrow by cells from other organs might
be explained by contamination of the donor population with
blood-derived stem cells. Alternatively, stem cells of different
tissues might coexist, explaining the results without requiring a
stem cell, irreversibly committed to a certain tissue, to differen-
tiate to the characteristic population of a different organ. Both of
these objectives might be met if highly purified stem cells were
available. Lagasse et al. (2000) used the flow cytometry methods
described earlier to prepare populations of highly purified HSCs
with the immunophenotype of c-kithighThylowLin–Sca+; their pre-
vious experiments were consistent with the view that such cells
were 1000-fold enriched for HSCs and might be a nearly homo-
geneous population. These HSCs were than transplanted into mice
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with a hereditary lethal liver disease, fumarylacetoacetate hydro-
lase (FAH) deficiency; the animals can be kept alive by treatment
with 2(2-nitro-4-trifluoro-methylbenzyol)-1,3-cyclohexanedione
(NTBC). Lethally irradiated female FAH-deficient mice were
given varying numbers of purified stem cells mixed with a con-
stant number of protective, unfractionated marrow cells that could
be readily distinguished from the purified populations. The ani-
mals were maintained with NTBC in their drinking water. Two
months later, peripheral blood was tested; engraftment with
purified stem cells was proportional to the number of such cells
in the transplanted innoculum. Later, NTBC was withdrawn in
order to provide a selection pressure in favor of hepatocytes
derived from the transplant. After two such selections the animals
were killed. Nodules of proliferating cells were found in their
livers. Analysis showed conclusively that the nodules were
derived from purified stem cells. The results are strong evidence
that, at least in this system, HSCs were able to differentiate into
liver cells and ameliorate the disease in FAH-deficient animals.
These experiments made contamination a very unlikely explana-
tion for the observations.

The capacity of stem cells to repopulate an organ other than that
of their origin is now called stem cell plasticity.

The positive results from different laboratories make it very
unlikely that a trivial explanation will be found for stem cell plas-
ticity. It follows that at least some aspects of stem cell theory must
be reexamined. For example, there is evidence that stem cells from
various sources have phenotypic characteristics in common. Sat-
ellite cells from muscle and oval cells from liver have surface
markers, such as c-kit and Sca, that are regularly found on marrow.
Adult neural cells can be cloned in culture; when these are
cocultured with embryonal cells, a population of neural- derived
cells can be isolated that has the capacity to differentiate along
many different lines, although not to hematopoietic cells (Clarke
et al., 2000). Perhaps the most radical suggestion advanced is the
idea that organ specificity is derived from stromal cells, and that
functional parenchyma is provided by a common population of
circulating stem cells (Lagasse et al., 2000). Much further work is
required to test such hypotheses.

11.3. STEM CELLS IN LEUKEMIA
11.3.1. LEUKEMIC SPLEEN COLONIES AND A CELLULAR

BASIS FOR CHEMOTHERAPY  An experimental link was made
between normal stem cells and their leukemic counterparts when
Bruce and colleagues showed that murine leukemia cells could
form colonies in the spleens of genetically identical recipients
(Bruce and van der Gass, 1963). These colonies were found to
contain cells that were easily shown to be very similar to the leu-
kemic cells from which they were derived. Bruce used his method
to measure dose-response curves for radiation and drugs used in
cancer treatment. The discovery that was to have the greatest
impact was made when both normal and leukemic spleen colony
assays were used to study very rare stem cells that could not be
detected by any other means. The question was, could CFUs exist
in a resting state? For common cell populations, radioautography,
using tritiated thymidine (3HTdR), allowed cells in DNA synthe-
sis to be recognized and, using kinetic procedures, other compo-
nents of the cell cycle to be measured. Incorporation of 3HTdR into
DNA might be used to measure the S phase of the cell cycle of stem
cells if a method other than morphological was found to detect the
isotope. Becker hit on the idea of using very high specific activity

3HTdR; when this was incorporated into a cell’s DNA, the radia-
tion was sufficient to kill the cell. Thus, loss of colony- formation
after incubation with high specific activity 3HTdR was a measure
of cells in DNA synthesis. With this “suicide” technique Becker
showed that normal CFUs could exist in either a state of rest (Go)
or rapid proliferation (Becker et al., 1965).

Bruce knew that his lymphoma studies used cells that were
growing rapidly as transplantable tumor. He saw that the differ-
ence between rapidly growing cancer cells and resting normal
stem cells might be the basis of a differential effect of certain
anticancer drugs on tumor and normal blood formation. In a series
of experiments comparing normal and leukemic cells, he and his
group showed that this was indeed the case. His work allowed him
to propose a classification of chemotherapeutic drugs, based on
their method of toxicity. He described how a therapeutic advan-
tage could be obtained by using drugs that acted on DNA; such
agents killed tumor cells while sparing resting populations (Bruce
and Bergsagel, 1968). These observations, of great practical
importance for cancer treatment, could only be made with func-
tional assays, such as spleen colony formation, that detect minor-
ity populations of stem cells.

11.3.2. HETEROGENEITY IN ACUTE MYELOBLASTIC
LEUKEMIA  The heterogeneity of normal HSCs was stressed
earlier. Variation is also found in the leukemias, especially in
acute myeloblastic leukemia (AML). In this clonal hemopathy,
great patient variation is seen in the karyotypes of the clones, in
response to treatment and in almost every biological parameter
tested (Fialkow et al., 1981; McCulloch et al., 1988; Second MIC
Cooperative Study Group, 1988). An obvious link was present
between the malignant and the normal; in early studies Moore
and colleagues showed that the culture methods, including the
requirement for colony-stimulating activity, developed for nor-
mal cells could be applied successfully to marrow from AML
patients. Several growth patterns were seen, varying from no
growth to profuse proliferation; many colonies sometimes con-
tained cells with apparently normal differentiation but often with
abnormal cellular maturation. An association was found between
such growth patterns and clinical outcome (Moore et al., 1974).
Although this association was not always seen, it was important
to look for a mechanism generating variation.

Lan, working in Till’s laboratory, used an assay in which AML
cells were immobilized in methylcellulose and stimulated with
factors that produce either granulopoietic or erythropoietic colo-
nies in cultures of normal marrow. He found colonies very similar
to the normal, but a marked patient-to-patient variation was seen
for each colony type. In cultures from many patient samples,
colonies were small in number or absent, but profuse proliferation
was seen in cultures of other samples. Since each patient harbors
a dominant single AML clone, the similarity between the distri-
bution of new CFU-S among spleen colonies and committed
hematopoietic progenitors among leukemic patient samples raised
the possibility that the same mechanism was operating in both
conditions. For the normal, the stochastic model was a good fit
with the data. If stochastic processes were also operative in AML,
growth patterns would not be repeated if leukemic clones were
reduced in size and allowed to expand again. Alternatively, if the
frequency of a given type of progenitor was an inherent property
of each clone, the same growth pattern would be seen whenever
clonal expansion occurred. A test to distinguish between these
two outcomes was possible, since AML patients are regularly
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treated with cytoreductive chemotherapy. When Lan was work-
ing, cure was rare; after chemotherapy, leukemic clones recov-
ered from their drug- induced damage. A comparison was made
between the culture results seen before treatment and after recov-
ery. The result was clear: no correlation was seen between the
colony numbers found at the first observation and those at the
second (Lan et al., 1978) (Fig. 3). It was reasonable to think that
some of the variation among patients in AML was generated by
a stochastic mechanism, similar to that seen in other types of
clonal expansion.

11.4. THE BLAST LINEAGE IN AML
Because representation of apparently normal progenitors in

AML clones appeared to have a stochastic basis, there was little
point in using assays for such cells to look for a mechanism. Rather,
attention was given to the dominant and diagnostic population,
consisting of cells with little or no evidence of differentiation;
these have been called blast cells, and, traditionally, they were
considered to be the result of blocked differentiation. Culture
methods were applied to the work on AML blasts; three groups
described assays for a progenitor cell capable of giving rise to cells
with a morphology very similar to that of the blasts in marrow or
blood used to start the cultures (Dicke et al., 1976; Buick et al.,
1977; Lowenberg et al., 1980). With assays on hand, the properties
of the cell of origin of blasts cells were determined. Replating
experiments showed that the blast colonies contained new
clonogenic cells, although these were usually few and always
variable from population to population (Buick et al., 1979, 1981).
It followed that clonogenic blast cells were stem cells that were
capable both of self-renewal and, through a process analogous to
normal differentiation, of giving rise to cells that retained the
morphology of blasts but had lost proliferative potential. The idea

that events might occur in blasts that were like differentiation was
supported by experiments in which immunologically detected
surface markers were seen to increase during growth of blasts in
culture (Marie et al., 1985). The marked patient-to-patient varia-
tion in blast stem cells again raised the possibility of a stochastic
basis for heterogeneity. However, studies of patients at two
sequential relapses showed very similar growth patterns, a finding
consistent with a clone- intrinsic basis for the frequency of
clonogenic blast stem cells (McCulloch et al., 1981).

These data formed the basis of a model of AML blast cells. It
was proposed that the blast population was a lineage, headed by
blast-committed self-renewing stem cells that could also give rise
to nonproliferative blasts. Furthermore, it was proposed that the
blast lineage was derived from leukemic pluripotent stem cells,
independently of the committed stem cells that differentiated into
normal-appearing myelopoietic lineages. In the model, the pre-
dominant blast cell population coexisted with minor, but detect-
able, cells of the granulocytic, megakaryocytic, and lymphoid
lineages. This latter conclusion was strengthened by the demon-
stration that separation of T-lymphocytes from blast cells was
necessary for blast colony formation (Minden et al., 1979). The
model also provided the impetus for the development of a culture
system, in which blasts were cultured in suspension and clonogenic
blast number was measured as a function time. Increases in blast
stem cells in suspension were considered as self-renewal and could
be used to measure this important stem cell function (Nara and
McCulloch, 1985).

The discovery and cloning of factors that are required for
colony formation by normal cells in culture provided another
link between the normal and leukemic. With pure cloned growth
factors, it was soon evident that colony formation by blast stem
cells required the same stimulation as normal progenitors. As in
other features of blast population, great heterogeneity was seen.
Responses to factors varied greatly among clones; usually there
was a response to stimulators that act early in the normal lin-
eages, such as IL-3 and granulocyte macrophage-CSF, as well as
factors with a later and more restrictive normal response, such as
G-CSF and CSF-1. Striking synergism was often seen, espe-
cially when early-acting and late-acting factors are supplied
together. In addition, the specific factor cocktail supplied influ-
enced the balance between “birth” and “death” in the blast stem
cell population (Kelleher et al., 1987; Miyauchi et al., 1987,
1988; Nara et al., 1987; Mirro et al., 1993).

11.5. SEARCH FOR ASSOCIATION BETWEEN
BLAST PROPERTIES AND OUTCOME

In heterogeneous AML, response to treatment and duration of
survival vary greatly from patient to patient. Much clinical
research had been directed toward finding AML disease charac-
teristics that predict response. One, karyotype, stands out in every
study. Examples of favorable cytogenetics are Inv16 and t8;21,
whereas trisomy 8 and deletions of chromosomes 5 and 7 are
unfavorable (Estey et al., 1989; Freireich, 1990).

The great heterogeneity found in the properties of blast stem
cells in culture gave room to look for associations between culture
measurements and clinical outcome. Three properties seemed to
be candidates: response to growth factors, capacity for self-
renewal, and sensitivity to chemotherapeutic agents. Any positive
results had to be compared with the strong association between
karyotype and treatment outcome.

Fig. 3. Distributions of colony-forming cells (CFUs in culture of
CFU-C) obtained by plating marrow from patients with AML. Col-
umns show the values obtained at presentation. Closed circles show
the values obtained after chemotherapy and clonal reexpansion. For
a description, see the text. (Reprinted from Lan et al., 1978.)
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When growth factors, including Kit ligand, were found to be
active in vivo as well as in culture (Ganser et al., 1989; Teshima
et al., 1989; Ottmann et al., 1990; Andrews et al., 1991), it became
reasonable to look for a way to use them in treatment or relate blast
cell responses to outcome. Support was obtained from experi-
ments in which blast growth was evaluated by measuring uptake
of 3HTdR. With this assay, about half of blast cell populations did
not need factors to incorporate 3HTdR into DNA; an association
was found between clinical outcome and this stem cell autonomy
(Lowenberg et al., 1993). By contrast, when colony formation in
culture was used, very few autonomous populations were seen,
and no association emerged between response and survival
(McCulloch et al., 1996).

Growth factors might prove useful in treatment if combined
with chemotherapy; the idea was that administration of factor
might increase the number of cells in the S phase of the cycle and
hence their sensitivity to cycle-dependent drugs. Further, growth
factors might reduce the time in aplasia following drug treatment
and thus decrease the number of early deaths from infection or
bleeding. Many trials were done and conflicting results obtained
(summarized in Buchner et al., 1998); a consensus is emerging that
adding growth factors to treatment protocols does not significantly
improve treatment outcome. The major clinical use of growth fac-
tors is to mobilize stem cells from marrow to peripheral blood,
where they may be collected with ease for supportive care or trans-
plantation (Sheridan et al., 1992).

Blast stem cell self-renewal was tested for association with
clinical outcome because it was thought that high self-renewal
would be associated with rapid growth and poor prognosis. Lev-
els of colony formation by cells harvested from primary blast
colonies (the secondary plating efficiency, or PE2) were mea-
sured; as expected, there was an association between high PE2
values and poor outcome (Buick et al., 1981), a result repeated
in other laboratories (Marie et al., 1987; Delmer et al., 1989).
Although the association was significant, it was not strong
enough to be useful clinically.

Sensitivity of clonogenic blast cells to cytotoxic drugs can be
measured readily in culture by determining the decrease in colony
formation after exposure to increasing drug concentrations. Often
the resulting dose-response curve can be fitted with a simple nega-
tive exponential, although more complex relationships, some-
times with a plateau, may sometimes be encountered (Minkin
1991; Minkin and Chow, 1995). Regardless, sensitivity may be
described satisfactorily as the dose of drug required to reduce
survival of colony formation to 10% of control (D10). Associa-
tions could then be sought between D10 and response to drug.
Such associations were often found, although, as in the case of the
self-renewal measurements,

they were never strong enough to be used to predict drug
response or select chemotherapy (Dow et al., 1986; Griffin and
Lowenberg, 1986; Nara et al., 1986; McCulloch, 1990).

It was disappointing when neither measurements of self
renewal nor response to drug in culture were found to be useful
clinically. Perhaps an explanation of the weak associations might
be that the culture end points were only readily measured responses
to complex regulatory networks, in which other consequences of
perturbation might be more important. For example, it may be
reasonable to think that the cell culture measurement of PE2 may
only be an imprecise surrogate for signaling events more tightly
linked to treatment outcome. In the context of measurements of

drug sensitivity, there is evidence to support the idea that the cul-
ture measurements might be the outcome of complex intracellular
mechanisms. The response of cancer cells to chemotherapy is not
necrosis but apoptosis (Gunji et al., 1991). Drug sensitivity may be
enhanced or reduced by such regulators as growth factors and
retinoic acid. These changes have been shown to be responses to
alterations in regulators of apoptosis such as Bcl-2. Usually, post-
translational changes, such as phosphorylation, alter protein activ-
ity. The result is a change in the balance between apoptosis and
cell recovery; the effect is seen as a change in drug sensitivity
(Hu et al., 1996, 1998; Hedley and McCulloch, 1998). These find-
ings are an example of how measurement of a phenotype may
reflect not only the function of that phenotype but also, and per-
haps more important, regulatory mechanisms that are the source of
the measured attribute.

11.5.1. DIAGNOSTIC KARYOTYPES  Blast stem cell attri-
butes measured in culture never approached the prognostic power
of abnormal karyotypes. Among these, two are not only important
for prognosis, but also define specific leukemic diseases and
determine their treatment. The Philadelphia chromosome, now
known to be a reciprocal translocation between chromosomes 9
and 22 (Rowley, 1973), is diagnostic of chronic myelogenous leu-
kemia (CML). The break point on chromosome 22 is limited to a
small region, termed the break point cluster region, or bcr (Groffen
et al., 1984). An oncogene, ABL, originally isolated from Abelson
murine leukemia virus, is part of the translocation from 9 to 22,
where it encodes a fusion protein, bcr/abl. This protein is a tyro-
sine kinase, with enhanced activity. Transfer of the bcr/abl gene
either in vivo or in vitro causes abnormal stem cell proliferation
(Groffen et al., 1984; Gishizky and Witte, 1992). These findings
make it highly likely that bcr/abl either is the immediate cause of
CML or is very close to it.

Acute promyelocytic leukemia (APL) has a characteristic
chromosomal abnormality, a 15:17 translocation (Rowley, 1973;
Rowley et al., 1977). The effect of the translocation is to bring the
retinoic acid receptor α (RARα) close to the gene for a protein,
myl, which may be a transcription factor. The result is a novel
fusion protein (de The et al., 1990), which confers on the cells a
markedly increased sensitivity to all trans retinoic acid (ATRA);
APL cells exposed to ATRA in culture lose clonogenicity and
appear to differentiate to mature granulocytes (Chomienne et al.,
1990). A remarkable finding was that APL patients responded to
treatment with ATRA, often going into complete remission, where
clinical evidence of the disease could not be found (Meng-er et al.,
1988; Castaigne et al., 1990). This early evidence was conferred
in large trials. Whereas often APL patients treated with ATRA
alone relapsed, the addition of an anthracycline drug to the regi-
men often resulted in long-term survival (Fenaux et al., 1993;
Warrell et al., 1994).

The idea of using ATRA may have come from the involvement
of RARα in the translocation, fortified by previous studies of the
induction of differentiation, using model systems (Breitman
et al., 1980). A treatment for CML based on the molecular pathol-
ogy required developing a drug that bound to an important com-
ponent of the fusion protein, bcr-abl. A large program was
undertaken looking for tyrosine kinase inhibitors. A compound,
2- phenylaminopyrimidine, with some capacity to inhibit protein
kinase C was chosen for further work, analyzing structure/func-
tion relationships between chemically related compounds. Even-
tually one, STI571, was found that was an active tyrosine kinase
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inhibitor; culture experiments showed that STI571 was very
active in decreasing colony formation by CML cells with the 9:21
translocation while normal cells were not affected. Its mechanism
appeared to be binding to the adenosine triphosphatase (ATP)–
binding site on the bcr-abl protein. This mechanism was con-
firmed by 3D structural studies that showed the position of
ATP-binding cleft and the localization of STI571 to it (Druker
and Lydon, 2000).

The preclinical development of STI571 quickly led to phase
I/II clinical trials, based on patients who had failed while on the
standard treatment with interferon. In this early work, many of
these end-stage patients entered remission, and, in some, the
Philadelphia chromosome–positive cell population was elimi-
nated. Quickly, large trials were organized; these demonstrated
the value of the drug in chronic phase, accelerate phase, and blast
phase of CML. In contrast to cytotoxic chemotherapy, very few
side effects were encountered, and these were not serious enough
to require that treatment be stopped. With time, relapses were
seen; this experience, like that with ATRA in the treatment of
APL, makes it reasonable that STI567 will be more effective if
combined with other antileukemic drugs such as cytosine arabi-
noside or an anthracyline. Tissue culture experiments with these
drugs have already shown both additive and synergistic effects
(Druker et al., 2001).

The genetic lesion in both APL and CML was found by looking
at dividing cells. Nonetheless, the abnormal chromosomal trans-
locations in both diseases are clonal markers. These must, there-
fore, be present in the stem cells that maintain the abnormal clones.
Since treatment often eliminates all cells with the marker, if also
follows that ATRA and STI567 can destroy stem cells.

11.6. CONCLUSION
This chapter describes the development of knowledge about

normal and leukemic HSCs. Fundamental stem cell properties, self-
renewal, and differentiation are maintained after malignant trans-
formation. It follows that concepts in the normal may often be
applied in the leukemic. Examples are the skewed distributions that
are generated by stochastic processes and the sensitivity of leuke-
mic blast cells to myelopoietic regulators of normal progenitors.

As knowledge grew, social, ethical, and economic issues arose
that were only marginally connected with the scientific and medi-
cal motivations of investigators. The finding of stem cell plasticity
impinged directly on plans to use ES cells in therapy. ES cells are
considered in detail elsewhere in this volume. Here, it is sufficient
to note that their great capacity for proliferation and ability to
differentiate into the parenchyma of many organs have led to the
hope that transplantation of such cells might improve the functions
of damaged organs. Neurological diseases, such as Alzheimer and
Parkinson diseases, are mentioned as targets for stem cell therapy,
along with many musculoskeletal disorders, such as rheumatoid
arthritis. The ethical problem arises from the source of such cells—
human embryos. Many people find it repugnant to sacrifice
embryos to obtain cells for therapy. Governments have been moved
by such concerns to consider the regulation of ES research. The
plasticity of adult stem cells contributes to the debate since it might
be argued that these cells could be used in therapy without conflict
with ethical or religious beliefs. The popular press covers these
issues, suggesting, characteristically, that stem cell therapy could
be started almost at once. Scientists understand the need for much
better information and the long research process that will be needed

(Civin, 2000, 2001). Regardless, the controversy helps to ensure
that stem cell plasticity will be given a high priority. The scientific
ideas about developmental biology that arise from the present
knowledge of stem cell plasticity certainly need to be tested, per-
haps modified, and then included in the basic knowledge bank that
is the resource required for further practical developments.

The early success in the treatment of CML with STI571 proved
a proof of principle. Investigators have long argued, particularly
in grant applications, that knowledge about the basic mechanisms
of disease could be applied in therapy; the development of STI571
showed convincingly that understanding the proximate molecular
lesion in a disease could be used in successful drug development.
The striking clinical finding in trials of STI571 led to its approval
in record time. It is now marked by Novartis under the trade name
Gleevec; wisely, the company’s literature requires that Gleevec be
used only by fully trained medical oncologists.

It is most unlikely that the success of STI671 will be an isolated
example. Indeed, many drug companies are now using the plan
that proved successful to search for other drugs (Druker and Lydon,
2000). The problem faced by the field is not only scientific; it is
also economic. Drugs based on molecular pathology are likely to
be specific. Because most cancers have either unique or multiple
genetic abnormalities, drug development may yield many com-
pounds that are useful only to a small number of patients, or, per-
haps, even to a single patient. Under the present system, such drugs
will not be economical and there will be little motivation to find
them. The challenge, then, is not only to use molecular pathology
for drug development but also to make the process simple and
quick, so that it can be applied, where necessary, to individual
patients or very small groups. Fortunately, history would support
the belief that once a principle is established, research and devel-
opment will ensure that its results will become available to those
who need them.
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12 Developmental Origin
of Murine Hematopoietic Stem Cells

LORRAINE ROBB, MD, BS, PhD AND KYUNGHEE CHOI, PhD

Where do hematopoietic stem cells (HSCs) come from? In the early embryo, prior to development of the fetal liver, two independent
sites of hematopoiesis are generally accepted: the yolk sac and the paraaortic splanchnopleure. In the yolk sac, blood islands are first
detected at embryonic day (E) 7.5. Blood islands consist of primitive erythroblasts, surrounded by endothelial cells. The yolk sac
endothelial network fuses to form vascular channels and primitive erythrocytes circulate after E 8.5 when the heart starts to beat. These
first blood cells are thought to arise from a precursor cell known as the hemangioblast. Hemangioblasts, which can be derived by culture
of embryonic stem cells in vitro, give rise to both blood cells and endothelial cells. In contrast to the yolk sac, the paraaortic splanch-
nopleure, later known as the aorta–gonadal–mesoneohros (AGM) region, does not generate primitive hematopoietic cells. It is, however,
a major site of formation of HSCs, which seed fetal liver. The liver becomes the major blood-forming organ at E 11–12, generating
definitive hematopoietic cells and HSC, which subsequently colonize spleen and bone marrow. The receptor tyrosine kinase Flk-1
(VEGFR2) and the transcription factor Scl have been shown to be critical for hemangioblast development. Further knowledge of the key
signals for growth and differentiation of HSCs is necessary for learning how to control hematopoietic malignancies as well as congenital
and acquired disorders of blood cell production.

12.1. INTRODUCTION
During mouse embryogenesis, blood cells are sequentially

generated from several distinct anatomical sites. Morphologically
distinctive primitive blood cells are first identifiable in the blood
islands of the yolk sac at E 7.5 of gestation. The liver anlage is
colonized by hematopoietic cells on E 10.5 of the 20-day murine
gestation period and thereafter becomes the principal fetal
hematopoietic organ (Houssaint, 1981). The fetal thymus is also
seeded by hematopoietic stem cells (HSCs) on E10.5 and the fetal
spleen on E12.5 (Owen and Ritter, 1969; Fontaine-Perus et al.,
1981; Godin et al., 1999). Bone marrow is colonized by fetal
liver–derived HSCs around E15 (Zanjani et al., 1993; Clapp et al.,
1995; Delassus and Cumano, 1996) and, shortly after birth, be-
comes the major site of blood production throughout adult murine
life. The term primitive hematopoiesis is given to the first, yolk
sac–derived, erythroid lineage and definitive hematopoiesis is
applied to all lineages other than primitive erythroid (Keller
et al., 1999).

While the yolk sac is widely accepted to be the source of primi-
tive hematopoietic cells, identification of the initial site of defini-
tive hematopoiesis remains controversial. The origin of the
definitive HSCs that initially colonize fetal liver and subsequently
bone marrow is also a subject of intense debate. Initially, the yolk
sac was thought to be the source of definitive progenitor cells that
seeded the fetal liver (Moore and Owen, 1967; Moore and Metcalf,

1970). However, it is now accepted that there is a second,
intraembryonic site of de novo generation of multipotential hema-
topoietic cells in the mammalian embryo known as the paraaortic
splanchnopleure or aorta-gonad-mesonephros (AGM) region
(Godin et al., 1993; Medvinsky et al., 1993; Godin et al., 1995;
Medvinsky and Dzierzak, 1996). In recent years, a large number
of studies of developmental hematopoiesis have been published,
indicating an ongoing pledge by researchers to better understand
the origins, commitment, and potential of embryonic stem (ES)
cells (reviewed in Robb, 1997; Dzierzak et al., 1998; Medvinsky
and Dzierzak, 1998; Keller et al., 1999; Cumano and Godin, 2001;
Palis et al., 2001; Choi, 2002).

This chapter reviews the biology of blood development in
preliver murine embryo and examines evidence for the origin of
the stem cells that give rise to definitive hematopoiesis. In addi-
tion, it describes experiments characterizing hematopoietic pro-
genitor cells arising from in vitro differentiation of ES, which
have contributed to the understanding of the embryological ori-
gin of HSCs.

12.2. BLOOD DEVELOPMENT IN THE YOLK SAC
The yolk sac is initially a bilaminar structure composed of an

inner layer of mesoderm and an outer visceral endoderm layer.
Embryonic mesoderm migrates from the primitive streak to the
yolk sac during early gastrulation (Lawson et al., 1991; Kinder
et al., 1999). Blood islands are first detectable in yolk sac meso-
derm at E 7.5. They consist of clusters of large, nucleated, baso-
philic cells surrounded by a layer of endothelial cells (angioblasts)
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(Haar and Ackerman, 1971). The visceral endoderm is thought to
serve as a source of inductive signals for development of blood
cells and endothelial cells (Palis et al., 1995; Belaoussoff et al.,
1998). The yolk sac endothelial cell network fuses to form vascu-
lar channels, and when the heart starts to beat, at about E 8.5 (the
eight-somite stage), primitive erythrocytes circulate throughout
the embryo. The close association of vasculogenesis with embry-
onic blood cell development, both temporally and spatially, has
led to the hypothesis that the two lineages may derive from a
common progenitor cell, dubbed the hemangioblast (Murray,
1932).

Primitive erythroblasts arise exclusively in the yolk sac and are
found in the embryonic circulation as soon as it is established, in
what appears morphologically to be a developmentally synchro-
nous wave. These cells are indispensable for the survival of the
embryo until the liver generates the first circulating definitive
erythrocytes at E 12 of gestation (Copp, 1995). The circulating
primitive erythroblasts continue to divide until E 13 and then
gradually differentiate, with progressive nuclear condensation and
increasing accumulation of hemoglobin (Steiner and Vogel,
1973). Some enucleated primitive erythroblasts remain in the
embryonic circulation until E18 (Bethlenfalvay and Block, 1970).
Primitive erythroblasts initially synthesize embryonic hemoglo-
bins and later synthesize adult globins (Brotherton et al., 1979).

In addition to its role in the generation of primitive erythroid
cells, the yolk sac has the capacity to generate multiple definitive
hematopoietic lineages. Early studies documented the presence
of erythroid and myeloid progenitors in the yolk sac prior to their
detection in the embryo proper (Wong et al., 1986). Yolk sacs
isolated from precirculation embryos generated both erythroid
and myeloid precursors when cultured for 48 h (Cumano et al.,
1996). A recent study of hematopoietic progenitor cell numbers
in yolk sac and early embryo by Palis et al. (1999) combined
careful staging of embryos with the use of culture conditions
optimized for growth and maturation of the primitive erythroid
lineage. This demonstrated that primitive erythroid colony-form-
ing cells (EryP-CFCs) are present in the yolk sacs of midstreak
stage (E 7) embryos, within hours of the establishment of extra-
embryonic mesoderm. The numbers of EryP-CFCs in yolk sac
increased up to early somite stages, disappearing by E 9. EryP-
CFCs were never found in cultures of the embryo proper. The
earliest definitive erythroid progenitor detectable in cytokine-
stimulated semisolid cultures is the burst-forming unit, erythroid
(BFU-E). BFU-Es are large colonies composed of hemo-
globinized cells, detectable after 7–10 d of culture. More mature
erythroid progenitors form colonies of smaller cells known as
colony-forming unit, erythroid (CFU-Es) after 2 to 3 d in culture.
In addition to EryP-CFCs, BFU-E and macrophage progenitors
were also cultured from the yolk sac of precirculation embryos.
CFU-Es were first detectable in the yolk sac of older, 26–29 somite
stage embryos. Very small numbers of BFU-Es and CFU-Es were
detectable in cultures of embryo proper prior to the onset of fetal
liver hematopoiesis. The lower numbers of CFU-Es found in the
embryo proper compared with yolk sac indicated that most defini-
tive erythroid progenitors were maturing in the yolk sac. In con-
trast with the sequential development of BFU-Es followed by
CFU-Es in the yolk sac, both BFU-E and CFU-E numbers were
high in the fetal liver rudiment at E10.5. This suggested migra-
tion, rather than de novo generation, of the first fetal liver hemato-
poietic progenitor cells (Palis et al., 1999).

In a second study, multipotential hematopoietic precursor
cells, which give rise to high proliferative potential (HPP)-CFCs,
were first detected in the yolk sac just prior to the onset of circu-
lation. On replating, these colonies gave rise to definitive eryth-
roid and macrophage colonies. The yolk sac was demonstrated to
be the predominant site of HPP-CFCs (100-fold higher than in
the embryo proper) until the onset of hematopoiesis in fetal liver
(Palis et al., 2001). Other myeloid progenitors, including mast
cell and granulocyte-macrophage CFC, could be cultured from
yolk sacs of 10–15 somite stage concepti (Palis et al., 1999).
Lymphoid progenitors were first detectable in yolk sac after E
8.5 (Godin et al., 1995; Cumano et al., 1996).

The results of these studies suggest the following: The yolk
sac initially generates a wave of primitive erythroid progenitors
that mature within the embryonic vasculature. The yolk sac also
generates definitive erythroid and myeloid progenitors. How-
ever, definitive erythrocytes are not detectable in the embryonic
circulation until they emerge from fetal liver at E 12, because the
embryonic yolk sac environment is unable to support the differ-
entiation of the definitive erythroid progenitors it generates. This
notion is supported by studies showing that yolk sac explants
from 20 to 15 somite stage embryos only gave rise to a transient
population of primitive erythroid progenitors, but, when cul-
tured with liver primordium, the explants gave rise to an addi-
tional wave of definitive erythroid progenitors (Cudennec et al.,
1981). Erythropoietin signaling may be responsible for the tim-
ing of the maturation of definitive erythroid progenitors. In a
recent study, homologous recombination in ES cells was used to
replace the endogenous erythropoietin receptor locus with a
cDNA encoding a constitutively active erythropoietin receptor.
In E8.5 concepti injected with ES cells expressing the constitu-
tively activated erythropoietin receptor, ES cell–derived mature,
enucleated, definitive erythroid progenitors were found in the
chimeric yolk sac (Lee et al., 2001).

The development of both primitive and definitive hematopoi-
etic progenitor cells in the blood islands of the yolk sac raises the
question, Is there a common progenitor cell that gives rise to both
populations? A common precursor that gives rise to primitive
and definitive hematopoietic progeny has been identified in
embryoid bodies (EBs) derived from murine ES cells in culture
(Kennedy et al., 1997), and EB-derived clonal cell lines display-
ing primitive and definitive hematopoietic potential have been
established (Keller et al., 1997; Perlingeiro et al., 2001). Whether
such a progenitor exists in vivo remains to be determined.

12.3. BLOOD DEVELOPMENT IN P-SP/AGM
Experiments using avian models unequivocally demonstrated

that, while the yolk sac produced blood cells during embryonic
stages, definitive hematopoiesis originated from an intraembry-
onic site (Dieterlen-Lievre, 1975; Lassila et al., 1982). This led
to the identification of an intraembryonic site of hematopoiesis
in the mouse conceptus. A region known in early somite stage
embryos as the paraaortic splanchnopleure (P-Sp) and in older
embryos as the AGM was shown, at E 8.5, to harbor hema-
topoietic cells that gave rise to multiple lineages (Godin et al.,
1995) and at the 27 somite stage (E 9.5) to contain d 8 spleen
colony-forming units (CFU-S8) (Medvinsky et al., 1993). At
E10.5, this region was found to contain stem cells capable of
engrafting lethally irradiated adult recipient mice (see below)
(Muller et al., 1994).
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In the E 7 to 8 embryo, the P-Sp comprises the caudal splanchnic
mesoderm, gut endoderm, and endoderm of the paired dorsal aortae
and omphalomesenteric artery. After E 9, the region includes the
fused dorsal aorta and the urogenital ridge. The latter includes
the pro/mesonephros and the developing gonads. In contrast with
the yolk sac, the P-Sp/AGM region is not morphologically overtly
hematopoietic. However, light microscopy of P-Sp/AGM sections
reveals clusters of hematopoietic cells in certain regions. In the
chick, small clusters of hematopoietic cells are found in close
association with the wall of the dorsal aorta at E 3 and then as
paraaortic clusters at E 6–8 (Dieterlen-Lievre and Martin, 1981).
DiI labeling and retroviral marking studies have shown that endot-
helial cells in the prehematopoietic chick aorta can give rise to the
intraaortic hematopoietic cells and that these cells migrate to form
the paraaortic hematopoietic foci (Jaffredo et al., 1998, 2000). In
the murine embryo, intraarterial clusters of hematopoietic cells are
found in the lumina of the omphalomesenteric and umbilical arter-
ies and dorsal aorta between E 9.5 and E 11 (Garcia-Porrero et al.,
1995; Wood et al., 1997). In birds and mice, the intravascular
hematopoietic cell aggregates are restricted to arteries, and their
distribution within the arteries is confined to one aspect of the
arterial wall. The results of avian lineage–tracing studies imply
that, as in yolk sac, there is a close ontological relationship between
endothelial cells and hematopoietic progenitors in the P-Sp/AGM
(reviewed in Cumano and Godin, 2001; Nishikawa, 2001).

Because the embryonic lymphoid program does not initiate
until fetal liver and thymus develop, assays that detect lymphoid
progenitors in the pre–fetal liver embryo are generally accepted
to be a measure of definitive, multipotential hematopoietic pre-
cursors. This was formally proven in experiments by Godin
et al. (1995), who demonstrated cells in the early embryo with the
potential to give rise to erythromyeloid, T-, and B-cell progeni-
tors. Single cells were expanded for 10 to 14 d on a stromal layer
with appropriate cytokines. Individual clones were tested in fetal
thymic organ culture, for the generation of mature T-cells, in
semisolid cultures stimulated with cytokines to detect erythroid
and myeloid CFCs, and in cultures containing stromal cells and
interleukin-7 to permit B-cell generation. Small numbers of mul-
tipotential hematopoietic precursors were found in the P-Sp of
the 12–15 somite stage embryo. Thereafter, progenitor numbers
increased rapidly in both yolk sac and the embryo proper (Godin
et al., 1995). The AGM was also shown to harbor large numbers
of multipotent precursors, the absolute number and the frequency
(1 in 12 cells tested) being maximal between E 10.5 and E 11.5
(Godin et al., 1999). The progenitors were found in aorta, gonad,
and mesentery of the AGM of E 10 embryos but were most fre-
quent in the aorta (Godin et al., 1999). To address the question of
the origin of definitive hematopoietic progenitors, yolk sac and
P-Sp were collected prior to the establishment of circulation. The
intact tissues were cultured for 2 d prior to assay. Progenitor cells
were found in both yolk sac and P-Sp from the same embryo.
However, splanchnopleure-derived progenitors showed a wider
differentiation potential, with only the P-Sp containing cells
giving rise to lymphoid progeny (Cumano et al., 1996). This
result was confirmed in a study of the lymphopoietic potential of
CD45-positive hematopoietic progenitor cells from yolk sac and
embryo proper (Nishikawa et al., 1998a). Allowing for caveats
concerning the selective nature of in vitro assays (Keller et al.,
1999), the data strongly support the concept of two independent
origins for hematopoiesis in the precirculation embryo.

12.4. HSCs IN PRE–FETAL
LIVER MURINE EMBRYO

During embryogenesis, the liver anlage is colonized by exog-
enous blood cells (Johnson and Moore, 1975; Houssaint, 1981),
and HSCs capable of engrafting adult mice are present in the fetal
liver from E 11 to 12. Although the experiments described earlier
point to dual origins of definitive multipotential hematopoietic
precursors, they do not reveal the source of the circulating HSCs
that seed the liver primordium.

The classic assay for the detection of HSCs is to measure the
ability of genetically distinguishable test cells to provide long-
term repopulation of the multiple hematopoietic lineages of a
lethally irradiated, adult recipient mouse (the LTR-HSC assay).
Donor cells detectable in this assay have fulfilled two of the
criteria of the HSC—they are multipotent, and as they produce
these lineages indefinitely posttransplant, they are capable of
self-renewal. The CFU-S assay is often employed as a surrogate
stem cell assay, although this detects a more mature hematopoi-
etic progenitor cell. In a CFU-S assay, donor cells are injected
into lethally irradiated recipients that are sacrificed 6–14 d later
(the day of sacrifice being appended to the abbreviation CFU-S),
and the number of macroscopically visible colonies on the sur-
face of the spleen is counted. Rare CFU-S6s were first detected
in E9 yolk sac by Perah and Feldman (1977), who also showed
that CFU-S6 numbers increased if the yolk sac was cultured prior
to transplantation. CFU-S8 numbers in the yolk sac and AGM
of 26 to 27 somite embryos were found to be similar, although
the number of CFU-S8s in the AGM, but not in yolk sac,
increased markedly over the next gestational day. CFU-S8s were
first detectable in liver primordium at the 30 to 40 somite stage
(Medvinsky et al., 1993, 1996).

The frequency and location of LTR-HSC in the pre–liver mu-
rine embryo was studied initially by direct transplantation of
cells from staged embryos into irradiated adult recipient mice.
Small numbers of stem cells capable of repopulating adult recipi-
ents were first identified in the AGM of E10.5 embryos (Muller
et al., 1994). LTR-HSCs were not found in yolk sac until E11.
This result has since been confirmed in studies in which the
donor AGM cells have been fractionated according to cell-sur-
face markers (Sanchez et al., 1996; Ohmura et al., 2001). The
addition of an organotypic culture period, prior to transplanta-
tion, dramatically increased the numbers of CFU-Ss and LTR-
HSCs recoverable from the AGM region at E 10 (35–38 somite
pairs). Whereas the direct transplantation assay demonstrated
reconstitution by AGM cells in only 3 of 97 recipients (with each
receiving a little more than the number of cells present in a single
AGM), 24 of 27 recipients showed engraftment if the AGM was
cultured prior to transplantation. Organotypic culture might per-
mit either expansion or maturation of P-Sp/AGM LTR-HSCs.
However, even after culture, HSC activity was not present in any
E 9 tissues and was not found in yolk sac until 24 hours after it
became detectable in the AGM, suggesting that the AGM is a
major contributing source of the LTR-HSCs that seed fetal liver
(Medvinsky and Dzierzak, 1996). In an extension of these stud-
ies, the anatomical components of the AGM region of E 11 to 12
embryos were individually assayed for LTR-HSC activity. At
E 11, stem cell activity was found in the aorta and the omphalom-
esenteric and vitelline arteries. By E 12, stem cell activity was
also found in the urogenital ridge (de Bruijn et al., 2000).
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Although several investigators had conclusively shown the
failure of yolk sac–derived hematopoietic cells to engraft in con-
ditioned adult recipients, an intriguing study by Toles et al. (1999)
showed long-term engraftment of yolk sac cells administered to
immunocompromised host embryos via the placental circulation.
In addition, Weissman et al. (1978) found that E 8–10 yolk sac
cells injected into E 8 to E 9 recipient embryos produced low levels
of lymphoid cell engraftment. This led to the development of a
newborn recipient model of transplantation (Yoder et al., 1996).
Pregnant dams were treated late in gestation with busulfan and the
anemic newborn pups received donor cells either intravenously or
via direct intrahepatic injection. The donor cells could colonize
bone marrow, and/or the liver, which is an active hematopoietic
organ in the murine neonatal period. Using this assay, cells from
E 9 and E 10 yolk sacs were shown to provide long-term multi-
lineage reconstitution of busulfan-conditioned neonatal pups
(Yoder and Hiatt, 1997; Yoder et al., 1997). These cells, which
were CD34 and c-kit positive, were found in both yolk sac and
AGM at E9, with a 37-fold preponderance in yolk sac (Yoder et al.,
1997). The progeny of transplanted yolk sac stem cells, harvested
from bone marrow of 4–6-mo old recipients, were capable of
engrafting lethally irradiated secondary adult recipients. This dem-
onstrated that although yolk sac stem cells prior to E11 are unable
to directly repopulate adult conditioned mice, once engrafted in
newborn recipients, the stem cells can migrate to the bone marrow
and there function long term (Yoder and Hiatt, 1997; Yoder et al.,
1997). This result reinforced the notion that adult and embryonic
HSCs differ and that assays of stem cell activity are influenced by
the properties of stem cell population, such as their colonization
capacity. The inability of the stem cells from E 9 embryonic tissues
to directly repopulate adult recipients could be due to failure to
express appropriate homing molecules, or the cells may not
survive and expand in the adult microenvironment because of a
requirement for embryonic growth factors.

In two important recent studies, yolk sac and P-Sp explants
collected prior to the onset of circulation were assayed for their
ability to reconstitute adult recipient mice (Cumano et al., 2001;
Matsuoka et al., 2001). In the study by Cumano et al. (2001), yolk
sac and P-Sp explants were cultured prior to transplantation into
irradiated recipient mice deficient in B- and T-cells (Rag2–/–) or
in T-, B-and natural killer (NK) cells (Rag2γc–/–). The latter
recipient strain was selected in order to circumvent NK-mediated
rejection of donor embryonic cells, which have low levels of major
histocompatibility complex class I. The use of Rag2γc–/– recipi-
ents improved engraftment capacity of all tissues tested, includ-
ing AGM from E 9.5 to 10 (28–32 somite) embryos, indicating
that NK activity may be important in rejection of donor embry-
onic tissues. The study revealed that while cultured E 8 yolk sac
explants gave short-term myeloid reconstitution of Rag2γc–/–

recipients, no long-term engraftment occurred. By contrast, cul-
tured E 8 P-Sp explants contained precursors that generated multi-
lineage hematopoietic progeny in the recipients. The detection of
LTR-HSCs in precirculation P-Sp, but not in yolk sac, is in keep-
ing with the previous studies by this group demonstrating the
different in vitro hematopoietic capacity of the extraembryonic
and intraembryonic sites of blood development in the precir-
culation murine embryo.

In the study by Matsuoka et al. (2001), yolk sac and P-Sp cells
were cocultured with a stromal cell line (AGM-S3), derived from
the E 10.5 AGM region, for 4–6 d prior to transfer to irradiated

adult recipient mice. After coculture, LTR-HSCs were present in
E 8.5 yolk sac and P-Sp and were also detectable in tissues col-
lected from E 8.0 embryos, before the onset of circulation. Time
course studies showed that the kinetics of LTR-HSC development
was similar in the cultured cells of both populations (Matsuoka
et al., 2001). The difference between these results and those of
Cumano et al. (2001), raises intriguing questions. What are the
properties of the AGM-S3 cell line that enable it to induce stem
cell activity in yolk sac cells? Are these properties found in vivo
in the P-Sp/AGM, implying that it is the site of maturation of stem
cells? Answers to these questions will give further insights into the
biology of embryonic hematopoiesis and could conceivably trans-
late into tools for the generation and expansion of stem cells for
therapeutic use.

12.5. TRANSCRIPTIONAL REGULATION
OF PRIMITIVE AND DEFINITIVE HEMATOPOIESIS

Key regulators of primitive and definitive blood development
in the murine embryo have been revealed by the creation of mouse
strains with targeted disruption of genes encoding transcriptional
factors. Scl/Tal-1 is a member of the basic helix-loop-helix fam-
ily of transcription factors. Embryos with a null mutation of Scl/
Tal-1 die around E10 owing to anemia. Primitive blood cells are
completely absent. Vasculogenesis occurs normally in the early
yolk sac, but vitelline vessels fail to develop (Robb et al., 1995;
Shivdasani et al., 1995; Visvader et al., 1998). Disruption of
LMO2, which encodes a member of the LIM domain protein
family that interacts with Scl/Tal-1, also abrogates primitive
erythropoiesis, and, like Scl/Tal-1, LMO2 has been implicated in
regulation of vasculogenesis (Warren et al., Yamada et al., 2000).
Studies of the differentiation potential of Scl/Tal-1 and LMO2
null ES cells in chimeric mice have revealed that these genes are
also absolutely required for definitive hematopoiesis (Porcher
et al., 1996; Robb et al., 1996; Yamada et al., 1998). GATA
transcription family members bind a DNA consensus sequence
that is found in the regulatory region of all erythroid-specific
genes (Weiss and Orkin, 1995). Mice with a null mutation of
GATA-1 have a profound disruption of primitive hematopoiesis
(Fujiwara et al., 1996). In in vitro cultures of GATA-1 null ES
cells, erythroid differentiation is arrested at the proerythroblast
stage (Pevny et al., 1995). GATA-2 null mice have quantitative
defects in primitive erythropoiesis and die of severe anemia (Tsai
et al., 1994). The abnormalities in primitive hematopoiesis in
GATA-1 null embryos are phenocopied in embryos with a null
mutation of FOG-1, which encodes a transcriptional cofactor of
GATA-1 (Tsang et al., 1998). Definitive hematopoiesis is also
defective in FOG-1, GATA-1, GATA-2 null mice.

The transcription factors identified to date that regulate primi-
tive hematopoiesis are also required for regulation of definitive
hematopoiesis. By contrast, gene-targeting studies have identi-
fied several transcription factors that regulate definitive, but not
primitive, blood development. The first to be discovered was
c-Myb. c-Myb null mice have profound defects in definitive hema-
topoiesis and die of anemia in the midgestational period
(Mucenski et al., 1991). Cbfa2 (AML1, Runx1) and Cbfb encode
CBFα and CBFβ, the two subunits of a core binding factor that is
required for definitive hematopoiesis. Null mutations of the genes
encoding either subunit ablate definitive hematopoiesis but do
not affect primitive hematopoiesis (Okuda et al., 1996; Sasaki
et al., 1996; Wang et al., 1996a,1996b; Niki et al., 1997). The null
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embryos contain no definitive progenitors within fetal liver or in
circulating blood. Furthermore, Cbfa2 and Cbfb null ES cells are
unable to contribute to definitive hematopoiesis in chimeric mice.
Cbfa2 is expressed in the endothelium of the aorta, vitelline, and
umbilical arteries and in intraarterial hematopoietic cell clusters
and is required for the formation of these clusters (North et al.,
1999). Homozygous Cbfa2 null yolk sacs and P-Sp do not contain
LTR-HSCs (Cai et al., 2000).

12.6. THE HEMANGIOBLAST
As discussed earlier, the hemangioblast concept was intro-

duced by the observations that blood cells and the vascular sys-
tem develop closely together in the yolk sac and in the P-Sp/
AGM (Sabin, 1920; Murray, 1932; Wagner, 1980). Support for
the existence of the hemangioblast comes from the observations
that hematopoietic and endothelial cell lineages share the
expression of a number of different genes. For example, receptor
tyrosine kinases expressed in endothelial cells, such as Flk-1,
Tie-1, and Tie-2 (also known as Tek), are also expressed in early
hematopoietic progenitors (Yano et al., 1997). The transcription
factor Scl is expressed in both hematopoietic and endothelial
cells (Kallianpur et al., 1994; Elefanty et al., 1999). The eryth-
ropoietin receptor, which is expressed in erythroid progenitors,
is also expressed in endothelial cells (Anagnostou et al., 1994).
CD34, which is used as a marker for early hematopoietic pro-
genitor cells, is also expressed in endothelial cells as well (Fina
et al., 1990). Furthermore, mouse AGM cells expressing
podocalyxin-like protein 1 (PCLP-1) but not CD45 (PCLP-
1+CD45–) can clonally give rise to both hematopoietic and endo-
thelial cells (Hara et al., 1999). Additionally, the zebrafish cloche
mutants lack both hematopoietic and endothelial cell differentia-
tion, suggesting the presence of a common progenitor (Stainier
et al., 1995).

12.7. THE IDENTIFICATION
OF BLAST-COLONY-FORMING CELLS
FROM IN VITRO DIFFERENTIATED ES CELLS

Even though there has been a great interest in identifying the
hemangioblast in the developing embryo, the use of embryo-
derived cells has proven difficult since the developmental
sequence occurs rapidly, the tissues are difficult to access, and
only a small number of cells can be obtained. An alternate source
of embryonic cells for the studies of early embryonic events is
the in vitro differentiated progeny of ES cells. ES cells differen-
tiate efficiently in vitro and give rise to a three-dimensional,
differentiated cell mass called EBs (Fig. 1) (reviewed in Keller
et al., 1999; Choi, 2002). ES cells can also be differentiated on
stromal cells or type IV collagen without intermediate formation
of the EB structure (Nakano et al., 1994; Nishikawa et al., 1998).
Many different lineages have been reported to develop within
EBs, including neuronal, muscular, endothelial, and hematopoi-
etic lineages (reviewed in Choi, 2002). Of these, the hematopoi-
etic lineage has been most extensively characterized. The
development of hematopoietic and endothelial cells within EBs
mimics in vivo events such that yolk sac blood island-like struc-
tures with vas-cular channels containing hematopoietic cells can
be found with-in cystic EBs (Doetschman et al., 1985). As in the
developing embryo, the primitive erythroid cells develop prior to
definitive hematopoietic populations (Keller et al., 1993; Palis
et al., 1999). The developmental kinetics of various hematopoi-

etic lineage precursors within EBs and molecular and cellular
studies of these cells have demonstrated that the sequence of
events leading to the onset of hematopoiesis within EBs is simi-
lar to that found within the mouse embryo. In addition, EBs
provide a large number of- cells representing an early/primitive
stage of development that are otherwise difficult to access in the
embryo (Choi et al., 1998). Therefore, the ES in vitro differen-
tiation model is an ideal system for obtaining and studying primi-
tive progenitors of all cell lineages.

Using the in vitro ES differentiation model system, the blast
colony-forming cell (BL-CFC) population present within day (d)
2.5–3.5 EBs has been shown to represent the hemangioblast
(Kennedy et al., 1997; Choi et al., 1998). BL-CFCs are transient
and develop prior to the primitive erythroid population (Kennedy
et al., 1997; Choi et al., 1998) (Fig. 2). BL-CFCs form blast colo-
nies in response to vascular endothelial growth factor (VEGF), a
ligand for the receptor tyrosine kinase Flk-1 (Matthews et al.,
1991; Millaer et al., 1993), in semisolid media such as methylcel-
lulose cultures. Gene expression analysis indicated that cells
within the blast colonies (blast cells) express a number of genes
common to both hematopoietic and endothelial lineages, includ-
ing Scl; CD34; and the VEGF receptor, Flk-1 (Kennedy et al.,
1997). Blast cells give rise to primitive, definitive hematopoietic,
and endothelial cells when replated in medium containing both
hematopoietic and endothelial cell growth factors (Kennedy et al.,
1997; Choi et al., 1998). Most importantly, the hematopoietic and
endothelial precursors within the blast colonies are clonal, as
demonstrated by the mixing studies of two different ES lines (Choi
et al., 1998).

12.8. MOLECULES CRITICAL
FOR HEMANGIOBLAST DEVELOPMENT

12.8.1. Flk-1  The VEGF receptor Flk-1 (VEGFR2) is known
to play a key role in the regulation of embryonic vascular and
hematopoietic development. In the mouse embryo, Flk-1 expres-
sion is detected in the presumptive mesodermal yolk sac blood-
island progenitors as early as E7.0 (Yamaguchi et al., 1993;
Dumont et al., 1995). As has been described (Shalaby et al., 1995),
mice deficient in Flk-1 do not develop blood vessels or yolk sac
blood islands, and die between E8.5 and 9.5. In chimeric aggrega-
tion studies with wild-type embryos, Flk-1–/– ES cells fail to par-
ticipate in vessel formation, or to contribute to primitive or
definitive hematopoiesis in vivo, suggesting that Flk-1 inactiva-
tion results in a cell autonomous endothelial and hematopoietic
defect (Shalaby et al., 1997).

Fig. 1. In vivo and in vitro application of ES cells.
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The findings that BL-CFCs form blast colonies in response to
VEGF and that their blast cell progeny express the Flk-1 gene
argue that Flk-1 is expressed on the hemangioblast/BL-CFC (Choi
et al., 1998). Indeed, blast colonies develop from a sorted Flk-1+,
but not Flk-1–, cell population from d 2.75–3 EBs, when replated
with VEGF (Faloon et al., 2000). Consistent with the findings that
the hemangioblast expresses Flk-1, VEGFR2+ (Flk-1+) cells from
the mesoderm of chicken embryos give rise to both hematopoietic
and endothelial cells (Eichmann et al., 1997). In this system, the
differentiation of hematopoietic cells from the VEGFR2+ cells
occurred in the absence of VEGF, while endothelial cell genera-
tion required VEGF.

Several studies suggest a role for Flk-1 in the hemangioblast
migration. For example, Flk-1-deficient cells from Flk-1–/–/+/+

chimeric embryos accumulate in the amnion, even though Flk-1
(β-galactosidase)-expressing cells are normally found in the yolk
sac of Flk-1+/– embryos (Shalaby et al., 1997). In addition, in vitro
differentiated Flk-1–/– ES cells normally give rise to hematopoi-
etic and endothelial cells and E 7.5 Flk-1–/– embryos contain
hematopoietic progenitors, even though E 8.5 Flk-1–/– embryos
are known to be profoundly deficient in such cells (Shalaby et al.,
1995; Schuh et al., 1999). Future studies will need to address the
precise role of VEGF/Flk-1 interaction in hemangioblast develop-
ment, namely hemangioblast migration, survival and/or prolifera-
tion, and their subsequent differentiation.

12.8.2. SCL  There are many studies supporting a view that
SCL is critical for hemangioblast development. As discussed ear-
lier, Scl is required for primitive and definitive hematopoiesis and
for endothelial cell development. Furthermore, SCL-deficient ES
cells fail to give rise to blast colonies, an in vitro measure of
the hemangioblasts (Faloon et al., 2000; Robertson et al., 2000).
Recently, Drake and Fleming (2000) have examined early mouse
embryos for Flk-1 and SCL expression. At E6.5, Flk-1+SCL+ cells
were already present, but dispersed, in the extraembryonic yolk
sac. They argue that Flk-1+SCL+ cells are angioblasts since pri-

mary vascular networks become evident in the regions where Flk-
1+SCL+ cells were initially detected. However, because of the
transient nature of the BL-CFC/hemangioblast, it is still possible
that these Flk-1+SCL+ cells represent the hemangioblast.

In zebrafish, Scl is expressed in the lateral mesoderm, which
gives rise to hematopoietic, endothelial, and pronephric lineages
(Gering et al., 1998). As discussed earlier, the zebrafish cloche
(clo) mutation affects both hematopoietic and endothelial differ-
entiation (stainier et al., 1995). Scl expression is greatly reduced
in clo mutants (Liao et al., 1998). More importantly, ectopically
expressed Scl can rescue, although incompletely, the hemato-
poietic and endothelial cell defects in these mutants. Rescued
embryos develop red blood cells and express the GATA-1 and
Flk-1 genes (Liao et al., 1998), suggesting that the function of
SCL lies downstream of clo and upstream of Flk-1 and GATA-1.
Cells expressing both Flk-1 and SCL appear to give rise to
SCL+Flk-1– hematopoietic and SCL–Flk-1+ endothelial cells
(Gering et al., 1998). These observations predict that cells
expressing both SCL and Flk-1 represent hemangioblasts.
Indeed, cells expressing both SCL and Flk-1 increase dramati-
cally when SCL is overexpressed in zebrafish embryos (Gering
et al., 1998). As a result, both hematopoietic and endothelial cells
also increase. A role for SCL in the specification of the heman-
gioblast is suggested by the observation that the expansion of
SCL+Flk-1+ cells occurs at the expense of somitic and pronephric
duct tissues (Gering et al., 1998).

Elefanty et al. (1998, 1999) knocked-in a lacZ reporter gene
into the Scl locus to follow Scl-expressing cells. Histochemical
staining of Scl+/lacZ embryos for β-galactosidase activity showed
that lacZ was expressed in hematopoietic and endothelial cells,
and in the developing brain. Cell sorting and replating studies of
β-galactosidase+ cells from the fetal liver showed that erythroid
and myeloid progenitors are present within the β-galactosidase+

population. Furthermore, the β-galactosidase+ fraction of the bone
marrow is enriched for erythroid, myeloid, lymphoid, and CFU-

Fig. 2. In vivo vs in vitro hematopoietic development. To date, BL-CFCs have only been identified in vitro. Both BL-CFCs and primitive
erythroid progenitors are transient. Definitive erythroid and myeloid lineages develop shortly after and persist throughout EB differentiation.
Only the developmental kinetics, not the actual numbers, of each hematopoietic cell population is illustrated.
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S12. Scl+/LacZ mice should prove useful for further understanding
hemangioblast, hematopoietic, and endothelial cell development.

12.9. IN VIVO HEMATOPOIETIC
POTENTIAL OF ES DERIVED CELLS

The ability of ES cells to generate many different somatic
cells in vitro argues for their usage as a source for cell transplan-
tation, provided that they can function in vivo. Accumulating
studies demonstrate that in vitro–generated hematopoietic pro-
genitors can function in vivo, although the generation of HSCs
from ES cells has not been firmly established. Muller and
Dzierzak (1993) have utilized in vitro–differentiated ES cells as
donor cells in cell transfer studies using newborn Wv/Wv and
SCID mice as recipients. In these studies, donor-derived cells
have been found only within the lymphoid cell lineages, although
donor-derived cells persisted for greater than 6 months. This
study utilized d 13 total EB cells without further enrichment of
hematopoietic progenitors. Therefore, the finding that ES-
derived cells had limited lymphoid potential could reflect the
rarity of HSCs present within d-13 EB cells (the time point from
which EB cells were generated and used). Potocnik et al. (1997)
have isolated AA4.1+B220+ and AA4.1+B220– cell populations
from in vitro–differentiated ES cells (d 15 EBs) and tested for in
vivo reconstitution potential in 4- to 6-wk-old Rag-1-deficient
mice. Both cell populations engrafted to the recipients, but
AA4.1+B220+ cells had a limited life-span (up to 8 wk) and lim-
ited potential; that is, they could only give rise to B-cell lineage.
However, AA4.1+B220- derived cells survived longer in the
recipients and could be found 24 weeks after the transplantation.
Donor AA4.1+B220–-originated B- and T-cells could be found in
these recipients and donor-derived B220+c-Kit+ cells were also
found in the recipient bone marrow. These studies suggest that
AA4.1+B220– cells contained more primitive hematopoietic pro-
genitors. However, HSC activity was not pursued in this study.

Palacios et al. (1995) reported that E14.1 ES cells differentiated
on the RP.0.10 bone marrow cell line (H-2d) and sorted
for PgP-1 (CD44)+Lin– (H-2b) could reconstitute all the hemato-
poietic cell lineages, including lymphoid, myeloid, and erythroid,
of sublethally irradiated 6- to 12-wk-old CB17SCID (H-2d) or
C3HSCID (H-2k) mice. Furthermore, bone marrow from the pri-
mary recipients could reconstitute the hematopoietic system of
secondary recipients, arguing that ES-derived HSCs could self-
renew. Perlingeiro et al. (2001) transduced EB-derived blast cells
with the Bcr/Abl oncogene. Transformed blast cells were cultured
on OP9 cells, previously shown to support HSCs (Nakano et al.,
1994), and then used to repopulate sublethally irradiated, 8-wk-old
129Sv/Ev or NOD/SCID mice. Consistent with the previous stud-
ies demonstrating that EB-derived blast cells contain both primi-
tive and definitive erythroid, and myeloid progenitors (Kennedy et
al., 1997; Choi et al., 1998), the Bcr/Abl-transduced blast cells
gave rise to primitive and definitive erythroid, myeloid, and lym-
phoid cell lineages in the recipients. The caveat of this study is that
the cell population used for transplantation harbors an oncogene.
The recipients ultimately developed myeloproliferative disorders
between 5 and 9 wk after transplantation. In summary, in vivo
hematopoietic reconstitution studies utilizing ES-derived cells
argue that HSCs can be derived from in vitro–differentiated ES
cells. However, because the reconstitution rate is still low, there is
a need to develop an optimal protocol for utilizing ES-derived cells
for hematopoietic reconstitution.

12.10. FUTURE DIRECTIONS
Future work in developmental hematopoiesis should clearly

address the precise relationship between the primitive and
definitive hematopoiesis, the yolk sac and AGM hematopoiesis,
and the hematopoietic and endothelial cell lineages. The avail-
ability of BL-CFCs, the most primitive progenitors committed to
become hematopoietic and endothelial cell lineages identified to
date, should be valuable for the studies of hematopoietic speci-
fication. For example, the molecular mechanisms leading to BL-
CFC development can unveil the pathway of hematopoietic
specification in the developing embryo. More specifically, deter-
mining the transcription factors and their target(s) expressed in
BL-CFCs could provide major insights into hematopoietic and
endothelial cell lineage commitment. Furthermore, investigation
of growth factors, other than VEGF/Flk-1, and their signals
involved in BL-CFC development could also provide insights
into early hematopoietic development. It will also be important
to determine whether in vitro–derived BL-CFCs can generate
both hematopoietic and endothelial cells in in vivo. Such demon-
stration should facilitate utilization of in vitro–differentiated ES
cells for cell therapy as well as cell-mediated gene therapy appli-
cations. Ultimately, the in vivo equivalent progenitors of BL-
CFCs should be identified and characterized to further understand
hematopoietic and vascular development.
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13 Stromal Support of Hematopoiesis

PIERRE CHARBORD, MD, DR INSERM

Bone marrow stromal cells make up the microenvironment for hematopoiesis. The prototype for stem cell and lineages
is that of the hematopoietic stem cell (HSC), as demonstrated by clonal analysis. The fate of the HSC is determined largely
by the microenvironment (niche) provided by the mesenchymal stem cells (MSC). MSCs give rise to cells constituting the
hematopoietic microenvironnement—i.e., stromal cells, endothelial cells, vascular smooth muscle cells (VSMCs),
adipocytes, and osteoblasts—but also to other cell types—i.e., chondrocytes; sarcomeric muscle; and, in certain reports,
neuroectoderm or endodermal cells. Transdifferentiation of MSC progeny seems more likely than in other cell lineages, and
stromal cells from the different hematopoietic sites (bone marrow, fetal liver, aorta-gonad-mesonephros region) express a
variety of mesenchymal cell–type markers, including markers for VSMCs, adipocytes, and osteoblasts. Stromal cells act
through a number of mediators, cytokines, adhesion molecules, peptides, hormones, and other molecules such as wnts and
eicosanoids. Cytokines and chemokines include the colony-stimulating factors, interleukin-6 (IL-6), leukemia inhibitory
factor, IL-1, IL-7, IL-8, stem cell factor, flt3 ligand, hepatocyte growth factor, thrombopoietin, insulin-like growth factor-
1, transforming growth factor-β (TGF-β), γ-interferon-inducible protein-10 (IP-10), monocyte chemoattractant protein-1
(MCP-1), and stromal-derived factor-1 (see Table 2 in this chapter). IL-1 is a major inducer of the production of the other
cytokines. TGF-β is the most potent inhibitor of hematopoiesis. It induces expression of inhibitory chemokines, such as
MCP-1 and IP-10, and decreases expression of stromal adhesion molecules. Extracellular matrix collagens, laminins, and
fibronectins each appear to have a role in hematopoiesis through binding to a number of cell adhesion molecules (see Table
3 of this chapter). This indicates a highly controlled, multifactorial, and redundant regulation of hematopoiesis by mesen-
chymal stromal cells.

13.1. INTRODUCTION
Stromal cells constitute the cell population that assists the

hematopoietic stem cell (HSC) and its progeny, i.e., the set of
cells modulating quiescence, self-renewal and commitment of
HSCs and the proliferation, maturation, and apoptosis of more
mature hematopoietic cells. Stromal cells are easily defined in
culture, forming the non-hematopoietic adherent cell component
from long-term cultures. In vivo they make up the microenviron-
ment of hematopoiesis, comprising the set of nonhematopoietic
cells from the different hematopoietic sites.

The development of the concept of hematopoietic stroma is
intimately associated with that of HSC and stem cells in general.
Major hallmarks are given on Table 1. In 1924, Maximow devel-
oped the idea of a common precursor cell for hematopoiesis and
mesenchyme, basing his hypothesis on morphological studies.
Experimental works made later provided evidence for two types
of stem cells in the hematopoietic sites, one giving rise to the
hematopoietic lineages, the HSCs, and the other yielding the lin-

eages of the hematopoietic microenvironment, the mesenchymal
stem cell (MSC). However, the concept of a common hematopoi-
etic/mesenchymal stem cell (H/MSC) lingered, supported from
time to time by controversial experimental evidence. In 1987,
Singer et al. showed that stromal cell clones transformed by the
SV-40 virus gave rise to cells of both mesenchymal and hemato-
poietic nature, which suggested that the infection had reactivated
a cell acting early on in development. Such cells might indeed
be operative in some patients with myeloproliferative syndrome
where stromal cells from long-term cultures expressed the same
glucose-6-phosphate dehydrogenase isotype as the neoplastic
cells of the hematopoietic lineages, while equal amounts of
the two allelic isoforms were expressed in normal tissues (Singer
et al., 1984). In 1992, Huang and Terstappen published the phe-
notype of the presumptive H/MSC but retracted the data 2 yr later.
In 1995, Waller et al. followed suit, distinguishing the phenotype
of fetal marrow stromal precursors from that of hematopoietic
precursors. Recently Huss et al. (1995, 2000) provided some evi-
dence that hematopoietic cells could derive from marrow fibro-
blasts in dogs and mice.

13/Char-/143-154/F 8/19/03, 2:02 PM143

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


144 CHARBORD

Ten years after the first experimental transplantation of HSCs
(Lorenz et al., 1951), Till and McCulloch (1961) described the
colony-forming unit in the spleen (CFU-S) of transplanted ani-
mals. This team developed the stochastic model of CFU-S differ-
entiation, whereby the fate of a given cell (commitment toward
a lineage or self-renewal) appeared to be random (Till et al.,
1963). In the 1970s, Wolf and Trentin challenged the stochastic
model by considering that the stem cell behavior was determined
by external factors, cellular and molecular, and posited the exist-
ence of “hematopoietic inductive microenvironments” (reviewed
in Trentin, 1989). The major feature of the model was the oppo-
sition between spleen territories, most of which were favorable
to erythropoiesis, and marrow territories inducing granulopoie-
sis. In the meantime, Friedenstein (reviewed in Friedenstein,
1980), working on guinea pig and mouse fibroblastic clonal colo-
nies (CFU-f), provided other data in favor of the microenviron-
mental model. A third of the marrow CFU-f implanted under the
kidney capsule gave rise to both bone and hematopoiesis. Since
hematopoietic cells were of recipient origin, it appeared prob-
able that a specific subpopulation of donor fibroblasts had
recruited recipient circulating HSCs and favored the generation
of hematopoietic foci.

These experiments in vivo suggested the potential role of
microenvironmental cells for stem cell behavior. Demonstration
of the existence and functional role of such “stromal” cells was
provided in 1976 when Dexter et al. established long-term bone
marrow cultures from mice. The generation of an adherent layer
proved mandatory for CFU-S maintenance, and microenviron-
mental and stem cell defects observed in mice with steel and
white-spotting mutations could be duplicated in the culture sys-
tem (Dexter and Moore, 1977). Subsequent experiments provided
further evidence for the HSC-supportive role of stromal cells. The
adherent layer was where CFU-S with sustained self-renewal
capacity and HSCs with long-term competitive repopulating abil-
ity were maintained, and where few HSC clones proliferated
(Mauch et al., 1980; Harrison et al., 1987; Fraser et al., 1992).

HSCs under Dexter conditions, although generating myeloid
cells, remained bipotential, being able to provide B-lymphocytes
after switch to Witte–Whitlock conditions (Whitlock et al., 1984;
Lemieux et al., 1995). A property of HSCs growing onto stromal
layers, probably due to their expression of Edg2 lysophospholipid
receptors (Yanai et al., 2000), is their propensity to migrate under
the stromal cells, before subsequent proliferation and differentia-
tion giving rise to cobblestone areas. Ploemacher et al. (1991)
showed that the time of appearance of cobblestone areas depended
on the time of entry into cycle of the cobblestone area–forming
cells (CAFCs) and found highly significant correlations among
different classes of HSCs as assessed in vivo and the sequential
generation of CAFCs. These data suggested that the long-term
culture system may serve as a useful surrogate procedure for
investigating stem cell behavior, being able, to a certain extent, to
substitute for several in vivo assays.

In 1980, Gartner and Kaplan adapted long-term marrow cul-
tures to humans. The fact that progenitors (revealed by hemato-
poietic CFUs grown in semisolid medium) were generated for
only several weeks (instead of months, as in murine cultures)
entertained doubts concerning the ability of the human culture
system to allow the maintenance of HSCs. A set of data proved to
the contrary. Two waves of progenitor production were observed;
the second wave occurring after 4 to 5 wk would reflect the influx
of CFUs from a more immature compartment of pre-CFU cells.
This compartment was made patent by showing that marrow
samples depleted in progenitors and cultured onto stromal layers
yielded progenitors in increasing number with time in culture
(Andrews, R. G. et al., 1989). A quantitative evaluation of the pre-
CFU cells was provided with the development of the long-term
culture-initating cell (LTC-IC) assay and the adaptation of the
CAFC assay to humans (Sutherland et al., 1989; Breems et al.,
1994). As for the murine system, these data indicated that stromal
cells were critically important for HSCs, preventing apoptosis
and providing, at times adequate with the internal clock of the
primitive cell, signals for proliferation and determination.

Table 1
Historical Hallmarks

Year Author Concept/Data

1924 Maximow Hematopoietic/mesenchymal common stem cell
1951 Lorenz et al. Experimental bone marrow transplantation
1963 Till et al. Stochastic model for HSC
1968 Wolf and Trentin Hematopoietic-inductive microenvironments
1974 Friedenstein CFU-f transplantation
1976 Dexter et al. Long-term marrow culture (mouse)
1977 Dexter and Moore In vitro duplication of steel defects
1978 Schofield Stem cell niche
1980 Gartner and Kaplan Long-term marrow culture (human)
1984 Whitlock and Witte Lymphoid long-term marrow culture
1988 Owen Stromal stem cell
1989 Andrews, R. G. et al. Pre-CFUs
1989 Sutherland et al. LTC-ICs
1991 Caplan et al. MSCs
1991 Ploemacher et al. CAFCs
1996 Wineman et al.; Friedrich et al. Stromal heterogeneity at clonal level
2002 Hackney et al. Molecular characterization of HSC niche
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The concept of stem cell niche was first expounded by
Schofield in 1978. Schofield posited that when HSCs are fixed by
surrounding microenvironmental cells, they would maintain a
stable potential of self-renewal. In 1994, Weissman suggested
that commitment to the different hematopoietic lineages would
also be controlled in specific niches. The generation of continuous
cloned murine marrow lines has confirmed the existence of niches.
Some lines are able to maintain either myelopoiesis or B-lym-
phopoiesis (Friedrich et al., 1996), while others show a remark-
able capacity to sustain erythropoiesis (Yanai et al., 1989). Most
important, very few lines prove able to maintain the HSC potential
in vitro, either in syngeneic (culture of murine HSCs on murine
lines) or in xenogeneic assays (culture of human HSCs on murine
lines) (Issaad et al., 1993; Wineman et al., 1993, 1996; Szilvassy
et al., 1996). One of these lines, AFT024, derived from 12.5 d
postcoitus mouse fetal liver, has been extensively studied by
Moore et al. (1997). The study of transcripts differentially
expressed by these cells may serve for the molecular characteriza-
tion of the niche with HSC-supportive ability. The recent study of
Drosophila germinal stem cells (Spradling et al., 2001) clearly
indicates that the stem cells’ cardinal balance between self-
renewal and differentiation is preserved when they are in physical
contact with stromal cells and associated extracellular matrix
(ECM), which fully validates Schofield’s hypothesis. Any type of
stem cells is probably controlled by associated stromal cells. One
extreme hypothesis is that the stroma of a given tissue would
specify stem cells that would otherwise remain totipotent.

13.2. PHENOTYPE OF STROMAL CELLS
 MSCs are multipotential progenitors that give rise to the dif-

ferent cells of the hematopoietic microenvironment, i.e., stromal
cells, endothelial cells, adipocytes, and osteoblasts (Owen, 1988;
Caplan, 1991; Prockop, 1997; Reyes et al., 2001). These cells also
generate lineages that are not part of the microenvironment,
chondrocytes and sarcomeric muscle cells (cardiac and skeletal),
and, as reported recently, nonmesodermal lineages, cells from the
neuroectoderm (neurons, astrocytes, oligodendrocytes) or the
endoderm (hepatocytes) (Azizi et al., 1998; Oh et al., 2000).
Whether cells with larger differentiation potential might be totipo-
tent stem cells residing in the bone marrow (Weissman, 2000)
remains an open question.

MSCs reside in bone marrow and have recently been found in
human fetal liver (Campagnoli et al., 2001). Whether the fetal liver
is the site of MSC expansion, as it is for HSCs, remains to be
studied. MSCs have not yet been described in the sites of embry-
onic hematopoiesis, the aorta–gonad–mesonephros (AGM)
region, and the yolk sac. However, indirect arguments suggest
their presence in yolk sac. In the absence of vascular endothelial
growth factor (VEGF) signaling, mesodermal precursors appear
unable to home at the only site, that of yolk sac, where they can
give rise to hematopoietic precursors, but commit to alternative
cell fates such as the amnion; these data suggest a deep anomaly
of mesodermal precursor and not only hemangioblastic develop-
ment (Shalaby et al., 1997). Moreover, we have observed that
murine yolk sac stromal cell lines yielded vascular smooth muscle–
like cells, suggesting that mesodermal precursors giving rise to
yolk sac endothelial cells in vivo may differentiate toward other
mesodermal lineage in vitro (Rémy-Martin et al., 1999).

Some characteristics clearly distinguish MSCs from HSCs
(Bianco and Robey, 2000). In the hematopoietic system there is

a strict requirement for perennial cell renewal due to a daily loss
of 109 to 1011 cells/kg of body weight (in humans). In the mes-
enchymal system in the adult, under stationary conditions such
steady-state loss is nonexistent. For example, the turnover of
bone is usually a local event, involving the coordinated excava-
tion and refilling of bone by hematopoietic lineage–derived
osteoclasts and mesenchymal-derived osteoprogenitor cells, but
systemic changes in bone may occur in certain disease states,
such as osteogenesis imperfecta (Pereira et al., 1995). Lineages
from MSCs are not so strictly delineated as lineages from HSCs.
This property of plasticity is exemplified in cell clones where a
switch from the adipocytic to the osteoblastic lineage or from
hypertrophic chondrocytes to osteoblasts is induced (Bennett
et al., 1991; Gentili et al., 1993). Such plasticity might be
explained by a stochastic model in which the plastic nature of the
committed cells entering the differentiation compartment would
be the result of multiple random activation and repression events
affecting transcription factor genes within MSCs (Dennis and
Charbord, 2002). Such plasticity should remove the theoretical
need for stem cells with indefinite self-renewal capacity because
some cells in the progeny of the mother cell would express, anew,
genes that were transitorily suppressed. Therefore, the MSC
system appears to be distinct from other classic stem cell systems
(hematopoietic, intestinal, or epidermal), wherein the existence
of a stem cell compartment is required by the irreversible differ-
entiation of the progeny.

We have shown that stromal cells from human long-term mar-
row cultures expressed a number of markers specific for vascular
smooth muscle cells (VSMCs) : cytoskeletal proteins (α-SM
actin, SM-actinin, calponin, h-caldesmon, metavinculin, SM22-α
and smooth muscle myosin heavy chain SM-1) and ECM glyco-
proteins (fibronectins comprising CS-1, EDa, and EDb domains;
laminin-β-2; thrombospondin-1; and tropo-elastin) (Galmiche
et al., 1993; Li et al., 1995; Rémy-Martin et al., 1999). VSMC-like
stromal cells are a major component of murine Dexter and
Whitlock–Witte cultures (Funk and Witte, 1992; Penn et al., 1993).
Moreover, by studying a number of murine lines established not
only from cultures of bone marrow, but also from spleen, fetal
liver, AGM, and yolk sac, we have found a clear-cut VSMC dif-
ferentiation for most, with expression of desmin in addition to
the markers just described (Rémy-Martin et al., 1999). The exist-
ence of several steps along the VSMC differentiation pathway,
where differentiation is arrested in some lines, indicates the het-
erogeneity of the stromal population. Such heterogeneity is also a
characteristic of mesenchymal cells that acquire VSMC character-
istics in physiological or pathological conditions (Desmoulière
and Gabbiani, 1995). Stromal cells are not only essential for
hematopoietic support, but are also involved in the trafficking of
hematopoietic cells within bone marrow since they modulate the
tightness of endothelial junctions in cells lining marrow sinuses
(Lichtman, 1981). The contractility of the cells may therefore serve
a specific funtional role.

Cells with smooth muscle differentiation are detected in vivo
at hematopoietic sites: myoid cells, barrier cells, and pericytes in
bone marrow from mice and humans; cells undergoing an epithe-
lial-to-mesenchymal transition in fetal liver; early differentiated
smooth muscle cells underneath hematopoietic foci of embry-
onic aorta (Weiss and Geduldig, 1991; Galmiche et al., 1993;
Kiassov et al., 1995; Charbord et al., 1996; Tavian et al., 1999).
Barrier cells have also been described in the spleen of rodents
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(Toccanier-Pelte et al., 1987) and kidneys of salmonids, the major
hematopoietic sites in these fishes (Alvarez et al., 1996). It there-
fore appears probable that MSCs would differentiate following
a VSMC differentiation pathway specific for hematopoietic-sup-
portive tissues. Certain cytokines, such as transforming growth
factor-β (TGF-β) and platelet-derived growth factor (PDGF),
implicated in VSMC recruitment and differentiation and known
to be growth factors for stromal precursors, may modulate, at the
blood-forming sites, stromal growth and differentiation in coor-
dination with ECM molecules.

The VSMC pathway is the major pathway of differentiation
observed in stromal cells, but not the exclusive one. Certain fea-
tures relate stromal cells to other mesenchymal lineages. Stromal
cells with VSMC differentiation express alkaline phosphatase
and collagen I, considered early markers of the osteoblastic lin-
eage. Some human stromal cells that have the morphology of an
adipocytic cell at one pole (lipid-filled vesicles) and a VSMC
morphology at the other pole, featuring bundles of myofilaments,
caveolae, and fibronexus, may be considered as cell isoforms
intermediate between adipocytes and VSMCs (Dennis et al.,
2002). The existence of such isoforms is in agreement with the
cellular plasticity of the mesenchymal lineages.

Summary of the data on the phenotype is given in Fig. 1. In
addition to the markers for the stromal lineage following a VSMC
differentiation pathway, markers for other lineages are shown:
CD133 characterizes early endothelial cells and von Willebrand
factor is found in Weibel–Palade bodies of mature endothelial
cells, Nile red O stains lipid vesicles, bone deposits are revealed
using von Kossa stain, collagen II is specific for chondrocytes, and

collagen X is induced in hypertrophic cartilage. Major cytokines
or hormones required for each pathway are indicated: VEGF for
endothelial cells, PDGF and TGF-β for stroma, dexamethasone
for adipocytes and osteoblasts, and TGF-β for chondrocytes.
Double arrows between pathways indicate the existence of inter-
mediate isoforms and shifts between pathways characterizing the
plasticity of the system. Finally, some markers of the MSCs are
shown: intracellular proteins, such as the intermediate filament
component vimentin and the adhesive glycoproteins osteopontin
and laminin-β-1, or cell membrane antigens such as the stem cell
antigen-1 and the vascular cell adhesion molecule-1 (VCAM-1).
These membrane antigens have been used for the isolation from
bone marrow of stromal precursors (van Vlasselaer et al., 1994;
Simmons et al., 2001). Other membrane molecules have also been
used for this purpose : antigens recognized by the Stro-1 mono-
clonal antibody, Thy-1, MUC18/CD146, α-1 integrin subunit, and
endoglin (Simmons and Torok-Storb, 1991; Guerriero et al., 1997;
Filshie et al., 1998; Deschaseaux and Charbord, 2000; Majumdar
et al., 2000 ).

13.3. MEDIATORS INVOLVED IN CONTROL
OF HEMATOPOIESIS BY STROMAL CELLS

Almost three decades of study of murine and human long-
term cultures has disclosed that the generation or maintenance of
HSCs and progenitors was regulated by a large number of media-
tors, cytokines, adhesion molecules, peptides, hormones, mol-
ecules involved in organogenesis, and lipid mediators. Evidence
for specific molecules has already been reviewed (Charbord,
2001). In this chapter, I therefore emphasize recent data.

Fig. 1. Diagram of MSC. Vim, vimentin; OSP, osteopontin; LM, laminin; Sca, stem cell antigen; ASMA, α-SM actin; FNEDa, fibronectin
EDa+; mV, metavinculin; hcald, h-caldesmon; 1E12, SM-actinin recognized by the 1E12 antibody; Calp, calponin; Des, desmin; SM-1, SM
myosin heavy chain-1; vWf, von Willebrand factor; NRO, Nile red O; vK, von Kossa stain; Coll, collagen.
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13.3.1. CYTOKINES  The macrophage colony-stimulating
factor (M-CSF) was the first cytokine detected in stromal cells. It
is constitutively expressed by stromal cells because there is no
need to stimulate the cells (irradiation, treatment with mitogens,
or inflammatory cytokines) to detect the cytokine. Different
isoforms of M-CSF are generated by alternative splicing; one
isoform, slowly released from the membrane, may serve as adhe-
sion molecule. Moreover, M-CSF binds to proteoglycans, result-
ing in high-molecular-weight ECM-bound molecule. Experiments
using embryonic stem cells cultured onto stromal cells from M-
CSF-null mice indicate that the cytokine promotes the macroph-
agic lineage while impeding the generation of other lineages
(Nakano et al., 1994). M-CSF may also serve other purposes in
long-term cultures, because it is a growth factor for murine stro-
mal precursors that express its tyrosine kinase receptor (Tanaka-
Douzono et al., 2001). Detection of the granulocyte macrophage
CSF (GM-CSF) has been less easy than that of M-CSF, usually
requiring stimulation of stromal cells. While stromal cell produc-
tion of GM-CSF probably explains most of the granulomonocytic
progenitor output in long-term marrow cultures (Charbord et al.,
1991), the study of stromal feeders engineered to synthesize and
release continuously GM-CSF suggests that this cytokine does
not exert a significant role on more immature precursors
(Sutherland et al., 1991). Finally, GM-CSF is a critical factor for
microenvironmental cell homeostasis because it modifies the
macrophage–to–stromal cell ratio (Charbord et al., 1991). Granu-
locyte CSF (G-CSF) is detected only in stimulated stromal cells.
G-CSF appears to be active on growth of immature hematopoietic
precursors in long-term marrow cultures, as indicated by the study
of G-CSF-engineered stromal feeders (Hogge et al., 1991). Multi-
CSF or interleukin-3 (IL-3) has not been detected in stromal cells,
except for subliminal levels in yolk sac mesodermal or endoder-
mal stromal cell lines (Yoder et al., 1994).

Many cytokines from the gp 130 receptor family are constitu-
tively expressed by stromal cells but greatly enhanced by inflam-
matory cytokines. IL-6, which has been cloned from a murine
stromal cell line (Chiu et al., 1988), in long-term marrow cul-
tures does not appear to be effective on immature hematopoietic
progenitors (Hauser et al., 1997), but it remains possible that
other stromal-derived members of the family substitute for IL-6
in neutralizing studies. In addition, IL-6 is a growth factor for
stromal cells (Sensebé et al., 1995; Hauser et al., 1997). The
downregulation of leukemia inhibitory factor (LIF) under condi-
tions of osteogenesis and its upregulation under conditions
favorable for hematopoiesis suggest its potential role in the equi-
librium between bone formation and hematopoietic support by
marrow MSCs (Haynesworth et al., 1996). IL-11, cloned from a
nonhuman primate stromal cell line (Paul et al., 1990), may play
a role on the differentiation of hematopoietic progenitors and on
stromal formation.

The stem cell factor (SCF) or c-kit ligand has been cloned by
one group (Williams et al., 1990) using a stromal cell line that
proved inactive in direct coculture assays of stromal cells and
hematopoietic precursors, which confirmed its synergistic activ-
ity. Stromal cells express not only the soluble isoform, but also the
transmembrane isoform that proved more efficient for hematopoi-
etic progenitor cell maintenance. Several reports suggest that the
factor is critical for myelopoiesis, but not essential for the survival
of the most primitive precursors (Kodama et al., 1992; Wineman
et al., 1993; Sutherland et al., 1993). The flt3 ligand (FL) (Lisovsky

et al., 1996) and c-met- ligand (hepatocyte growth factor [HGF])
(Takai et al., 1997; Weimar et al., 1998) are other related cytokines
whose receptor has tyrosine kinase activity, produced by stromal
cells and with synergistic activity on HSCs/progenitors.

Constitutive expression of thrombopoietin (TPO), or c-mpl
ligand, is observed in stromal cells, which is in agreement with the
observation that bone marrow parasinusal cells express the
cytokine (Sungaran et al., 1997). On the contrary, it is unlikely that
stromal cells produce erythropoietin (EPO) efficiently because
EPO has to be added to Dexter cultures for erythropoiesis mainte-
nance (Yanai et al., 1989).

IL-7, which has been cloned from murine marrow stromal cells,
is constitutively expressed by stromal cells from Witte–Whitlock
cultures, where it is one of the factors responsible for B-lym-
phopoiesis. While the expression of IL-7 is constitutive, its release
depends on tight contact between stromal cells and B-lympho-
cytes (Stephan et al., 1998).

IL-8, a constitutive stromal chemokine whose secretion is
greatly increased by IL-1 or tumor necrosis factor-α (TNF-α), is
an inhibitor of hematopoiesis, as are the stromal chemokines
γ-interferon-inducible protein-10 (IP-10) and monocyte chemo-
attractant protein-1 (MCP-1) (Gautam et al., 1995). On the con-
trary, stromal cell–derived factor (SDF-1) cloned from murine
stromal cell lines (Nagasawa et al., 1994 ; Bleul et al., 1996) is
a stimulating factor for B-cell precursors and a potent
chemoattractant of HSCs. Macrophage inflammatory protein-
1α (MIP-1-α), another constitutive stromal chemokine enhanced
by IL-1 or TNF-alpha, may improve, in association with other
growth factors, the survival of HSCs (Gupta et al., 1996).

IL-1 is rarely detected without stimulation in stromal cells. It is
a major inducer or enhancer of the production of other cytokines,
GM-CSF, G-CSF, IL-6, IL-8, LIF, MIP-1-α, SCF, TNF-α, and IL-
1 itself. IL-1 is also involved in stromal cell formation and pheno-
type. It is a growth factor for stromal precursors (Yan et al., 1990;
Sensebé et al., 1995), it downregulates collagen I expression
(Andrews, D. F. et al., 1989) and upregulates synthesis and release
of plasminogen activator (Hannocks et al., 1992), it inhibits
adipocyte formation (Delikat et al., 1993), and it affects the pattern
of expression of ECM and cell adhesion molecules. Like IL-1,
TNF-α, detected in stimulated stromal cells, is a potent inducer or
enhancer of other cytokines and may affect stromal formation and
phenotype.

Probably the most potent HSC inhibitor constitutively
expressed by stromal cells is TGF-β. The addition of neutraliz-
ing anti-TGF-β1 antibodies to long-term cultures induces the
expansion of hematopoietic cells. Addition of TGF-β1 to Witte–
Whitlock cultures causes inhibition of lymphoid progenitors
due, in part, to downregulation of stromal secretion of IL-7 (Tang
et al., 1997). TGF-β1 also inhibits stromal cell release of SCF,
induces the synthesis of MCP-1 or IP-10 inhibitory chemokines,
and decreases the expression of stromal cell adhesion molecules,
critical for HSC/progenitor cell adherence. Eventually, TGF-β1
is a potent modulator of stromal cells, increasing colony forma-
tion (Sensebé et al., 1995; Kuznetsov et al., 1997; Andrades
et al., 1999), modifying the pattern of expression of ECM com-
ponents (Nemunaitis et al., 1989), and increasing stromal cell
proteolytic activity (Hannocks et al., 1992).

Many reports indicate the expression of insulin-like growth
factor (IGF-1) and its binding proteins by human and murine
stromal cells (Abboud et al., 1991; Grellier et al., 1995; Thomas
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et al., 1999). It has been shown that IGF-1 is a growth factor
for erythroblasts and pre-B cells in stromal-based assays
(Landreth et al., 1992; O’Prey et al., 1998), and some reports
indicate that it is also a growth factor for stromal cells (Jia and
Heersche, 2000). PDGF BB, epidermal growth factor and fibro-
blast growth factors (FGFs) are potent mitogens for stromal cells
(Brunner et al., 1991; Gronthos and Simmons, 1995; Sensebé
et al., 1995; Kuznetsov et al., 1997) that express their tyrosine
kinase receptors (Satomura et al., 1998).

In conclusion, long-term marrow cultures have proven to be a
crucial model for the study of cytokines (Table 2) effective on
HSCs. Two salient points emerge. First, constitutive expression
of soluble cytokine by stromal cells usually results in low concen-
trations that may be highly effective due to their continuous
release and to the proximity of stromal cells to their hematopoi-
etic target cells. Moreover, cytokines might be stored at different
sites, resulting in very high local concentrations, owing to their
binding to ECM or stromal cell membrane components or related
to the existence of transmembrane isoforms. Second, many
cytokines are induced or enhanced (by 10- to 1000-fold) by other,
usually inflammatory, cytokines, provided by macrophages, T-
cells, and HSCs/progenitors. Cell interactions therefore appear to
be of critical importance for hematopoietic cytokine synthesis:
hematopoietic cells produce mediators effective on stromal cells
and stromal cells express cytokines effective on hematopoiesis.

13.3.2. ADHESION MOLECULES  In 1985, Zuckerman et al.
showed that hematopoiesis maintained in long-term marrow cul-
tures provided the presence of an ECM where collagens served as

the framework for other extracellular components. The large rep-
resentation of collagens in long-term cultures (collagens I, III–
VI, XII, and XIV) (Koeningsmann et al., 1992; Klein et al., 1995,
1998), their diffuse distribution in the bone marrow, and the fact
that collagen I gene expression is downregulated in cases of
anchorage-independant growth of SV40-transformed stromal
cells confirm a structural role for these molecules; by contrast,
evidence for a role in HSC adhesion is more restricted.

Laminins (LMs) are another set of cytoadhesive glycopro-
teins largely represented in long-term marrow cultures. Recent
studies have shown that the major laminins expressed in bone
marrows and stromal cells contain α-4, α-5, β-1, and γ-1 polypep-
tide chains and are therefore LM-8 (α-4/β-1/γ-1) and LM-10 (α-
5/β-1/γ-1) (Gu et al., 1999; Siler et al., 2000). These LMs are
detected in the marrow cord and, in humans, in myoid cells. HSCs/
progenitors adhere to LM-10 via β-1 integrins. LMs are also
involved in the control of HSC migration (Strobel et al., 1997).

Fibronectins are probably the adhesive glycoproteins most
studied so far. Stromal cells are able not only to synthesize the
molecule and secrete it in the culture supernatant, but also to
assemble it in the ECM via α-5/β-1 (VLA-5) integrins (Lerat
et al., 1993; van der Velde-Zimmermann et al, 1997). HSCs bind
to one or several domains of fibronectin: the CS-1 peptide con-
taining the LDV sequence and ligand for VLA-4 integrins, the III
10 repeat containing RGDS and ligand for VLA-5, and the high-
affinity C-terminal heparin-binding IDAPS domain, ligand for
VLA-4 integrins, chondroitin sulfate proteoglycan, and CD44.
Immature hematopoietic cells may bind to different domains

Table 2
Major Stromal Cytokinesa

Stromal cell ECM/stromal Hematopoietic target Stromal
Constitutive Inducible reservoir pre-CFU CFU Mature cell target

M-CSF  + –  + ?  + (M)  + (M)  +
GM-CSF  ±  +  + –  + (GM)  + (M)  +
G-CSF  ±  + ?  +  + (GM)  +  ?
IL-3 ? –  +  +  +  + (mastocyte)  ?
IL-6  +, cloned  +  + ?  +  + (GM)  +
LIF  +  +  + ?  ?
IL-11  +, cloned  + ?  +  +
IL-7  +, cloned  +  +  + (B)
TPO  +  + ?  + (Meg)  + (Meg)
EPO ? ?  + (E)  + (E)
SCF  +, cloned ?  +  +  + (B, E)  +
FL  +, cloned  +  + ?
HGF  +  +  +
IL-8  +  +  +
SDF-1  +, cloned  +  +  + (B)
IP-1-α  +  + ?
MCP-1  +  + (GM)
IL-1 ?  + indirect indirect indirect  +
TNF-α –  +  + indirect indirect indirect  +
TGF-β  +  –  +  +  +  +
IGF-1  +  +  + (B, E)  +
PDGF  +  +  +
FGF-2  +  +  +

a M, monocytic; GM, granulomonocytic; E, erythroblastic; B, B-lymphocytic; Meg, megakaryocytic; CFU, colony-forming unit; indirect, indirect
effect; ECM, extra-cellular matrix; ?, restricted data; cloned, cloned from stromal cells.
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often in a more efficient way than to the whole molecule. Several
cytokines, such as IL-3 and SCF, modulate adhesion and migra-
tion of HSCs to cell-binding domains by eliciting intracellular
signals (inside-out signaling) that modify HSC expression of
VLA-4 integrins. Adhesion of HSCs/progenitors to fibronectin
leads to increased growth in the presence of cytokines (Schofield
et al., 1998), inhibition of proliferation (Hurley et al., 1995), or
induction of apoptosis (Sugahara et al., 1994). Such conflictory
results may be due to differing hematopoietic target cells, differ-
ent fibronectin fragments, or the presence of ECM proteins (such
as fibulins) (Gu et al., 2000) or cytokines bound to fibronectin.
For example, trace amounts of active TGF-β and TNF-α bound
to fibronectin (Taipale and Keski-Oja, 1997) may substantially
modify the experimental outcome.

Other adhesive glycoproteins described in murine or human
cultures comprise thrombospondin-1 and tenascin. Throm-
bospondin-1 presents binding sites for HSCs and may serve as a
storage site for IL-3, SCF, and active TGF-β, possibly via heparan
sulfate proteoglycan (Gupta et al., 1996). Hematopoietic output in
cultures from tenascin-C-deficient mice is inferior to that of con-
trol mice (Ohta et al., 1998). Addition of tenascin-C fully restores
the output, while that of fibronectin partially corrects the deficit,
which shows a functional overlap between distinct ECM networks.

Proteoglycans have been described early on in long-term mar-
row cultures. While the role in hematopoiesis of chondroitin sul-
fate proteoglycans appears to be controversial, that of heparan
sulfate proteoglycans (HSPGs) is well recognized. Different pro-
tein cores have been detected: the major ECM HSPG is perlecan
(Klein et al., 1994) while syndecan-3, syndecan-4, glypican-1,
glypican-4 and βglycan are represented on the stromal cell mem-
brane (Drzeniek et al., 1997; Siebertz et al., 1999; Schofield et
al., 1999). HSPGs serve as a reservoir for a variety of cytokines
(IL-3, IL-6, G-CSF, GM-CSF, LIF, SCF, HGF, FGFs, IL-8,
IP-10, MCP-1, and MIP-1α) inducing high local concentrations
and/or modifying the cytokine conformation (Gupta et al., 1996).
Large HSPGs, heavily O-sulfated on glucosamine residues,
appear specific for marrow stromal cells with HSC-supportive
ability (Gupta et al., 1998). Being at the crossroad between the
two major adhesive and cytokine regulation pathways, HSPGs
are essential components of the HSC niche.

The major cell adhesion molecules (CAMs) of the immunoglo-
bulin family expressed by stromal cells are the VCAM-1 and the
hematopoietic cell antigen/activated leukocyte cell adhesion mol-
ecule (HCA/ALCAM). VCAM-1 is modulated by diverse
cytokines, upregulation being observed with IL-1, IL-4, and TNF-
α and downregulation with TGF-β1. VCAM-1 is operative in the
heterotypic VLA-4: VCAM-1 adhesion of B-lymphoid and eryth-
roblastic progenitor to stromal cell. VCAM-1+ cells are found in
murine bone marrow as perivascular reticular cells similar to
myoid cells (Jacobsen et al., 1996). HCA/ALCAM, constitutively
expressed by stromal cells, is involved in both homophilic
HCA:HCA and heterophilic HCA:CD6 adhesion. It is operative in
stromal cell homotypic adhesion, in the heterotypic adhesion of
CD6+ lymphocyte to stromal cell, and in the homotypic or hetero-
typic adhesion of HSCs (expressing both HCA and CD6) to stro-
mal cell (Cortès et al., 1999). Remarkably, this adhesion molecule
is detected during ontogeny at all the primary sites of hematopoie-
sis, in the mesoderm underneath clusters of hematopoietic cells in
embryonic aortas, in hepatoblasts of fetal liver, in subsets of epi-
thelial cells of fetal thymus, and in presumably myoid cells of fetal

bones (Cortès et al., 1999). HCA appears also to play a role in the
differentiation of hemangioblastic precursors into hematopoietic
and endothelial cells (Ohneda et al., 2001).

CD44 is intensely expressed by stromal cells. Antibodies to
CD44 inhibit the initial establishment of lymphoid and myeloid
cultures but have no effect when added at a later stage. However,
other anti-CD44 antibodies have a stimulating effect on adhesion
of human hematopoietic precursor cells to human stroma, prob-
ably by modulating the availability of the epitope to different
potential ligands (hyaluronic acid, laminins, fibronectins, col-
lagens) (Oostendorp et al., 1997).

Sialomucins, heavily glycosylated proteins with extended
extracellular configuration, have recently been implicated in
stromal-to-HSC interaction. Expression by HSCs/progenitors of
CD34 appears to promote adhesive interaction to stroma (Healy
et al., 1995), while that of CD164 partially blocks this inter-
action (Zannettino et al., 1998). CD34 and CD164 are also
expressed by stromal cells, but there are no data suggesting a role
in homotypic adhesion.

Stromal cells express VLA-1, -2, -3, -5, and -6 integrins. As
already indicated, VLA-5 is involved in cell binding and
fibronectin assembly. Other receptors are probably involved in
laminin and collagen binding and assembly. Integrins linked to the
actin-based cytoskeleton play a major role in the organization of
the ECM. They may do so in association with tetraspanins such as
CD9. CD9 has been described as associated with β-1 integrin sub-
units in stromal cells. The addition of anti-CD9 antibodies to
Dexter culture at culture inception abrogates myelopoiesis, which
may be owing to the disruption of the hematopoietic niche (Oritani
et al., 1996). However, other mechanisms may be involved since
antibody ligation to HSCs/progenitors impedes differentiation
toward myeloid lineages (Aoyama et al., 1999).

In conclusion, long-term marrow cultures have proven to be
a crucial model for the study of adhesive pathways between
HSCs/progenitors and stromal cells. A summary of the path-
ways (including ECM molecules, cell adhesion molecules, and
cytokine receptors) is presented in Table 3. Adhesion of HSCs/
progenitors to the microenvironment appears to be the result of
a number of molecular interactions: First, interactions between
adhesive molecules (collagens, fibulins and fibronectins,
HSPGs, and thrombospondins) may modify the adhesive capac-
ity of single constituents. Second, cytokines modulate adhesive
pathways. Third, antiadhesive pathways are also at play:
perlecan may reverse chemotaxis of HSCs/progenitors (Klein
et al. 1994), and antiadhesive SC-1 protein has been isolated
from a marrow stromal cell line (Oritani and Kincade, 1996).
Four, stromal cells synthesize and secrete a number of proteases
that may degrade the ECM, free cytokines from their reservoirs,
activate cytokines from latent forms, and make patent specific
domains within ECM glycoproteins.

To add to the overall complexity of HSCs/microenvironmen-
tal interactions other pathways/molecules have recently been
described. Diverse wnts, molecules involved in organogenesis,
are expressed by stromal cells, as well as wnt receptors (frizzled-
1, -3, 8). wnts show diverse effects on hematopoiesis, depending
on the molecule (wnt-3a, -5a, -10b), the hematopoietic target
(fetal liver vs bone marrow), and the stromal cell type (fetal liver
vs bone marrow lines) (Austin et al., 1997; Brandon et al., 2000).
Stromal cells respond to wnt-3a (proliferation via stabilization
and translocation of β-catenin?) (Yamane et al., 2001), and
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wnt-10b is a molecular switch for MSCs (inhibition of adipocytic
pathway and stimulation of myogenesis) (Ross et al., 2000).
Eicosanoids, lipid mediators also synthesized by stromal cells,
may be involved in the regulation of hematopoiesis. Recent stud-
ies have shown that prostaglandin-E2 (PGE2) released by stromal
cells reduces IL-8 and GM-CSF stromal output while increasing
that of IL-6 (Denizot et al., 1998; 1999). PGE2 also affects the
growth of stromal cell precursors (Dobson et al., 1999). More-
over, in mice deficient in cyclooxygenase 2 (the PGH2 synthase
activated by inflammatory cytokines) the recruitment, in case of
stress, of quiescent HSCs is delayed, leading to delayed hemato-
poietic recovery (Lorenz et al., 1999).

13.4. CONCLUSION
Stromal control of HSCs’ activity appears to involve a great

number of probably redundant regulatory loops. Such highly
coordinated, multifactorial, and degenerate regulation is probably
required by the perennial and intense cell renewal observed in the
hematopoietic system (Lemischka, 2001).
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The small population of pluripotent hematopoietic stem cells (PHSCs) in the bone marrow consists of short-term
reconstituting cells (STRCs) and long-term reconstituting cells (LTRCs), based on how quickly the transplanted cells can
produce progeny in an irradiated recipient. They can be “purified” using a combination of cell size; density; fluorescent dye
uptake; resistance to cytotoxic chemicals; and cell-surface markers including Thy 1.1 (T), Sca-1 (S), c-kit (K), lineage (L),
CD38 (38), and CD34 (34). Using five-color fluorescence-activated cell sorting the long term, very primitive mouse LTRCs
are L–/lo, S+, K+, 38+, 34–, and appear to mature to L–/lo, S+, K+, 38+, 34+ cells and then to L–/lo, S+, K+, 38–, 34+; thus, STRCs
acquire CD34 and lose CD38 on maturation from CD34– LTRCs. CD34 has been used to isolate PHSCs for human
transplantation studies; therefore, the LTRC may be lost during this procedure. Experimental transplantation studies
indicate that the best reconstitution occurs when both cell populations are present, the more mature cells activating the
immature cells after myeloablation, whereas the mature cells provide negative control in normal animals. Functionally the
type of assay that has been most widely used for the quantitation of mouse stem cells is the in vivo repopulating assay.
Different numbers of donor cells are combined with a standard number of normal bone marrow cells. The normal cells
protect against the immediate effects of myeloablation and compete with the donor stem cells. The proportions of mature
cells derived from the donor stem cells are determined by the detection of a donor-specific marker, such as an isoenzyme,
Y-chromosome, or congenic antigen. Similarly, using limiting dilution transplant of a donor test population of cells and a
standard number of stem cell–compromised serially transplanted cells, the relative contribution of the donor cells is
measured as a competitive repopulating unit. Finally, the repopulating stem cell unit assay using complete myeloablation
and busulfan-treated bone marrow radioprotective support cells provides comparatively rapid and sensitive detection of the
very small numbers of LTRCs present in limiting dilution transplants. This procedure utilizes busulfan because it appears
preferentially stem cell toxic, and it provides radioprotective support cells that are unable to compete effectively with normal
donor stem cells in the population under investigation. Stem cells are selected based on their ability to produce both
lymphoid and myeloid repopulation in severely ablated mice, rather than competitive ability.

14.1. INTRODUCTION
Pluripotent hematopoietic stem cells (PHSCs) have been

defined as a population of cells that can reconstitute and maintain
all lymphoid and myeloid lineage cells over the long term. It has
been estimated, based on limiting dilution assays in vivo, that the
frequency of long-term reconstituting hematopoietic stem cells
(HSCs) in murine bone marrow is about 1 in 100,000 whole bone
marrow nucleated cells (Harrison et al., 1993). Classically,
according to their characteristics after bone marrow transplanta-
tion (BMT), cells in murine bone marrow, which have multilineage
repopulating ability, can be divided into two groups: short-term
reconstituting cells (STRCs) and long term reconstituting cells
(LTRCs) (Harrison et al., 1992; Spangrude et al., 1995; Zhong

et al., 1996). STRCs can supply radioprotection and reconstitute
the blood system transiently shortly after BMT. LTRCs do not
have radioprotection ability and do not appear to reconstitute
the blood system at an early stage after BMT, but they can recon-
stitute at later stages after BMT and provide multilineage cells for
the life-span of the animal. This classification is based on two
properties: (1) whether the cells can or cannot protect recipients
from lethal irradiation, and (2) the time of appearance of progeny
cells in the blood after BMT. The hypothesis is that the STRCs are
more mature and rapid cycling progenitors that can respond to
irradiation damage more quickly, whereas the LTRCs are more
primitive and slower cycling cells that need time to reconstitute
the blood system long term.

14.2. IDENTIFICATION OF HSCs
Identification and isolation of PHSCs is a first step in order to

study function. Because of the limited frequency of the PHSC in
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the bone marrow, major efforts have been made to obtain “pure”
stem cells for both clinical and research purposes. Clinically, trans-
plantation of pure stem cells should eliminate graft-vs-host dis-
ease as well as the reintroduction of malignancies; from a research
viewpoint, pure stem cells would facilitate the study of stem cell
regulation in vivo and in vitro, which would ultimately benefit
clinical applications.

There have been three major approaches to stem cell identifi-
cation: (1) stem cell physiological characteristics—cell size and
density (Jones et al., 1990); (2) cell specific metabolic or cycling
stages—low uptake of the fluorescence dye (Rhodamine 123 or
Hoechst 33342) and/or resistance to cytotoxic reagents (5-fluo-
rouracil [S-FU]) (Shapiro, 1981; Van Zant, 1984; Harrison and
Lerner, 1991; Belloc et al., 1994; Zijlmans, 1995); (3) cell-specific
biochemical characteristics—expression of cell-specific proteins
(cell-surface markers). The combination of fluorescence-activated
cell sorting (FACS) and multiple cell-surface marker identifica-
tion is one of the most efficient methods used in both clinical and
research settings for stem cell purification.

14.2.1. PHYSIOLOGICAL CHARACTERISTICS  Using
counterflow centrifugal elutriation (CCE), which sort cells on the
basis of size and density, Jones et al. (1990) separated a bone
marrow subset (CCE25) of small, dense cells, showing delayed,
but long-term repopulating ability. CCE25 cells cannot rescue
lethally irradiated animals when transplanted alone. They require
the presence of a second population of cells. Reconstitution from
the CCE25 subset can be detected 2 mo posttransplantation. This
observation led to the concept of the coexistence of long-term and
short-term repopulating cells in bone marrow and the different
roles of these two subsets in BMT.

14.2.2. METABOLIC CHARACTERISTICS  The level of up-
take of Rhodamine 123 by cells can be used as a means to isolate
PHSCs. Rhodamine 123 binds to the mitochondrial DNA, and a
low level of Rhodamine 123 suggests an active outflow pump that
has been shown to be highly active in PHSCs. Another DNA-
binding dye, Hoechst 33342, has also been used in PHSC identi-
fication. With split spectrum analysis, Goodell et al. (1996)
discovered side population cells (SP cells) and demonstrated their
LTRC properties. It appears that a low level of Hoechst 33342
results from a more activated multi drug- resistant gene product,
as evidenced by the fact that verapamil will block Hoechst efflux
from SP cells. Both Rhodamine 123 and Hoechst 33342 also have
been used in combination with surface markers to isolate PHSCs.
A so-called pocket cell has been identified using a combination of
Rhodamine 123, Hoechst 33342, Sca-1, and c-kit simultaneously,
a method first described by Sitnicka et al. (1996).

14.2.3. CELL-SURFACE MARKERS  Although both CCE and
fluorescence dye uptake have their advantages, a more commonly
used method is to identify cells via recognition of surface-specific
expressed proteins (surface markers are abbreviated herein by the
first letter of the name in bold). Spangrude et al. (1988) showed
that PHSCs in murine bone marrow can be enriched 1000- to 2000-
fold in a population of cells that express low levels of Thy-1.1
(Tlo), high levels of Sca-1 (Shi), and no (or low) lineage markers
(Tlo, Shi, L–/lo: TSL cells). As few as 30 cells with these markers
could rescue 50% of lethally irradiated mice and repopulate the
hematopoietic system of the host (Spangrude et al., 1988). The
receptor of the stem cell factor, c-kit, has also been used as one of
the markers for recognizing stem cells (Okada et al., 1991). Cells
with high Sca-1and c-kit (S and K), but no or low expression of

lineage markers (L–/lo, S+, K+) have been demonstrated to have
self-renewal and long-term repopulating ability (Osawa et al.,
1996a). It has also been reported that CD34+ (hereafter abbrevi-
ated 34) cells in murine bone marrow could repopulate lethally
irradiated mice (Krause et al., 1994). However, with monoclonal
antibody RAM34, Osawa et al. reported that cells with low or no
expression of CD34 (L–/lo, S+, K+, 34–) were LTRCs in the mouse.
With a competitive repopulation assay, they demonstrated that
one L–/lo, S+, K+, 34– cell could reconstitute the hematopoietic
system in lethally irradiated mice (Osawa et al., 1996b). At the
same time, Randall et al. (1996) confirmed that high CD38 (here-
after abbreviated 38) expression in L–/lo, S+, K+ cells are LTRC
(L–/lo, S+, K+, 38+).

3. CHARACTERIZATION OF HSCs
14.3.1. MATURATION PATHWAY OF MURINE PHSCs

To characterize more fully the surface markers of murine PHSCs,
our laboratory developed a five-color FACS sorting technique and
analyzed murine PHSCs by testing different subsets of fraction-
ated bone marrow cells with the competitive repopulation assay
(Zhao et al., 2000). The very primitive PHSCs in adult murine
bone marrow harbor the characteristic surface marker profile of
L–/lo, S+, K+, 38+, 34–. These cells appear to mature into L–/lo, S+,
K+, 38+, 34+ and then into L–/lo, S+, K+, 38–, 34+ cells. The LTRC
resides in the L–/lo, S+, K+, 38+, 34– subpopulation.

14.3.2. ROLE OF CD34 IN MURINE SYSTEM  Since sev-
eral lines of evidence suggest that the 34– cells are LTRCs, the
observations from Sato et al. (1999) must be taken into account.
Their results suggest that 34 expression in bone marrow cells can
be influenced by the kinetic state of the cells, such as by treat-
ment with 5-FU. Thus, both 34+ and 34– cells can be LTRCs
under different conditions (Sato et al., 1999). Furthermore,
34 expression in the stem cell is ontologically dependent: mice
before 7 wk of age have primitive stem cells that express 34
(34+), while the stem cells of older mice (>7 weeks old) are 34–

(Ito et al., 2000). Another surface marker, 38 expression, like 34,
has been shown to be expressed in a reciprocal fashion over time
(Tajima et al., 2001). In 5-FU-treated adult mice, the majority
of PHSCs are 38– 34+, while after recovery in steady state they
are 38+ 34–.

14.3.3. CD34– HUMAN PHSCs  In humans, 34+ bone mar-
row cells have long been considered as PHSCs. Clinical stem cell
transplantation relies on 34+ selection together with other surface
markers, such as 38– and Tlo (Terstappen et al., 1991; Cardoso
et al.,1993; Huang and Tersapper, 1994). 34+-selected cells recon-
stitute lethally irradiated baboons (Berenson, 1988). The discov-
ery that 34– cells in adult mice are the true PHSCs raised the
question, could the real stem cells in preparations of human blood
cells be discarded when using 34+ selection? Using different ani-
mal models, both Zanjani (1998), using human/sheep chimeras,
and Bhatia et al. (1998), using human/severe combined immuno-
deficiency disease (SCID) mice, demonstrated that 34– human
bone marrow cells could develop into 34+ cells and give rise to
multilineage cells in long term. Goodell et al. (1997) also showed
that SP cells from rhesus bone marrow are largely 34– cells. Efforts
to identify other surface molecules that are specifically expressed
in 34– PHSCs are being carried out by several groups, including
our laboratory.

It has been shown that anti-KDR receptor antibody (Ziegler
et al., 1999) as well as AC133 antibody recognizes subsets from
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34– bone marrow cells that appear to have the LTRC property in
the human/SCID mouse model (Gallacher et al., 2000). In our
laboratory, we are using differential display polymerase chain
reaction to identify genes specifically expressed in mouse L–/lo,
S+, K+, 38+, 34– cells to identify surface-expressing proteins that
might be used for stem cell recognition. Several candidates have
been identified and follow-up studies are under way. Human
homologs to promising mouse surface antigens will be sought.

14.3.4. REGULATORY PATHWAYS  If the 34– cells in
human are the more primitive stem cells, and if the technology
becomes available to isolate these cells, will they be a better
choice for clinical transplantation than the 34+ cells? From our
studies in the murine model, the answer may not be yes. To
understand stem cell transplantation kinetics, we examined stem
cell transplantation regulation. It has been assumed that the
LTRC cannot give rapid engraftment in lethally irradiated mice
since these cells cycle slowly. When we examined the three sub-
sets from the mouse stem cell compartment (because all three are
L–/lo, S+, K+, we refer to them as 38+ 34–, 38+ 34+, and 38– 34+),
we found that all three subsets can give rise to early (8 and 14 d)
engraftment when cotransplanted with whole bone marrow cells
(Zhao et al., 2000). However, none of the subsets by itself could
rescue lethally irradiated mice. However, when the 38+ 34– cells
were cotransplanted with either of the other two more mature
subsets, the animals survived with a significant majority of the
LTRCs arising from the 38+ 34– cells.

We then tested the hypothesis that the 34+ populations (38+ 34+

and 38– 34+) can facilitate the early engraftment of 38+ 34– cells.
We transplanted the 34+ cells 7 d before 38+ 34– cells and then
checked the engraftment of 38+ 34– cells in bone marrow 7 d after
transplantation. We observed 38+ 34– cell early engraftment under
these conditions. This result suggests that in the presence of 34+

cells, the 38+ 34– cell can proliferate in the bone marrow immedi-
ately after transplantation.

Although a general supportive function of 34+ cells cannot be
excluded, a specific facilitative role (with an unknown mecha-

nism) appears the more likely mechanism. This result also sug-
gests that a regulatory mechanism exists in the stem cell compart-
ment between the three subsets. With the maturation from 38+ 34–

cells to 38+ 34+ cells and then to 38– 34+ cells, the downstream cells
appear to provide feedback regulation on the most primitive cells.
This regulation is positive when there has been myeloablation, and
it is negative in normal animals in order to control 38+ 34– cell
proliferation (Fig. 1). This regulation could be via cell-cell inter-
actions and/or through systemic factors. On the other hand, the 38+

34– cells may also play an important role in the regulation of the
stability of the stem cell compartment, as suggested by gene ex-
pression analysis indicating that several important regulatory pro-
teins (growth factors, cytokines, chemokines) are uniquely
expressed in 38+ 34– cells.

These results suggest that transplantation with pure primitive
(34–) stem cells may not be the best approach. Successful stem cell
transplantation probably needs both LTRCs and STRCs. Because
the 34+ human stem cells, at least as presently purified, clearly
have LTRC and STRC activity, only an incremental improvement
in clinical outcome would be expected by adding additional 34–

cells. If the regulation of human stem cell transplantation becomes
better understood, clinical use of pure PHSC populations could be
beneficial in reducing malignant cell contamination when BMT is
done as a part of cancer therapy.

14.4. MOUSE HSC ASSAYS
The term hematopoietic stem cell has been a much abused and

misunderstood term that has been used in its loosest form to
describe any hematopoietic progenitor cell. A major reason for
the frequent incorrect use of the term in the literature is that
generally stem cells have been operationally defined based on
the assay used to detect and enumerate them. Over time stem cell
assays have changed considerably, especially those for the most
commonly used hematopoietic model, the mouse. We now know
that previous mouse stem cell assays, as well as some of those in
vitro assays currently in use, either do not detect stem cells at all,

Fig. 1. Schematic representation of suggested regulation among subsets in the mouse stem cell compartment. Both positive and negative
feedback probably exists between the two major subsets (LTRC and STRC). The small straight arrows are the differentiation/maturation
pathway; the large curved arrows suggest the regulation between the LTRC and STRC.
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or more usually detect other types of hematopoietic progenitors,
as well as stem cells (Till and McCulloch, 1961; Gan et al., 1997).

The biological characteristics that, when taken together, distin-
guish stem cells from other types of hematopoietic cells include
self-renewal ability, extensive proliferative potential, and devel-
opmental multipotentiality, this being the ability to produce all the
different cells of the lymphoid and myeloid lineages. In addition,
it has recently become apparent that to be a functional stem cell
in vivo, it is also necessary to have chemokine receptors and cell-
surface adhesion molecules, which enable it to efficiently home
and remain in an environment capable of supporting the expres-
sion of the stem cell’s proliferative and developmental potential
(Nagasawa et al., 1996; Zou et al., 1998; Berrios et al., 2001;
Szilvassy et al., 2001; Voermans et al., 2001).

It is important to note that certain types of hematopoietic pro-
genitors that are not stem cells have some of these characteristics,
particularly extensive proliferative potential. However, only stem
cells have them all. The detection and quantitation of HSCs there-
fore requires assays that can identify those cells with the charac-
teristics of a stem cell, and that can ideally discriminate them from
similar hematopoietic progenitors. We next briefly discuss the
various in vivo mouse assays currently in use and also describe a
new assay that we have developed that, by comparison, provides
substantial advantages in the quantitation of repopulating HSCs.

14.4.1. IN VIVO STEM CELL REPOPULATING ASSAYS
The type of assay that has been most widely used for the
quantitation of stem cells is the in vivo repopulating cell assay. The
assays that use this approach detect those cells capable of repopu-
lating the hematopoietic system, following their injection into mice
that have been treated with a potentially lethal dose of radiation.
These assays are very stem cell specific because to achieve this
goal it is necessary to have all of the stem cell characteristics.

The assay that has been the standard for over two decades is the
long-term competitive repopulating assay (Harrison, 1980,
Harrison et al., 1993). In this assay, different numbers of donor
cells, containing an unknown frequency of stem cells, are cotrans-
planted with a standard number of normal bone marrow cells. This
latter population of cells serves two functions. First, it provides
radioprotective support cells that quickly produce the mature
cells necessary to ensure the survival of the mice. This function is
particularly important during the initial 6 wk that it takes for the
donor stem cells to develop into a sufficient number of mature
hematopoietic cells. Second, the normal bone marrow cell popu-
lation contains stem cells that compete with the donor stem cells,
and act as a standard with which to compare repopulating ability.
The proportions of mature cells derived from stem cells of donor
origin are then determined by the detection of one of several mark-
ers that differ between the donor and the competitor/recipient cells,
such as isoenzyme, Y chromosome or congenic antigen (usually
CD45) (Spangrude et al., 1988; Hampson et al., 1989; Harrison,
1980). The donor cell proportions obtained are used to statistically
determine the frequency of repopulating units in the transplanted
donor population using a binomial model.

This assay has been extremely useful in the study of stem cell
biology and transplantation; however, its use has been restricted
by the fact that it usually requires at least 3–6 months to complete
(Harrison et al., 1993, Zhong et al., 1996). This long period of time
is necessary, at least in part, due to the presence of substantial
numbers of relatively short-lived progenitors, including radiopro-
tective cells, colony-forming cells and colony-forming units-

spleen, that either survive the radiation treatment or are present in
the donor and competitor cell populations. The initial production
of mature hematopoietic cells of all lineages is predominantly
from these developmentally later progenitors, which have to be
largely exhausted and replaced by progeny of the competing stem
cells before the results of the assay can be determined.

The development of the competitive repopulating unit (CRU)
assay provided an alternative approach to in vivo stem cell
quantitation (Szilvassy et al., 1990; Szilvassy and Cory, 1993). It
utilizes a limiting dilution stem cell transplant, Poisson statistics,
and a stem cell–compromised population of serially transplanted
cells, rather than normal bone marrow, as a source of competitive/
radioprotective cells. The use of these transplant conditions
enables stem cell detection and quantitation only 10 wk after injec-
tion. Unfortunately, however, when using the CRU assay there is
no overall reduction in the time taken to perform the assay, when
compared to the long-term competitive repopulation assay, since
it takes a minimum of nine additional weeks to prepare the popu-
lation of stem cell–compromised radioprotective cells.

14.4.2. REPOPULATING STEM CELL UNIT ASSAY  With
the objective of further understanding the requirements for opti-
mal stem cell repopulation, the effects of the different variables
involved in this process were investigated. These variables
included radiation dose, recipient hematopoiesis, radioprotective
support cells, repopulation kinetics, and stem cell competition
(Ponting et al., 2000). It was determined that the optimal condi-
tions for stem cell repopulation following transplantation were
effectively no competition and maximum stem cell repopulation
pressure. These conditions were achieved first, by ablating recipi-
ent stem cells and progenitors with an unusually high dose of
radiation, 1400 cGy as compared with 900–1100 cGy for other in
vivo stem cell assays (Harrison, 1980; Szilvassy et al., 1990), and
second, by performing a limiting dilution cotransplant of congenic
donor stem cells with busulfan-treated bone marrow radioprotec-
tive support cells (BUS-BM). Poisson analysis of the proportion
of mice not showing donor lymphoid (B- and/or T-lymphocytes)
and myeloid cells only 8 wk after transplant enables quantitation
of the repopulating ability of the cell population under investiga-
tion. Stem cell specificity is therefore dependent on their multi-
potentiality and the ability to proliferate extensively for a period
of at least 8 weeks when exposed to intense repopulation pressure.
The transplantation system and quantitative stem cell assay result-
ing from this work has been called the repopulating stem cell unit
(RESCU) assay to distinguish it from the other in vivo assays that
use different procedures (Fig. 2).

The high dose of radiation used in the RESCU assay provides
a virtual “clean slate” with which to study hematopoietic
repopulation and is critical to the sensitive detection of the very
small numbers of donor stem cells present in the limiting dilution
transplant. As a result, the proportion of mature cells derived from
donor stem cells, as well as the proportion of mice that show donor
reconstitution of both lymphoid and myeloid cells, is substantially
higher than seen when using the traditional lower doses of radia-
tion. Of course, donor reconstitution will still be observed at these
lower doses, but more donor cells must be transplanted to obtain
the same effect.

Busulfan has been used extensively in the clinic as a part of
conditioning regimens that ablate patient’s endogenous stem cells
prior to BMT (Parkman et al., 1984; Hassan 1999). Until the
development of the RESCU assay, however, busulfan had not
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been used to produce radioprotective support cells for stem cell
transplantation studies. The novel aspect of cotransplanting BUS-
BM cells is the ability to provide a sufficient number of radiopro-
tective cells to ensure survival, while also enabling more efficient
donor stem cell repopulation, due to the lack of effective stem cell
competition. The BUS-BM support cells are obtained by treating
mice with two 12 mg/kg ip injections of Busulfex™, 24 h apart;
the bone marrow cells are harvested 24 h after the last injection.
As can be seen in Fig. 3, the cotransplant of 1.5 × 106 or fewer
CD45.2 BUS-BM support cells results in the production of the
same proportion of mature CD45.1 donor cell reconstitution. This
result indicates that when cotransplanted with 106 BUS-BM cells,
there is effectively no stem cell competition encountered by the
donor stem cells. However, this number of BUS-BM cells when
transplanted alone is able to maintain long-term survival in 80%
of animals. This finding indicates that a small number of stem
cells are present in the BUS-BM cells, but they are of poor quality

due to the busulfan treatment, and are therefore unable to effec-
tively compete with normal donor stem cells.

The apparent explanation for this observation is that busulfan
is preferentially stem cell toxic, producing a decreased stem
cell:radioprotective cell ratio for the population of BUS-BM cells,
as compared to normal bone marrow. In support of this conclusion,
busulfan has been shown to be more toxic toward primitive murine
hematopoietic progenitor cells (cobblestone area–forming cell
[CAFC] d 28–35) as compared with developmentally more mature
progenitors (CAFC d 5–18) (Down and Ploemacher, 1993). As
already discussed in relation to the use of a high dose of radiation,
the reduction in stem cell competition produces a substantial
increase in the sensitivity of detecting the small number of stem
cells present in a limiting dilution transplant. The fact that it takes
2 d to prepare the BUS-BM population of cells and only 8 wk to
complete the assay makes the RESCU assay by far the quickest in
vivo stem cell assay currently available.

As a result of the special transplant conditions described, the
RESCU assay is extremely sensitive in detecting repopulating stem
cells. This sensitivity is strikingly revealed by the finding that 62%
of repopulating units in a population of 5-FU-treated bone marrow
(5-FU-BM) cells are not detected when the BUS-BM cells are
replaced by as few as 105 competitive NBM cells (Fig. 4). This
result can be explained by a relative increase in the number of
mature CD45.2 cells when cotransplanting normal bone marrow
cells, which produces a corresponding decrease in the proportion
of mature CD45.1 cells. As a result, those mice that were previ-
ously identified as being repopulated by a low proportion of ma-
ture donor cells when using BUS-BM cells would then become
negative for donor stem cell repopulation when using normal bone

Fig. 2. Schematic representation of in vivo stem cell RESCU assay
procedure. Ten mice/donor cell dilution is optimal, with five or six
different donor cell dilution groups/experiment. The proportion of
mice that did not show any donor repopulation is determined, with a
37% negative response being equivalent to the RESCU frequency.

Fig. 3. BUS-BM cotransplants are non-competitive. Data were
obtained 8 wk after the irradiation (1400 cGy) and transplantation
of 2 × 105 donor CD45.1 (0,1,2) 5-FU-BM stem cells together with
increasing numbers of CD45.2 BUS-BM radioprotective support
cells. The results are shown as a percentage of the CD45.1
repopulation obtained when 106 BUS-BM cells were cotransplanted
(100% represents 42.5 ± 0.4% mature donor CD45.1 cells). Data are
expressed as the mean ± SD of three experiments, with 10 mice/group.
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marrow cells. It is therefore apparent that stem cell competition
results in the selection of those repopulating units that produce the
greatest proportion of mature donor cells. This can be explained
either by the selection of those repopulating units that for intrinsic
or microenvironmental reasons comprise stem cells with the great-
est proliferative potential or, alternatively, simply those repopu-
lating units comprising the largest number of stem cells.

Current dogma supports the possibility that stem cell compe-
tition selects for those repopulating units comprising of “better
quality” stem cells that have the greatest intrinsic proliferative
potential. However, from experiments performed using the
RESCU assay, it appears more likely that competition selects for
those repopulating units that contain a larger number of stem
cells and/or stem cells that have seeded optimal microenviron-
ments. As competition increases, there will therefore be a corre-
sponding increase in the number of stem cells comprising a
repopulating unit and a decrease in the frequency of repopulating
units. A direct result of this conclusion is that repopulating units
will comprise the smallest number of stem cells when there is
effectively no competition, whereas, e.g., mice that have not
been irradiated will require the transplant of a comparatively
much larger number of stem cells before a donor repopulating
unit is detected (Stewart et al., 1998).
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15 Hematopoietic Stem Cells
in Leukemia and Lymphoma

STEPHEN M. BAIRD, MD

Chemotherapy for acute leukemia acts on both malignant and proliferating transit-amplifying cells and produces a
marked drop in white cells and platelets in 1 to 2 wk. Resting cells, such as bone marrow stem cells and memory T-cells,
are relatively unaffected. When chemotherapy is discontinued, red cells, white cells, and platelets recover in about 10–14
d. The most critical cell at this point is the neutrophil, and failure of these to recover may result in fatal infections. Neutrophil
recovery can be stimulated by administration of granulocyte colony-stimulating factor. Recovery is mediated by generation
of a new population of transit-amplifying white and red cell precursors from the chemotherapy-resistant stem cell. The
phenotype of the cell that could accomplish this is CD34+, Thy1 lo and lineage negative. An even more primitive stem cell
may actually be CD34–. The defining features of the human bone marrow stem cell are that it can give rise to all hemato-
poietic colonies in vitro, repopulate the marrow, or can give rise to hematopoiesis in the SCID-Hu mouse. CD markers
representative of different stages of white cell poiesis can be used to define different leukemias and lymphomas, the
response to chemotherapy, and the differentiating populations during recovery. Cyclic administration of chemotherapy
may be curative of some leukemias, suggesting that the most primitive bone marrow stem cell is not affected. Expression
of the multiple-drug resistance gene product may partially explain this resistance. For some cases of leukemia, the malig-
nant genetic event occurs in the most primitive stem cell, so that ablative irradiation or chemotherapy must be given to
destroy all malignant stem cells. The stem cells are then replaced by bone marrow or circulating blood stem cell transplan-
tation. Although cytokine-liberated autologous blood stem cells are often used to avoid graft vs host reactions owing to the
presence of T-cells in the blood or marrow of allogeneic donors, a mild graft-versus-host disease reaction after transplan-
tation has been shown to be effective in eliminating residual host tumor cells. The results of bone marrow transplantation
clearly show that this is an effective treatment for acute and some chronic leukemias and that malignant transformation
therefore occurs either in the most primitive bone marrow stem cell or in an early transit-amplifying cell.

15.1. INTRODUCTION
When a physician administers chemotherapy to a patient for

acute leukemia, there is a general pattern of response. Most com-
bination drug regimens produce a nadir of white blood cell (WBC)
and platelet counts in 1–2 wk. Among the white cells, the granu-
locytes (neutrophils, eosinophils, and basophils) drop the most,
while some lymphocytes remain. This is understandable because
we know that granulocytes typically circulate <1 d before emigrat-
ing into the tissues, where they die in a few days. There are no long-
lived neutrophils. By contrast, memory T-lymphocytes may live
for decades, and if they are not stimulated, they rest in G0, making
them resistant to many chemotherapeutic agents.

When chemotherapy is stopped, most patients recover normal
red blood cell (RBC), WBC and platelet counts in 10–14 d.
Administration of the cytokine granulocyte colony-stimulating
factor (GCSF) speeds up neutrophil recovery by a few days. This

is the most important cell for response to acute bacterial infection.
The recovery time indicates the approximate time required for
hematopoietic cells to go from the postulated resting stem cell that
survived chemotherapy to mature cells circulating in the blood.

Figure 1 is a standard chart of hematopoiesis with the site of
action of some important cytokines listed. A few selected CD
markers are also listed beside cells at specific stages of differen-
tiation. Data on where cytokines act in the differentiation path-
ways and where CD markers are acquired and lost have been
generated in many different ways, mostly in vitro, so Fig. 1 pro-
vides all the strengths and weaknesses of any model illustrating a
complex process.

What we have learned from chemotherapy and recovery is
that the marrow contains drug-resistant cells capable of reconsti-
tuting all the circulating cells in the bloodstream. Since Till and
McCulloch’s seminal observations in 1961 (Till and McCulloch,
1961) on spleen colonies formed by hematopoietic cells in the
mouse, the nature of the cells responsible for recovery from che-
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motherapy and those that successfully engraft after bone marrow
transplantation (BMT) have been described. In 1988, Spangrude
et al. reported the phenotype of murine cells capable of com-
pletely reconstituting hematopoiesis in a lethally irradiated
mouse. In their “best” experiment, as few as seven cells would
reconstitute an animal (Spangrude et al., 1988). Subsequent work
has shown that one cell can be sufficient to repopulate an entire
animal (Baum et al., 1992). This cell expressed CD34, Thy 1 lo,
and was lineage negative, meaning that the investigators sorted
to remove cells that expressed CD markers characteristic of
mature cells of any hematopoietic lineage. Microscopically, the
cell resembled a small lymphocyte. Subsequent work has shown
that cells that have not yet expressed CD34 also have stem cell
capability (Craig et al., 1993; Brandt et al., 1988). Similar cells
have been isolated from human marrow, but their capacities have
not been demonstrated with the same definitive experiments used
in mice. CD patterns of mouse and human hematopoietic stem
cells (HSCs) are slightly different. The earliest human stem cell
is CD34– but in practice CD34+ cells are quantitated (Uchida
et al., 1996; Goodell et al., 1997). Bear in mind that the defini-
tions are not exactly the same. The stem cell in the mouse is
the cell that can repopulate the entire hematopoietic system after
transplantation into a lethally irradiated recipient. The stem cell
in the human can give rise to colonies in tissue culture, can

repopulate the marrow after BMT, or can give rise to hemato-
poiesis in the SCID-Hu mouse (Berenson et al., 1988; Negrin
et al., 2000). The properties of normal HSCs that are critical to
understand as they relate to the treatment of leukemias and lym-
phomas are that they are capable of repopulating all the cells
normally produced in the marrow and that a large percentage of
them appears to be quiescent at any given time. This second
feature allows recovery of normal hematopoiesis after chemo-
therapy directed against dividing cells.

Figures 2–6 show a typical case of early pre-B acute lympho-
blastic leukemia (ALL) from diagnosis through a few cycles of
chemotherapy and recovery of the white cell count in the blood.
Flow cytometry analysis of WBCs with fluorescent antibodies
against selected CD markers is shown. The results were generated
by monitoring a patient through clinical diagnosis and therapy, not
in a research program.

Figure 2A shows the distribution of cell sizes and complexity
at diagnosis when the blood was filled with lymphoblasts. The
X-axis shows cell size and the Y-axis shows complexity such as
multilobed nuclei or cytoplasmic granules. The cells in the gate
labeled R1 range from small to large and are of low internal
complexity. These are lymphocytes and lymphoblasts. Very few
other cells such as neutrophils or monocytes were present in the
blood at diagnosis.

Fig. 1. Brief chart of hematopoiesis. Some CD markers characteristic of various maturational states are indicated as are some cytokines
responsible for driving cells through the maturational process.
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Figure 2B shows two populations of cells as defined by expres-
sion of CD45, the common leukocyte antigen, and CD10, the com-
mon ALL antigen. Figures 2C–E shows that CD10 is coexpressed
with CD34 and CD19. Two different sets of labeled antibodies
were used in Fig. 2D,E. These results and others defined a leuke-
mic cell expressing CD19, CD10, CD34, TdT, and low levels
of the myeloid antigens CD13 and CD33, an example of lineage
infidelity. The bright CD45 cells seen in Fig. 2B,F were shown to
be T-lymphocytes. Essentially no granulocytes were present.

Figure 3, after the hypoplasia induced by chemotherapy, shows
that essentially all cells expressing CD10, CD19, and CD34 are

gone. The small number of events emerging from the negative
pool of cells at the lower left is conventionally interpreted as non-
specific antibody adherence to cells since it runs up at a 45° angle.

Figure 4 shows the distribution of the patient’s WBCs in the
marrow 16 d after the hypoplasia seen in Fig. 3. Figure 4A dem-
onstrates the presence of small to large cells of low internal
complexity—small and large lymphoid cells. Two other popu-
lations are easily seen: relatively large cells of moderate internal
complexity and somewhat smaller cells of high internal com-
plexity. These were demonstrated to be monocytes and neutro-
phils, respectively.

Fig. 2. Bone marrow was aspirated from the iliac crest and prepared for histological and flow cytometric analysis. For flow cytometry, red cells
were lysed, and then nucleated cells were concentrated by ficoll gradient centrifugation and put into aliquots. They were incubated with
fluorescent antibodies to the indicated CD markers, washed, and analyzed on a Beckman FACScan using three-color discrimination. Results
are discussed in text. FSC, forward scatter; FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allo phycocyanin.
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The CD45 expression seen in Fig. 4B shows the appearance of
cells ranging from negative through weak positive to bright posi-
tive. This is the pattern of expression of CD45 in normal maturing
leukocytes. Figure 4C–E shows the regrowth of the malignant
clone of cells first demonstrated at diagnosis in Fig. 2. In addition,
best seen in Fig. 4D, some cells not in the malignant clone are
beginning to express dim to bright CD34. Figure 4F shows that the
cells expressing CD10 (and, by inference, coexpressing CD19 and
CD34 as well) are not part of the normal population expressing
CD45. Recall that the original malignant clone was CD45 nega-
tive, a common finding in ALL.

Figure 4G,H shows some early expression of CD13 and CD33
on cells that are CD19 negative (normal, nonlymphoid cells) and
on a uniform cluster of CD19-positive cells (the original malig-
nant clone that is reexpressing its lineage infidelity). Figure 4H
shows CD13 and CD33 expression on cells ranging from CD45
negative through rather bright positive. The very bright CD45-
positive cells that are CD13 and CD33 negative are T-lympho-
cytes. In summary, Fig. 4 shows recovery of normal leukocytes
and persistence of the malignant clone, a common problem early
in chemotherapy.

Figure 5 shows the patient 1 mo after the findings depicted in
Fig. 4. Note the continued production of normal leukocytes as well

as persistence of the malignant clone. As assessed by CD13 and
CD33 expression, normal granulocytes have continued to recover.
CD34 cells that are not part of the malignant clone seem to have
declined in number, perhaps indicating maturation to normal
“adult” leukocytes that have lost their CD34.

Figure 6, depicting findings about 6 wk after Fig. 5, represents
recovery from an additional round of chemotherapy. Figure 6A
shows abundant lymphocytes, monocytes (confirmed in Fig. 6F,G),
and neutrophils. Figure 6B shows three distinct groups of CD45
positive cells that are not monocytes (CD14 positive). Figure 6C,D
shows the development of CD33, CD13, and CD15 positive cells,
which are markers for granulocytes. Figure 6E again shows the
emergence of CD34 dim to bright cells that are not part of the
malignant clone (shown as the CD34/CD10 coexpressing cells) .

This series of figures shows the normal sequence of recovery
of leukocytes after bone marrow aplasia induced by chemotherapy.
Extensive research has confirmed that the “stem” cell responsible
for recovery is the CD34-positive, lineage negative cell seen espe-
cially well in Figs. 4 and 6. This case also illustrates the problem
of persistence of leukemic clones after conventional chemotherapy
in many patients. In such cases, cure may be attempted by com-
plete myeloablation followed by rescue with either a bone marrow
transplant or stem cell transplantation.

Fig. 3. Bone marrow from the iliac crest on d 51 after treatment was analyzed as in Fig. 2.
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Fig. 4. Bone marrow obtained on d 67 after treatment was analyzed as in Fig. 2.
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15.2. HSC TRANSPLANTATION
IN TREATMENT OF LEUKEMIA AND LYMPHOMA

Historically, the first source of cells to restore hematopoiesis
was bone marrow. In 1951, Brecher and Cronkite showed that rats
could be rescued from lethal irradiation by parabiosis, which we
now know to be owing to circulating stem cells from the
nonirradiated rat. In 1965, a patient being treated for ALL demon-
strated engraftment of donor marrow after being infused with
marrow harvested from six different donors (Mathe et al., 1965).
Children with severe combined immune deficiency were first suc-
cessfully treated by marrow transplantation in 1968 (Gatti et al.,
1968; Hong et al., 1968). By 1975, many patients who suffered
from leukemia had been treated with myeloablative chemotherapy
and rescued with bone marrow transplants from human lympho-
cyte antigen (HLA) identical twins or siblings (Buckner et al.,
1970; Thomas et al., 1975; Fefer et al., 1982; O’Reilly, 1983).

Marrow transplantation, however, is arduous for the donor. It
usually requires general anesthesia and the aspiration of several
hundred milliliters of marrow from the iliac crests. While this can
be done safely, it is painful. Adult marrow, besides being a source
of self-renewing HSCs, is also a source of mature T effector cells
and therefore a risk for inducing graft-versus-host disease

(GVHD). This is usually dealt with by choosing histocompatible
marrow from siblings matched at HLA A, B, C, and DR loci and
by various methods to purge mature T-cells before transplantation
(Martin et al., 1985; Storek et al., 1997).

Both allogeneic and autologous marrow may be used to restore
hematopoiesis. In the case of autologous donation, the patient is
harvested during periods of remission; the marrow is stored fro-
zen, then reinfused after a round of what would be lethal
myeloablative therapy. Although GVHD is not a problem, another
potential difficulty was demonstrated in our previous case: resid-
ual malignant cells in the marrow. When the antigenic phenotype
of the malignant cell has been determined and appropriate anti-
bodies or chemotherapeutic agents are available, attempts to purge
the marrow of these undesirable cells in vitro are made before the
marrow is infused. (Rowley et al., 1989; Gorin et al., 1990; Gribben
et al., 1991; Shpall et al., 1991; Linker et al., 1998) This technol-
ogy is not yet completely successful. The problems of obtaining
marrow, GVHD, and purging of unwanted cells led to investiga-
tions of other sources of HSCs in the last decade.

Cytokine-mobilized stem cells from the peripheral blood are
now the preferred cell type to restore hematopoiesis in patients
being treated for leukemia and lymphoma (Siena et al., 1989;
Korbling, et al., 1995). The success of this approach depends on

Fig. 5. Bone marrow from d 102 after treatment was analyzed as in Fig. 2.
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Fig. 6. Bone marrow from d 141 after treatment was analyzed as in Fig. 2.

15/Baird/163-176/F 8/19/03, 2:23 PM169

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


170 BAIRD

the observation that self-renewing HSCs circulate in the blood at
a frequency of about 10–4 per nucleated cell (Spangrude et al.,
1988). This frequency rises after treatment with some chemothera-
peutic agents and after treatment with cytokines such as GCSF or
granulocyte-monocyte CSF (Socinski et al., 1988; Chao et al.,
1993; Bensinger et al., 1994). The magnitude of the increase may
be as much as 100-fold (Kosatec et al., 1992; Lane, 1995; Gillespie
et al., 1996). This makes peripheral blood a useful source of stem
cells for both autologous and allogeneic transplantation.

Collection is still irksome for the donor. Apheresis for several
hours is required, often for more than one session. Stimulation of
the donor with cytokines for several days before the apheresis
procedure may produce side effects such as fever and flulike symp-
toms. It should be obvious without stating that leukemia and lym-
phoma patients who are acting as autologous donors may receive
both chemotherapy and cytokines to mobilize stem cells whereas
allogeneic donors receive only cytokines. Optimal restoration of
red cell, granulocyte and platelet production is achieved at about
10 × 106 CD34+ cells per kg of recipient after myeloablative che-
motherapy (Shpall et al., 1998). The minimum satisfactory dose
is about 1 × 106 CD34+ cells/kg (Shpall et al., 1998). Most patients
receive 2–5 × 106 CD34+ cells/kg. This a larger number of cells
per kilogram than is required in various murine experiments to
restore hematopoiesis after lethal irradiation. The two systems are
not strictly comparable, though, because in the murine experi-
ment, preparative cell sorting to obtain and infuse the most active
population of cells is usually done, while in humans CD34+ cells
in the apheresis specimen are simply quantitated and usually not
further purified.

Umbilical cord blood has also been found to be an excellent
source of CD34+, self-renewing stem cells, but this source has not
found wide application to date (Gluckeman et al., 1997).

Typical treatment courses and some general data on engraft-
ment, complications, and survival are discussed next. Two patients
are presented to illustrate the general process of stem cell trans-
plantation in lymphoma and leukemia. The first is a 70-yr-old
male with non-Hodgkin’s lymphoma diagnosed 2 yr before the
transplant. He underwent conventional chemotherapy and mono-
clonal antibody (MAb) treatment with anti-CD20 (he had a B-cell
lymphoma expressing CD20). After 8 mo of chemotherapy and
antibody therapy, he was judged to be in complete remission. Three
months later, however, he developed a rash that was biopsied and
showed infiltration by B-cell lymphoma, compatible with a recur-
rence of his original disease. He received more chemotherapy and
MAb therapy and was judged to be in complete remission 5 mo
later. A bone marrow biopsy showed no evidence of disease.

At this point the patient was judged to be a candidate for further
high-dose chemotherapy and autologous stem cell transplantation
because the statistical likelihood that he was really free of disease
was very low. He had no suitable allogeneic donors, so peripheral
stem cell mobilization with autologous transplantation was
deemed appropriate.

The patient’s hospital course with reference to his white cell,
red cell, and platelet counts is indicated in Tables 1 and 2.

Table 1 shows the patient’s response to conditioning and
mobilization of stem cells with GCSF at 10 µg/kg for 4 d. It is
typical for the WBC count to rise to several fold the normal value
in 4 or 5 d. The “blast” count as determined morphologically and
the CD34+ cell quantity as determined by flow cytometry typically
peak at about d 4 as can be seen in this patient.

Table 2
Myeloablative Chemotherapy

and Autologous “Stem Cell” Infusiona

WBCs RBCs Platelets pmn
Day (× 10–3/µL) (× 10–6/µL) (× 10–3/µL) (%)

1 29 3.4 106 53
2 26 3.5 94 35
3 27 3.0 66 51
4 41 3.2 70 70

10 3.1 3.5 155 55
11 2.4 3.1 141 50
12 8.3 3.4 189 89
13 10.0 3.3 193
14 7.0 3.2 182
15 5.3 3.2 164
16 5.6 3.1 141
17 5.6 2.9 132 98
18 2.3 3.0 95 77
19 0.7 3.0 80 56
20 0.7 3.2 50 8
21 0.2 2.8 23
22 0.2 2.6 7
23 0.2 2.4 16
24 0.3 2.7 39
25 0.4 2.6 15
27 0.5 2.3 10 26
28 2.1 2.9 16 52
29 2.7 3.0 31 69
30 2.1 3.0 23 58
31 1.6 3.2 41 56
33 1.7 3.2 25 41
35 2.5 3.2 20 39
38 3.2 3.3 16 36

a The patient received myeloablative chemotherapy and then was
infused with 1.6 × 106/kg of CD34+ autologous stem cells on d 17. WBC,
RBC, and platelet counts reached their nadir on d 21 after therapy was
begun. The patient was supported with platelets when counts fell below
10 × 103/uL. Peripheral WBCs began to recover on d 27.

Table 1
Preparation of Patient for “Stem Cell” Harvesta

WBCs RBCs Platelets pmn blast
Day (× 10–3/µL) (× 10–6/µL) (× 10–3/µL) (%) (%)

1 3.5 3.5 119 47 0
2
3
4 25 3.4 94 44 9
5 35 3.4 50 74 4
6 40 3.3 50 85 —

a The patient received GCSF at 10 µg/kg from d 1 to d 4 and then
underwent cytopheresis to harvest peripheral CD34+ “stem cells.”

The patient underwent cytopheresis and sufficient CD34+ cells
were harvested from the blood to permit an infusion of 1.6 × 106

CD34+ cells/kg. These cells were stored frozen and the patient was
prepared for stem cell transplantation by myeloablative chemo-
therapy for 2 wk. It is common to harvest rather low numbers of
CD34+ cells from patients who have had extensive chemotherapy.
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Table 2 shows the patient’s response through chemotherapy,
stem cell infusion, complications, and discharge over 28 d. The
patient’s sole complication was bacteremia with staphyloccus
epidermidis, for which he received appropriate antibiotics. He was
afebrile for 5 d before discharge.

On admission for chemotherapy, the patient’s WBC count
was 29 × 103/µL, reflecting residual effects of the stimulation
with GCSF. His RBC count was 3.43 × 103/µL and platelet count
was 106 × 103/µL. With chemotherapy preceding transplanta-
tion, these counts fell to a nadir of 0.1 × 103/µL for WBCs, 2.3
× 106/µL for RBCs, and 7 × 103/µL for platelets. These nadirs
occurred on different days because of different circulating half-
lives of different cell types. Recognizable neutrophils disap-
peared from the peripheral blood smear on d 20 after the initiation
of chemotherapy (and d 4 after the infusion of stem cells). Neu-
trophils returned on d 9 after the infusion, making up 26% of a
total count of 0.5 × 103/µL. The patient was discharged on d 12
after the infusion with a WBC count of 2.1 × 103/µL, 58% of
which were neutrophils, an RBC count of 3.01 × 106/µL, and
platelets of 23 × 103/µL. Platelet recovery is often the slowest,
but achieving an absolute neutrophil count of >1 × 103/µL is
critical to prevent infection. Patients are often supported with
platelet transfusions when their counts fall below 10 × 103/µL.
GCSF is also used to hasten recovery of neutrophils.

The second patient is a 22-yr-old female with acute myelog-
enous leukemia (AML). She achieved complete remission with
her first chemotherapy regimen and was in bone marrow remission
8 mo later. Because of the statistical likelihood of relapse, she
underwent further consolidation chemotherapy and allogeneic
peripheral blood stem cell transplantation harvested from an HLA-
matched sibling.

Chemotherapy was begun 8 d before transplantation. The
patient was infused with 4.4 × 106/kg of CD34+ cells on d 9. The
nadir of her WBC, RBC, and platelet counts was on d 14, fol-
lowed by recovery of recognizable blood neutrophils on d 20
and discharge on d 22.

Complications were bleeding, probably menstrual, on d 17,
treated with a platelet transfusion, and fever on the same day,
treated with iv antibiotics. No organisms were ever cultured from
the blood, and the patient defervesced in 4 d. The results are pre-
sented in Table 3.

15.3. LONG-TERM FOLLOW-UP
IN STEM CELL TRANSPLANTATION

As one would suppose, the most common complications in
stem cell transplantation are infections and bleeding, as illustrated
by the two presented cases. For this reason, it is common to pro-
phylactically “cover” the patient with antibiotics at the first sign of
fever, even if no specific organism has been identified. The two
cases illustrated successful antibiotic treatment of both cases, one
in which an organism was identified and one in which it was not.
Bleeding is managed with platelet transfusions. Because bleeding
is so likely at peripheral counts below 10 × 103/µL, platelets are
given prophylactically to keep counts above this level during the
aplastic period. The second case also illustrated this problem
managed successfully. Failure to engraft is still a problem in a
minority of patients. It is seen most frequently when less than 2 ×
106 CD34+ cells/kg are transfused (Shpall et al., 1998). As illus-
trated by the first case patient, patients receiving lower numbers of
cells may have successful outcomes. Transfusing lower numbers
of cells is often required when using autologous stem cells in leu-
kemia and lymphoma patients. Higher numbers of CD34+ cells are
regularly harvested from allogeneic donors but this, too, does not
guarantee engraftment, since occasional failures will be seen even
with CD34+ cell counts exceeding 5 × 106 cells/kg.

GVHD is not a problem when autologous cells are used for
transplantation. However, it is a continuing problem in allogeneic
transplantation. For stem cell transplantation, HLA A, B, and C
(class I) and HLA DR (class II) are typed. Because class I antigens
are closely linked on chromosome 6 and the class II genes are also
closely linked at a different location on the same chromosome, all
siblings have a 25% chance of sharing exactly the same alleles.
Because many alleles are very common in the population, e.g.,
HLA-A2, and because crossing over can take place between class
I and class II, or even within class I or II, the likelihood of various
siblings being a “perfect match” is complicated. Different types of
mismatch also produce GVHD of different severity. Mismatch at
HLA DR is the worst (Anasetti et al., 1989).

Even with a so-called perfect match between siblings who are
not identical twins, some GVHD is possible because of the
mechanism by which T-cells recognize antigen. T-cells recog-
nize a complex of class I or II molecules containing a peptide in
an external groove of the histocompatibility molecule. In the
case of class I molecules, this peptide is usually derived from the

Table 3
Myeloablative Chemotherapy

and Allogeneic “Stem Cell” Infusiona

WBCs RBCs Platelets pmn
Day (× 10–3/µL) (× 10–6/µL) (× 10–3/µL) (%)

1 3.3 3.0 71 80
2 1.9 2.9 80 64
3
4 3.3 3.0 100 84
5
6 2.1 2.9 89 77
7
8 2.0 2.5 56 83
9 1.9 2.4 54 92

10 1.8 2.3 53 98
11 1.0 2.3 43 92
12 0.3 3.3 30 —
13 0.1 3.0 16 —
14 0.1 2.8 6 —
15 0.1 2.7 34 —
16 0.1 2.5 21 —
17 0.1 3.3 8 —
18 0.2 2.8 20 —
19 0.4 2.6 38 —
20 0.8 2.7 25 10
21 1.6 2.5 20 29
22 4.6 3.7 16 46
23
24 3.2 3.9 34 29

a The patient received myeloablative chemotherapy followed by
infusion of HLA-matched allogeneic “stem cells” at 4.4 × 106/kg on d 9.
The nadir of peripheral blood counts was reached on d 14–15. The patient
experienced bleeding and fever on d 17 and was treated with platelets and
antibiotics. Neutrophils appeared in the blood on d 20; she defervesced
and was discharged on d 22.
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metabolism of internal proteins in the cell that are transported to
the surface with the class I molecule. Thus, CD8 T-cells from the
donor, which recognize peptides in the context of class I, will
recognize as foreign any host peptide with any amino acid varia-
tion from the donor. Since we type potential donors only for class
I and II molecules and not for every protein they make, there will
always be some variation between host and donor that can be
recognized by donor T-cells (unless the donor and recipient are
monozygotic twins).

GVHD, paradoxically, is not always detrimental to the recipi-
ent. Because mature T-cells can recognize slight differences in
mutant proteins on both normal and malignant cells, the T-cells
from the donor could theoretically be expected to recognize any
residual lymphoma or leukemia cells in the recipient. If such cells
were susceptible to T killer cells or other mechanisms of graft
rejection initiated by T-cells, then one might expect to see a “graft
vs leukemia” effect in allogeneic bone marrow or stem cell recipi-
ents (Biggs et al., 1902a). This is, in fact, what is observed. Patients
receiving allogeneic bone marrow or stem cells that have not been
purged of T-cells and who experience mild GVHD have a better
outcome than those who do not have any GVHD at all (MacKinnon
et al., 1995).

Table 4 shows the ranges of disease-free survival that have
been reported in multiple studies for patients with leukemia and
lymphoma after autologous stem cell transplantation (Thomas et
al., 1979; Blume et al., 1980; Powles et al., 1980; Bacigalupo et al.,
1985; Clift et al., 1987; Feig et al., 1987; McGlave et al., 1988;
Forman et al., 1991; Biggs et al., 1992). The ranges are large and
studies are not directly comparable. As we have seen, varying
amounts of stem cells may be harvested and infused. In general,
patients with leukemia in second remission or with lymphomas in
advanced stage do more poorly. The age of the patient is also a
factor as can be seen in Table 5. The study by Hansen et al. (1998)
compared probability of survival ranging from 5 to 10 yr with
varying numbers of patients in each age group. Although this study
also used allogeneic bone marrow and not peripheral “stem cells,”
the findings that younger patients have better survival than older
patients is generalizable to most therapeutic modalities.

In the case of autologous marrow transplantation, the question
arises, should the harvested marrow be purged when the patient is
in remission of any putative residual leukemia or lymphoma cells?
This can be done with chemotherapeutic agents or MAbs, or both
(Rowely et al., 1989; Gribben et al., 1991). No prospective study
has been conducted to answer this question although the process
of peripheral stem cell mobilization and harvesting of CD34+ cells
in the blood is often called “in vitro” purging. One hopes that
leukemia or lymphoma cells are not mobilized as efficiently as
normal stem cells. The efficacy of this “purging” technique has
also not been proven. It is generally accepted that chemotherapy
of acute leukemia followed by allogeneic BMT fails most fre-
quently from problems associated with the transplant (engraft-
ment, infections, bleeding, GVHD) while patients receiving
autologous marrow most often fail owing to relapse of leukemia.
This suggests that further work on purging needs to be done and
that the previously described “graft vs tumor” effect of allogeneic
marrow is real.

Leukemic genotypes and inherent sensitivity to chemothera-
peutic agents also affect the outcome of studies in which patients
receive either allogeneic or autologous marrow or peripheral stem
cell transplants. Past experience has shown that acute leukemia

with the karyotypes t(15:17), t(8:21), and inv 16 do very well with
chemotherapy alone, so many centers do not transplant these
patients in first remission (Maruyomi et al., 1994; Schoch et al.,
1996; Wang et al., 1997; Lo Coco et al., 1998). By contrast, patients
with leukemic cells having abnormalities of chromosomes 5, 7, or
8 do poorly with chemotherapy alone and are often transplanted in
the first remission (Cuneo et al., 1995; Vendetti et al., 1997;
Villamor et al., 1998). Obviously, the mixture of leukemic karyo-
types in any prospective study of allogeneic or autologous marrow
or stem cell transplantation would affect the likelihood of residual
cells in unpurged marrow or blood and therefore would also affect
event-free and possibly total survival.

Table 6 presents the results of three large studies of AML
reported in the late 1990s (Hewlett et al., 1995; Harousseau et al.,
1997; Cassileth et al., 1998). Disease-free survival at 5 yr and
relapse rates were studied comparing allogeneic BMT, autolo-
gous bone marrow transplantation, and standard chemotherapy.
The range of disease-free survival with comparable treatment
was wide. However in all three studies, as noted previously, the
relapse rate was lowest for patients receiving allogeneic bone
marrow transplants. This was true even when disease-free sur-
vival was not improved. There is also a suggestion in two of the
three studies that autologous marrow transplantation offers some
protection against relapse compared to chemotherapy alone. This
may suggest that the concept of “in vivo purging” has merit,
although it does not appear as efficacious as the putative graft vs
tumor effect of allogeneic marrow transplantation. However
desirable such an effect may be, it may never be available to all
because all patients do not have nor will they have a histocom-
patible sibling to serve as a marrow donor.

Table 5
Effect of Age on Allogeneic Unrelated BMT in CML

Probability of survival (5 yr) Age range (yr)

0.8 < 21
0.7 21–36
0.65 37–50
0.3 > 50

Table 4
Disease-Free Survival After “Stem Cell” Transplantation

Five-year disease-
Disease free survival (%)

CML Chronic phase 50–75
Accelerated phase 30–40
Blast crisis   5–15

AML First remission 40–70
Second remission 30

CLL 50

ALL 30–50

Non-Hodgkin’s First relapse 40–50
     lymphoma

Hodgkin’s First remission, standard treatment 40–70
     disease High-stage disease 15–30
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15.4. CONCLUSION
It is now clear that stem cells capable of reconstituting all

hematopoietic function are present in the bone marrow of mam-
mals. They are present in the circulating blood and can be mobi-
lized by cytotoxic agents and certain cytokines to increase their
concentration 100-fold. These cells are responsible for survival
from chemotherapy because a large fraction of them may be rest-
ing in G0 and perhaps because they are able to exclude some
supravital dyes, which may indicate the ability to exclude some
cytotoxic agents (Chaudhary and Roninson, 1991). Such cells,
obtained either autologously or allogeneically (and HLA
matched), are capable of restoring hematopoiesis after
myeloablative treatment (whole-body irradiation in mice) or
therapy (various treatments in humans).

In ALL there is statistically significant evidence that allogeneic
BMT can rescue patients who have relapsed from chemotherapy
and that it is superior to additional rounds of chemotherapy alone
(Dopfer et al., 1991). Autologous stem cell transplantation is also
beneficial in high-risk patients when performed during the first
complete remission (Simonsson et al., 1989; Blaise et, al, 1990).
When patients with a specific genetic marker have been studied by
polymerase chain reaction (PCR) while in “remission” and before
transplant, absence of PCR-detectable disease was clearly associ-
ated with a more favorable outcome following transplantation
(Knechtti et al., 1998).

In chronic myelogeneous leukemia (CML), transplantation of
allogeneic marrow clearly has a beneficial effect compared to
conventional chemotherapy (Gale et al., 1998). Survival after
transplantation is critically dependent on two factors: phase of
the disease and age of the patient (Goldman et al., 1986; McGlave
1990; Biggs et al., 1992; Hansen et al., 1998). Patients with dis-
ease in the chronic phase do better than patients in accelerated
phase who do better than patients in blast crisis. Relapse rates are
higher in autologous than in allogeneic transplants, suggesting
the graft vs leukemia effect (McGlave et al., 1994; Carella et al.,
1999). Recent studies also suggest that allogeneic grafts from
HLA matched, unrelated donors may be almost as good as those
from HLA-matched siblings (Hansen et al., 1998). The ongoing
trials with STI 571 (Gleevec), which inhibits the tyrosine kinase

fusion protein produced by the 9:22 translocation in CML, may
change the role of stem cell transplantation in this disease.

The role of stem cell transplantation in chronic lymphocytic
leukemia (CLL) has not been as clearly demonstrated, mostly
because most of the patients are well over 50 yr of age (Khouri
et al., 1994). This is an age group known to do poorly after at-
tempts to do BMT in other diseases.

Non-Hodgkin lymphoma is a very heterogeneous group of dis-
eases. In humans, about 85% are B-cell disorders, while T-cell and
“null cell” make up the rest. Genetic abnormalities vary from
chromosomal translocations such as t14:18, leading to high levels
of Bcl-2 production and apoptosis resistance, to t8:14, leading to
rapid cell division. Normal karyotypes and complex, aneuploid
karyotypes are also seen. Age ranges at onset are wide, association
with various viruses has been demonstrated, and susceptibility or
resistance to various forms of chemotherapy vary as well. Thus,
studies on the efficacy of stem cell transplantation, whether allo-
geneic or autologous, must be interpreted with care.

The PARMA study of 215 patients randomized 109 patients
who had responded to chemotherapy to further chemotherapy or
autologous stem cell rescue after myeloablation. After 5 yr event-
free survival was 46% in the stem cell group and 12% in the che-
motherapy group, a highly significant result. Overall survival was
53% for the stem cell patients and 32% for the chemotherapy
patients, some of whom were rescued with stem cells after relapse
(Philip et al., 1995).

In a separate study, 916 patients were stratified by factors such
as histology, stage, age, and performance status into four risk
groups, high to low. Patients who had achieved complete remis-
sion by chemotherapy were randomized to further chemotherapy
or autologous stem cell transplantation. Benefit was noted mainly
in the highest risk group, which had a 5-yr survival with no evi-
dence of disease of 59% for stem cell recipients compared with
39% for chemotherapy patients (Stockerl-Goldstein et al., 1996).

In Hodgkin’s disease, studies of the beneficial effect of autolo-
gous stem cell transplantation are ongoing. In patients in whom
standard radiation and chemotherapeutic treatments have failed to
induce remission, salvage rates of 35–50% have been reported
using autologous “stem cells” (Chopra et al., 1993; Reece et al.,
1995). These are not prospective studies.

Table 6
Allogeneic BMT vs Autologous Marrow vs Chemotherapy Alone for AML in First Remission

Study Treatment a No. of patients Disease-free survival (%) Relapse (%)

EORTC/GIMEMA, Hewlett et al. (1995) allo BMT 168 55 27
ABMT 128 48 41
Chemo 126 30 57

GEOLAM, Harousseau, et al. (1997) allo BMT 126 45 38
ABMT   67 47 44
Chemo   67 53 43

US Intergroup, Cassileth et al. (1998) allo BMT 113 43 29
ABMT 116 34 48
Chemo 117 34 62
allo BMT   92 47
ABMT   63 48

aallo BMT, allogeneic BMT; ABMT, autologous BMT; Chemo, standard chemotherapy.
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In the near future, the next major improvement is likely to be
preparative cell sorting of mobilized stem cells so that very low
numbers of cells can be used to rescue patients from myeloablative
treatment. This should drastically reduce the likelihood of con-
taminating malignant cells being reinjected into the patient—still
a recognized problem in autologous transplants.
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16 Neurons, Stem Cells
and Potential Therapies

FIONA C. MANSERGH, PhD, MICHAEL A. WRIDE, PhD,
AND DERRICK E. RANCOURT, PhD

Contrary to long held theory it has been shown recently that there are self-renewing stem cells in the adult central
nervous system and that neuronal precursor cells can be derived in vitro from embryonic stem (ES) cells as well as other
types of adult stem cells. Differentiation can be controlled by growth factors and culture conditions, such as, epidermal
growth factor for the astrocyte lineage, and basic fibroblast growth factor for neuronal phenotypes, presumably by
selection of stem cells with different potentials. Cell lines derived from different stages of neuronal development may
provide cell sources with more directed potential to different types of neuronal cells. For example, lines restricted to glial
differentiation may be useful therapeutically for transplantation for remyelination and other cell lines for replacement
of lost neurons. On the other hand, adult neural stem cells appear to have multi–cell type plasticity and can give rise to
progeny of many different tissue cell types, and ES cells can give rise to different types of neuronal cells. ES cells show
great promise for replacement of injured nerve tissues, but technical and ethical problems need to be resolved.

16.1. INTRODUCTION
The mammalian central nervous system (CNS) is incredibly

complex and possesses only a limited ability to recover from
damage. These characteristics have made treatments for neuro-
logical disorders and injuries hard to devise. The challenge is
made all the greater by the aging population profiles of most
Western societies; for example, the annual cost of dementia to
the US economy is estimated at $100 billion annually (www.
alzheimers.org/pubs/biomed95.html). These costs are likely to
increase. Moreover, estimates of the economic burden of demen-
tia, psychiatric disorders, cognitive dysfunction, stroke, cancer,
injury, and other such disorders leave the emotional costs to those
affected and their families unaccounted for.

Fortunately, the discovery of self-renewing stem cell popula-
tions within the fetal and adult CNS has opened promising lines
of inquiry (Reynolds and Weiss 1992; Richards et al., 1992). It is
also becoming increasingly clear that neurons can be derived from
numerous sources of progenitor cell lines in vitro. Many cell types,
including neurons and glia, can be obtained from differentiation
of both mouse and human embryonic stem (ES) cells in vitro
(Mansergh et al., 2000). ES cells hold out particular promise,
because treatments involving ES cells have the potential to side-
step the thorny problem of immunological rejection. This could
conceivably be achieved by using genetic modification of preex-
isting ES cell lines, or by creating ES cell lines identical to the

patient. However, while such technology would undoubtedly have
therapeutic potential, its potential use in humans presents ethical
issues. Nevertheless, it is likely that the potential of stem cell
research will soon be clinically realized.

16.2. NATURALLY OCCURRING STEM CELLS
Cells of the very early embryo can divide indefinitely and are

also capable of differentiation into all cell types present in the
adult. Standard developmental theory has determined that cell
fate becomes progressively more restricted as development pro-
ceeds. However, as recent studies have demonstrated, the devel-
opmental potential of early embryonic cells appears to be retained
by small cell populations within most adult tissues (Rao and
Mattson, 2001). This would suggest that transplantation of
manipulated stem cells or precise stimulation of endogenous pre-
cursor populations may allow treatment of many diseases, includ-
ing those involving neural or glial problems. Culture of a wide
range of adult and fetal stem cells that vary in the extent of their
developmental potential is becoming more and more feasible. As
these cells are untransformed, their therapeutic use is less fraught
with concerns about their oncogenic potential. It may also be
possible to expand stem cells from a given individual in vitro,
while encouraging them to adopt specific cell fates. This approach
avoids the risks of immune rejection. The primary disadvantage
of these cells is that, owing to finite life-span and/or pleuripotency,
fresh sources of stem cells may be continually required. In addi-
tion, amelioration of genetic defects might be tricky, because

16/Mans/177-190/F 8/19/03, 2:45 PM177

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


178 MANSERGH ET AL.

stem cells derived from the patient would require correction of
deleterious mutation(s) prior to reintroduction.

16.2.1. MULTIPOTENT NEURAL STEM CELLS  Fetal tis-
sue has long been used as a source of multipotent neural progeni-
tors. However, until recently, the adult CNS was considered
incapable of self-renewal or repair. The discovery of stem cells
within the adult brain (Reynolds and Weiss 1992; Richards et al.,
1992) rendered this concept, at least in part, obsolete. These cells
are capable of self-renewal and can give rise to highly differen-
tiated progeny (neurons and glia), thus conforming to the stan-
dard definition of a stem cell (Watt and Hogan, 2000). Adult
neural precursors were initially obtained from the forebrain
subventricular zone (SVZ) and have also since been isolated
from the hippocampus, spinal cord, striatum, septum, cortex, and
optic nerve (Gage, 2000; Reynolds and Weiss, 1992; Weiss et al.,
1996; Palmer et al., 1999). Both adult stem cells and those of
fetal origin are isolated via dissection of brain regions previously
shown to be mitotically active in vivo. The SVZ and hippocam-
pus are possibly the most commonly used source of adult precur-
sors, whereas the fetal brain contains a large number of such
regions (Gage, 2000). Cells can be cultured either as floating
aggregates (neurospheres) or in monolayers. They are maintained
in a pluripotent state using various mitogens (most commonly
epidermal growth factor [EGF] or basic fibroblast growth factor
[bFGF]) and can be expanded by dissociation of primary
neurospheres to form secondary spheres (Mansergh et al., 2000).

Induction toward various different lineages can be achieved
by varying the mitogens used. Precursor cell lines grown in the
presence of EGF seem biased toward an astrocytic lineage,
whereas those exposed to bFGF appear to have greater neuronal
potential (Rao, 1999; Whittemore et al., 1999). This may reflect
different origins; EGF-responsive stem cells cannot be isolated
from rat embryos prior to embryonic day (E) 14.5, whereas bFGF-
dependent stem cells (i.e., neuroepithelial stem cells [NEPs]) can
be isolated as early as E10.5. Both can be isolated after E14.5
(Weiss et al., 1996; Rao 1999). The question as to whether these
cells share a common lineage is still somewhat unclear. Trans-
plantation studies have shown that both can contribute to
neurogenesis. However, bromodeoxyuridine pulse labeling fol-
lowing infusion of bFGF or EGF demonstrates that EGF-depen-
dent stem cells mainly give rise to glia. Furthermore, studies of
EGF receptor knockout mice suggest that EGF-dependent stem
cells do not contribute to early neurogenesis in vivo (Kuhn et al.,
1997; Craig et al., 1999; Rao 1999). EGF-responsive stem cells
have been shown to appear transiently in mouse spinal cord
between E12 and E14 (a period encompassing the onset of
gliogenesis and when neurogenesis is at its peak). By contrast,
FGF-dependent stem cells are present before, during, and follow-
ing this interval, and are also present in adult spinal cord. It has
been suggested that the FGF-responsive stem cells may be more
primitive and may give rise to EGF-responsive progenitors
(Represa et al., 2001). Both types of stem cell can be persuaded
to differentiate along neural lineages in vitro, however.

Depending on requirements, an ever-increasing number of fac-
tors can be used either to encourage further proliferation of stem
cell cultures or for differentiation. Ciliary neurotropic factor has
been shown to inhibit lineage restriction of EGF-responsive stem
cells to glial progenitors in vitro, resulting in a rise in cell number
and maintenance of pluripotency (Shimazaki et al., 2001). Eryth-
ropoietin is known to have neurotrophic capabilities in the nervous

system (Nagai et al., 2001). The presence of insulin-like growth
factor (IGF) has been shown to be necessary for the proliferation
of E14 mouse striatal cells to neurospheres (Arsenijevic et al.,
2001a). Differentiation of neural stem cells along specific lineages
is usually achieved by withdrawal of mitogens or by exposure of
the cells to differentiative factors (Gage, 2000). Neurons have
been derived from EGF-dependent stem cells using retinoic acid
(RA), IGF, and brain-derived neurotrophic factor (Arsenijevic and
Weiss, 1998; Wohl and Weiss, 1998). Fetal rat neural stem cells
can be immunoselected for polysialylated neural cell adhesion
molecule (PSA-NCAM)–positive precursors. Culturing these in
the presence of thyroid hormone and bFGF induces predominantly
glial differentiation (Keirstead et al., 1999). Cortical precursor
cells, most of which give rise to neurons, can be grown using FGF-
2, FGF-4, and FGF-8b; FGF-8b also gives rise to astroglia. Using
24-h exposure to bFGF in the presence of glial cell–conditioned
media, the percentage of forebrain dopaminergic neurons has been
increased (Daadi and Weiss 1999). However, although these stud-
ies show promise, stem cell–derived neural cultures are still mixed
cell populations. Further study will be of value in identifying
additional factors or differentiation “cocktails” that allow selec-
tive enrichment for specific cell types.

Markers specific to certain lineages would also be useful; cur-
rently, neural stem cells are known to express nestin (an interme-
diate filament and marker of NEPs). Cells with morphology
characteristic of neurons are known to express mitogen-activated
protein-2 (MAP-2), neurofilament, β tubulin (type III), γ-amino-
butyric acid (GABA), and substance P. Cells with glial character-
istics express the cell-surface protein O4 (oligodendrocytes) and
glial fibrillary acidic protein (astrocytes) (Reynolds et al., 1992;
Richards et al., 1992; Reynolds and Weiss, 1996; Weiss et al.,
1996; Weiss and van der Kooy, 1998). Current advances in
genomics and microarray technology will probably facilitate the
isolation of additonal factors that can be used to direct the differ-
entiation of precursors for specific neuronal subtypes.

16.2.1.1. Neural Crest Stem Cells  During development,
neural crest cells migrate through the embryo, giving rise to a wide
variety of cell types. Multipotent neural crest stem cells (NCSCs)
have been isolated in vitro, are antigenically and morphologically
distinct from brain-derived neural stem cells, and can give rise to
multipotent progeny (Stemple and Anderson, 1992; Rao and
Anderson, 1997; Mujtaba et al., 1998). NCSCs can give rise to a
variety of cells types on differentiation, including cholinergic
parasympathetic and noradrenergic sympathetic neurons, smooth
muscle, Schwann cells, cartilage, melanocytes, neurons, and glia
(Baroffio et al., 1991; Stemple and Anderson, 1992; White et al.,
2001). Transforming growth factor-β1, glial growth factor-2, and
bone morphogenetic protein-2 (BMP-2) can be used to induce
differentiation along smooth muscle, glial, and neural lineages in
vitro (Shah and Anderson, 1997). The relative concentration of
BMP-2 appears to be important in whether a parasympathetic or
sympathetic neural fate is chosen; cholinergic neurons in vitro
differentiate at lower BMP-2 concentrations than do noradrener-
gic neurons (White et al., 2001). NCSCs are more responsive to
some of these growth factors than others when used in combina-
tion, suggesting some degree of intrinsic bias toward certain cell
fates. Transplantation studies involving rat NCSCs into chick
embryos have shown that E10.5 NCSCs have a greater ability to
generate neurons than do those derived from E14.5 embryos, sug-
gesting cell intrinsic changes in sensitivity to external cues with
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time (White et al., 2001). NCSCs have a wide developmental
potential; however, this advantage is somewhat offset by the fact
that maintenance of their pluripotency in culture becomes pro-
gressively more difficult to maintain after six cell divisions (Rao
and Anderson, 1997). Derived immortalized cell lines are thought
to be nontumorigenic, thus circumventing that problem (Rao and
Anderson, 1997). However, neuronal progeny of NCSCs are
thought to be restricted to peripheral nervous system (PNS)-type
derivatives; NCSCs are possibly committed to a PNS-like fate by
E11 and are incapable of generating CNS-like derivatives (Kalyani
et al., 1997; Mujtaba et al., 1998).

16.2.1.2. Neural and Glial Restricted Precursor Cells
NCSCs and adult and fetal neural stem cells have relatively wide
developmental potential. In addition to these stem cells, how-
ever, more restricted types of stem cells have been isolated,
namely neuron, glial, astrocyte, and oligodendrocyte restricted
precursor cells (NRPs, GRPs, APCs and OPCs [or O2A cells],
respectively). Each of these cell types are morphologically dis-
tinct from each other and possess different potentials (Mayer-
Proschel et al., 1997; Kalyani and Rao, 1998; Rao et al., 1998;
Rao, 1999). NRPs can give rise to multiple neuronal subtypes;
synapses and the presence of excitatory, inhibitory, and cholin-
ergic neurons have been demonstrated in culture. NRPs were
originally isolated from spinal cord, but similar, NRP-like cells
have also been isolated from other regions of the developing
brain (Rao, 1999). GRPs, APCs, and OPCs (or O-2As) are all
glial precursors. APCs are EGF dependent and were isolated
from E16 mouse spinal cord (Seidman et al., 1997; Pringle et al.,
1998). When differentiated, they give rise primarily to type 1
astrocytes. O-2As were initially isolated from postnatal rat optic
nerve, cortex, cerebellum, brain stem, and spinal cord; however,
similar cells have been isolated from human fetal and adult
rodent tissue (Lee et al., 2000). They can be maintained in a
proliferative state using FGF and platelet-derived growth factor
(PDGF) and give rise to oligodendrocytes and type 2 astrocytes
under differentiating conditions (Collarini et al., 1991; Rao,
1999; Lee et al., 2000). Myelinating oligodendrocytes have been
obtained after transplantation. GRPs possess the widest potential
of all the glial precursor types; these can be persuaded to give rise
to oligodendrocytes and types 1 and 2 astrocytes. These cells
were initially isolated from embryonic mouse spinal cord; simi-
lar cell types have also been derived from human fetal tissue
(Rao et al., 1998; Lee et al., 2000).

Restricted glial precursors have promise therapeutically, as
they have been involved in transplantation experiments in which
remyelination in myelin-deficient backgrounds has been
achieved successfully (Keirstead et al., 1999; Zhang et al., 1999;
Herrera et al., 2001). In one case, the precursors were shown to
generate astrocytes, oligodendrocytes, and Schwann cells. This
was notable because Schwann cells had not been obtained from
in vitro differentiation of the GRPs; factors at the site of injury
may have widened the differentiation potential of these cells
(Keirstead et al., 1999).

Spinal cord NRPs have also been shown to migrate to some, but
not all, regions of the forebrain after transplantation, and to differ-
entiate into region-specific neuronal subtypes (Yang et al., 2000).
Notably, the migration pattern and neuronal phenotypes obtained
from these cells after transplantation, while specific to their envi-
ronment, were different from NRPs obtained from anterior fore-
brain SVZ-derived NRPs (Yang et al., 2000).

16.2.1.3. Human Neural Stem Cells  Human neural stem
cells can be isolated from various regions of adult brain, includ-
ing the SVZ, temporal and frontal cortex, amygdala, hippocam-
pus, spinal cord, and lateral ventricle wall (Frisen et al., 1998;
Johansson et al., 1999a, 1999b; Arsenijevic et al., 2001b).
Human fetal stem cells can be isolated from embryos left over
after in vitro fertilization or from aborted material (Shamblott
et al., 1998; Thomson et al., 1998a; Vescovi et al., 1999b). They
share many characteristics with rodent stem cells; they can dif-
ferentiate into electrophysiologically active neurons and glia,
and they express appropriate cell type–specific markers (Vescovi
and Snyder, 1999). Fetal neural stem cells have been shown to be
stable over multiple passages and therefore can be expanded for
transplantation (Vescovi and Snyder, 1999; Vescovi et al.,
1999a). There are some differences between human and rodent
neural stem cells; prolonged culture of the human cells requires
both EGF and FGF2, and some protocols also include leukemia
inhibitory factor (LIF) (Fricker et al., 1999). Laminin is required
for oligodendrocyte generation, while bFGF and PDGF can
inhibit the generation of oligodendrocytes and neurons. Adult
human and fetal progenitors differ from each other in that adult
cells seem not to require withdrawal of mitogen for differentia-
tion (Arsenijevic et al., 2001b).

Transplantation experiments involving human fetal neural
stem cells have been shown to be successful in a number of
instances. They have been shown to incorporate into all major
brain compartments of adult rodents and to give rise to neurons,
astrocytes, and oligodendrocytes (Brustle et al., 1998; Fricker
et al., 1999; Vescovi et al., 1999a; Rubio et al., 2000; Uchida et al.,
2000). They have also been shown to take the routes normally
used by endogenous rodent stem cells (Fricker et al., 1999) and to
take part in normal mouse brain development (following trans-
plantation into newborn mouse or embryonic rat brain) (Brustle
et al., 1998; Flax et al., 1998). Notably, human fetal neural stem
cells have been shown to incorporate extensively into aged rat
brain, with resulting improvements in cognitive function, imply-
ing potential in treatments for age-related disorders (Qu et al.,
2001). Interestingly, in rodent recipients of human stem cells,
smaller transplants (approx 200,000 cells) extended more neu-
ronal fibers and were less likely to provoke immunological rejec-
tion than transplants of 2 million cells (Ostenfeld et al., 2000).
There is also potential for differentiation of fetal human stem cells
into specific types of neuron for therapeutic purposes; human
mesencephalic neural precursors have been differentiated to yield
a 1% culture of dopaminergic neurons (Storch et al., 2001).

Transfection and expression of transgenes has also been shown
to occur, suggesting that fetal human stem cells could be used as
vehicles for gene therapy (Flax et al., 1998). The same could be
true of adult neural stem cells; lentiviral vectors have been shown
to integrate efficiently into their genomic DNA (Arsenijevic
et al., 2001b). A big boost for stem cells in gene therapy comes
from rodent studies involving gene therapy for glioblastoma, an
intractable type of primary brain tumor. Neural stem cells derived
from newborn mice were retrovirally transfected with interleukin-
4 (IL-4) cDNA and transplanted into syngeneic established glio-
blastomas. This led to greatly enhanced survival rates and tumor
regression, as did IL-4-transfected rat neural progenitors when
similarly transplanted (Benedetti et al., 2000). Notably, the stem
cells were more effective than retroviral vectors in terms of their
therapeutic effect (Benedetti et al., 2000).
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16.2.2. STEM CELL LINEAGE RELATIONSHIPS AND
PLURIPOTENCY  The interrelationships among the aforemen-
tioned types of neural and/or glial precursors are still far from
clear. As mentioned previously, it has been suggested that FGF-
responsive neural stem cells (NEPs) may be more primitive and
may give rise to EGF-responsive progenitors (Weiss et al., 1996;
Rao 1999; Represa et al., 2001). NEPs have been shown to give
rise to PNS derivatives similar to NCSCs, which would suggest
that a lineage relationship between these two types of stem cell
is possible (Mujtaba et al., 1998). NEPs and EGF-responsive
stem cells have also been shown to produce glial precursors
(Mayer-Proschel et al., 1997; Zhang et al., 1999). GRP cells, in
turn, may be able to generate O-2A cells (Lee et al., 2000). Neu-
ral and glial stem cells can also be isolated from ES cells, imply-
ing lineage relationships (Okabe et al., 1996; Li et al., 1998;
Mujtaba et al., 1999). Human neural stem cells implanted into
cerebral germinal zones of monkey fetuses have been shown to
contribute both to differentiated neurons and glia and to a pool
of undifferentiated cells within the SVZ (Ourednik et al., 2001).
This would imply a direct lineage relationship between adult and
fetal neural stem cells.

“Differentiated” glia have also been shown to act as neural
stem cells (Doetsch et al., 1999; Alvarez-Buylla et al., 2001).
Embryonic neural tube stem cells do not show glial characteris-
tics, but radial glia in the developing brain are thought to be able
to give rise to both cortical astrocytes and cortical neurons
(Alvarez-Buylla et al., 2001). Almost all radial glia have been
found to proliferate throughout neurogenesis and to be divisible
into three subsets based on immunostaining for different anti-
gens: RC2, astrocyte-specific glutamate transporter (GLAST),
and brain lipid-binding protein. The GLAST-negative subset is
specific to neurogenesis, while multipotential fetal or adult
neurosphere cultures are reactive for all three (Hartfuss et al.,
2001). The role of radial glia has been somewhat redefined. Their
previously characterized role in development was thought to
involve provision of support to migrating and differentiating
neurons and provision of signals involved in neural precursor
migration, differentiation, and survival. Following neuronal
migration, these cells were thought to differentiate along astro-
cytic lineages. To this list of vital functions, we should add that
of precursor cells (Chanas-Sacre et al., 2000). The finding that
glia can behave as progenitors is exciting from a therapeutic
perspective, especially because it may also be possible to reverse
glial cell fate decisions. Recent findings suggest that oligoden-
drocyte precursor cells can be persuaded to revert to stem cells
with developmental potential that includes neurons and astro-
cytes as well as oligodendrocytes (Kondo and Raff, 2000). Simi-
larities in differentiation among mouse, rat, chick, and human
stem cells are also promising, suggesting that results in animal
models may be readily translated to therapies (Kalyani and Rao,
1998; Duff and Rao, 2001). However, ascertainment of definite
relationships among different stem cell types is somewhat com-
plicated by the fact that methods of stem cell isolation and cul-
ture differ among investigators (Mansergh et al., 2000).

This issue is further complicated by the recent discovery that
cell fate assignments in the adult are more blurred than previ-
ously assumed. Until recently, prevalent theories suggested that
stem cells from a given tissue are restricted to producing cell
types that form part of that tissue. Research using embryos
showed that, e.g., adult hematopoietic cells injected into mouse

blastocysts went on to form part of the hematopoietic system
(Geiger et al., 1998). However, transplants of adult stem cells
into adult recipients suggest a greater flexibility. Bone marrow–
derived stem cells can generate liver, blood, endothelial, bone,
cartilage, fat, tendon, lung, muscle, marrow stroma, and brain
cell types (Ferrari et al., 1998; Petersen et al., 1999; Magli et al.,
2000). Mesenchymal stem cells (multipotent cells present in the
adult human bone marrow) can be induced to develop along
adipocytic, chondrocytic, tenocytic, myotubular, neural, and
osteocytic lineages, in addition to hematopoietic stroma
(Pittenger et al., 1999; Minguell et al., 2001). These cells are
easy to isolate and culture and have a high expansive capacity,
potentially making them a very attractive therapeutic tool
(Minguell et al., 2001).

Adult murine neural stem cells can give rise to all germ layers
in chicks and chimeric mice (Clarke et al., 2000). Neural stem cells
can give rise to skeletal myotubes in vitro and in vivo, provided
that the neural stem cells were directly exposed to preexisting
myotubes and were not clustered together (Galli et al., 2000). Simi-
larly, they have been shown to generate myeloid, lymphoid, and
hematopoietic cell types after transplantation into irradiated hosts
(Eglitis and Mezey, 1997; Bjornson et al., 1999; Kopen et al.,
1999). Endothelial and hematopoietic receptors have been found
on the surface of human embryonic neural stem cells; these are
partially maintained during development (Parati et al., 2002).
Notably, many types of neural stem cell can be shown to reconsti-
tute the hematopoietic system after transplantation into
immunocompromised irradiated mice (Shih et al., 2001). This
would suggest that these cells have a wider potential than previ-
ously assumed and may point to a link between neural and hemato-
poietic stem cells (Parati et al., 2002).

Human umbilical cord blood cells treated with RA and nerve
growth factor (NGF) express molecular markers associated with
neurogenesis and extend long cytoplasmic processes, suggesting
that these cells could also form a readily accessible source of stem
cells (Ha et al., 2001; Sanchez-Ramos et al., 2001). Similarly,
amniotic epithelial cells have been shown to express MAP-2 and
nestin, and to repopulate areas of the brain damaged by ischemia
(Okawa et al., 2001).

Differentiation of stem cells from rodent dermis and adult hu-
man scalp can produce neural and mesodermal derivatives and
may produce a readily accessible source of stem cells for trans-
plantation (Toma et al., 2001). The feasibility of expansion and
long-term culturing of various types of somatic stem cell, along
with their versatility, makes them attractive therapeutically (Magli
et al., 2000). This, combined with the possibility of dedifferentia-
tion, may soon result in plentiful sources of committed stem cells
to treat neurodegenerative disorders (Singh, 2001). Using either of
these strategies, stem cells for transplantation could conceivably
be obtained from the individual for whom they are intended, thus
avoiding the use of immunosuppression.

However, this process would require advances in culturing
conditions beyond what is possible today. These scenarios may
also be complicated by suggestions that “reprogramming” of stem
cells may be explained by the presence of rare stem cells, present
in some or all tissues, that are capable of greater plasticity than
their neighbours. This may have implications for the ease with
which different tissue types can be obtained from, say, skin-de-
rived stem cells and also for the quantity obtainable from in vitro
culture methods (Temple, 2001).
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16.3. ALTERNATIVE SOURCES
OF NEURAL PRECURSORS

16.3.1. IMMORTALIZED NEURAL PRECURSOR CELLS
Stem cells derived from sources in vivo have many advantages,
however, some of the drawbacks include the time-limited nature
of expansion protocols and hence finite limits to the number of
cells that can eventually be obtained from any given source. Ethi-
cal issues therefore arise regarding the use of large amounts of
fetal material, meaning that access to any such treatments may be
limited to those nations that permit both elective abortion and
medical use of any ensuing fetal tissue. Such problems do not arise
in the case of adult stem cells, but these tend to be more of a
challenge to expand and give lower yields. Immortalized stem cell
lines can be expanded indefinitely and therefore would provide a
consistent source of similar cellular material for transplantation.
Some lines are also easy to transfect and may be of use in cell-
based gene therapy. The challenge would be to ensure that these
are not oncogenic post-transplantation.

16.3.1.1. C17.2 Cells  C17.2 cells are an immortalized,
multipotent cell line derived from neonatal mouse cerebellum.
C17.2 cells have been shown to integrate into many different brain
structures. Notably, they can integrate into regions of adult mouse
neocortex that had previously been subjected to apoptotic degen-
eration (Snyder et al., 1997a). In addition, C17.2 cells have been
shown to engraft widely and to partially correct the cerebellar
defects present in meander mice (Rosario et al., 1997). C17.2 trans-
plantation and engraftment (Yandava et al., 1999) ameliorated
defective myelination present in shiverer mice. C17.2 cells are
also capable of genetic complementation after transplantation
(Snyder et al., 1997b). Transfection with β-glucuronidase and
transplantation into an animal model of Sly disease (mucopoly-
saccharidosis VII) resulted in engraftment and partial correction
of the lysosomal storage disorder in neurons and glia of affected
mice (Snyder and Macklis, 1995). Transfection with human HexA
and transplantation into Tay-Sachs mice resulted in amelioration
of neurodegeneration (Lacorazza et al., 1996).

16.3.1.2. Embryonic Carcinoma Cells  More pluripotent cell
lines offer the advantage of greater flexibility on differentiation.
Embryonic carcinoma (EC) cell lines were the first stem cell lines
recognized as being widely pluripotent. These are derived from
gonadal tumors that contain a mixture of undifferentiated and a
wide variety of differentiated cell types. EC cells can give rise to
cell types derived from all three germ layers (endoderm, meso-
derm, and ectoderm). The therapeutic potential of both human and
mouse EC lines has been investigated since the mid-1970s
(Donovan and Gearhart, 2001; Lovell-Badge, 2001). The P19 line,
isolated from a tumor generated artificially following implanta-
tion of a 7-d embryo under the testis capsule of an adult male
mouse, has proved one of the most valuable models of neural in
vitro differentiation (Jones-Villeneuve et al., 1982).

P19 cells resemble primitive ectoderm cells, have a broad
developmental potential, and can contribute to a wide variety of
somatic cell types in murine chimeras. P19 cells are most easy to
differentiate along neural and muscular lineages in vitro (Jones-
Villeneuve et al., 1982; McBurney et al., 1982). Production of
neurons from P19 cells requires culture of cellular aggregates,
followed by culture in the presence of >5 × 10–7 M RA. The cells
are then desegregated and plated out on adhesive substrates. A
mixed cell population containing neuron, glia, and fibroblast-like

cells is then obtained (Jones-Villeneuve et al., 1982; McBurney
et al., 1982; McBurney, 1993; Bain et al., 1994).

Investigation of the neuron and glia-like cells has proved prom-
ising. P19-derived neuron-like cells are postmitotic; express neu-
ral markers including neurotransmitters and their receptors;
possess cell-surface carbohydrate antigens characteristic of neu-
rons; and form dendrites, axons, and functional synapses (Levine
and Flynn, 1986; McBurney et al., 1988; Bain et al., 1994;
MacPherson et al., 1997). Neurotransmitters expressed in mature
cultures include GABA, GABA transaminase, glutamic acid
decarboxylase (GAD), neuropeptide Y, somatostatin, tyrosine
hydroxylase, DOPA decarboxylase, serotonin, calcitonin gene–
related peptide, galanin, substance P, and enkephalin (Staines
et al., 1994), suggesting the presence of a wide variety of neuronal
subtypes. Transplantation studies have also been carried out;
RA-treated P19 cells have been shown to produce neurons and glia
when transplanted into neonatal rat brains (Magnuson et al., 1995a;
Staines et al., 1996). Transplanted oligodendrocytes appeared to
be myelinating host axons, while transplanted neurons expressed
GABA, glycine, and glutamate and exhibited the neurophysiologi-
cal characteristics of neurons 2–4 wk posttranslation (Magnuson
et al., 1995a, 1995b; Staines et al., 1996).

Taken together, these results would imply a huge therapeutic
potential for cells of this type. P19 cells have disadvantages,
however. They lose and/or inactivate transgenes at a high rate,
which has precluded attempts at their use as a gene therapy
vehicle (Schmidt-Kastner et al., 1996, 1998). EC cells also have
the potential to become oncogenic. Human EC lines are tumor
derived and often aneuploid (Lovell-Badge, 2001), while P19
cells have been shown to have an inactivated p53 gene (Schmidt-
Kastner et al., 1996, 1998). The risk of their oncogenic potential
has so far prevented the use of immortalized cell lines in clinical
trials. Mice may be an imperfect model for transplantation stud-
ies in this instance; studies of numerous knockout mice that failed
to recapitulate the cancers seen in human patients with similar
gene loss (Rb, p53) imply that oncogenic pathways may differ
substantially between mouse and human (Jacks, 1996).

16.3.2. ES CELLS  Perhaps the most valuable contribution of
EC cells was that their analysis led to the discovery of ES cells. ES
cells were derived from mouse blastocysts that had been prevented
from implanting and that were then cultured in conditions opti-
mized from previous EC research (Evans and Kaufman, 1981;
Lovell-Badge, 2001). ES cells are derived from the inner cell mass
(ICM) of mouse blastocysts, possess normal karyotypes, and can
be cultured indefinitely (Evans and Kaufman, 1981; Martin, 1981).
Prevention of differentiation requires culture on a feeder cell layer
and/or culture in the presence of LIF. ES cells, when aggregated
or microinjected into early mouse embryos, can give rise to all cell
types in the resulting chimera, including the germline. The discov-
ery that they can be easily, stably, and precisely genetically
manipulated has led to the production of more than 1000 different
mouse lines via targeted mutagenesis. This provides a revolution-
ary accuracy, both to the production of animal models for human
disease and to the analysis of murine (and, hence, by extrapolation,
mammalian) gene function (Capecchi, 2000). ES-like cells have
since been isolated from various species, including humans and
various primates (Thomson et al., 1998a, 1998b; Reubinoff et al.,
2000; Suemori et al., 2001). Similarly, pluripotent embryonic germ
(EG) cells have also been isolated. These cells are derived from
primitive germ cells colonizing the developing gonadal ridge and
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have been isolated from various species, including humans and
mice (Shamblott et al., 1998, 2001). Mouse EG cells can also
demonstrate germline transmission in chimeric mice but have been
less widely used than mouse ES cells (Shamblott et al., 1998).

Extensive parallels with EC cell research led quickly to the
probability that ES cells would be differentiated in vitro in similar
ways. The extensive pluripotency of ES cells would also imply
that, given advances in culturing techniques, all cell types may
eventually be derivable from undifferentiated ES cells (Mansergh
et al., 2000). ES cells cultured in the absence of feeder layers and
LIF form floating aggregates (embryoid bodies [EBs]) and can be
cultured for extended periods in this state. ES cells cultured for a
long time as EBs will spontaneously differentiate into various cell
types, including myocardium, blood islands, and visceral yolk sac
(Doetschman et al., 1985; Risau et al., 1988).

Differentiation protocols have been developed that influence
these cultures to produce a larger proportion of specific cell types.
Dimethyl sulfoxide induces the formation of skeletal, cardiac,
and smooth muscle cells (Dinsmore et al., 1996). Overexpression
of IGF-2 can also be used to enhance myogenic differentiation
in vitro (Prelle et al., 2000). Culture on stromal cell layers with
hematopoietic growth factors induces hematopoietic differentia-
tion (Keller et al., 1993; Nakano et al., 1994; Nakayama et al.,
1998). Culture as EBs, followed by plating on a collagen matrix
and addition of angiogenic growth factors, can recapitulate
vasculogenesis and angiogenesis (Feraud et al., 2001). ES cell–
derived hematopoietic progenitors can be shown to give rise to
cells of the lymphoid, myeloid, and embryonic erythroid systems
in vivo (Perlingeiro et al., 2001). RA-treated ES cells can be cul-
tured with ascorbic acid, β-glycerophosphate, and then BMP-2 or
compactin, resulting in the formation of bone nodules in culture
(Phillips et al., 2001). Osteoclast formation can be obtained by
culture on a stromal cell line and enhanced by the addition of
macrophage colony-stimulating factor and osteoprotegerin-
ligand (Hemmi et al., 2001). Cells expressing insulin and other
other pancreatic endocrine hormones have also been obtained by
differentiation of ES cells (Lumelsky et al., 2001).

Based on P19 neural differentiation methods, a protocol for
differentiation of murine ES cells into neurons and glia was first
developed by Bain et al. (1995). Because RA causes extensive
cell death in undifferentiated ES cells (Robertson, 1987), ES cells
were cultured as aggregates in standard serum containing
medium without LIF for 4 d. The resulting EBs were then cul-
tured in the presence of 5 × 10–7 M all-trans RA for a further 4 d.
EBs were next desegregated and plated out on adhesive sub-
strates. Following 4 to 5 d of growth under these conditions,
approx 40% of the resulting cells possessed neuronal or glial
(astrocytic and oligodendrocytic) morphology (Bain and
Gottlieb, 1998; Bain et al., 1995).

Variations on this protocol have since been developed, yielding
similar results (Fraichard et al., 1995; Strubing et al., 1995;
Dinsmore et al., 1996; Okabe et al., 1996; Brustle et al., 1997; Li
et al., 1998). A number of studies have used FGF-2 or insulin
transferrin selenium fibronectin medium as alternatives to RA,
with similar results (Okabe et al., 1996; Brustle et al., 1997).
Markers of neurogenesis are expressed in a manner that strongly
resemble temporal patterns of gene expression in vivo. Subsets of
ES-derived neurons are thought to differentiate into dopaminer-
gic, noradrenergic, cholinergic, and GABAergic neurons, since
expression of tyrosine hydroxylase, choline acetyl transferase,

vesicular inhibitory amino acid transporter, and GAD have been
noted in mature cultures (Bain et al., 1995, 2000; Strubing et al.,
1995; Fraichard et al., 1995; Dinsmore et al., 1996; Okabe et al.,
1996; Bain and Gottlieb, 1998; Kawasaki et al., 2000;
Westmoreland et al., 2001). Markers characteristic of somatic
motor neurons, cranial motor neurons, and interneurons have also
been found, implying high levels of differentiation along very
specific neuronal pathways (Renoncourt et al., 1998). Voltage
clamp studies have demonstrated the presence of K+, Ca+, and Na+

voltage-dependent channels within cell membranes in ES cell
neural cultures (Bain et al., 1995; Fraichard et al., 1995; Strubing
et al., 1995). Cells were also capable of action potential generation
and were sensitive to excitatory and inhibitory agonists (kainate,
N-methyl-D-aspartate, GABA, and glycine) (Bain et al., 1995).

The aforementioned neural differentiation protocols typically
yield 30–40% neurons and 10% glia (Bain et al., 1995; Li et al.,
1998). The identity of the remaining 50% of the cells is unknown.
Some may represent multipotent or lineage-restricted neuroepi-
thelial, neuronal, or glial precursors, but this remains speculative
(Li et al., 1998; Mujtaba et al., 1999). Derivation of purer neural
precursor cultures and/or more restricted neuronal and glial sub-
types may be facilitated by different culture methods. Uncovering
the links between ES cell–derived neuronal precursors and various
types of neural stem cells may also aid this process. Successful
attempts have been made to enrich the proportion of neurons and/
or glia by passaging through media containing different mitogens,
the use of transgenic methods, and growth on specific feeder lay-
ers (Li et al., 1998; Brustle et al., 1999; Kawasaki et al., 2000).

A modified RA-based protocol has been used to produce oligo-
dendrocyte cultures (Liu et al., 2000). Use of PA6 stromal cells to
culture mouse ES cells resulted in differentiation of a high propor-
tion of dopaminergic neurons without the use of RA or EBs
(Kawasaki et al., 2000). Splitting ES cells into single cells prior to
EB formation, followed later by addition of a mitogenic cocktail
and withdrawal of HEPES from the medium, also resulted in a
higher proportion of dopaminergic neurons (Lee et al., 2000).
Growth of ES cells at low density, with LIF, but in the absence of
serum, has been used to generate low percentages of neurospheres
from ES cells (Tropepe et al., 2001; Xian and Gottlieb 2001).
These neurospheres have the potential to generate cultures com-
posed entirely of nestin-expressing neural precursors, mature neu-
rons, and glia under differentiating conditions. However,
ES-derived neurospheres possessed a wider developmental poten-
tial than those isolated from fetal or adult brain; they could contrib-
ute extensively to all embryonic tissues present at E9.5 (Tropepe
et al., 2001).

A selection method involving the integration of a β-galactosi-
dase-neo cassette into the Sox2 gene, a marker of neuroepithelial
precursors, has also been useful. Using this system, treatment with
G418 allows selection of only neuroepithelial precursors. Enrich-
ment of neuroepithelial precursors led to a concomitant increase in
neurons and glia after differentiation (Li et al., 1998).

ES cell–derived neurons show great promise in vivo. Trans-
plantation of mouse ES–derived neural precursors into embryonic
rat brain, lesioned rat striatum, or injured spinal cord has shown
migration, differentiation, and integration of ES cell–derived neu-
rons and glia into the host neural architechture (Dinsmore et al.,
1996; Brustle et al., 1997; McDonald et al., 1999; Liu et al., 2000).
Resulting neurons and glia have shown survival times of at least
6 wk (Dinsmore et al., 1996). Transplantation-related improve-
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ments in locomotor function have also been noted, implying that
the grafted cells are fully functional (McDonald et al., 1999).
Furthermore, transplanted ES cell–derived glia have been shown
to be capable of remyelination in a myelin-deficient rat model of
Pelizaeus–Merzbacher disease, in artificially demyelinated spinal
cord, and in myelin-deficient shiverer mice (Brustle et al., 1999;
Liu et al., 2000). Transplantation of ES-derived dopaminergic
neurons resulted in integration into mouse striatum and retention
of thyroid hormone expression (Kawasaki et al., 2000), suggesting
utility in the treatment of Parkinson disease. Mature genetically
altered neural grafts have been obtained from transplantation of
EB-derived cells; expression of a marker gene demonstrated both
the feasibility of cell-based gene transfer into the nervous system
and the derivation of mature neurons, microglial cells, oligoden-
drocytes, and astrocytes (Benninger et al., 2000).

Transfection of an enhanced green fluorescent protein (EGFP)
construct under the control of the thymidine kinase promoter/
nestin second intron has been used successfully to visualize the
integration of ES-derived neural precursors posttransplantation
(Andressen et al., 2001). Similar strategies may be useful for
selecting correctly differentiating neural precursors for trans-
plantation by cell sorting (Andressen et al., 2001). Also of inter-
est is the discovery that ES-derived neural precursors (as opposed
to ES cells prior to differentiation) can be transfected with plas-
mids using lipofection or infected with retroviruses
(Westmoreland et al., 2001).

Transplantation of differentiated ES cell derivatives has great
therapeutic promise. However, certain challenges need to be over-
come. The presence of mixed cell types in cultures of ES-derived
precursors leads to the worry that some undifferentiated cell types
may still remain. Undifferentiated ES cells can give rise to terato-
carcinomas if transplanted in an undifferentiated state (Robertson,
1987). Tumorigenesis has not resulted from transplantation stud-
ies carried out to date (Dinsmore et al., 1996; Brustle et al., 1997).
However, as previously stated, human ES cells may differ from
mouse cells in terms of their tumorigenic potential.

16.3.2.1. Human ES Cells and Therapeutic Cloning  Taken
together, the results of transplant studies in mice would imply that
therapeutic benefits could result from the transplantation of ES
cell–derived neural and glial precursors. These results are espe-
cially promising given the aforementioned isolation of human
and primate ES and EG cell lines (Thomson et al., 1998a, 1998b;
Reubinoff et al., 2000; Shamblott et al., 2001; Suemori et al.,
2001). Human ES cells, like their murine equivalents, have been
obtained from the ICM of blastocysts. They can be propagated
indefinitely in culture, maintain high levels of telomerase, and
possess normal karyotypes (Amit et al., 2000; Eiges et al., 2001;
Odorico et al., 2001). Like mouse ES cells, human ES cells
express Oct4 (a POU domain transcription factor expressed only
in pluripotent cells) and can be cultured on feeder cell layers
(normally mouse embryonic fibroblasts) (Amit et al., 2000;
Reubinoff et al., 2000).

Human ES cell differentiation in vitro has yielded promising
results to date. Simple culture of EBs in suspension yields a cell
population containing approx 8% cardiomyocytes (Kehat et al.,
2001). Coculture with bone marrow or yolk sac endothelial cell
lines can be used to derive hematopoietic precursors from human
ES cells (Kaufman et al., 2001). RA and βNGF have been shown
to act as enhancers of neural differentiation in human ES cell cul-
tures; resulting cells expressed neuronal markers and showed

extensive process outgrowth (Schuldiner et al., 2001).
Neurospheres have been isolated from human ES cells via isola-
tion of NCAM-expressing cells from multilayered aggregates
(Reubinoff et al., 2000). Culture of selected cells in serum-free
medium resulted in the formation of nestin-expressing spherical
structures, which could be either expanded in culture or plated on
a substrate. Following substrate plating, differentiated cells dis-
played morphological characteristics of neurons and expressed
markers of neuronal differentiation, including neurofilament,
β-tubulin, synaptophysin, glutamate, GAD, and GABA receptors
(Reubinoff et al., 2000; Pera, 2001). EBs derived from human EG
cells can be used to generate cultures of precursor cells capable of
robust proliferation in culture. These cultures contain a variety of
cell types but seem to express markers of the neural lineage most
strongly (Shamblott et al., 2001).

Potentially, human ES cells could provide a promising source
of neural precursors for transplantation, with reduced requirements
for repeated harvesting of fetal tissue. Protocols for the genetic
alteration of human ES and EG cells have been established and the
stable persistence of marker genes noted (Eiges et al., 2001;
Shamblott et al., 2001), further expanding their therapeutic poten-
tial. DNA can be introduced into human EG cells via lipofection
or lentiviral or retroviral transduction (Shamblott et al., 2001).
Murine ES cells are usually transfected with foreign DNA via
electroporation, but this technique resulted in poor survival in
human ES cells. EGFP was introduced into human ES cells using
ExGen 500 (a transfection reagent produced by Fermentas), under
the control of a promoter specific to germ cells, ES cells, and
trophoblast (Rex1). In this case, the marker gene was used to track
undifferentiated cells for ease of maintenance of pluripotency
(Eiges et al., 2001). However, scenarios in which EGFP could
be turned on in response to early neuronal differentiation have
already been tested in mouse (Andressen et al., 2001) and may be
feasible in human cells. In such cases, EGFP-positive cells could
potentially be used to purify neural progenitors for transplantation
by fluorescence-activated cell sorting. A different selection strat-
egy could also be envisaged in which tissue-specific promoters
could be used to activate an antibiotic resistance gene or a similar
selectable marker (Odorico et al., 2001).

A further potential method of tracking transplanted stem cells
in humans involves the use of magnetodendrimers. These have
been developed as a versatile class of magnetic tags that are
capable of labeling mammalian cells and would be traceable in
vivo using magnetic resonance imaging (Bulte et al., 2001). A
potential drawback with these strategies, however, is the fact that
these cells would express a foreign protein or contain a foreign
material that might trigger immunological rejection. Insertion of
a transgene in an unfavorable position could also result in malig-
nancies (Odorico et al., 2001).

The successful transfection of human ES cells means that they
could be used as cell-based vectors for gene therapy. ES cells
could be used for production of tissue immunologically compat-
ible with the donor, a desirable outcome because currently avail-
able immunosuppressive drugs have a number of undesirable side
effects. One strategy would involve alteration of the histocompat-
ibility antigens in existing ES cell lines to match the patient at least
partially, reducing (or even eliminating) the need for immunosup-
pression (Gearhart, 1998; Solter and Gearhart, 1999). However,
techniques involving precise genetic manipulations may be costly
in terms of both time and money.
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A second strategy would involve the use of somatic nuclear
transfer protocols to create an embryo identical to the donor.
Derivation of ES cell lines from embryos created by somatic
nuclear transfer has been achieved in mice (Wakayama et al.,
1999; Munsie et al., 2000; Rideout et al., 2000). Somatic nuclear
transfer involves the isolation of a somatic cell nucleus from an
individual. This is then injected into an enucleated egg. The
resulting zygote can then be cultured to the blastocyst stage, at
which point ES cell lines can be isolated from the ICM. The
advantage of this technique is that any cell type–specific precur-
sors differentiated from the resulting ES cell lines would be
identical to the donor of the original somatic cell nucleus, thus,
it is hoped, eliminating risk of immunological rejection. This
technique is popularly known as therapeutic cloning. In terms of
cytotherapeutics, it has great potential. Patient-specific ES cell
lines could also be genetically altered prior to transplantation,
differentiated to the required precursor type, and used as vectors
for gene therapy and/or cytotherapeutics. Use of homologous
recombination techniques may even allow targeted replacement
of deleterious dominant or recessive alleles in patient-specific
ES cell lines; targeted murine ES cell nuclei have been shown to
give rise to healthy cloned adult mice (Rideout et al., 2000).

However, the use of therapeutic cloning in humans is fraught
with ethical and moral concerns. Ethical dilemmas include the
fact that a cloned human embryo is first created and then
destroyed, doubly abhorrent in the eyes of many. Widespread use
of the technique may eventually result in its acquisition by the
unscrupulous, resulting in the increasing likelihood of reproduc-
tive cloning being attempted by someone, somewhere. As a
result, existing or forthcoming legislation in many jurisdictions
may preclude therapeutic cloning. Other drawbacks include fea-
sibility. ES cell lines derived from a cloned embryo have yet to be
isolated in humans. Human oocytes are not available in high
numbers, the nuclear transfer procedure is highly inefficient, and
human ES cells have a doubling time three times that of murine
ES cells (Odorico et al., 2001). One can add to this the issue of
cost and most of the theoretical risks associated with transplanta-
tion of differentiated ES cells in general.

One significant problem is the relatively poor characteriza-
tion of ES cell differentiation to date. Most ES differentiation
protocols result in enrichment for the desired cell type or types.
However, as previously mentioned, many techniques still result
in mixed cell populations. In addition, despite the use of identical
growth conditions, there is considerable variability among cul-
tures (Odorico et al., 2001). More effort should be expended in
the positive identification of unknown cell types resulting from
ES neural differentiation. Further development of improved cul-
ture methods may be aided by the wealth of information emerg-
ing from various genome and expressed sequence tag (EST)
sequencing projects.

16.4. GENOMICS, GENE DISCOVERY,
AND STEM CELLS

Bioinformatic analysis of genes implicated in neural differen-
tiation could be important in unraveling stem cell biology (Bain
et al., 2000; Mansergh et al., 2000). The advantage of in vitro
systems such as ES neural differentiation is that large amounts of
material undergoing synchronous differentiation can be made
available for analysis. Such systems have, to date, been invalu-

able in gene discovery projects intended to uncover novel regu-
lators of differentiation. Subtractive libraries and microarray
experiments have been used in ES cell neural, extraembryonic
endoderm, and hematopoietic differentiation and adult neural
and haematopoietic stem cell systems with success (Bain et al.,
2000; Kelly and Rizzino, 2000; Baird et al., 2001; Geschwind
et al., 2001; Terskikh et al., 2001). Notably, production of an ES
neural differentiation library resulted in a high proportion of
uncharacterized or novel sequences, in addition to a large num-
ber of genes involved in development and/or function of the
nervous system (Bain et al., 2000). This would suggest that some
important regulators of neurogenesis may remain as-yet undis-
covered. Array-based studies of hematopoietic and neural stem
cells suggest that these two systems may have overlapping pat-
terns of gene expression, implying the existence of a common set
of genes expressed in stem cells (Geschwind et al., 2001;
Terskikh et al., 2001). The use of two-dimensional electrophore-
sis and peptide mass fingerprinting has revealed 24 proteins that
are differentially regulated during RA-mediated neural differen-
tiation of ES cells. Nine of the genes encoding these proteins are
known to be involved in neural differentiation or survival (Guo
et al., 2001). Similar studies, possibly also including large-scale
proteomics approaches, will undoubtedly be of use in uncover-
ing hitherto unknown regulators of neural differentiation and
stem cell maintenance. We therefore anticipate that elucidation
of the function of further genes involved in neurogenesis will
allow improvement of culture systems and isolation of more
restricted cell types from cell culture systems.

16.5. INTRINSIC BRAIN REPAIR
The discovery of genes whose therapeutic use or expression

could promote endogenous nervous system repair may be another
result of the genomics revolution (Weiss, 1999; Mansergh et al.,
2000). The brain is now known to be capable of the intrinsic
generation of new cells, although some of these persist only tran-
siently (Gould et al., 2001). Physical and/or mental stimulation of
rodents or primates can result in the birth of new cells in brain
regions associated with learning and memory (Gould et al., 1997,
1998; Gould et al., 1999a, 1999b; van Praag et al., 1999a, 1999b)
There is now evidence supporting the involvement of de novo
neurogenesis in learning and memory; associative learning
enhances the survival of newborn hippocampal neurons, while
depletion of new neurons adversely affects hippocampal-depen-
dent trace conditioning (Shors et al., 2001). This lends credence
to the belief that physical and/or mental stimulation could be used
to ameliorate the neurodegenerative consequences of old age.
Avoidance of stress may also help, because high circulating glu-
cocorticoid hormone levels inhibit the proliferation of precursors
in the dentate gyrus. Chronic stress results in long-term inhibition
of proliferation and changes in the structure of the dentate gyrus;
stress may therefore alter and possibly impair hippocampal func-
tion (Gould and Tanapat, 1999).

There is also the possibility that intrinsic brain repair could be
triggered therapeutically (Weiss, 1999). The injection of EGF or
FGF can stimulate cell division and the production of new neu-
rons and glia in the SVZ and olfactory tract (Craig et al., 1999;
Wagner et al., 1999). Similar administration of neurogenic sub-
stances or the use of exercise regimes could be used to stimulate
the proliferation of endogenous precursors without the use of
more invasive transplantation procedures (Weiss, 1999).
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16.6. CONCLUSIONS
Results from clinical trials involving the transplantation of fetal

neural tissue are promising. Follow-up studies of patients with
Huntington or Parkinson disease who had received fetal neural
transplants have shown improvements in symptoms over time
(Spencer et al., 1992; Widner et al., 1992; Lopez-Lozano et al.,
1995, 1997; Bachoud-Levi et al., 2000a, 2000b). Histological stud-
ies performed on one patient following death (from cardiovascular
disease) 18 mo post-transplantation demonstrated surviving graft-
derived neurons that had integrated into the host neural architec-
ture and were unaffected by the Huntington disease process
(Freeman et al., 2000). However, the use of human fetal tissue
remains problematic owing to the relatively large amount of fetal
tissue required for transplantation and the ethical issues involved.

Stem cells have potential as a replacement for fetal tissues in
therapies for neurodegenerative disorders. Increasing numbers of
stem cell types can be cultured in vitro, producing specifically
defined progeny. Transplant studies in animal models provide
evidence of graft integration into host neural structures and, in
some cases, amelioration of symptoms. Given that human patients
show analogous improvements on receipt of fetal neurons, one
could hypothesize that they would respond in a similar way to stem
cell transplantation. Stem cells show promise as vehicles for gene
therapy, demonstrating expression of transfected genes in host
tissues. Novel techniques may permit the production of neural
progenitors of which the transplant recipient is immunotolerant.

However, for realization of stem cell promise, improvements
still need to be made to existing technology. More stringent tests
of posttransplant oncogenesis in animal models (preferably
including nonrodents) and reliable production of a variety of well-
defined, pure progenitor cultures from human stem cell sources
are probably the most urgent developments required. Improve-
ments in culturing techniques will undoubtedly be aided by the
data emerging from genome sequencing, EST discovery, and glo-
bal expression studies involving stem cells. Given the speed with
which this field is moving, the wait for stem cells in clinical trials
probably will not be long.
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17 Neural Stem Cells
From In Vivo to In Vitro and Back Again—Practical Aspects
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The application of neural stem cell transplantation for cellular repair of lesions of the brain and spinal cord appears to
have much greater promise than bone marrow transplantation, viral-mediated gene therapy, or systemic enzyme replace-
ment. The initial approach for treatment of Parkinson’s disease by transfer of dopamine-producing cells provides a proto-
type for cell transplantation therapy that can be extended to the use of multipotent neural stem cells, which not only have
the ability to self-renew and to differentiate into cells of all glial and neuronal lineages, but also can migrate to areas of CNS
disease or injury. How transplanted cells and injured/diseased brain communicate with each other in what appears to be
directed migration and differentiation is a subject of current investigation. The abililty to isolate and culture cells in vitro
that have the migration and differentiation properties of neural stem cells is a major advance in obtaining cells for trans-
plantation therapy. Such cells are relative easy to inject into the ventricles, migrate across the blood–brain barrier, and
integrate as different CNS cell type into damaged brain, yet do not give rise to inappropriate cell type or neoplasms. In some
proof-of-principle experimental models, transplanted neural stem cells have been used to treat a mouse model of neurogenic
lysosomal storage disease, mutant mice with congenital anatomic abnormalities, myelination disorders, hypoxic–ischemic
injury, amyloid plaques, and brain tumors by delivery of oncolysis-promoting cytosine deaminase.

17.1. INTRODUCTION
“Think globally and act locally.” While this phrase may have

been coined for environmental issues, we employ it here to
describe the effectiveness of some therapies for neurological dis-
eases. The pathological lesions of many neurological disorders are
often globally dispersed throughout the brain and spinal cord. Such
diseases include not only the inherited neurodegenerative diseases
of the pediatric age group (e.g., lysosomal storage diseases, leu-
kodystrophies, inborn errors of metabolism, hypoxic–ischemic
encephalopathy), but also such adult maladies as Alzheimer’s dis-
ease (AD), Huntington’s disease, multiinfarct dementia, multiple
sclerosis, amyotrophic lateral sclerosis, and brain tumors (espe-
cially glioblastomas). These “global” problems have typically
been treated by attempting to deliver gene products via viral vec-
tors, pumps, or even grafts of fetal tissue, but, as discussed below,
these treatments often have only “local” effects. Conversely,

attempts to provide a somewhat more “global” effect through the
systemic administration of pharmacological agents or growth fac-
tors are often incapable of sufficiently restricting their influence to
just the nervous system or to the neural cell types of interest and,
hence, are accompanied by unacceptable side effects. Thus, these
latter treatments may be “too global.”

Cell-based therapies provide another avenue with which to
pursue treatments of central nervous system (CNS) disorders.
Until recently, therapies such as neural transplantation have been
reserved for more regionally restricted neurological diseases
than those mentioned. Parkinson’s disease fits this description
(Kordower et al., 1995; Nikkhah et al., 1995a, 1995b; Freed
et al., 2001), and treatment regimens have been designed that
centered on the engraftment and enhanced survival of dopamine-
producing cells within the striatum, or the delayed degeneration
of dopaminergic neurons within the substantia nigra (SN). How-
ever, with the recognition that neural progenitor or neural stem
cells (NSCs) might integrate appropriately throughout the mam-

17/Marc/191-208/F 8/19/03, 3:13 PM191

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


192 MARCONI ET AL.

malian CNS following transplantation (e.g., Snyder et al., 1995;
Brüstle et al., 1998; Flax et al., 1998; Yandava et al., 1999;
Ourednik et al., 2001a), a new road for neural transplantation and
gene therapy in treating global manifestations of CNS diseases
has been opened for exploration.

Multipotent NSCs are operationally defined by their ability to
self-renew, to differentiate into cells of all glial and neuronal
lineages throughout the neuraxis, and to populate developing or
degenerating CNS regions (reviewed in Snyder and Flax, 1995;
Fisher, 1997; McKay, 1997; Alvarez-Buylla and Temple, 1998;
Vescovi and Snyder, 1999; Gage, 2000). Thus, their use as graft
material can be considered analogous to hematopoietic stem
cell–mediated reconstitution and gene transfer. Studies have
demonstrated that NSCs are capable of engrafting in a cyto-
architecturally and developmentally appropriate manner within
the normal or abnormal CNS following neural transplantation.
Furthermore, these cells are capable of migrating to areas of the
CNS affected by disease or injury; in other words, they have the
ability to “home in” on pathology, even over great distances.
With their relative ease of propagation and manipulation in vitro,
NSCs may represent a readily available and replenishable source
for cell-based therapies for the aforementioned conditions.

How NSCs perform these functions is the current focus of
intensive study, and models of NSC–host tissue interactions are
constantly evolving. The phenomenon of the host CNS environ-
ment instructing the fate of transplanted NSCs has been
observed. This has been evidenced by NSCs migrating to areas
of pathology and assuming the phenotype(s) of host cells that are
affected by disease or injury. However, a model has been emerg-
ing in which “communication” between the injured host and the
transplanted NSC is not one-way but, rather, a genuine dialogue:
the transplanted NSC appears equally capable of instructing and
altering the fate of host CNS tissue. In some animal models of
degeneration and injury that have received NSC transplantation,
we have noted “reconstitution” of CNS regions or systems tar-
geted by the insult. On further investigation, many of the cells
participating in this “recovery” have actually been found to be
of host, not donor, origin, a phenomenon never seen in
untransplanted animals. In other words, the donor NSCs are
interacting with host tissue in a regenerative or restorative man-
ner; in some cases, the new host neural processes seem to be
elaborated and in others preexisting host cells seem to be rescued
(as opposed to promoting new host neurogenesis). Illuminating
the mechanisms behind these phenomena is now a major focus
of our efforts.

17.2. WHY SOME CURRENT THERAPIES
FOR CNS DISORDERS MAY NOT BE ENOUGH

Current therapies for diseases of the CNS include bone marrow
transplantation (BMT) and systemic enzyme replacement, viral
delivery of gene products, grafting of synthetic biocompatible
materials and nonneural tissue, and neural transplantation. Each of
these strategies has achieved some measure of success in treating
various conditions; however, each has inherent limitations that we
will enumerate here.

BMT or enzyme replacement has been employed to treat a
number of heritable metabolic diseases, especially those in which
a single gene product is deficient. These interventions have been
successful in treating the peripheral manifestations of such dis-
eases but have had disappointing results in ameliorating damage

to the CNS in most cases. This is due to the yeoman work that the
blood–brain barrier (BBB) performs in restricting entry of
nonneural cells or novel molecules into the brain from the vascu-
lature, even if such molecules have therapeutic value. (Umbilical
cord stem cells may ultimately prove to be an exception to this
rule, but understanding of their biology is still in its infancy.)
Typically, BMT also involves irradiation and massive immuno-
suppression as a preconditioning regimen, with unfortunate del-
eterious effects on the developing CNS.

Given the difficulty of crossing the BBB, direct gene transfer
to the CNS has been used to deliver genetic material that is either
missing or damaged in the recipient. Several types of viral vectors
have been engineered to deliver genes of interest. These include
retrovirus, lentivirus, and adenoassociated virus. Although these
vectors are quite effective in delivering genetic material to certain
cell types or localized areas of tissue, they may not possess the
complete arsenal needed to treat the whole condition. Retroviral
vectors infect only mitotic cells, which are less abundant in the
postdevelopmental CNS. Although lentiviral and adenoassociated
virus vectors are capable of infecting postmitotic tissue, they often
do not target the widespread lesions and multiple cell types that are
characteristic of many neurogenetic diseases.

Since the ultimate goal of gene therapy is to supply a missing
gene product, synthetic “pumps,” or genetically modified donor
cells, have been implanted into host CNS tissue to deliver exog-
enous factors to host cells. Genetically engineered nonneural cells
(e.g., fibroblasts) can be used for delivery of discrete molecules to
the CNS and can be implanted autologously (Chen and Gage, 1995;
Tuszynski and Gage, 1995; Grill et al., 1997). However, the range
of tissue positively affected by this approach is limited. In addi-
tion, these nonneural grafts are not incorporated into host tissue in
a functional manner and therefore are not subject to the control of
feedback loops or regulated release (inherent in neurally derived
cells) so critical in biological systems. For some conditions and
substances, unregulated release may actually be harmful to the
host (e.g., nerve growth factor [NGF] [Chen and Gage, 1995] and
dopamine [Freed et al., 2001]). In addition to these concerns,
downregulation of the engineered neural genes in these nonneural
cells may leave them ineffective in the host tissue.

Even if the concerns mentioned thus far were somehow reduced
or eliminated, there is still another factor to consider regarding the
host tissue in many neurogenetic diseases: there can be widespread,
often progressive, degeneration of the neuronal and/or glial cell
populations. This may be due to the presence of certain toxins or
lack of trophic factors in the milieu, or to pathological processes
intrinsic to the diseased cells. Whatever the cause, the neural sub-
strate is damaged in these conditions; simply to add new genetic
material or gene products to this environment might be akin to
handing a new bucket to the captain of a sinking ship. The chal-
lenge is to provide permissive substrates (including creating new
substrates) on which these therapeutic genes can operate.

Neurons derived from the CNS could be used as a graft material
to help create new substrates in diseased tissue. Mature neurons
are limited in this role because of their limited mitotic capacity.
This limits their ability to be transduced by ex vivo viral vectors,
and the logistics of expanding these cells into adequate numbers
for grafting are quite difficult. Although some very impressive
connections with host tissue have been demonstrated in some grafts
of neurons that have matured from implanted fetal tissue
(Bjorklund and Lindvall, 2000), their ability to form extensively
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new connections to and from all the necessary target and projec-
tion regions may be limited. Nevertheless, primary fetal neuronal
tissue has historically been the most successful donor tissue for
CNS grafting and has shown promise for the amelioration of cer-
tain neurological conditions (reviewed in Dunnett and Bjorklund,
2000). However, the use of fetal tissue involves significant con-
cerns, including ethical considerations, the availability of suffi-
cient amounts of suitable disease-free material, the need to ensure
survival of desired cells in tissue that is typically heterogeneous
and contains nonneural cells, the inability to augment the expres-
sion of biological molecules by genetically manipulating donor
fetal tissue, and the restricted or very focal integration of the fetal
graft into the host brain.

17.3. WHY NSCs MAY BE
THERAPEUTICALLY USEFUL IN THE CNS

The ability to isolate NSCs, propagate them in culture, and suc-
cessfully reimplant them into mammalian brain (Snyder et al., 1992)
has highlighted their use as a potential vehicle for CNS gene therapy
and repair. A number of studies over the past decade (reviewed in
Vescovi and Snyder, 1999) have established that NSCs isolated
from disparate regions and developmental stages could be main-
tained and perpetuated in vitro, both epigenetically and genetically.
These methods include the transduction of NSCs with genes inter-
acting with cell-cycle proteins (e.g., myc, telomerase) and by mito-
gen stimulation (e.g., epidermal growth factor [EGF] and/or basic
fibroblast growth factor [bFGF]). Despite using varied culture and
propagation methods, progenitor cell lines of different origins have
largely behaved quite similarly in their ability to reintegrate into the
CNS, suggesting the involvement of common downstream cellular
mechanisms. Some of these NSC lines are sufficiently plastic to
participate in normal CNS development from germinal zones of
multiple regions along the neuraxis and at multiple stages of devel-
opment from embryo to old age (Snyder et al., 1995, 1997; Suhonen
et al., 1996, Flax et al., 1998; Fricker et al., 1999; Ourednik et al.,
2001a; Reubinoff et al., 2001; Zhang et al., 2001). In addition, they
appear to model the in vitro and in vivo behavior of some endoge-
nous fetal and adult neural cells (Weiss et al., 1996; Park et al.,
1998; Gould et al., 1999; Magavi et al., 2000).

NSCs display several properties that make them attractive as
potential constituents in the treatment of metabolic, degenera-
tive, or other widespread lesions in the brain. They are relatively
easy to administer (often directly into the cerebral ventricles) and
remain quite viable throughout any manipulation required prior
to transplantation. Once transplanted, NSCs are capable of cross-
ing the BBB and readily engraft into neural tissue. NSCs are
apparently able to integrate in a cytoarchitecturally and function-
ally appropriate manner (Zlomanczuk et al., 2002) throughout
many regions of the host brain as neurons; astrocytes; oligoden-
drocytes; and even undifferentiated, quiescent progenitors. The
latter group represents a sort of “minutemen brigade,” ready to
migrate and differentiate as the need arises. Thus, a given NSC
clone can give rise to multiple cell types within the same region.
This is important in the likely situation in which return of func-
tion may require the reconstitution of the whole milieu of a given
region—e.g., not just the neurons but also the glia and support
cells required to nurture, detoxify, and/or myelinate the neurons.
NSCs appear to respond in vivo to neurogenic signals not only
when they occur appropriately during development, but even
when induced at later stages by certain neurodegenerative pro-

cesses, such as during apoptosis (Fig. 1) (Snyder et al., 1997;
Doering and Snyder, 2000). NSCs may be attracted to regions of
neurodegeneration in the young (Park et al., 1999) as well as in
the adult (Aboody et al., 2000) and aged (Ourednik et al., 1999).

NSCs apparently have the intrinsic ability to know where to go,
and what to become, in the diseased CNS. This reduces the necessity
of obtaining donor cells of specific cell types from specific regions
and of the precise targeting of the implant. NSCs are known to
express many neurotrophic factors intrinsically, or they can be
engineered ex vivo to deliver other agents as needed. Delivery of
these factors to the host CNS can be done in a direct and stable
manner (Snyder et al., 1995; Lacorazza et al., 1996; Yandava et al.,
1999; Aboody et al., 2000). While NSCs can migrate and integrate
widely throughout the brain particularly well when implanted into
germinal zones, allowing reconstitution of enzyme or cellular defi-
ciencies in a global manner (Snyder et al., 1995; Lacorazza et al.,
1996; Yandava et al., 1999), this extensive migratory ability is
present even in the parenchyma of the diseased adult (Snyder et al.,
1997; Aboody et al., 2000) and aged (Ourednik et al., 1999) brain,
conventionally regarded as nonsupportive of migration. Despite
their extensive plasticity, NSCs never give rise to cell types inappro-
priate to the brain (e.g., muscle, bone, teeth) or yield neoplasms.

17.4. HOW NSCs STAND UP
TO TESTS OF THERAPEUTIC POTENTIAL

The therapeutic potential of NSCs was first tested experimen-
tally in mouse models of genetically based neurodegeneration. As
proof of principle, a mouse model of a neurogenetic lysosomal
storage disease was approached. The naturally occurring MPS VII
mutant mouse, characterized by a frameshift mutation in the β-
glucuronidase gene, emulates the neurodegenerative condition
mucopolysaccharidosis type VII. This mutation leads to a defi-
ciency in the secreted enzyme β-glucuronidase (GUSB), which in
turn results in lysosomal accumulation of undegraded glycosami-
noglycans in the brain and other tissues. Treatments for MPS VII
and most other lysosomal storage diseases are designed to provide
a source of normal enzyme for uptake by diseased cells, a process
termed cross-correction (Neufeld and Fratantoni, 1970).

An intracerebroventricular injection technique was devised for
the delivery of GUSB-expressing NSCs (Snyder et al., 1995). By
injecting the NSCs into the cerebral ventricles, they were placed
in close proximity to the subventricular germinal zone (SVZ), the
home of endogenous progenitor cells and presumably a permis-
sive environment for donor cells. The engraftment and widespread
integration of NSCs throughout the newborn MPS VII mutant
brain succeeded in providing a sustained, lifelong, widespread
source of cross-correcting enzyme. While MPS VII may be
regarded as “uncommon,” the broad category of diseases that it
models (neurogenetic conditions) afflicts as many as 1 in 1500
children and serves as a model for many adult neurodegenerative
processes of genetic origin (e.g., AD). Even in the adult brain,
there are routes of relatively extensive migration followed by both
endogenous and transplanted NSCs (Luskin, 1993; Lois and
Alvarez-Buylla, 1994; Goldman and Luskin, 1998; Gritti et al.,
2002). If injected into the cerebral ventricles of normal adult mice,
NSCs will integrate into the SVZ and migrate long distances, such
as to the olfactory bulb, where they differentiate into interneu-
rons, and occasionally into subcortical parenchyma, where they
become glia (Suhonen et al., 1996; Flax et al., 1998; Snyder, 1998;
Fricker et al., 1999; Uchida et al., 2000).
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Fig. 1. Multipotent NSCs acquire a neuronal phenotype in regions of adult neocortex subjected to targeted apoptotic neuronal degeneration
(modified from Snyder et al., 1997).  (I) Schematic of procedure by which pyramidal neurons in layer II of adult mouse neocortex are induced
to die an apoptotic death by injecting nanospheres into their target region of their transcallosal projections, allowing them to be retrogradely
transported back to their somata, and then energizing them via laser illumination such that they promote degeneration of those neurons. NSCs
were then implanted into the degenerated region.  (II) NSCs differentiate appropriately into only glia (or remain undifferentiated) in intact adult
cortex, where neurogenesis has normally ceased but gliogenesis persists. However, 15% of engrafted cells (identified by their lacZ expression)
in regions of apoptotic neurodegeneration developed neuronal morphology, resembling pyramidal neurons within layer II/III 6 wk following
transplantation, at 12 wk of age (A) and immunocytochemical properties consistent with a neuronal phenotype (B–D). (A) Donor-derived cell
(which stains blue following X-gal histochemistry to detect lacZ expression) with pyramidal neuronal morphology and size (large arrow) under
bright-field microscopy: apical dendrites (d); with descending axons (a). These features are readily confirmed by ultrastructural criteria under
EM (III) where donor-derived cells are noted to receive both axosomatic and axodendritic synaptic input. Donor-derived cells in control intact
adult cortices had only morphological, ultrastructural, and immunocytochemical features of glia (astrocytes and oligodendrocytes). (Not shown
here but pictured in Snyder et al., 1997). (B–D) Immunocytochemical analysis. Donor-derived lacZ-expressing cells (identified by an anti-β-
galactosidase (β-gal) antibody conjugated to Texas red) are immunoreactive for NeuN (fluorescein, green), a marker for mature neurons. In
(B) and at higher magnification in (C), a β-gal+ cell (large arrow) double labels for NeuN. Other small β-gal+ cells with nonneuronal morphology
are NeuN– (small arrow). Remaining host neurons (NeuN+) are β-gal– (arrowhead). (D) Donor-derived neuron (β-gal+, NeuN+; large arrow)
adjacent to two NeuN– donor-derived cells (small arrow). Bars: (A,B), 25 µm; (C,D), 10 µm.  (III) Ultrastructure of donor-derived neurons
in regions of adult cortex subjected to targeted apoptotic neuronal degeneration. Donor-derived neurons were restricted to the cortex within
the degenerated region of layer II/III. In all panels, X-gal precipitate (p) is visible in the nuclear membrane, cytoplasmic organelles, and
processes. (B) EM characteristics suggestive of layer II/III pyramidal neurons are present 6 wk following transplantation at 12 wk of age: large
somata (20–30 µm), large nuclei (Nu), prominent nucleoli (n), abundant ER and mitochondria (m), and apical dendrites (d). An afferent synapse
is indicated on the donor-derived neuron in (B) (box c). (C) Higher magnification of the axosomatic synapse boxed in (B): presynaptic vesicles
(white arrows) and postsynaptic specialization (large black arrow); the postsynaptic region is in continuity with the donor cell nucleus via
uninterrupted cytoplasm. Both the cytoplasm and the nuclear membrane contain precipitate (p). (D) Axodendritic synapse on dendrite of a
donor-derived neuron: crystalline, linear X-gal precipitate (p) in the postsynaptic region of the dendrite confirms its donor origin; postsynaptic
specialization with a hazy, nonlinear, noncrystalline appearance immediately under the membrane (large arrows); presynaptic vesicles clus-
tered near the synaptic densities (small arrows). (E) Microtubules (arrows, mt) of 20–26 nm diameter (outlined by arrowheads) in a donor-
derived neuron near precipitate (p) in nuclear membrane. Bars = 1 µm (B), 100 nm, (C), 200 nm, (D), 40nm.

The amount of enzyme required to restore normal metabolism
in many inherited metabolic diseases may be quite small. Thus,
even normal NSCs, unengineered but constitutively expressing
physiological levels of the enzyme in question, may be used to
cross-correct diseased cells. Each disease, each animal model, each

enzyme needs to be evaluated individually to ask whether the
amount of gene product inherently produced by the NSC is suffi-
cient to restore metabolism or reverse pathology for the case at
hand, or whether the NSC will need to be further engineered to
enhance its synthesis, processing, and secretion of the required
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gene product. Using these observations as a blueprint, neural pro-
genitors and stem cells have been used for the expression of other
classes of gene products, including neurotrophic factors (e.g.,
neurotrophin-3 [NT-3], brain-derived nsurotrophic factor [BDNF],
and/or glial cell line–derived neurotrophic factor [GDNF] within
the rat spinal cord [Liu et al., 1999; Himes et al., 2001; Lu et al.,
2000]), NGF and BDNF within the septum [Martinez-Serrano
et al., 1995a, 1995b; Rubio et al., 1999), GDNF within
mesostriatum (Akerud et al., 2001); synthetic enzymes for neu-
rotransmitters (e.g., tyrosine hydroxylase [TH] [Anton et al., 1994;
Sabate et al., 1995]), antiapoptotic proteins (e.g., Bcl-2 [Anton
et al., 1995] to the striatum), and antitumor proteins (e.g., cytosine
deaminase [Aboody et al, 2000]). NSCs have even been converted
to engraftable, migratory packaging lines for viral vectors in order
to optimize and maximize their gene delivery capabilities
within the CNS and avoid the “halo” effect often seen when vectors
are administered as a simple inoculation (Lynch et al., 1999).

17.5. WHEN MORE THAN GENES NEED REPLACING
If the integrity of the CNS cytoarchitecture is compromised,

then mere replacement of gene products will have little effect.
Such is the case with many neurological diseases that are charac-
terized by degeneration of cells or circuits. Early experiments with
NSC clones in various rodent mutants and injury models have
provided evidence that NSCs may be able to replace some degen-
erated or dysfunctional neural cells. Although it may be a daunting
task to attempt even the slightest restructuring of CNS tissue, stud-
ies of classic fetal transplants demonstrate that even modest ana-
tomical reconstruction may sometimes have an unexpectedly
beneficial functional effect (Dunnett and Bjorklund, 2000).

17.5.1. CEREBELLAR MODELS  The mutant mouse models
meander tail (mea) and reeler (rl) have been used to study the
ability of donor NSCs to replace cells and restore normal cytoar-
chitecture, respectively. In the mea mouse, which is character-
ized by a deficiency of cerebellar granule cell (GC) neurons,
NSCs implanted at birth were capable of “repopulating” large
portions of the GC-poor internal granular layer with neurons
(Rosario et al., 1997) (a phenomenon that was subsequently dupli-
cated with human NSCs [hNSCs] [Flax et al., 1998]). One of
the most important observations from this work is the apparent
receptiveness of donor NSCs to cues from the host tissue, and the
capability to become cell types in the abnormal brain that they
might not become based on the prevailing developmental cues
of the normal brain. Indeed, in the typically “nonneurogenic”
milieu of the adult neocortex, it was learned that NSCs would
“choose” to differentiate into neurons under conditions in which
host neurons were experimentally eliminated by a targeted
apoptotic process (Snyder et al., 1997).

The rl mouse presents the additional challenge of restoring a
cytoarchitecture gone awry. This mutant is characterized by an
abnormal laminar assignment of neurons due to a mutation in a
gene encoding for the secreted extracellular matrix (ECM) mol-
ecule Reelin. As in the mea, NSCs were implanted into the cer-
ebella of newborn rl mice. NSCs appeared not only to replace
missing granule cells, but also to promote a more wild-type-lami-
nated appearance in engrafted regions by “rescuing” aspects of the
abnormal migration, positioning, and survival of host neurons.
The underlying mechanism is most likely the provision of mol-
ecules (including Reelin) at the cell surface to guide proper histo-
genesis (Auguste et al., 2000).

17.5.2. WHITE MATTER DISEASE  Mutants characterized by
CNS-wide white matter disease provided ideal models for testing
whether NSCs might be useful for widespread cell replacement
(Yandava et al., 1999). The shiverer (shi) and twitcher (twi) mouse
mutants both exhibit white matter degeneration, albeit from some-
what different pathological mechanisms. The oligodendroglia of
the dysmyelinated shi mouse are dysfunctional because they lack
myelin basic protein (MBP), which is essential for proper myeli-
nation. The dysmyelination seen in the twi mouse is the result of
dysfunction and degeneration of oligodendrocytes caused by
the loss of galactocerebrosidase-α (GalC) activity, which in turn
allows the accumulation of the glycolipid toxin pyschosine. Using
these models to test the ability of NSCs to generate myelinating
cells is important because disordered myelination plays a critical
role in many genetic and acquired (injury, infection) neurodegen-
erative processes; oligodendroglial pathology is prominent in
stroke, spinal cord injury, head trauma, and ischemia and may
account for a significant proportion of the neurological handicap
seen in asphyxiated and premature newborns.

Newborn shi mice were transplanted with NSCs using the
same intracerebroventricular implantation technique employed
in previous models. Widespread engraftment throughout the shi
brain was observed with repletion of significant amounts of MBP.
Accordingly, of the many donor-derived oligodendroglia (NSCs
indeed “shifted” to yield a higher proportion of such cells), a
subgroup myelinated up to 52% of host neuronal processes with
better compacted myelin. Some animals experienced a decrease
in their symptomatic tremor (Yandava et al., 1999).

The twitcher mouse is an authentic model of the childhood
disease Krabbe’s or globoid cell leukodystrophy (GLD). Children
afflicted with GLD exhibit inexorable psychomotor deterioration
and early death, owing to failing oligodendroglia and subsequent
loss of myelin. Onset of symptoms is early (before weaning) in the
affected twi mouse, and murine NSCs (mNSCs) have been trans-
planted into the brains of both neonatal and symptomatic juvenile
twi mice. In preliminary studies, the NSCs engrafted well through-
out the brains, particularly in newborns but also in end-stage young
adult animals, and differentiated extensively into healthy oligo-
dendrocytes that appeared to remyelinate up to 30–50 host axons.
Success in these white matter disease mutants represents another
step forward in the use of donor NSCs in host CNS tissue. Whereas
in some disease models the NSCs are only “asked” essentially to
become gene product factories, in the shi and twi models the NSCs
are required to interact with host tissue in a more intimate manner,
i.e., to wrap host axons with donor myelin.

Interestingly, this degree of extensive cell replacement was
unable to remediate symptoms of the twi mouse as it was in the shi
mouse. The differences clearly derive from the different etiologies
of the two diseases. In the shi mouse, the disease process is purely
cell autonomous. In the twi mouse, the disease process may have
certain cell nonautonomous components that will require atten-
tion. That cell replacement could proceed at all, however, despite
the likely toxic environment of the twi brain, is significant and
instructive. Wild-type NSCs appear, at least in preliminary studies,
to be more resistant to psychosine than Krabbe cells and hence
differentiate into mature, effectively myelinating oligodendro-
cytes. Whether host cells also need to be protected remains an area
of active investigation. The replacement of both cells and mol-
ecules, e.g., with NSCs that can both become oligodendrocytes and
serve as pumps for secreted cross-corrective GalC, remains a fea-
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sible and promising basis for a future multidisciplinary strategy.
Interventions in this complex leukodystrophy may also call for
implantation of NSCs at multiple locations as well as at multiple
time points in the evolution of the disease, possibly beginning
presymptomatically and continuing after the disease is established.
Interventions will likely need to combine NSC implantation in the
brain with strategies to address extracranial manifestations (e.g.,
BMT) that together may prolong life. Such strategizing represents
how stem cell investigators will need to problem solve through
each disease and not glibly extrapolate from one disease to another.

17.6. NSCs CAN COVER A LOT OF GROUND
Given the ability of NSCs to pursue alternative differentiation

paths in response to certain types of neurodegeneration (Rosario
et al., 1997; Snyder et al., 1997) and their ability to migrate and
express foreign genes, can NSCs be selectively targeted to the
regions most in need of such? Evidence (some published, some
preliminary) in various models suggests that NSCs may in fact
be able to follow the “bread crumbs” laid down by actively degen-
erating areas. These “bread crumbs” are as-yet-unidentified fac-
tors transiently elaborated by troubled tissue, which may be a target
for NSCs. We have speculated that some of those signals are
cytokines and chemokines for which, we have determined, some
NSCs have receptors and to which they can migrate.

17.6.1. HYPOXIC-ISCHEMIC BRAIN INJURY  In pilot stud-
ies, when NSCs are transplanted into brains of young mice sub-
jected to unilateral hypoxic–ischemic (HI) brain injury (a model
for cerebral palsy), donor-derived cells migrate preferentially to
and integrate extensively within the large ischemic areas that typi-
cally span the injured hemisphere. A subpopulation of donor NSCs,
particularly in the penumbra of the infarct, “shift” their differen-
tiation fate toward becoming neurons and oligodendrocytes, the
neural cell types typically damaged following asphyxia/stroke.
Furthermore, there appears to be an optimal window of time fol-
lowing injury (3–7 d) during which signals are elaborated within
the degenerating region and to which NSCs respond with migra-
tion and reconstitution of lost neural cells (similar observations
have been noted by Hodges et al. [2000]).

To determine whether this “natural” shift by NSCs toward
neuronal replacement could be further augmented, a subclone of
the same murine NSCs was engineered via retroviral transduction
to overexpress NT-3, a factor known to play a role in inducing
neuronal differentiation. This subclone was then implanted into
asphyxiated mouse brains. The percentage of donor-derived neu-
rons increased from 5 to 20% in the infarction cavity and to >80%
in the penumbra. While it remains far from clear that one would
even desire so many neurons, this observation suggests that a
naturally occurring NSC-based process in a degenerative environ-
ment can be augmented via genetic engineering.

17.6.2. BRAIN TUMORS  Brain tumors such as gliomas are
very migratory, expanding and infiltrating the surrounding normal
tissue. This attribute renders them “elusive” to effective resection,
irradiation, chemotherapy, or gene therapy. Aboody et al. (2000)
demonstrated that murine and hNSCs, when implanted into intra-
cranial gliomas in adult rodents, distributed quickly and extensively
throughout the tumor bed. Furthermore, when implanted intracrani-
ally at distant sites from the tumor bed in adult brain (e.g., into
normal tissue, into the contralateral hemisphere, or into the cerebral
ventricles), the donor NSCs crossed from one hemisphere to the
other, migrating through normal parenchyma to the tumor on the

opposite side. NSCs could also deliver the oncolysis-promoting
enzyme cytosine deaminase, resulting in a reduction in tumor cell
burden. With their ability to track down migrating tumor cells across
relatively large distances, and to deliver therapeutic molecules,
NSCs have warranted further investigation as a possible treatment
tool for brain tumors. It is quite conceivable that NSCs are so effec-
tive in “shadowing” tumor cells because there is a common biology
between the two; tumor cells could conceivably be NSCs that “have
gone bad.” It will be important to illuminate the basic mechanisms
by which NSCs are driven to bypass stereotypical migratory routes
in their pursuit of tumor cells.

17.6.3. AMYLOID PLAQUES  Although the amyloid deposits
characteristic of AD may not have the aggressively invasive
nature of gliomas, they can be quite widespread and their extent
and distribution seems to mirror the degree of dementia displayed
by patients. In preliminary studies in our laboratory, Tate et al.
(2000) used NSCs to address lesions present in an adult animal
model of AD-like pathology. Tate previously demonstrated that
chronically infused human amyloid will cause an inflammatory
response in the rat brain. Subsequently, it was observed that
mNSCs placed in the opposite lateral ventricle will migrate to and
surround areas of amyloid infusion. While, as noted above, the
signals that stimulate migration of NSCs are not yet identified,
inflammatory molecules are among the likely candidates. Inflam-
mation has recently been recognized to characterize the pathology
seen in both transgenic mouse models of AD and AD patients.
Accordingly, and reassuringly, similar results have been observed
in pilot studies involving transgenic mouse models of AD and the
homing response of implanted foreign gene–expressing NSCs.
Hence, as reagents come to be identified that might be of help in
reducing amyloid plaques or other aspects of AD pathology, NSCs
may play a role in helping to deliver those therapeutic molecules.

17.7. NSC-HOST INTERACTIONS: A TWO-WAY STREET
There is growing evidence to support the notion that donor

NSCs and host tissue communicate in a reciprocal fashion. While
it has been known that a given host CNS environment is instruc-
tive of donor stem cells, influencing their migration and differen-
tiation patterns, the donor NSCs are apparently equally capable of
manipulating their milieu. While it seems evident that NSCs that
have been engineered to express foreign gene products may influ-
ence the host CNS into which they have been implanted, it is now
becoming evident that even unengineered NSCs, through their
unanticipated constitutive secretion of many endogenous growth
factors (or perhaps by as-yet-unknown other mechanisms), may
instruct the host CNS.

Ourednik et al. (2002) and Teng et al. (2002) have accumu-
lated data suggesting that this may be true. In Ourednik et al.’s
(2002) article, aged mice received repeated systemic administra-
tions of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
a neurotoxin that produces persistent impairment of mesencepha-
lic dopaminergic neurons and their striatal projections (Fig. 2
I[A,B]). mNSCs were unilaterally implanted into the SN 1–4 wk
following MPTP treatment. Unilaterally implanted NSCs were
found to have migrated and integrated extensively within both
hemispheres and were associated with dramatic reconstitution of
TH and dopamine (DA) transporter (DAT) expression and func-
tion throughout the mesostriatal system (Fig. 2 I[C,D]). While
there was spontaneous conversion of NSCs to TH+ cells in DA-
depleted areas, and while TH+ cells of donor origin contributed to
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Fig. 2. NSCs possess inherent mechanism for rescuing dysfunctional neurons: evidence from effects of NSCs in restoration of mesencephalic
dopaminergic function (modified from Ourednik et al., 2002). (I) TH expression in mesencephalon and striatum of aged mice following MPTP
lesioning and unilateral NSC engraftment into SN/ventral tegmental area (SN/VTA). A model that emulates the slow dysfunction of aging
dopaminergic neurons in SN was generated by giving aged mice repeated high doses of MPTP. The schematic at top indicates the levels of
the analyzed transverse sections along the rostrocaudal axis of the mouse brain. Representative coronal sections through the striatum are
presented in the left column (A,C,E,G) and through the SN/VTA area in the right column (B,D,F,H). (A,B) Immunodetection of TH (black
cells) shows the normal distribution of DA-producing TH+ neurons in coronal sections in the intact SN/VTA (B) and their projections to the
striatum (A). (C,D) Within 1 wk, MPTP treatment caused extensive and permanent bilateral loss of TH immunoreactivity in both the
mesostriatal nuclei (C) and the striatum (D), which lasted life long. Shown in this example, and matching the time point in (G,H), is the situation
in a mock-grafted animal 4 wk after MPTP treatment. (E,F) Unilateral (right side) stereotactic injection of NSCs into the nigra is associated,
within 1 wk after grafting, with substantial recovery of TH synthesis within the ipsilateral DA nuclei (F) and their ipsilateral striatal projections
(E). By 3 wk posttransplant, however (G,H), the asymmetric distribution of TH expression disappeared, giving rise to TH immunoreactivity
in the midbrain (H) and striatum (G) of both hemispheres that approached that of intact controls (A,B) and gave the appearance of mesostriatal
restoration. Similar observations were made when NSCs were injected 4 wk after MPTP treatment (not shown). Bars: 2 mm (left), 1 mm (right).
Note the ectopically placed TH+ cells in (H). These are analyzed in greater detail, along with the entire SN, in (II). (II) Immunohistochemical
analyses of TH, DAT, and bromodeoxyuridine (BrdU)-positive cells in MPTP-treated and grafted mouse brains. The initial presumption was
that the NSCs had replaced the dysfunctional TH neurons. However, examination of the reconstituted SN with dual β-gal (green) and TH (red)
immunocytochemistry showed that (a,c) 90% of the TH+ cells in the SN were host-derived cells that had been rescued and only 10% donor
derived (d). Most NSC-derived TH+ cells were actually just above the SN ectopically (blocked area in [a], enlarged in [b]). These photomi-
crographs were taken from immunostained brain sections from aged mice exposed to MPTP, transplanted 1 wk later with NSCs, and sacrificed
after 3 wk. The following combinations of markers were evaluated: (a–d) TH (red) with β-gal (green); (e) NeuN (red) with β-gal (green); (f)
glial fibrillary acid protein (GFAP) (red) with β-gal (green); (g) CNPase (green) with β-gal (red); as well as (k) TH (brown) and BrdU (black);
(l) GFAP (brown) with BrdU (black); and (m) CNPase (brown) with BrdU (black). Anti-DAT-stained areas are revealed in green in the SN
of intact (h), mock-grafted (i), and NSC-grafted (j) brains. Three different fluorescence filters specific for Alexa Fluor 488 (green), Texas
Red (red), and a double filter for both types of fluorochromes (yellow) were used to visualize specific antibody binding; (c,d,h–j) single-filter
exposures; (a,b,e–g) are double-filter exposures. In (a) a low-power overview of the SN + VTA of both hemispheres, similar to the image in
Fig. 2IH, is shown. The majority of TH+ cells (red cells in [a]) within the nigra are actually of host origin (approx 90%) with a much smaller
proportion there being of donor derivation (green cells) (approx 10%) (representative close-up of such a donor derived TH+ cell in [d]).
Although a significant proportion of NSCs did differentiate into TH+ neurons, many of these actually resided ectopically, dorsal to the SN
(boxed area in [a], enlarged in [b]; high-power view of donor-derived (green) cell that was also TH+ (red) in [c]), where the ratio of donor-
to-host cells was inverted: ~90% donor derived compared with ~10% host derived. Note the almost complete absence
of a green β-gal-specific signal in the SN + VTA while, ectopically, many of the TH+ cells were double labeled and thus NSC derived
(appearing yellow-orange in higher power under a red/green double filter in [b]). (c–g) NSC-derived non-TH neurons (NeuN+) (e, arrows),
astrocytes (GFAP+) (f), and oligodendrocytes (CNPase+) (g, arrow) were also seen, both within the mesencephalic nuclei and dorsal to them.

(Caption continued on page 198)
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Fig. 2. (Caption continued from page 197)  (h–j) The green DAT-specific signal in (j) suggests that the reconstituted mesencephalic nuclei
in the NSC-grafted mice (as in Figs. 2IIa and 2IH) were functional DA neurons comparable with those seen in intact nuclei (h) but not in MPTP-
lesioned sham-engrafted controls (i). This further suggests that the TH+ mesostriatal DA neurons affected by MPTP are, indeed, functionally
impaired. (Note that sham-grafted animals (i) contain only punctate residual DAT staining within their dysfunctional fibers, while DAT
staining in normal (h) and, similarly, in engrafted (j) animals was normally and robustly distributed both within processes and throughout their
cell bodies.) (k–m) Any proliferative BrdU+ cells after MPTP insult and/or grafting were confined to glial cells while the TH+ neurons (k)
were BrdU–. This finding suggested that the reappearance of TH+ host cells was not the result of neurogenesis but, rather, the recovery of extant
host TH+ neurons. Bars: 90 (a), 20 (c–e), 30 (f), 10 (g); 20 (h–j), 25 (k), 10 (l), and 20 µm (m).

nigral reconstitution, the majority (~90%) of TH+ cells in the
reconstituted SN were actually host cells “rescued” by constitu-
tively produced NSC-derived factors (Fig. 2 II). One of these
factors appeared to be GDNF, produced by an undifferentiated or
glial-differentiated subpopulation of donor NSC-derived cells.
GDNF is a molecule known to be protective of DA neurons. How-
ever, GDNF is probably just one of a number of factors elaborated
by NSCs in various states of differentiation that may play a role
in host neuronal cell rescue. NSCs, e.g., are known to produce a
broad range of other neurotrophic factors (including NT-3, NT-
4/5, NGF, BDNF), adhesion molecules (e.g., L1), ECMs (e.g.,
reelin), and lysosomal enzymes. Hence, host cells of various types
in various regions and in various disease conditions may similarly
benefit from other of the many intrinsically expressed NSC-
derived molecules.

Ourednik et al. (2001b) observed this phenomenon of donor-
host interaction in another set of preliminary experiments. Three
mouse mutants were chosen that exhibit degeneration of the cer-
ebellar Purkinje cells (PCs). The nervous (nr) mouse, the
Purkinje cell degeneration (pcd) mouse, and the Lurcher (Lc)
mouse, however, differ in the severity; onset; degree of second-
ary loss of granule cell neurons; and, most significantly, the eti-
ology of their PC loss. Nevertheless, intriguingly, in all three
mutants a protective influence was exerted on the vulnerable PC
population by engrafted NSCs. While a small proportion of
donor NSCs did, indeed, differentiate into PCs (a phenomenon
observed only in the face of PC degeneration, given that PCs are
normally born only prenatally), the majority of NSCs actually
differentiated into nonneurons—glia and quiescent, undifferen-
tiated neural progenitors, which, in turn, appeared to nurture,
protect, and/or rescue host PCs. In all three mutants, the PC layer
appeared to be significantly reconstituted, but the vast majority
of the PCs in that layer were of host origin. This strong potential
by NSCs to preserve neuronal populations in the mutant cer-
ebella seemed most prominent if NSCs were implanted before or
at the onset of PC degeneration, specifically postnatal (P) d 0–10,
rather than during more advanced stages of PC loss (P14 d to 6
mo). This positive effect of the grafts was reflected in both
an impressively improved cerebellar cytoarchitecture and the
motor behavior of the host animals, the latter seen most promi-
nently in the Lc mouse. The molecular mechanism underlying
this “rescue” remains unclear but might be related to the exuber-
ant production of neurotrophic factors by NSCs when in their
undifferentiated or glial differentiated state.

17.7.1. ENHANCING NSC-HOST COMMUNICATION —
A THIRD MECHANISM OF STEM CELL–MEDIATED REPAIR
In previously mentioned studies, implanted NSCs were generally
afforded the luxury of somewhat intact cyto-architecture in which
to migrate and engraft, even if the environment was degenerative
or toxic. However, some conditions or injuries present the conun-
drum of extensively degraded cytoarchitecture, and even the most

migratory and engraftable of donor cells have little chance of sur-
viving in, let alone repairing, that environment. Both Park et al.
(2002a) and Teng et al. (2002), in the brain and spinal cord, respec-
tively, hypothesized that three-dimensional highly porous “scaf-
folds” composed of polyglycolic acid (PGA) may act as a third
party to optimize communication between donor and host tissue in
these models. PGA is a synthetic biodegradable polymer used
widely in clinical medicine. Highly hydrophilic, PGA loses its
mechanical strength rapidly over 2–4 wk in the body, after which
time it is degraded, obviating concerns over long-term
biocompatibility. This is enough time, however, to provide an
initial matrix to guide cellular organization and growth, allow
diffusion of nutrients to the transplanted cells, and become vascu-
larized. This last point is important because large volumes
of cells will not survive if situated greater than a few hundred
microns from a capillary.

To first test this hypothesis, mNSCs were cocultured with PGA
in vitro (the details of which are outlined below). The mNSCs
adhered well to the scaffold and migrated throughout the matrix
[Park et al., 2002a; Teng et al., 2002]. Spontaneous differentiation
of the mNSCs resulted in neuronal and glial cell formation, with
many of the neurons sending out long, complex processes along
the synthetic fibers of the scaffold. With NSCs and PGA appar-
ently working well together, this new complex was then used to
effect repair in a rodent model of induced HI brain injury (Park
et al., 2002a). After coculturing for 4 d in vitro, the NSC–PGA
complex was transplanted into the cerebral infarction cavity 4–7
d following induction of an experimental HI insult. The NSCs not
only completely impregnated the PGA matrix, but the NSC-PGA
complex seemed to refill the infarction cavity, even becoming
vascularized by the host. The NSCs seeded on polymers displayed
robust engraftment, foreign gene expression, and differentiation
into neurons and glia within the region of HI injury. Many long
neuronal processes of host and donor-derived neurons enwrapped
the polymer fibers and ran along the length of the fibers, often
interconnecting with each other (Fig 3 III). Donor-derived neu-
rons appeared to extend many very long, complex processes along
the length of the disappearing matrix, extending ultimately into
host parenchyma to as far as presumably appropriate target
regions in the opposite intact hemisphere (Fig. 3 IV). Host neu-
ronal processes, in a reciprocal manner, appeared to enter the
matrix, possibly making contact with donor-derived neurons.
Indeed, neuronal tracing studies with DiI and biotinylated dex-
trose amine (BDA) showed that the long-distance neuronal cir-
cuitry between donor-derived and host neurons in both cerebral
hemispheres may have been reformed through the corpus callo-
sum in some instances (Fig. 3 IV).

These findings (Park et al., 2002a) suggest that NSCs—when
fixed in space by an artificial ECM, such as the scaffold, in order
to maximize the reciprocal interaction between stem cell and
injured CNS—may facilitate even further the differentiation of

17/Marc/191-208/F 8/19/03, 3:13 PM198

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 17  /  NEURAL STEM CELLS 199

Fig. 3. The injured brain interacts reciprocally with NSCs supported by scaffolds to reconstitute lost tissue—evidence from HI injury
(modified from Park et al., 2002a). (I) Characterization of NSCs in vitro when seeded on PGA scaffold. Cells, seen with scanning electron
microscopy at 5 d after seeding, were able to attach to, impregnate, and migrate throughout a highly porous PGA matrix (arrow). The NSCs
differentiated primarily into neurons (>90%) that sent out long, complex processes that adhered to, enwrapped, and interconnected the PGA
fibers. (II) Implantation of NSC/PGA complexes into region of cavity formation following extensive HI brain injury and necrosis. (A) Brain
of untransplanted (non-Tx) mouse subjected to right HI injury with extensive infarction and cavitation of ipsilateral right cortex, striatum,
thalamus, and hippocampus (arrow). By contrast, (B) shows the brain of a similarly injured mouse implanted with an NSC/PGA complex
(PGA+NSCs) (generated in vitro as per (I) into the infarction cavity 7 d after induction of HI (arrow) (n = 60). At maturity (age matched
to the animal in [A]), the NSC/scaffold complex appears, in this whole mount, to have filled the cavity (arrow) and become incorporated
into the infarcted cerebrum. Representative coronal sections through that region are seen at higher magnification in (C) and (D), in which
parenchyma appears to have filled in spaces between the dissolving black polymer fibers (white arrow in [C]) and, as seen in [D], even to
support neovascularization by host tissues (blood vessel indicated by closed black arrow in [D]; open arrow in [D] points to degrading black
polymer fiber). Bars: 100 µm (C,D). (III) Characterization in vivo of the neural composition of NSC/PGA complexes within HI-injured
brain. At 2 wk following transplantation of the NSC/PGA complex into the infarction cavity, donor-derived cells showed robust engraft-
ment within the injured region. An intricate network of multiple long, branching neurofilament+ (Nf+) (green) processes were present within
the NSC/PGA complex and its parenchyma enwrapping the PGA fibers (orange autofluorescent tubelike structures under a Texas Red
filter), adherent to and running along the length of the fibers (arrows), often interconnecting and bridging the fibers (arrowheads). Those
NF+ processes were of both host and donor derivation. In other words, not only were donor-derived neural cells present, but also host-
derived cells seemed to have entered the NSC/PGA complex, migrating along and becoming adherent to the PGA matrix. In a reciprocal
manner, donor-derived (lacZ+) neurons (NF+ cells) within the complex appeared to send processes along the PGA fibers out of the matrix
into host parenchyma as seen in (IV). Bars: 100 µm. (IV) Long-distance neuronal connections extend from the transplanted NSC/PGA
complexes in the HI-injured brain toward presumptive target regions in the intact contralateral hemisphere. By 6 wk following engraftment,
donor-derived lacZ+ cells appeared to extend many exceedingly long, complex NF+ processes along the length of the disappearing matrix,
apparently extending into host parenchyma. To confirm the suggestion that long-distance processes projected from the injured cortex into
host parenchyma, a series of tract tracing studies was performed. (G–G") BDA-fluorescein isothiocyanate (FITC) was injected (G) into
the contralateral intact cortex and external capsule (green arrow) at 8 wk following implantation of the NSC/PGA complex into the
infarction cavity (NSC/PGA-Tx). Axonal projections (labeled green with fluorescein under an FITC filter) are visualized (via the retro-
grade transport of BDA) leading back to (across the interhemispheric fissure [IHF] via the corpus callosum [cc]) and emanating from cells
in the NSC/PGA complex within the damaged contralateral cortex and penumbra (seen at progressively higher magnification in [G']—
region indicated by arrow to [G]—and [G"]—region indicated by arrow and asterisk in [G]). In (G"), the retrogradely BDA-FITC-labeled
perikaryon of a representative neuron adherent to a dissolving PGA fiber is well visualized. That such cells are neurons of donor derivation
is supported by their triple labeling (H–J) for lacZ (H) (β-gal), BDA-FITC (I), and the neuronal marker NF (J); arrows in (H–J) indicate
same cell in all three panels. Such neuronal clusters were never seen under control conditions—i.e., in untransplanted cases or when vehicle
or even an NSC suspension unsupported by scaffolds was injected into the infarction cavity. Bars: 500 µm (G), 20 µm (G), 30 µm (H–J).

(Caption continued on page 200)
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host and donor neurons and enhance the growth of such cells to
help promote reformation of cortical tissue, both structurally and
functionally. An additional interesting observation to emerge
from these studies was the fact that the otherwise prominent
infiltration by inflammatory mononuclear cells and the develop-
ment of astroglial scarring following typical HI injury seemed to
be inhibited by the NSC–PGA complex (Fig. 3 V), most likely
minimizing a factor that tends to impede brain repair and, hence,
abetting spontaneous regenerative processes in the injured brain.

In a parallel study by Teng et al. (2002), it was observed in the
hemisectioned adult rat spinal cord that implantation of NSCs
seeded on a PGA-based scaffold (Fig. 4I) significantly improved
functional recovery and preservation of the parenchyma of the
injured cord (Fig. 4II,III) (Teng et al., 2002). In these experi-
ments, although donor murine NSCs were present in abundance as
undifferentiated nestin-immunopositive progenitors in the rat
spinal cord (Fig. 4IV), the parenchyma and regenerated neurites
(confirmed by species-specific markers) were not derived from
donor cells, but rather from the host. Indeed, the NSCs did not
simply differentiate into astrocytes that might have contributed to
glial scar formation; in fact, scarring and evidence of secondary
injury were significantly diminished compared to untreated con-
trols (Fig. 4IV), a situation similar to that observed by Park et al.
(2002a). In fact, there was evidence of a significant regenerative
process (as suggested by robust GAP-43 immunoreactivity and
the typical morphological hallmarks of regenerating axons [Fig.
4V]). Apparently, host tissue preservation and regeneration—as
stimulated by the NSCs using the scaffold as a template—were
responsible for the functional improvement [Fig. 4-III]. Indeed,
tract tracing of host-derived fibers coursing from rostral to caudal
within the cord through the injury epicenter confirmed the ana-
tomical substrate to account for such functional recovery.

Thus, donor and host cells are apparently engaged in commu-
nication that is instructive to both. The broader implications for
CNS repair are that host structures may benefit not only from
NSC-derived replacement of missing neurons but also from the
“chaperone” effect of undifferentiated or glial-differentiated
NSCs. While NSCs have been touted for cell and gene therapy,
these findings suggest a third mechanism by which therapeutic
outcomes might be achieved: an inherent capacity of NSCs to
create host environments sufficiently rich in trophic and/or

neuroprotective support to promote the recovery of damaged
endogenous cells.

17.8. HUMAN NSCs
After mounting studies with rodent NSCs began to elucidate

their potential as therapeutic vehicles, questions naturally arose
about the potential of human NSCs. With the identification of
NSCs of human derivation (Flax et al., 1998; Pincus et al., 1998;
Vescovi et al., 1999; Roy et al., 2000; Uchida et al., 2000; Villa
et al., 2000), it could be ascertained that many of the biological
principles first gleaned from examining rodent cells had been
conserved with the human CNS. Although important differences
also existed—principally attributable to the much-prolonged
duration of the NSC cell cycle in humans—stem cell–based strat-
egies seemed a reasonable consideration for human neurode-
generative conditions.

Lines of engraftable hNSCs have been isolated from normal
human fetuses that, in many ways, emulate their rodent counter-
parts (reviewed in Vescovi and Snyder, 1999). Their fundamental
biology seems to cut across species and therefore makes them an
attractive tool for CNS therapy, as suggested by studies using
rodent NSCs. For example, hNSCs can participate in CNS devel-
opment, including migration from germinal zones along migra-
tory streams, to widely disseminated CNS regions (Flax et al.,
1998; Fricker et al., 1999; Rubio et al., 2000; Uchida et al., 2000),
and respond to local and temporal developmental cues. Like the
rodent NSCs, hNSCs can be transduced by viral vectors ex vivo
and express these transgenes in vivo. Secretory products from
hNSCs can cross-correct genetic metabolic defects, and hNSCs
can differentiate into neuronal subtypes that are deficient in mouse
mutants (Flax et al., 1998). In models of brain tumor, hNSCs
migrate to areas of pathology when transplanted contralaterally to
those areas in the adult rodent brain (Aboody et al., 2000). In pilot
studies involving the contused adult rat spinal cord, hNSCs can
yield neurons (including motor neurons) that can make long-dis-
tance connections both rostral (as far as the thalamus) and caudal
to the lesion, have the ability to conduct corticospinal signals (as
assessed by cortical evoked potentials), and result in apparent
functional improvement (Park et al., 2002b).

To make the transition from rodents to humans, experiments
with subhuman primates have been undertaken to bridge the spe-

Fig. 3. (Caption continued from page 199)  (V) Adverse secondary events that typically follow injury (e.g., monocyte infiltration and astroglial
scar formation) are minimized by and within the NSC/PGA complex. (A–D) Photomicrographs of hematoxylin and eosin (H&E)–stained
sections prepared to visualize degree of monocyte infiltration in relation to NSC/PGA complex and the injured cortex 3 wk following
implantation into infarction cavity. Monocytes are classically recognized under H & E as very small cells with small round nuclei and scanty
cytoplasm (e.g., inset in [D], arrowhead). While some very localized monocyte infiltration was present immediately surrounding a blood vessel
(BV in [C], arrow) that grew into the NSC/PGA complex from the host parenchyma, there was little or no monocyte infiltration either in the
center of the NSC/PGA complex (B) or at the interface between the NSC/PGA complex and host cortical penumbra (A)—in stark contrast to
the excessive monocyte infiltration seen in an untransplanted infarct of equal duration, age, and extent (D), the typical histopathological picture
otherwise seen following HI brain injury (see inset, a higher magnification of the region indicated by the asterisk in [D]; a typical monocyte
is indicated by the arrowhead). While neural cells (nuclei of which are seen in [A–C]) adhere exuberantly to the many polymer fibers (P in [A–
C]), monocyte infiltration was minimal compared with that in (D). (E,F) Astroglial scarring (another pathological condition confounding
recovery from ischemic CNS injury) is also much constrained and diminished following implantation of the NSC/PGA complex. While GFAP+

cells (astrocytes) were among the cell types into which NSCs differentiated when in contact with the PGA fibers, away from the fibers (*), there
was minimal astroglial presence of either donor or host origin. (E) GFAP immunostaining recognized by a fluorescein-conjugated secondary
antibody (green) is observed. Note little scarring in the regions indicated by the asterisk. Under a Texas red filter (F) (merged with the
fluorescein filter image), the tubelike PGA fibers (arrowhead in both panels) becomes evident (as an autofluorescent orange), and most of the
donor-derived astrocytes (arrows) (yellow because of their dual lacZ and GFAP immunoreactivity) are seen to be associated with these fibers,
again leaving most regions of the infarct (*) astroglial scar free (arrows in [E] and [F] point to the same cells). Far from creating a barrier to
the migration of host- or donor-origin cells or to the ingrowth/outgrowth of axons of host- or donor-origin neurons (as per [III and IV]), NSC-
derived astrocytes may actually have helped provide a facilitating bridge. Bars: 10 (A) and (C–F) 20 µm.
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cies gap. hNSCs transplanted into normal fetal Old World mon-
keys via in utero intracerebroventricular injections that allowed
the cells access to the VZ integrated throughout the developing
brain, yielding neurons and glia appropriate to given cortical lami-
nae as well as contributing to such secondary germinal zones as the
SVZ (Ourednik et al., 2001a) (Fig. 5). Given the successful inte-
gration of hNSCs into fetal subhuman primates, this intervention
bears significance in the realm of possible in utero therapy of
human neurogenetic disorders. Such prenatal treatments could be
directed not only at congenital disorders but also, theoretically, at
neurodegenerative diseases that are not expressed until adulthood
or middle age but whose antenatal genetic diagnosis is possible
(e.g., Huntington disease).

Experiments have begun involving hNSCs in lesioned nonhu-
man primates, often the primate equivalent of some of the rodent
models that we have described. These experiments will provide
insights into the performance of hNSCs in an environment more
relevant to humans. These include the cells’ safety and efficacy,
as well as their response to a neurodegenerative milieu. They
also offer an opportunity to fine-tune the many parameters
involved in the practical administration of cells such as total cell
number to inject, placement of injection, number of injections,
and rate of delivery. One experiment has analyzed the fate and
impact of hNSCs in the MPTP-induced model of DA depletion

and parkinsonism in Old World St. Kitts African Green Mon-
keys, probably the most authentic animal model of true Parkinson
disease in humans. In encouraging pilot studies, hNSCs appeared
to survive in the SN and some spontaneously converted to
TH+ cells. Given that hNSCs, like murine NSCs, intrinsically
produce a great many neurotrophic and neuroprotective factors,
improvement in DA activity in some recipient pilot monkeys (as
assessed by single-photon emission computed tomography and
an improvement in parkinsonian symptom scores) is likely to be
the combined effect of not only DA cell replacement by NSCs
but also the provision by NSCs of factors promoting the survival
and enhanced function of host DA neurons and their connec-
tions. These double-barreled mechanisms, if corroborated, will
likely be therapeutically significant.

17.9. PRACTICAL ASPECTS:
IN VITRO CONSIDERATIONS FOR NSCs

17.9.1. mNSCs—ISOLATION AND PROPAGATION  The
most widely used line of mNSCs in our laboratory and many
others internationally is clone C17.2. A prototypical NSC clone,
C17.2, was originally derived from neonatal mouse cerebellum
(Ryder et al., 1990; Snyder et al., 1992).

NSC lines can most readily be derived by dissecting the pri-
mary structure of interest—usually a germinal zone such as the

Fig. 4. Functional recovery following traumatic spinal cord injury mediated by unique polymer scaffold seeded with NSCs (modified from Teng
et al., 2002). (I) Schematics of scaffold design showing inner and outer portions. (B,C) Inner scaffold seeded with NSCs. (D) Outer scaffold
created to have long, axially oriented pores for axonal guidance & radial pores to allow fluid transport and inhibit ingrowth of cells. (E)
Schematic of surgical insertion of implant into SC.  (II) Based on Basso–Bresnahan–Beatie open-field walking scores, the scaffold with NSCs
group showed significant improvement in open-field locomotion compared with lesion control groups (p < 0.007). Histology (H&E) of
longitudinal sections from (A) lesioned untreated and (B) scaffold with NSCs groups was revealing. Note greater integrity of parenchyma in
the latter. (III) Examination of composition of the tissue at the lesion site demonstrated numerous NF+ cells and processes. However, as
illustrated in (IV), the neurons were host NSC derived. (IV) The neurons were host and not donor NSC derived. The mNSCs were identified
with M2, a mouse-specific marker that works reliably in the rat host SC. The mNSCs were neither NF+ (A) nor GFAP+, the latter finding
suggesting that they did not contribute to the glial scar. In fact, glial scarring was diminished in NSC+scaffold SCs (D) compared with lesion
control SCs (E) based on GFAP immunoreactivity. Most mNSCs remained undifferentiated nestin+ cells (B). (V) Scaffold with cells implan-
tation significantly increased the presence of GAP-43+ fibers relative to other controls, a marker for regenerating neurites. Following admin-
istration of BDA for antegrade tracing, BDA+ axons (not shown here but pictured in Teng et al., 2002) were coursed through the lesion epicenter
(as in [III]) to reach areas caudal to the lesion in the scaffold-containing groups, suggesting an anatomical substrate for the functional
improvement seen in those animals (a mean of 14 on the 21-point Basso–Bresnahan–Beatie scale).
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SVZ, VZ, subgranular layer of the hippocampus, central canal of
the spinal cord—but also parenchymal regions (e.g., olfactory
bulb, cortex, striatum) from immature (either fetal or newborn)
but also adult rodents (with somewhat less efficiency). The
tissue is then incubated in 0.1% trypsin (with EDTA) in phos-
phate-buffered saline (PBS) at 37°C for approx 30 min. If the
tissue is abstracted from adult animals, dissociation will prob-

ably require collagenase as well as longer incubation times. The
tissue is then triturated well and centrifuged for 3 min at 1000
rpm. The supernatant is discarded and the cell pellet is resus-
pended in serum-containing medium, which is followed by cen-
trifugation again. Serum both inactivates the trypsin and ensures
the health of the dissociated cells. This washing step is repeated
once. After discarding the supernatant, the cells can be resus-

Fig. 5. Segregation of the fates of hNSCs and their progeny into two subpopulations following implantation into the ventricular zones (VZs)
of developing Old World monkey brains (modified from Ourednik et al., 2002). Schematics (left) and photomicrographs (right) illustrate
the cells. Coronal sections from representative levels throughout the telencephelon are illustrated on the left. hNSCs (prelabeled with BrdU)
and implanted dispersed throughout the ventricular system and integrated into the VZ. From there, clonally related hNSC-derived cells
pursued one of two fates, as shown by immunocytochemical analysis (A–I). Those donor cells that migrated outward from the VZ along
radial glial fibers into the developing neocortex constituted one pool or subpopulation. The differentiated phenotype of cells in this
subpopulation 1 (red stars in the schematic) (particularly in layers II/III) are pictured in (A–G). (A) A human NSC-derived cell (black
nucleus, arrow)—likely a neuron according to its size, morphology, large nucleus, and location—is visualized (under Nomarski optics)
intermingled with the monkey’s own similar neurons (arrowheads) in neocortical layers II/III. The neuronal identity of such donor-derived
cells is confirmed in (B–D). (B,C,E–G) High-power photomicrographs of human donor-derived cells integrated into monkey cortex double-
stained with antibodies against BrdU and cell type–specific markers: (B) NeuN and (C) calbindin (Calb) for neurons (arrows = donor-
derived cells; arrowheads = host-derived cells); (E) CNPase for oligodendroglia (arrow = BrdU+ black nucleus in CNPase+ brown cell;
arrowhead indicates long process emanating from the soma); (F,G) GFAP for astroglia (anti-BrdU+ via fluorescein in [F]; anti-GFAP via
Texas Red in [G]). The human origin of the cortical neurons is further independently confirmed in (D), where the human-specific nuclear
marker NuMA (black nucleus) is colocalized in the same cell with NF immunoreactivity (brown). Progeny from this same hNSC clone were
also allocated to a second cellular pool—subpopulation 2 (blue dots in the schematic and pictured in [H,I, arrows])—which remained mainly
confined to the SVZ and stained only for an immature neural marker (vimentin [brown] colocalized with BrdU [black nucleus] in inset,
arrows; arrowhead indicates host vimentin + cell). Some members of subpopulation 2 were identified within the developing neocortex
intermixed with differentiated cells ([F] and [G] employ immunofluorescence; the other immunostains use a DAB-based color reaction).
(The photomicrographs were taken from different animals as representative of all animals.) ve, lateral cerebral ventricle; arrow, BrdU+

donor-derived cell; arrowhead, BrdU–, host-derived cell. Bars: 30 (A–C) and 20 µm (D–I).[Modified from Ourednik et al. (2001a).]
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pended in serum-free medium (e.g., Dulbecco’s minimal essen-
tial medium [DMEM] plus F12 base medium plus a series of
hormones and trace elements (Snyder and Kim, 1979; Bottenstein
and Sato, 1980) with the added mitogens EGF (10–20 ng/mL),
bFGF (10–20 ng/mL), heparin,  as a cofactor for bFGF  (8 µg/mL)
and leukemia inhibitory factor (LIF) (10 ng/mL). Cells can then
be plated onto uncoated, tissue culture–treated dishes.

Stem cells occupy a small population of the CNS (or of any
solid organ, for that matter) and, hence, must be expanded ex vivo
to a useful graft material. As an alternative to the use of mitogens,
cells can be propagated by transducing them with a gene that
works downstream of these mitogens directly on the cell cycle,
such as vmyc. To employ this genetic approach most effectively,
the primary culture just described is infected 24–48 h after plat-
ing, by incubation with a retrovirus encoding the gene of interest
(clone C17.2 was transduced with MLV-derived vector [Kaplan
et al., 1987] called PK-VM-2 encoding avian myc or viral myc
[vmyc] plus a selectable antibiotic [neomycin] resistance gene
[neo]). Successfully transduced cells will be neomycin resistant
and, hence, are used to select infectants. Cells are then cultured in
DMEM + 10% fetal bovine serum (FBS) + 5% horse serum (HS)
+ 2 mM glutamine for 3–7 d, until the cultures have undergone at
least two doublings. At that point, cultures are trypsinized and
seeded at 3–10% confluence in DMEM + 10% FBS, along with
0.3 mg/mL of G418 (a neomycin analog) for selection. Neomy-
cin-resistant colonies are typically observed within 7–10 d. Cho-
sen colonies are then isolated by brief exposure to trypsin within
plastic cloning cylinders at that time. Individual colonies are
replated and expanded in separate uncoated 24-well Costar plates.
At confluence, these cultures are further passaged and serially
expanded first to 35-mm dishes, then 6-cm, and ultimately 10-cm
uncoated tissue culture dishes. Cells infected with control vectors
without propagating genes do not survive beyond this passage in
serum-containing medium.

NSC lines can then be transfected with additional genes, such
as lacZ, the gene encoding Escherichia coli β-Gal. Such a reporter
gene is stably integrated into clone C17.2. This gene product can
be detected in vivo and in vitro by X-gal histochemistry or by anti-
β-Gal immunohistochemistry, making such cells ideal for trans-
plantation studies. The procedure for transfecting with lacZ begins
with plating a recent passage of the target cells onto 60-mm tissue
culture dishes. Twenty-four to 48 h after plating, the cells are
incubated with a lacZ-encoding retroviral vector (e.g., BAG) plus
8 µg/mL of polybrene for 1–4 h (a procedure similar to that used
for vmyc). The polycation polybrene enhances the effectiveness of
retroviral vectors by permeabilizing the cell membrane. Cells are
then cultured in fresh feeding medium (DMEM + 10%FCS +
5%HS + 20 mM glutamate) for approx 3 d until they appear to have
undergone at least two doublings. Cultures are trypsinized and
seeded at low density, 50–5000 cells, on a 10-cm tissue culture
dish. If the newly inserted transgene contains a selection marker
distinct from the first selection marker (a nonneomycin-based
selection marker such as hygromycin or puromycin), then one can
select for the new infectants as described above. After about 3 d,
well-separated colonies are isolated by brief exposure to trypsin
within plastic cloning cylinders. If the new transgene does not
have a new selection marker or also employs neo, identification of
infectants is still possible. The low seeding density allows for
relatively easy isolation of colonies with cloning cylinders, which
can then be plated separately into 24-well plates. When confluent,

these cultures can be expanded into increasingly larger tissue cul-
ture dishes. A representative dish from each clone can then be
stained histochemically for the new gene product of interest. In the
case of lacZ infectants, β-Gal expression is examined via X-gal
histochemistry. The percentage of X-gal+ blue cells is assessed
microscopically, and the clones with the highest percentage of
blue cells are then used for future studies. Although these proce-
dures were described specifically for lacZ, they are applicable to
almost any transgene of interest, whether an alternative reporter
gene such as green fluorscent protein, or a therapeutic gene, such
as TH.

With the identification of viable, transgene-expressing clones,
the primary concerns become the expansion and cryopreservation
of cell lines. Preferred mNSC lines are grown in DMEM + 10%
FBS + 5% HS + 2 mM glutamine on coated tissue culture–treated
dishes. In the past, we have grown C17.2 cells on dishes precoated
with poly-L-lysine. However, either through curiosity or lazi-
ness, we have discovered that this cell line grows quite readily on
uncoated dishes. The rate of growth typically seen in mNSCs is
on the order of an 18 to 24-h doubling time. Normally growing
cultures can be fed twice per week, with the cells being passaged
during one of the feedings. The feeding alone consists of merely
removing old medium and adding fresh medium. It may be ben-
eficial to retain approx 25% of the old medium because it has
been “conditioned”; however, because these cells grow fairly
quickly they have no trouble “conditioning” fresh medium. Pas-
saging consists of trypsinizing and transferring cells to new
dishes. After removal of the medium, PBS should be added to the
dish and then aspirated to remove any traces of serum. A small
amount of 0.05% trypsin/EDTA is added to the dish to just cover
the cell layer—0.5 mL works well for a 10-cm dish. The cultures
are then incubated at 37°C for 3 min. On removal from the incu-
bator, several milliliters of normal feeding medium should be
added to the dish to inactivate the trypsin and allow for easy
trituration. Cells are then transferred to a centrifuge tube and
spun at 1000 rpm for 3 min. The supernatant is discarded and the
cells are resuspended in 10 mL of fresh medium. We generally
passage mNSCs at a 1:10 ratio, which can be accomplished in a
couple of ways. For example, if one is growing a single 10-cm
dish of cells, and wishes to maintain this scale, then 1 mL of the
cell suspension can be transferred to a new dish and the remain-
ing 9 mL can be discarded. Nine milliliters of fresh medium
should be subsequently added to the dish. However, since the
main concern here is to expand cells to be frozen, the second
method of obtaining a 1:10 passage should be employed. Simply
increasing the available growing surface 10-fold will accomplish
this. Ten-centimeter dishes have a growing surface of approx
75cm2 and will support about 5 million cells when confluent.
Alternatively, T150 flasks (with a 150-cm2 growing surface) may
be used. These large flasks are ideal for safely growing large
numbers of cells to be frozen. When these cultures have reached
no more than 90% confluence, the cells can be harvested for
freezing. Ten 10-cm dishes, or five T150 flasks, will yield roughly
40–50 million cells. The freezing medium consists of 70% nor-
mal growth medium with an additional 20% FBS, plus 10% dim-
ethyl sulfoxide (DMSO). Cells should be trypsinized as described
above; however, following centrifugation the cells should be
resuspended in prechilled freezing medium. The desired concen-
tration is 1 × 106 cells/mL, with 1 mL of this suspension placed
into each prelabeled cryovial. The cryovials are kept on ice until
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they are transferred to a controlled-rate freezing device that is
put into a –80°C freezer. This device allows the cells to cool at
approximately 1°C/min. This transfer should be done as quickly
as possible. After 24–48 h, and no longer than 2 wk, the cryovials
should be transferred to a –140°C mechanical freezer or a liquid
nitrogen freezer, where they can be maintained indefinitely.

It is always advisable to thaw a representative vial from each
freeze to check for viability. To thaw these cells, it is best initially
to seed them into a small dish, such as a 35-mm dish, containing
2 to 3 mL of prewarmed growth medium. Quickly thaw the cells
and transfer them immediately to the dish. Centrifugation is not
recommended, because the cells are extremely fragile when com-
ing out of freeze. Over the course of 8 hours the cells will settle and
attach to the dish, at which point the medium should be aspirated
and replaced with fresh medium. Given that the cells successfully
recover from freezing, one can feel secure in knowing that no
matter what happens to growing cultures, many vials of early pas-
sage cells are stored safely.

17.9.2. PREPARATION OF mNSCs FOR TRANSPLANTA-
TION  Just as with freezing, cultures selected for transplantation
studies should be no more than 80–90% confluent and still undif-
ferentiated and in a log growth phase. Passaging at a 1:5 ratio 48
h before a transplantation procedure generally yields the proper
density. If cells are allowed to become too confluent for more than
48 h prior to transplantation, they begin to elaborate an ECM that
causes them to become clumpy and renders poor engraftment and
often-autonomous clusters of cells in vivo. Confluent cells also
begin to exit the cell cycle and differentiate spontaneously, which
also predisposes them to poor engraftment. The more immature
the NSCs, the better the engraftment, integration, and migration.
Sister cultures of those chosen for transplantation can be allowed
to grow to confluence and analyzed in vitro for their ability to
differentiate into mature neural phenotypes and the efficiency of
reporter transgene expression (e.g., lacZ). If the cells do not
express lacZ well in a dish, they are even less likely to be identi-
fiable by such a gene in the brain. In such a case, the experiments
either should be aborted or an alternative marker should be used—
e.g., preincubating the cells in bromodeoxyuridine (BrdU) ex vivo
prior to transplantation (Flax et al., 1998; Ourednik et al., 2001b)
or using a species-specific marker in xenograft paradigms (see
below for more details).

For NSCs that have been engineered with transgenes via
retrovirus, there is another criterion to consider when selecting
a clone for transplantation. “Helper virus-free” status needs to be
affirmed prior to transplantation; otherwise, host-derived cells
may be falsely interpreted as being donor derived. (Helper virus
refers to a replication-competent virus that emerges from a rep-
lication-incompetent vector owing to unintended recombination
events in which enabling genes get placed before the transgene).
This status can be confirmed by growing naive cells such as 3T3
fibroblasts with the supernatant from the NSC line in question.
If these conditions fail to produce neomycin-resistant colonies or
X-gal+ colonies in the naive cells, then the NSCs are considered
“helper virus free” and can be legitimately used for transplanta-
tion studies.

Cells to be used for transplantation are trypsinized well and
gently triturated to yield a single-cell suspension. Cells are then
washed in medium and finally resuspended in PBS or Hank’s
balanced salt solution (HBSS) for injection. A cellular concentra-
tion of 5–10 × 104cells/µL is ideal for most injections, tending

more to the lower end of this range. Concentrations above this
level can lead to obstruction of the needle. Although we use finely
drawn glass micropipets, one can also employ a Hamilton syringe.
The tip should be as thin as possible while still allowing for the
ready flow of a well-dissociated single-cell suspension. We color
the tip black to help with its visualization during penetration,
especially in young animals whose brains can be transilluminated.
A few microliters of concentrated trypan blue (0.04% [w/v]) can
also be added to the cell suspension to permit ready visualization
of the suspension during injection as well as to calculate the per-
centage of viable cells (by trypan blue exclusion). Cells should be
kept on ice until injection to minimize clumping. However, this
alone is not sufficient; the cells will settle out of suspension within
minutes and should be repeatedly triturated to maintain a uniform
distribution. Even within the needle or micropipet the cells can
settle; therefore, it is advisable to draw up only enough cells to
implant one or two animals at a time.

A typical intraventricular injection into a newborn mouse con-
sists of a 2-µL NSC suspension injected into each ventricle. The
subject is placed against a fiberoptic light source to visualize the
ventricles and the NSCs are injected over 1 to 2 s. The best
engraftment of cells is usually found when implanted into mice
that are P0–P3.

Once NSCs are implanted, the focus switches to the identifi-
cation of donor cells in vivo. While the most efficient method for
detecting cells in vivo is via the presence of a transgene (e.g.,
lacZ), the risk of downregulation of the transgene warrants the
simultaneous use of other donor cell detection strategies. Even if
the transgene is downregulated, it can still be detected through
fluorescent in situ hybridization (FISH) against the transgene
itself. In addition, by using NSCs derived from a male animal,
and implanting them into a female animal, one can perform FISH
against the Y-chromosome (Gussoni et al., 1999). NSCs can also
be preincubated in BrdU 48 h prior to transplantation at a concen-
tration of 10 µM in the culture medium, although if a transplant
had to be done sooner than expected, 24 h of BrdU preincubation
will suffice. BrdU is taken up by mitotic cells and incorporated
into their DNA. This presents another reason for using
subconfluent cells for transplantation, because they will most
likely be dividing normally, giving a high yield of BrdU+ cells.
These cells can subsequently be identified in vivo through the
use of an anti-BrdU antibody that will indicate donor-derived
cells via their immunopositive nucleus (Flax et al., 1998;
Ourednik et al., 2001b). Most NSCs undergo zero to two cell
divisions in vivo following transplantation, usually not enough
to “dilute” the BrdU marker (which remains stably detectable for
as many as six murine cell divisions).

17.9.3. HUMAN NSCs-ISOLATION AND PROPAGA-
TION  The isolation and propagation of NSCs from the human
CNS followed a path well trod by prior experience with the suc-
cessful mNSC clone C17.2. A suspension of primary dissociated
neural cells (5 × 105 cells/mL) prepared from the periventricular
region of the telencephalon of an early second-trimester human
fetal cadaver (as detailed elsewhere [Flax et al., 1998]) was plated
on uncoated tissue culture dishes. Cells were first plated in a
serum-containing medium for approx 1 wk and then switched to
a serum-free medium. This latter medium consists of essentially
the same serum-free medium described earlier for mouse. The
following growth factors were added at the time of feeding: bFGF
(10–20 ng/mL); heparin, as a cofactor for bFGF (8 µg/mL); EGF
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(10–20 µg/mL); and LIF (10 ng/mL). Cultures were then put
through a “growth factor” selection process, under the assump-
tion—based on our much earlier prior work—that true NSCs
bear a receptor to both FGF and EGF simultaneously. Cells were
transferred to serum-free medium containing bFGF and heparin
alone for 2 to 3 wk, transferred to serum-free medium containing
EGF alone for 2 to 3 wk, and then returned to serum-free medium
containing bFGF and heparin alone for 2 to 3 wk. Finally, they
were maintained in serum-free medium containing bFGF, hep-
arin, and LIF. This selection process eliminates most cells, and
the only ones left surviving, dividing, and capable of being pas-
saged at its conclusion were immature, proliferative cells that
were responsive to both FGF and EGF. These cells also fulfilled
our operational definition of a neural stem cell, capable of giving
rise to mature progeny of all neural cell types in vitro and in vivo
throughout the neuraxis as well as to new stemlike cells.

On completion of the selection process, cells were maintained
on a schedule of medium changes every 5–7 d. Cell aggregates
were dissociated in 0.05% trypsin/EDTA (when the size was >10
cells in diameter) and replated in growth medium at 2 × 105 cells/
mL. Some dissociated NSCs were set aside for characterization
and plated on poly-L-lysine–coated slides in DMEM + 10% FBS.
In these conditions, most cells differentiated spontaneously and
could be processed with immunocytochemistry to search for neu-
ronal and glial markers to verify multipotency.

Polyclonal populations of the hNSCs were then separated into
single clonal lines either by serial dilution alone (i.e., one cell per
well) or by first infecting the cells with a retrovirus and then
performing serial dilution. The proviral integration site also pro-
vides a molecular marker of clonality. The transgenes transduced
via retrovirus were either nontransforming propagation enhance-
ment genes such as vmyc, or purely reporter genes such as lacZ,
or both. Two xenotropic, replication-incompetent retroviral vec-
tors were used to infect hNSCs. A vector encoding lacZ was simi-
lar to BAG except for bearing a PG13 xenotropic envelope. An
amphotropic vector encoding vmyc was generated using the
ecotropic vector described for generating mNSC clone C17.2 to
infect the GP+envAM12 amphotropic packaging line (Flax et al.,
1998). Helper virus-free status was confirmed using the tech-
nique described for mNSCs. The titer used for either vector was
4 × 105 CFU, and the procedure for infection was similar to that
described for murine cells.

For cloning of hNSCs, cells were dissociated and diluted to
1 cell/15 µL of bFGF-containing growth medium and plated at
15 µL/well of a 96-well plate. Low-density cultures grow best
when the medium is supplemented with 25–50% conditioned
medium from previously grown dense cultures. Wells plated with
single cells were identified and expanded. The monoclonality of
these colonies was confirmed by the presence of a single and
identical genomic insertion site on Southern analysis for either
the lacZ- or the vmyc-encoding provirus (Flax et al., 1998).

As with the mNSCs, once viable, transgene-expressing hNSC
populations or clones are identified, expansion and cryopreser-
vation of cells becomes all important. For standard culture con-
ditions, hNSCs are normally maintained in DMEM + F12
medium, supplemented with N2 medium, bFGF, heparin, and
LIF. Because of their relatively slow cell cycle, anywhere from
3-6 days or longer, hNSCs may not need to be passaged every
week; however, the medium should be changed every 5–7 d. It is
advisable to retain 25% of the old conditioned growth medium at

each change, supplemented with 75% fresh medium. Determin-
ing the need to passage hNSCs may not be as straightforward as
with many cell lines. They tend to grow as large cell aggre-
gates—sometimes floating, sometimes attaching to the surface
of the culture dish and separated but with many processes tra-
versing between and connecting the aggregates. This often gives
the culture a “honeycomb” appearance. If this “honeycomb” cov-
ers the entire surface of the vessel, the culture is most likely ready
to be passaged, even though it is not confluent in the traditional
sense. Indeed, many of the cells will have already differentiated
and these will not passage well. It will be the phase bright,
nonprocessing bearing, round cells that will likely be immature
and proliferative enough to passage as stemlike cells. It makes
sense to tap the flask on a daily basis to dislodge as many attached
cells as possible each day and forestall their differentiation.
Another criterion for passaging is if the aggregates have grown
to >10–20 cells in diameter. Beyond this point cells in the center
are unable to obtain necessary nutrients and gas exchange is
compromised. The procedure for trypsinizing the hNSCs is out-
lined below in Subheading 17.9.4.

hNSCs are cryopreserved by resuspending cells in a freezing
solution composed of 10% DMSO, 50% FBS, and 40% bFGF-
containing growth medium. It is best not to trypsinize hNSCs
immediately prior to freezing; twenty-four to forty-eight hours
before the freeze is ideal. To harvest cells for freezing, most can
be dislodged from the culture vessel with trituration alone. Cells
are normally concentrated at 1 × 106/mL of freezing solution. The
cells should be transferred to a controlled-rate freezing device as
quickly as possible. The cells are then stored at –80°C for 24–48
h and transferred to ultracold storage, either a –140°C mechani-
cal freezer or a liquid nitrogen freezer. They can be maintained
in the latter conditions indefinitely.

Thawing hNSCs can be tricky. Like the mNSCs, hNSCs are
very fragile after thawing and should not be centrifuged right
away. In the past, we have thawed hNSCs into prewarmed
medium in a small dish, 35–60 mm, and waited 8 h before chang-
ing the medium. Unlike mNSCs, however, many hNSCs do not
attach to the dish quickly, and in order to retrieve the suspended
cells when the medium is changed 8 h later, they must be centri-
fuged. Moreover, many of the cells that do attach will differen-
tiate because of the high serum content of the freezing medium.
Some cells will survive and proliferate, but the yield is generally
low. Although this technique still has merit, we have recently
tried a new thawing technique designed to counteract these prob-
lems. When hNSCs are thawed, they are placed into a 15-mL
centrifuge tube with approx 9 mL of prewarmed feeding me-
dium. The tube is placed vertically in an incubator at 37°C for
approx 1–2 h. During this time, the cells will settle, but they will
not differentiate due to the nonpermissive surface of the centri-
fuge tube. After 1–2 h the tube should be centrifuged at 700 rpm
for 1 min. The mixture of freezing and feeding medium can then
be safely aspirated. Trying to aspirate the medium without cen-
trifugation will result in the loss of many cells, and since the
centrifugation is done at a low rate for a short period, the cells
tolerate it well. The pellet is then resuspended in a mixture of
50% fresh feeding medium and 50% conditioned feeding
medium. This conditioned medium should be collected from
previously growing cultures, filtered, and stored at –80°C. After
1 or 2 wk in culture, the percentage of conditioned medium may
be reduced to 25%. Although the yield of viable and immature
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cells appears to be higher with the latter technique, it can still
take several weeks after a thaw to amass usable numbers of cells.

17.9.4. PREPARATION OF hNSCs FOR TRANSPLANTA-
TION  While most hNSCs tend to grow attached to the vessel,
many viable cells remain suspended and all should be collected.
Adherent cells are mechanically dislodged by trituration of the
medium, which is then transferred to a centrifuge tube. Cells are
spun for 3 min at 1000 rpm. The supernatant is discarded and 0.7
mL of trypsin/EDTA (0.05% trypsin, 0.53 mM EDTA) is added.
For larger cell pellets containing more than about 5 million cells,
a larger volume of trypsin/EDTA should be used. The cells are
again triturated briefly before a 5-min incubation at 37°C.
Trypsinization is then terminated by adding an equal volume of
soybean trypsin inhibitor (0.25 mg/mL in PBS) into the tube, and
triturating the mixture thoroughly. Cells are spun once again for 3
min at 1000 rpm, the supernatant is removed, and the cells are
resuspended in medium. This wash step can be repeated if there is
a sufficient supply of cells for the given transplantation, but if cells
are scarce, it is best to omit the second wash because cells are
inevitably lost with each centrifugation. Following the final cen-
trifugation, cells are resuspended in a small volume of PBS or
HBSS and counted, and the volume is adjusted to achieve a con-
centration of 5–10 × 104 cells/µL for injections. Trypan blue
(0.04% [w/v]) can be added to permit visualization of the injected
suspension, if desired, as well as to calculate the percentage of
viable cells by trypan blue exclusion. As described earlier for
mNSCs, hNSCs may be injected with either a finely drawn glass
micropipet or a Hamilton syringe. Cells are kept on ice until injec-
tion and should be triturated repeatedly to maintain a uniform
density and avoid clumping. Like mNSCs, these cells settle quickly
so only enough cells to inject one or two animals should be drawn
into the needle or micropipet at a time.

Transplantation procedures for hNSCs are identical to those
used for mNSCs. Many of the methods for detecting donor cells
in vivo are also similar. One notable exception is the BrdU
prelabeling technique. Since the hNSCs divide slower than their
murine counterparts, BrdU (10 µM) should be added at least 48 h
prior to transplantation, and preferably 72 h, in order to catch
more cells undergoing mitosis. Cells cannot tolerate BrdU indefi-
nitely, however, and the yield of BrdU+ cells in vitro may be
unacceptably low. With this in mind, we have tried other
prelabeling techniques using such substances as DiI. This dye
does not need to be added to the medium of growing cultures
beforehand. It can be included in the transplant preparation pro-
tocol according to manufacturers’ specifications, while only
slightly lengthening the time it takes to prepare cells. We are
currently testing the efficacy of a new substance as a prelabeling
dye, carboxyfluorescein, which may have better retention within
the cell than other dyes. A very powerful technique for detecting
hNSC-derived cells in vivo in the rodent or monkey CNS is to use
human-specific antibodies such as NuMA, human EGF receptor,
human nuclear antigen, or human mitochondrial antigen (Aboody
et al., 2000; Ourednik et al., 2001a). In addition, human-specific
neural cell–type-specific antibodies can perform the dual task of
identifying hNSC-derived cells while ascertaining their pheno-
type, (e.g., human-specific tau and neurofilament for neurons,
human-specific GFAP for astrocytes) (Flax et al., 1998).

17.10. INTO THE FUTURE
We have touched on the many possibilities for NSCs as thera-

peutic tools for the future. Will these multipotent cells truly be

a “godsend” or just a “devil in a trypan blue dress”? Time and
further research will be the judge, but the evidence is mounting
that clearly points to their place among the armamentarium of
therapeutic weapons. Nevertheless, many aspects concerning the
clinical potential of NSCs remain speculative and much work
needs to be done (Snyder and Park, 2002). There are many unan-
swered questions about the intrinsic properties of these cells. We
have outlined the cell culture conditions that have worked for us,
but surely these can be refined, or even redefined, to give the
highest possible yield of multipotent and engraftable NSCs. In
vivo, we have only touched on the many parameters involved in
successfully delivering cells to areas of pathology and allowing
them the optimal opportunity to integrate functionally into host
tissue. Are they best left to perform these functions spontane-
ously, or should they be instructed and preinduced to do so each
step of the way? Such a fundamental question as this remains a
topic of future investigations. The field of NSC biology is quite
young and promising and deserves the highest scrutiny that basic
and applied scientific approaches can provide to optimize both
efficacy and safety. Thus, we are left with perhaps a new phrase,
at least as far as CNS therapies are concerned: “Think globally
and act locally, with global effects, but not too global.” It is not
very catchy, but if NSCs could be employed in such a manner to
effectively aid in the treatment of neurological diseases, it would
sound very nice indeed.
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18 Molecular Genetic Approaches
in the Study of Retinal Progenitor Cells
and Stem Cells

TILL MARQUARDT, PhD AND PETER GRUSS, PhD

Understanding how to take advantage of the special nature of multipotential stem cells responsible for renewal of retinal
neurons in the mammalian eye could lead to more effective treatment of retinal blindness. The retina develops from
precursor cells in the anterior neural plate through a highly conserved histogenic order. The differentiating cells migrate
vertically from multipotent retinal progenitor cells in the pseudostratified neuroepithelium to form the inner layer of the
optic cup. The differentiation of retinal cell types is promoted or inhibited by a number of secreted factors. Like other
lineage systems, the developing retina has a few stem cells and larger numbers of transit-amplifying cells that are more
restricted, presumably through neurogenic transcription factors of the bHLH class, including Pax6, Rx1, Six3/6, and Lhx2.
In the adult, the peripheral rim of the neuroretina of amphibians and fish contribute to growth of the eye throughout adult
life. In adult mammals, rare progenitor cells may be found in the pigmented ciliary margin of the eye. Under specific
conditions, donor progenitor cells may be incorporated into the adult eye after injection into the subretinal space, but
differentiation into functioning retinal neurons has not been achieved. This might be accomplished by the appropriate
control of the required transcription factors.

18.1. INTRODUCTION
The success in reconstituting retinal function by introducing

heterogeneous neuronal stem cells has so far been limited, under-
lining the highly specialized nature of retinal cells. These findings
stress the importance of understanding the endogenous mecha-
nisms governing cellular diversification from retinal progenitor
cells (RPCs) in vivo. Recent advances have led to the exciting
discovery of retinal stem cells in the adult mammalian eye and
have provided valuable insights into the molecular mechanisms
underlying theying theenic potential of RPCs. In addition to pro-
viding background information on retinal specification and the
generation of retinal cell diversity, this chapter provides an over-
view of recent approaches and concepts for the study of mamma-
lian retinal progenitor and stem cells in vivo.

18.1.1. CELLULAR DIVERSIFICATION IN VERTEBRATE
RETINA  The detection, processing, and transmission of visual
input to the brain is achieved by six prinicipal classes of retinal
neurons, each in turn comprising several subtypes. In outline,
visual stimuli are detected by the rod and cone photoreceptor cells
and are either directly or indirectly transmitted via bipolar inter-
neurons to retinal ganglion cells, which eventually relay the sig-
nals to the brain (Dowling, 1987; Wassle and Boycott, 1991).
Visual functions such as movement detection and contrast
enhancement essentially depend on the modulation of intraretinal

transmission, requiring two types of interneurons, horizontal and
amacrine cells (Wassle and Boycott, 1991; Taylor et al., 2000).

During development, this array of vastly different cell types
derives from a common pool of multipotent RPCs residing in the
pseudostratified neuroepithelium that forms the inner layer of
the optic cup (Fig. 1A). The multipotent nature of RPCs was
elucidated by a series of seminal lineage tracing experiments in
mammals and amphibia (Turner and Cepko, 1987; Holt et al.,
1988; Wetts and Fraser, 1988; Turner et al., 1990). These studies
revealed that RPCs generally retain their ability to generate dif-
ferent cell types up to the final cell division.

The differentiation of the distinct retinal cell types from RPCs
proceeds in a highly conserved histogenetic order (Fig. 1B). Gan-
glion cells are generated first, followed in overlapping phases by
horizontal, cone photoreceptor, amacrine, rod photoreceptor,
bipolar and, finally, Müller glia cells (Fig. 1B) (Young, 1985a,
1985b). Retinal cell-cell differentiation is initiated in the central
optic cup, close to the optic nerve head, and progresses toward
the periphery in a wavelike fashion until reaching the region of
the presumptive iris (Prada et al., 1991). Clonal analysis in mice
and the claw frog Xenopus laevis revealed that newly generated
retinal cells migrate vertically to their point of settlement, i.e.,
along the vitreoscleral axis, but not laterally, along the
proximodistal (optic nerve iris) axis (Wetts and Fraser, 1988;
Goldowitz et al., 1996). During later retinogenesis, with increas-
ing proportion of postmitotic cells, new cells are generated in a
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proliferative zone (by most authors referred to as the neuroblast
layer) and migrate vertically to their sites of settlement (Fig. 2B).

In mice, retinogenesis extends over a period of nearly 3 wk
(Young, 1985a) (Fig. 1), while in amphibians and fish this process
is extremely temporally compressed, obviously reflecting the
adaptive necessity of the pelagic larva for immediate visual func-
tion. Histogenesis in the central retina of Xenopus, e.g., is com-
pleted within 24 h (Holt et al., 1988). However, despite this radical
temporal compression, the general histogenetic order is conserved
in lower vertebrates, with retinal ganglion cells being born first
and Müller glia born last. In these species, this initial phase of
retinogenesis is followed by a second phase, which is further dis-
cussed in Subheading 18.1.4.1.

18.1.1.1. Intrinsic Changes in RPC Potential  The differen-
tiation of particular retinal cell types from RPCs can be promoted
or inhibited by secreted factors, such as transforming growth fac-
tors (α/β, epidermal growth factor (EGF), Sonic hedgehog (Shh),
nerve growth factor, leukemia inhibitory factor, and ciliary neu-
rotrophic factor (reviewed in Reh and Levi, 1998; Cepko, 1999).
These factors mostly act on mitotic RPCs but, in some instances,
can also redirect the fate of postmitotic precursor cells (Ezzeddine
et al., 1997). Shh, e.g., is secreted by newly postmitotic ganglion
cells and promotes further production of ganglion cells by adjacent
RPCs, which in turn start secreting Shh (Neumann and Nuesslein-
Volhard, 2000). The production of appropriate numbers of par-
ticular cell types appears to be controlled by negative feedback
signaling by postmitotic cells (Waid and McLoon, 1998; McCabe
et al., 1999). During retinogenesis, the continuous increase in the
number of postmitotic cells of different types automatically results

in alterations of the signaling environment, which in turn seems to
be a motor of cellular diversification.

In addition to these extrinsic signaling systems, RPCs display
significant intrinsic changes in their potential to generate differ-
ent cell types with progression of retinogenesis, as well as differ-
ential changes in their response to inductive and mitogenic factors
(reviewed in: Lillien, 1998; Cepko, 1999). These intrinsic changes
are reflected by the observation that, e.g., embryonic retinal cells
cultured with an excess of postnatal retinal cells do largely not
adopt cell fates preferred by postnatal RPCs (Alexiades and
Cepko, 1997; Belliveau and Cepko, 1999; Belliveau et al., 2000).
The molecular mechanisms that drive these intrinsic shifts are
largely unclear, although a possible mechanism involves changes
in the expression level of cell-surface receptors, such as the EGF
receptor (Lillien, 1995, 1998).

18.1.1.2. Multipotency and Lineage Restriction in the
Retinal Progenitor Cell Pool  When cultured in vitro, small
numbers of multipotent RPCs with stem cell characteristics (i.e.,
passagability and neurosphere formation) can be retrieved from
the late embryonic retina, while the majority of RPCs apparently
undergo immediate differentiation (Kelley et al., 1995; Jensen
and Raff, 1997). Therefore, similar to other regions of the devel-
oping central nervous system (CNS), the RPC pool appears to
comprise a complex population of few stem cells and distinct
lineage-restricted progenitor cell populations (Lillien, 1998;
Anderson, 2001). A subpopulation of RPCs selectively express-
ing the epitopes syntaxin and VC1.1 was isolated and preferen-
tially gave rise to amacrine cells and, later, rod photoreceptor cells
(Alexiades and Cepko, 1997).

Fig. 1. Generation of cellular diversity during retinal development. (A) A common population of multipotent RPCs in the inner layer of the
optic cup gives rise to the seven cell classes of the neuroretina. (B) The distinct cell classes are generated in a defined temporal sequence. The
scheme is derived from cell birth dating studies in the developing mouse retina (after Young, 1985a, 1985b). See text for details. ce, corneal
ectoderm; lv, lens vesicle; OS, optic stalk; RPE, retinal pigment epithelium; NR, neuroretina.
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Good candidates for mediating intrinsic cell fate biases of dis-
tinct lineage-restricted RPC subpopulations are neurogenic tran-
scription factors of the basic helix-loop-helix (bHLH) class
(Guillemot, 1999). A number of bHLH factors are localized to
both overlapping and nonoverlapping subsets of RPCs and are
potent promoters of particular retinal cell fates (Brown et al., 1998;
Morrow et al., 1999; Perron et al., 1999; Hojo et al., 2000; Wang
et al., 2001). The expression of these factors generally occurs in a
mosaic-like pattern and is restricted to only subsets of RPCs pre-
sumably via the action of Notch/Delta signaling–mediated lateral
inhibition (Artavanis-Tsakonas et al., 1999; Perron and Harris,
2000), in addition to repressive interactions among the factors
themselves (reviewed in Marquardt and Gruss, 2002) because neu-
rogenic bHLH factors can drive neural progenitor cells out of the
cell cycle (Farah et al., 2000), this mechanism potentially prevents
the premature depletion of the RPC pool (Tomita et al., 1996;
Dorsky et al., 1997).

Next to restricting the numbers of cell cycles available to RPCs,
the transient action of these factors in RPCs appears to promote the
expression of other transcription factors that act as terminal differ-
entiation factors and continue to be present postmitotically. The

bHLH factor Math5, e.g., appears to directly activate expression
of the POU domain transcription factor Brn3b (Liu et al., 2001;
Wang et al., 2001), which is required for the terminal differentia-
tion of retinal ganglion cells (Xiang, 1998; Gan et al., 1999).
However, the regulatory relationships between retinogenic bHLH
factors and the extrinsic signaling systems operating during
retinogenesis remain unresolved.

18.1.2. ORIGIN OF RETINAL PROGENITOR CELLS  For-
mation of the retina is initiated with the evagination of the anterior
neural plate in the region of the presumptive diencephalon. These
evaginations, the optic sulci, eventually form to the optic vesicles,
which ultimately give rise to three principal ocular tissues:
neuroretina, retinal pigment epithelium, and optic nerve. The neu-
roepithelium of the optic vesicle distally invaginates to form the
optic cup. The outer layer of the optic cup eventually differentiates
into the retinal pigment epithelium, while the inner layer contains
the RPCs that give rise to the different cell types that assemble to
the functional architecture of the neuroretina.

What are the molecular players that determine retinal fate? The
homeodomain and Pax transcription factors Pax6, Rx1 (rax), Six3,
Six6 (Optx2), Lhx2, and Otx2 become expressed in the retinal

Fig. 2. Spatiotemporal dynamics of transcription factor expression during retinogenesis in mammals and peripheral retinogenesis in amphib-
ians. (A) In the CMZ of the X. laevis retina, new cells are generated from multipotential stem cells residing in the peripheralmost CMZ, which
coexpress Pax6, Rx1, and Six3. Cells in the course of retinogenesis become progressively localized toward the central CMZ and display
characteristic switches in their expression profiles of transcription factors involved in neurogenesis and cell fate specification. Postmitotic cells
display a segregation of the factors initially coexpressed in the CMZ stem cells. (B) Retinal lamination during retinogenesis in mice. Similar
to the CMZ stem cells in (A), RPCs characteristically coexpress a common set of transcription factors. Their expression pattern rapidly
segregates after cell-cycle exit. onl, inl, gcl: outer nuclear, inner nuclear, and ganglion cell layer, respectively; rpe, retinal pigment epithelium.
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anlage prior to the formation of the optic sulci (Walther and Gruss,
1991; Li et al., 1994; Oliver et al., 1995; Furukawa et al., 1997a,
1997b; Mathers et al., 1997; Jean et al., 1999; Crossley, 2001;
Crossley et al., 2001; Kenyon et al., 2001) and are implicated in a
conserved regulatory network that initiates retinal development
(Chow et al., 1999; Gehring and Ikeo, 1999; Zuber et al., 1999;
Bernier et al., 2000; Ashery-Padan and Gruss, 2002). Their central
role in this process is impressively demonstrated by the finding
that forced expression of either Pax6, Six3, Six6, or Rx1 in fish and
frog embryos promotes the formation of ectopic retinal tissue
(Chow et al., 1999; Loosli et al., 1999; Zuber et al., 1999; Bernier
et al., 2000; Kenyon et al., 2001). Therefore, each of these factors
appears to be capable of triggering the events that ultimately lead
to retinal differentiation. Ectopic expression of any of these fac-
tors can trigger the expression of the others, an observation that
highlights the network character of their regulatory interrelation-
ships. The central function in initiating retinal development is
furthermore reflected by failure of eye development in null
mutants for the genes encoding these factors. Rx1 null mutant
mice display a complete failure to form the optic sulci, while in
Pax6 and Lhx2 null mutants the optic vesicle is formed but arrests
at a stage prior to the initiation of retinal neurogenesis (Grindley
et al., 1995; Mathers et al., 1997; Porter et al., 1997).

The intriguing regulatory network of these factors might pave
the way to retinal development via mutually stabilizing and
thereby coordinating their expression. However, the mecha-
nisms that initiate and concisely restrict these retinal determi-
nants to the initial retinal primordium largely remain to be
elucidated. In addition, these factors appear to be capable of
promoting ectopic retinal tissue only in certain areas, indicating
that only particular tissues are competent to be guided to the
retinal fate. Otx2 was implicated in marking the area of this
“retinal competetence field” (Chow et al., 1999; Loosli et al.,
1999; Bernier et al., 2000; Kenyon et al., 2001). However, the
actual requirement of Otx2 in this process remains obscure,
since in null mutant mice the development of head structures is
severely compromised (Boncinelli and Morgan, 2001).

18.1.3. MOLECULAR SETUP OF THE UNCOMMITTED
RPC STATE  In all vertebrate species analyzed so far, the same set
of transcription factors (Pax6, Rx1, Six3/6, and Lhx2) that act in
initiating vertebrate eye development continues to be present dur-
ing the ensuing steps of retinal neurogenesis (Fig. 2A,B) (Walther
and Gruss, 1991; Belecky-Adams et al., 1997; Furukawa et al.,
1997a; Perron et al., 1998). Pax6, e.g., is localized in virtually all
RPCs throughout murine retinogenesis (Marquardt and Gruss,
2002). With increasing proportion of postmitotic cells, these fac-
tors display a segregation in their expression patterns, being
downregulated in some cell lineages, while being maintained in
others (Fig. 2B). Therefore, the actual coexpression of these fac-
tors appears to be a defining feature of RPCs. Given their coordi-
nate function in the very initiation of retinal development, this
observation strongly suggests a continued requirement for the
combined action of these factors in retinogenesis.

The inactivation of Pax6 specifically in the RPCs of the distal
optic cup of mouse embryos by using the Cre-loxP approach
(see Subheading 18.2.3.) led to the complete restriction in
the retinogenic potential of RPCs toward the production of only
one of the different cell fates normally available to RPCs—ama-
crine cells (Marquardt et al., 2001). Pax6 appears to function, at
least in part, by mediating the activation of retinogenic bHLH

transcription factors such as Math5 and Ngn2 (Marquardt et al.,
2001; Marquardt and Gruss, 2002). The presence of other RPC
factors (i.e., Rx1, Six3/6, and Lhx2) was maintained, probably
accounting for the restricted retinogenesis still observed from
Pax6-deficient RPCs. These results therefore confirm the con-
tinued requirement for these transcription factors for the full
retinogenic potential of RPCs.

The observation that a single factor, active in all RPCs
throughout retinogenesis, is essential for the formation of nearly
all retinal cell types, affecting early and late born types alike,
suggests the existence of a common molecular framework under-
lying RPCs during all stages of retinogenesis. In this respect, the
intrinsic changes in the retinogenic potential of RPCs at particu-
lar stages of retinal development (see Subheading 18.1.1.1.)
might merely be superimposed on a more “primitive” RPC state.
The coexpression of this set of retinal determinants therefore
appears to represent the molecular setup of the principal RPC
state and might serve as a useful tool in the identification of
retinal stem cells in vivo and in vitro.

18.1.4. ADULT RETINAL STEM CELLS
18.1.4.1. Retinal Regeneration and Retinal Stem Cells in

Lower Vertebrates  In amphibians and fish the retina continues
to grow postembryonically and throughout adult life, keeping pace
with increase in body size of larva and adult (Hollyfield, 1971;
Johns, 1978). After a general phase of retinogenesis, which pro-
ceeds in the usual proximodistal pattern (see above), new cells are
now added laterally from a specialized proliferative zone in the
peripheral rim of the neuroretina, the ciliary marginal zone (CMZ)
(Hollyfield, 1971; Johns, 1978; Wetts et al., 1989). In the CMZ,
the least determined cells, “retinal stem cells,” reside closest to the
periphery, and cells in the process of differentiation progressively
localize to the central portion of the CMZ, therefore representing
a spatial recapitulation of the sequential events of retinogenesis
(Wetts et al., 1989; Perron et al., 1998). In analogy to the findings
in the murine retina (Subsection 18.1.3.), the distalmost CMZ stem
cells were shown to coexpress Rx1, Six3, and Pax6 prior to and
during the ensuing steps of retinogenesis (Perron et al., 1998).

CMZ stem cells are multipotent and can give rise to all retinal
cell types, including retinal pigment epithelial cells. The prolifera-
tive activity of the CMZ stem cells appears to depend on their
localization to the CMZ, since transfer to the central retina leads
to immediate cell-cycle exit and differentiation (Wetts et al., 1989).
A most intriguing property of the CMZ cells is their apparent
capability to respond to stimuli from the central retina with the
production of particular classes of cells. In the Xenopus retina,
ablation of neurons of a particular neurotransmitter phenotype has
been reported to stimulate the production of this cell type by the
CMZ (Reh, 1987).

The eyes of urodele amphibians display a remarkable regenera-
tive capacity. After complete retinectomy, the RPE of salamanders
can transdifferentiate into retinal neuroepithelium (Stone, 1950).
Similarly, following lens ablation, the urodele RPE can also
transdifferentiate to form a lens (Reyer, 1977). However, most
anuran species, like Xenopus, lack such a regenerative capacity,
although some retinal tissue is replaced after partial retinectomy,
but the source of the new cells might mainly be the CMZ (Reh,
1987; Reh and Nagy, 1987).

18.1.4.2. Retinal Stem Cells in Adult Mammals  Like other
regions of the CNS, the retina of adult mammals generally lacks
regenerative capacity. Recently, however, retinal stem cells
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could be retrieved from the pigmented ciliary margin (PCM) of
the adult mouse and human eye (Tropepe et al., 2000). On cul-
ture, a number of cells of this region were passageable and gave
rise to sphere colonies containing various types of retinal neu-
rons and glia. Retinal stem cells could only be retrieved from the
PCM, not from the neuroretina and other regions of the iris or
RPE. Interestingly, the proportion of PCM cells with retinal stem
cell properties dramatically increased postnatally, while the
embryonic retinal neuroepithelium contains only a few stem cells
(see Subheading 18.1.1.2.).

The PCM cells are speculated to constitute an evolutionary
“remnant” of the CMZ of lower vertebrates. However, the region
of the PCM in the mouse does not precisely correspond to that
of the CMZ. The nonpigmented CMZ of amphibian represents
the distal margin of (and is continous with) the neuroretina and
approximately corresponds to the area around the ora serrata
in mammals. The latter appears to be devoid of retinal stem
cells (Tropepe et al., 2000). Whether the retinal stem cells of the
PCM actually play a role in the adult mammalian retina in vivo
remains unclear.

In the retina of the chick, a limited number of proliferative
cells in the nonpigmented ciliary margin have been observed,
bearing closer resemblance to the CMZ cells of lower verte-
brates (Fischer and Reh, 2000). Evidence has been provided that
mild injury can induce a certain regenerative potential exerted
by Müller glia cells in the adult chick retina (Fischer and Reh,
2001). The production of new cells by Müller glia was preceded
by the concomitant upregulation of Chx10 and Pax6, which
normally are only coexpressed in RPCs (see Fig. 2). Further-
more, a rare population of stem cells in the inner nuclear layer
of the adult teleost retina (possibly Müller glia) that express
Pax6 could be retrieved, (Otteson, 2001). In this context it might
be of interest to note that the mammalian PCM cells likewise
express Pax6 (see Marquardt et al., 2001). Therefore, it will be
highly significant to analyze the contribution of pivotal retinal
factors such as Pax6, Six3, and Rx1 in mediating the retinogenic
potential of these stem cells. These findings might be an impor-
tant step in developing therapies for retinal trauma or degenera-
tion in humans by cell replacement strategies using PCM stem
cells. However, it still has to be elucidated in animal models
whether the PCM cells are capable of eliciting their full
retinogenic potential on introduction into the retina of an adult
host (see Subheading 18.3.).

18.2. MOLECULAR GENETIC APPROACHES
IN THE IN VIVO STUDY OF RETINAL
STEM CELLS AND PROGENITOR CELLS

18.2.1. CELL FATE TRACING AND GAIN-OF-FUNC-
TION EXPERIMENTS USING RETROVIRUSES  The use of
retroviral vectors in the study of retinal cell fate was pioneered
in the laboratory of C. Cepkos (Price et al., 1987; Turner and
Cepko, 1987). These experiments were the first to demonstrate
unanimously the multipotent nature of mammalian RPCs. The
retroviral vector is injected into the eyes of neo- or early postna-
tal rats via the vitreal cavity, between pigment epithelium and
neuroretina (for a technical account, see Cepko et al., 1998). The
injected animals are dissected after a few weeks, and the retina
is histochemically analyzed for the presence of transfected cells.
Infection of cells is followed by integration of a single copy of
the retrovirus into the host genome, which is passed on to its

daughter cells. Most retroviruses require the host cell to be in the
M phase of the cell cycle for succesful genomic integration
(Roe et al., 1993). Therefore, only mitotic cells are infected,
resulting in the selective tracing of progenitor cells. In addition,
replication-incompetent retroviruses are used to prevent second-
ary infections, allowing the tracing of the actual progeny of a
given RPC.

Using a modified vector containing the gene of interest “geneX”
(e.g., encoding a transcription factor implicated in retinal cell
specification), as well as a repoter gene seperated by an internal
ribosome entry site (IRES) sequence, allowed the expression of
both genes encoded by a single bicistronic mRNA. Comparing the
cell type composition of the labeled cell progeny after transfection
with the geneX/reporter and the control vector should reveal the
potential of the respective factor in influencing cell fate (see
Furukawa et al., 1997b; Morrow et al., 1999).

Although powerful in revealing cell fate of single or few
labeled RPCs in vivo, the delivery by direct injection into the eye
is technically largely limited to postnatal stages of rats. The lin-
eage of embryonic mouse embryos could be followed using appli-
cation of retroviral vectors via ex utero surgery (Turner et al.,
1990). However, this microsurgical approach requires consider-
able technical effort, results in low survival rates, and appears to
be applicable only to some genetic backgrounds (Cepko et al.,
1998; Ngo-Muller and Muneoka, 2000). These difficulties can be
partially circumvented by using infection of retinal explant cul-
tures, in which retinal maturation and lamination proceeds to a
remarkable degree normally (Sparrow et al., 1990). Recently,
techniques for gene delivery to the CNS of mouse embryos
in utero were successfully deployed, in which mouse embryos are
injected with retroviral vectors by puncturing the uterus of
anesthetsized pregnant mice (Gaiano et al., 1999; Fukuchi-
Shimogori and Grove, 2001; Saito and Nakatsuji, 2001; Tabata
and Nakajima, 2001). It remains to be seen whether these methods
offer the possibility of routinely transfecting the retina.

18.2.2. POWER AND LIMITS OF CLASSICAL GENE TAR-
GETING IN MICE  “Classic” gene targeting to create null muta-
tions for a particular gene in mice by homologous recombination
in embryonic stem (ES) cells has for years been a powerful tool to
study the requirement for a particular gene in vivo (Thomas and
Capecchi, 1987; for a technical account, see Mansouri, 2001).
However, the role of a particular gene during later stages of devel-
opment or in a certain tissue can be severely compromised by
earlier and/or more global functions. Often such earlier roles lead
to premature lethality, thereby preventing the study of an
involvment in later processes, such as retinogenesis.

For the retina, the problem of prenatal lethality can partially
be overcome by culturing retinal explants prior to the onset of
lethality. In such retinal explant cultures, cell differentiation and
lamination proceeds to a remarkable degree autonomously,
somewhat resembling the in vivo situation (Sparrow et al., 1990).
Briefly, late embryonic retinas are dissociated from vitreal, iris,
optic nerve, and lens tissue; cut into smaller pieces; and cultured
on laminin-, fibronectin-, or collagen-coated dishes or cover slips
(Sparrow et al., 1990). The presence of serum in the medium
appears to be a prerequisite for proper retinal lamination. This
method has been succesfully employed for targeted mutations
that lead to perinatal lethality (see Morrow et al., 1999) and can
be readily combined with retrovirally mediated lineage tracing
or reexpression.
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18.2.3. GENETIC LOSS-OF-FUNCTION, GAIN-OF-
FUNCTION AND CELL FATE TRACING EXPERIMENTS
USING THE CRE-LOXP RECOMBINASE SYSTEM

18.2.3.1. Outline of Cre-loxP System Loss-of-Function
Studies  The Cre-loxP genetic system takes advantage of the prop-
erties of the sequence-specific Cre recombinase of the bacterioph-
age P1 (Rajewsky et al., 1996). Cre can efficiently catalyze the
circularization and excision of DNA segments that are flanked by
two of its asymmetric recognition sequences, the 34-bp loxP sites,
in the same orientation. Cre, coupled to a nuclear localization
signal, readily functions in the environment of the mammalian cell
nucleus (Rajewsky et al., 1996; Tsien et al., 1996), making this
system a uniquely suitable tool to study gene function in the mouse.

Cre-loxP-mediated inactivation of a given geneX gene utilizes
two components each carried by a separate mouse line (Fig. 3).
The first mouse line carries a manipulated (“floxed”) version of
the gene of interest, geneXflox, which is flanked by two loxP sites.
The second mouse line carries a transgene, retina-Cre, expressing
the Cre recombinase in the desired tissue by utilizing a tissue-
specific promoter or regulatory element. Tissue-specific inactiva-
tion is finally achieved by the interbreeding of these mouse lines
to generate retina-Cre; geneXflox/flox animals, which are homozy-
gous for the targeted locus (Fig. 3). Stable transgenic mouse lines
expressing Cre are generated either by microinjection into fertil-
ized mouse oocytes followed by random genomic integration (for
a technical account, see Hogan et al., 1994) or by targeted insertion
into a known gene by homologous recombination in ES cells
(Mansouri, 2001). The “floxed” allele is generated by standard
gene-targeting procedures (see Subheading 18.2.2.).

Cre-loxP-based strategies are particularly powerful because,
once established, they principally allow the combination of preex-
isting reporter strains with different Cre lines, allowing fate trac-
ing and manipulation of distinct progenitor cell populations.
However, for the same reason, this strategy is currently limited by
the still rarely available suitable retina-specific Cre lines or retina-
specific promoter elements (Table 1).

18.2.3.2. Cre-loxP System-Mediated Cell Fate Tracing  Cre-
loxP-mediated fate mapping utilizes two components, each carried
by a separate transgenic mouse line. One transgene, retina-Cre,
utilizes a tissue-specific promoter or regulatory element that drives
expression of the Cre recombinase in RPCs. The other mouse line
carries a Cre reporter transgene, lox/stop/lox-reporter (Fig. 4), in
which a stop signal (usually one or more polyA signals that prevent
transcription to proceed farther downstream) is flanked by two
loxP sites and precedes a constitutively expressed reporter gene.
Interbreeding produces retina-Cre; lox/stop/lox-reporter double
transgenic mouse embryos in which Cre activity can now lead to the
excision of the stop signal, thereby allowing reporter gene expres-
sion (Fig. 4). If this recombination event occurs in a given progeni-
tor cell, the recombined constellation of the reporter transgene
eventually will be passed on to all of its cell progeny, which then
can be identified by the expression reporter gene (Fig. 4).

This strategy can be combined with a gain-of-function approach
(see Sharma et al., 2000). In outline, the Cre reporter vector is
modified to encode a bicistronic mRNA by using an IRES
sequence, allowing expression of both the reporter gene and the
gene of interest, geneX. Crossing this hypothetical transgene, lox/
stop/lox-geneX-reporter, into a particular retina-specific Cre line,
retina-Cre, ideally results in efficient transgene activation in all or
a subset of RPCs. Comparing the cellular compostion of labeled
clones in the mature retina of retina-Cre; lox/stop/lox-reporter
and retina-Cre; lox/stop/lox-geneX-reporter double transgenic
mice should reveal the potential influence of geneX expression
on retinal cell fate decisions (see Fig. 4). The outcome will criti-
cally depend on the population of RPCs in which Cre is active and
the timing of Cre activity, since these parameters will determine
the intrinsic potential (i.e., presence of other cell fate factors in the
respective RPCs).

18.2.3.3. Combining Genetic Cell Fate Tracing with a Cre-
loxP-Mediated Loss of Function  Combining genetic cell fate
tracing with a Cre-loxP-mediated loss of function, although poten-
tially very powerful, suffers from some technical contraints,
which require more elaborate efforts. The concomitant insertion
of reporter genes into the targeted allele potentially leads to undes-
ired effects on the expression of the gene prior to the Cre-mediated
recombination event. Alternatively, the lox/stop/lox-reporter
transgene can in principle be crossed together with retina-Cre
and the floxedgeneX parallel to generate retina-Cre; lox/stop/lox-
reporter; lox/geneX/lox (homozygous) offspring. This strategy of
crossing involves considerable effort and time and necessarily
requires the largely independent segregation of all genetic compo-
nents. Nevertheless, the strategy could be succesfully deployed
to trace the progeny of RPCs in which the Pax6 gene was inacti-
vated via the Cre-loxP approach (Marquardt et al., 2001). Another
potentially powerful approach is to utilize retroviruses expressing
Cre to directly trace the fate of cell progeny after loss of gene
function in the infected progenitor cell. Of course, the same tech-
nical limitations apply regarding the applicability of retroviruses
in utero (see Subheading 18.2.1.).

Fig. 3. Outline of Cre-loxP-mediated gene inactivation strategy in
mouse retina. (F1) A mouse heterozygous for a floxed version of a
particular gene (in which an essential portion of the open reading
frame [ORF] has been flanked by two loxP sites) is mated with a
mouse heterozygous for the same floxed allele, in addition to carry-
ing a transgene that drives retina-specific Cre expression. The latter
has been previously generated by interbreeding. (F2) Approximately
one-eighth of the offspring will be homozygous for the floxed
allele in addition to carrying the retina-specific Cre transgene. In
this genotype, the gene will be deleted only in the retina, where Cre
is expressed, but not in other tissues.
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Table 1
Examples of Established Transgenic Mouse Lines with Retinal Cre Expressiona

Transgenic/targeted
Retina-expressing Cre lines Cre reporter lines Cre transgenic database mutation database

Optic vesicle, all RPCs: Ubiquitous lacZ-hPLAP [http://www.mshri.on.ca/nagy/cre.htm] [http://tbase.jax.org]
Six3-Cre (Furuta et al., 1000) double reporter: A highly useful, noncomprehensive A useful collection of

All distal RPCs:  Z/AP source for available Cre lines, published mouse mutants,
α-(Pax6)-Cre-Gfp (Lobe et al., 1999) Cre reporter strains, and ES cell lines transgenes, and mouse
(Marquardt et al., 2001) mutant–related research tools

Postmitotic ganglio cells:
c-kit-Cre
(Eriksson et al., 2000)

Postmitotic photoreceptors:
Ret-P1-Cre
(Marszalek et al., 2000)

Postanatal retina, all layers OHT
(hydroxy tamoxifen) inducible:

PrP-CreER(T)
(Weber et al., 2001)

Unfortunately, the number of retina-specific promoters is still limited. The web sites given might serve as a useful tool in searching for suitable
Cre lines or promoters.

Fig. 4. Cre-loxP-mediated cell fate tracing in mouse retina. (A) A Cre reporter transgene includes an ubiquitously active promoter followed
by a loxP-flanked polyA (stop) signal and a reporter gene. The other transgene expresses Cre under control of a promoter driving expression
in RPCs. (B) Interbreeding creates double transgenic mice. Cre activity in all RPCs results in constitutive reporter gene expression and
histochemical labeling in all postmitotic retinal cells. Cre in distinct RPC subpopulations results in either (1) random labeling of different cell
types, (2) a bias toward the labeling of certain cell types, or (3) a restriction in the labeling of only one cell type; the latter two indicate the
presence of a lineage-restricted RPC population. *However, it has to be taken into account that, because of the sequential birth order of retinal
cell types, a certain bias might also be created by the timing of Cre expression in RPCs. NR, neuroretina.
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18.2.4. Identification of Retinal Cell Types  A consider-
able number of suitable antibody markers are available for the
identification of particular retinal cell types in situ or in cultured
cells (Table 2) (see Haverkamp and Wassle, 2000). In addition,
in retinal sections the identity of a cell can in part be revealed by
the position of its cell body in the outer, inner, or ganglion cell
layer, which is stereotypic for the different cell types. However,
when using such markers it is important to be aware that they
often label more than one particular cell type. Syntaxin, e.g.,
labels cell bodies and processes of amacrine cells, but also hori-
zontal cells (Barnstable et al., 1985), and Islet1, which is some-
times referred to as a ganglion cell marker, is also strongly
expressed in bipolar cells and cholinergic amacrine cells (Galli-
Resta et al., 1997). This is especially a concern when working
with cultured cells in which the type of a cell is not additionally
revealed by its position within the retinal laminae. In addition,
some care must be taken when transferring results from one spe-
cies to another, because some seemingly conserved markers can
display unexpected species specificity regarding their cell type–
specific expression (Haverkamp and Wassle, 2000).

18.3. CURING RETINOPATHIES
WITH STEM CELLS: ANIMAL MODELS

Donor cells can be delivered to the retina by injection of usu-
ally 105–106 cells into the subretinal space (i.e., between RPE

and neuroretina), similar to the administration of retroviral vec-
tors described under Subheading 18.2.1. Usually, entry into the
vitreal cavity is achieved by directly inserting a thin (1-mm) glass
micropipet connected to a Hamilton syringe through a self-seal-
ing wound at the corneoscleral junction (see Warfvinge et al.,
2001). The entry via the vitreous cavity appears to minimize
reflux of cells by the intraocular pressure.

Injection of adult hippocampal (Takahashi et al., 1998) or
transformed embryonic cerebellar– and medulla (C17-2,
RN33B) (Warfvinge et al., 2001)–derived progenitor cells into
the retina of neonatal or adult rats resulted, with varying effi-
ciency, in the integration of donor cells into the host retina. Many
of these cells appear to be incorporated into the host retina, where
they survive and differentiate. However, the vast majority of
grafted cerebellar- and medulla-derived progenitor cells cells
did not differentiate neurons but, rather, microglia-like cells situ-
ated in the inner and outer plexiform layers of the host retina
(Warfvinge et al., 2001).

Interestingly, adult hipocampal progenitor cells were only inte-
grated into the host retina of neonatal, not adult, rats (Takahashi
et al., 1998). However, when these progenitor cells were injected
into mechanically injured or dystrophic retina of adult rats, they
were incorporated, suggesting that injury facilitates integration
and differentiation of donor cells (Young et al., 2000). These cells
displayed efficient integration into the host retina and neuronal

Table 2
Retinal Cell–Type Specific Antibody Markersa

Source

Antigen/antibody

Cell type Ganglion + + + – – – – ± + + – – – – – ± – – – – – – +
Horizontal – – – – – – – + ± – ± ± – – – – – – – ± – – ±
Amacrine – – ± – – – – – ± + + + + + + ± ± ± ± + + + +
Bipolar – – + + – ± – – – – – – – – – – – – – – – – –
Müller glia – – – – – – + – – – – – – – – – – – – – – – –
Photoreceptor – – – ± + + – – – – – – – – – – – – – – – – –

aNote that βIII-tubulin is present at low levels in virtually all retinal neurons, but at much higher levels in ganglion and amacrine cells. Grk-1
(rhodopsin kinase) labels rod outer segments, while PKC labels rod outer segments, in addition to bipolar cells, and recoverin labels all photoreceptor
cell bodies. Syntaxin, NR1, GluR2, GAD65, and VC1.1 label virtually all amacrine cells, the latter also additional cells in the inner nuclear layer. GABA,
GlyT1, and glycine each label 30–40% of amacrine cells, while calretinin, TH, and ChAT label only small amacrine subpopulations. Also note that
polyclonal antisera might be subject to considerable variations in their quality and/or working conditions.

bDSHB Developmental Studies Hybridoma Bank.
cNon-commercial antibody, courtesy of Dr. K. W. Koch.
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differentiation. However, the cells did not display marker profiles
typical for mature retinal neurons, indicating that terminal differ-
entiation into retinal neurons did not occur. Injection of immortal-
ized rat RPCs (E1A-line) (Seigel, 1996) was reported to lead to the
succesful incorporation into the retina of neonatal and adult rats
(Seigel et al., 1998). While some of these cells were observed to
acquire marker characteristics of mature photoreceptor cells,
Müller glia differentiation was not observed.

The limited success of these transplantation studies in differen-
tiating donor cells into mature retinal cells is probably due to two
main factors. First, the heterogeneous neuronal stem cells that
were used appear to be restricted in their cytogenic potential. Apart
from giving rise to “generic” neurons and glia, they appear to lack
the potential to generate highly specialized retinal neurons, such
as photoreceptors. Intrinsic limitations might also be attributed to
embryonic retinal stem cells, which reflect stage-specific alter-
ations in the retinogenic potential of RPCs (see Subheading
18.1.1.1.). Second, in addition to these intrinsic factors, the limited
success in differentiating into mature retinal cells is also likely due
to the altered signaling environment in the postnatal and adult
retina, which might be insufficient to promote the generation of all
retinal cell types.

18.4. CONCLUSION
Given the limitations experienced with using heterogeneous

donor cells for retinal transplantation, it will be highly significant
to test whether the grafting of the recently identified adult RPCs,
which in vitro display a potential to give rise to most of the retinal
cell types (Tropepe et al., 2000), are able to overcome these con-
straints. However, it still has to be elucidated in animal models
whether the PCM cells are capable of eliciting their full
retinogenic potential on introduction into the retina of an adult
host. In an ideal therapeutic strategy, PCM cells would be derived
from the patient’s eye to minimize the risk of rejection, expanded
in vitro, and reintroduced. However, while iridectomy seems to
be relatively uncomplicated, biopsy from the ciliary body (con-
taining the PCM cells) carries the risk of severe trauma to the
patient’s eye. In this respect, two recent studies are of consider-
able interest. The first found that forced expression of the
homeodomain transcription factor Crx1 in cultured iris tissue,
which normally seems to lacks intrinsic stem cell potential
(Tropepe et al., 2000), induces the differentiation of cells
expressing markers of mature photoreceptors (Haruta et al., 2001).
The other study observed that the bHLH transcription factor Ngn2
appears to promote the differentiation of retinal neurons from
cultured RPE cells (Yan et al., 2001). Together, these studies
further signify that a deeper understanding of the mechanisms
acting during normal retinal development in vivo will be instru-
mental in designing successful cell replacement strategies aiming
at the reconstitution of retinal function.
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19 Endothelial Progenitor Cells

TAKAYUKI ASAHARA, MD, PhD, AND JEFFREY M. ISNER, MD, PhD

Differentiation of organs depends on signals derived from developing vasculature. Embryonic endothelial progenitor
cells (EPCs), angioblasts, arise from migrating mesodermal cells and have a precursor in common with hematopoietic stem
cells (hemangioblasts, HSCs). These cells appear together during formation of blood islands and the yolk sac capillary
network with the EPCs located peripherally to the HSCs. EPCs respond to fibroblast growth factor-2, and vascular endot-
helial growth factor (VEGF). Activation of vasculoneogenesis in the adult in response to hyperplasia, injury, or tumor
growth involves both endothelial cells in situ and circulating EPCs from the bone marrow. Bone marrow–derived EPCs may
be mobilized by growth factors such as granulocyte macrophage colony-stimulating factor and VEGF. The therapeutic use
of EPCs became feasible when it was shown that statins activate EPCs and enhance angiogenesis in vivo. In addition,
mobilized EPCs may be expanded in vitro and used for transplantation enhancement of angiogenesis. Gene therapy to
enhance circulation in premature atherosclerosis (Buerger disease) may be accomplished using phVEGF. Decreased
neoangiogenesis in older animals may be corrected by transplantation of bone marrow from young animals. However, there
is a major hurdle to overcome in obtaining enough EPCs for human use. There is preliminary evidence that this may be
overcome by genetic modification of EPCs to overexpress angiogenic growth factors.

19.1. STEM AND PROGENITOR
CELLS FOR REGENERATION

Tissue replacement in the body takes place by two mecha-
nisms. One is the replacement of differentiated cells by newly
generated populations derived from residual cycling stem cells.
Blood cells are a typical example for this kind of regeneration.
Whole hematopoietic lineage cells are derived from a few self-
renewal stem cells by regulated differentiation under the influence
of appropriate cytokines and/or growth factors. The second mecha-
nism is the self-repair of differentiated functioning cells preserv-
ing their proliferative activity. Hepatocytes, endothelial cells,
smooth muscle cells, keratinocytes, and fibroblasts are considered
to possess this ability. Following physiological stimulation or
injury, factors secreted from surrounding tissues stimulate cell
replication and replacement. However, these fully differentiated
cells are still limited in terms of infinite proliferation by senes-
cence, and their inability to incorporate into remote target sites.

While most cells in adult organs are composed of differentiated
cells, which express a variety of specific phenotypic genes adapted
to each organ’s environment, quiescent stem or progenitor cells
are maintained locally or in the systemic circulation and are acti-
vated by environmental stimuli for physiological and pathological

tissue regeneration. These reserved quiescence stem or progenitor
cells are mobilized in response to environmental stimuli when an
emergent regenerative process is required, while during a minor
event, neighboring differentiated cells are relied on. Researchers
have defined in the past decade the stem or progenitor cells from
various tissues, including bone marrow, peripheral blood, brain,
liver and reproductive organs, in both adult animals and humans.

Among these stem/progenitor cells, the endothelial progeni-
tor cell (EPC) has been identified recently and investigated to
elucidate its biology for therapeutic applications. Recent reports
demonstrate that endothelial lineage cells play a critical role in
the early stage of liver or pancreatic differentiation, (Lammert
et al., 2001; Matsumoto et al., 2001), and the significance of
vascular development in organogenesis has become a crucial
issue in regenerative medicine. In this review, we introduce the
profiles of embryonic and postnatal EPCs and their designs of
therapeutic application.

19.2. EMBRYONIC ENDOTHELIAL
PROGENITOR CELLS

Embryonic EPCs, so-called angioblast, for blood vessel devel-
opment arise from migrating mesodermal cells. EPCs have the
capacity to proliferate, migrate, and differentiate into endothe-
lial lineage cells but have not yet acquired characteristic mature
endothelial markers. Available evidence suggests that hema-
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toporetic stem cells (HSCs) and EPCs (Risau et al., 1988;
Pardanaud et al., 1989) are derived from a common precursor
(hemangioblast) (His, 1900; Flamme and Risau, 1992; Weiss
and Orkin, 1996). Growth and fusion of multiple blood islands in
the yolk sac of the embryo ultimately give rise to the yolk sac
capillary network (Risau and Flamme, 1995); after the onset of
blood circulation, this network differentiates into an arterio-
venous vascular system (Risau et al., 1988). The integral rela-
tionship between the elements that circulate in the vascular
system, the blood cells, and the cells that are principally respon-
sible for the vessels themselves, endothelial cells, is implied by
the composition of the embryonic blood islands. The cells des-
tined to generate hematopoietic cells are situated in the center of
the blood island and are termed HSCs. EPCs are located at the
periphery of the blood islands.

The key molecular players determining the fate of the
hemangioblast are not fully elucidated. However, several factors
have been identified that may play a role in this early event. Stud-
ies in quail/chick chimeras have shown that the fibroblast growth
factor-2 mediates the induction of EPCs from the mesoderm
(Poole et al., 2001). These embryonic EPCs express flk-1, the
receptor-2 for vascular endothelial growth factor (VEGFR-2),
and respond to a pleiotropic angiogenic factor, VEGF, for prolif-
eration and migration. Deletion of the flk-1 gene in mice results
in embryonic lethality, lacking both hematopoietic and endothe-
lial lineage development, supporting the critical importance of
flk-1 at that developmental stage, although not defining the steps
regulating differentiation into endothelial vs hematopoietic cells.

The Flk-1-expressing mesodermal cell has also been defined as
an embryonic common vascular progenitor that differentiates into
endothelial and smooth muscle cells (Yamashita et al., 2000). The

vascular progenitors differentiated to endothelial cells in response
to VEGF, whereas they developed into smooth muscle cells in
response to PDGF-BB.

It remains to be determined whether embryonic EPCs or vascu-
lar progenitor cells persist with an equivalent capability during
adult life and whether these cells contribute to postnatal vessel
growth (see below).

19.3. IDENTIFICATION OF ADULT EPCs
Embryonic HSCs and EPCs share certain antigenic determi-

nants, including Flk-1, Tie-2, c-Kit, Sca-1, CD133, and CD34.
These progenitor cells have consequently been considered to de-
rive from a common precursor, putatively termed a hemangioblast
(His, 1900; Flamme and Risau, 1992; Weiss and Orkin, 1996)
(Fig. 1).

The identification of putative HSCs in peripheral blood and
bone marrow and the demonstration of sustained hematopoietic
reconstitution with these HSC transplants have constituted infer-
ential evidence for HSCs in adult tissues (Kessinger and Armitage,
1991; Sheridan et al., 1992; Shpall et al., 1994; Brugger et al.,
1995). Recently, the related descendents— EPCs—have been iso-
lated along with HSCs in hematopoietic organs. Flk-1 and CD34,
shared by embryonic EPCs and HSCs, were used to detect putative
EPCs from mononuclear cell fraction of peripheral blood (Asahara
et al., 1997). In vitro, these cells differentiated into endothelial
lineage cells, and in animal models of ischemia, heterologous,
homologous, and autologous EPCs were shown to incorporate into
sites of active neovascularization. This finding was followed by
diverse identifications of EPCs using equivalent or different meth-
odologies by several groups (Shi et al., 1998; Gehling et al., 2000;
Gunsilius et al., 2000; Lin et al., 2000; Peichev et al., 2000). EPCs

Fig.1. Embryonic vs postnatal differentiation profiles of endothelial lineage cell. EC, endothelial cell.
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were subsequently shown to express VE-cadherin, a junctional
molecule, and AC133, an orphan receptor that is specifically
expressed on EPCs but whose expression is lost once they differ-
entiate into more mature endothelial cells (Peichev et al., 2000).
Their high proliferation rate distinguishes circulating marrow–
derived EPCs in the adult from mature endothelial cells shed from
the vessel wall (Lin et al., 2000). Thus far, a bipotential common
vascular progenitor, giving rise to both endothelial and smooth
muscle cells, has not been documented in the adult.

19.4. KINETICS OF EPCs
More recently, bone marrow transplantation (BMT) experi-

ments have demonstrated the incorporation of bone marrow–
derived EPCs into foci of physiological and pathological
neovascularization (Asahara et al., 1999a). Wild-type mice were
lethally irradiated and transplanted with bone marrow harvested
from transgenic mice in which constitutive LacZ expression is
regulated by an endothelial cell–-specific promoter, Flk-1 or
Tie-2. The tissues in growing tumor, healing wound, ischemic
skeletal and cardiac muscles, and cornea micropocket surgery have
shown localization of Flk-1 or Tie-2 expressing endothelial lin-
eage cells derived from bone marrow in blood vessels and stroma
around vasculatures. Similar incorporation was observed in physi-
ological neovascularization in uterus endometrial formation fol-
lowing induced ovulation as well as administration of estrogen
(Asahara et al., 1999a).

Previous investigators have shown that wound trauma causes
mobilization of hematopoietic cells, including pluripotent stem
or progenitor cells in spleen, bone marrow, and peripheral blood.
Consistent with EPC/HSC common ancestry, recent data from
our laboratory have shown that mobilization of bone marrow–
derived EPCs constitutes a natural response to tissue ischemia

(Takahashi et al., 1999). The former murine BMT model pre-
sented the direct evidence of enhanced bone marrow–derived
EPC incorporation into foci of corneal neovascularization fol-
lowing the development of hind-limb ischemia. Light micro-
scopic examination of corneas excised 6 d after micropocket
injury and concurrent surgery to establish hind-limb ischemia
demonstrated a statistically significant increase in cells express-
ing β-galactosidase in the corneas of mice with vs those without
an ischemic limb (Takahashi et al., 1999). This finding indicates
that circulating EPCs are mobilized endogenously in response to
tissue ischemia, following which they may be incorporated into
neovascular foci to promote tissue repair. This was comfirmed
by clinical findings of EPC mobilization in patients of coronary
artery bypass grafting, burns (Gill  et al., 2001), and acute myo-
cardial infarction (Shintani et al., 2001).

Having demonstrated the potential for endogenous mobiliza-
tion of bone marrow–derived EPCs, we considered that iatrogenic
expansion and mobilization of this putative endothelial cell pre-
cursor population might represent an effective means to augment
the resident population of ECs that is competent to respond to
administered angiogenic cytokines. Such a program might thereby
address the issue of endothelial dysfunction or depletion that may
compromise strategies of therapeutic neovascularization in older,
diabetic, and/or hypercholesterolemic animals and patients.
Granulocyte macrophage colony-stimulating factor (GM-CSF),
which stimulates hematopoietic progenitor cells and myeloid lin-
eage cells, as well as nonhematopoietic cells including bone mar-
row stromal cells and endothelial cells, has been shown to exert a
potent stimulatory effect on EPC kinetics (Takahashi et al., 1999).
Such cytokine-induced EPC mobilization could enhance
neovascularization of severely ischemic tissues as well as de novo
corneal vascularization (Takahashi et al., 1999) (Fig. 2).

Fig.2. Endothelial progenitor cell kinetics in postnatal body.
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The mechanisms whereby these EPCs are mobilized to the
peripheral circulation are in their early definitions. Among other
growth factors, VEGF is the most critical factor for vasculogenesis
and angiogenesis (Shalaby et al., 1995; Carmeliet et al., 1996;
Ferrara et al., 1996). Recent data indicate that VEGF is an impor-
tant factor for the kinetics of EPC as well. Our studies performed
first in mice (Asahara et al., 1999b) and subsequently in patients
undergoing VEGF gene transfer for critical limb ischemia (Kalka
et al., 2000a) and myocardial ischemia (Kalka et al., 2000c) estab-
lished that a previously unappreciated mechanism by which VEGF
contributes to neovascularization is via mobilization of bone mar-
row–derived EPCs. Similar EPC kinetics modulation has been
observed in response to other hematopoietic stimulators, such as
granulocyte-colony stimulating factor (G-CSF) (Gehling et al.,
2000), angiopoietin-1 (Hattori et al., 2001), and stroma-derived
factor-1 (Peichev et al., 2000).

This therapeutic strategy of EPC mobilization has recently
been implicated not only by natural hematopoietic or angiogenic
stimulants but also by recombinant pharmaceuticals. The 3-hydro-
xy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibi-
tors—statins—inhibit the activity of HMG-CoA reductase, which
catalyzes the synthesis of mevalonate, a rate-limiting step in choles-
terol biosynthesis. The statins rapidly activate Akt signaling in endo-
thelial cells, and this stimulates endothelial cell bioactivity in vitro
and enhances angiogenesis in vivo (Kureishi et al., 2000). Recently,
we and Dimmeler et al. (2001) demonstrated a novel function for
HMG-CoA reductase inhibitors that contributes to postnatal
neovascularization by augmented mobilization of bone marrow–
derived EPCs through stimulation of the Akt signaling pathway
(Vasa et al., 2000; Llevadot et al., 2001). Regarding its pharmaco-
logical safety and effectiveness on hypercholesterolemia, one of the
risk factors for atherogenesis, the statin might be a potent medica-
tion against atherosclerotic vascular diseases.

19.5. THERAPEUTIC VASCULOGENESIS
BY EPC TRANSPLANTATION

Recently, the regenerative potential of stem cells has been under
intense investigation. In vitro, stem and progenitor cells possess
the capability of self-renewal and differentiation into organ-spe-
cific cell types. In vivo, transplantation of these cells may recon-
stitute organ systems, as shown in animal models of diseases
(Anklesaria et al., 1987; Lindvall et al., 1990; Asahara et al., 1997;
Flax et al., 1998; Evans et al., 1999; Kalka et al., 2000b). By
contrast, differentiated cells do not exhibit such characteristics.
Human EPCs have been isolated from the peripheral blood of adult
individuals, expanded in vitro, and committed into an endothelial
lineage in culture (Asahara et al., 1997). Transplantation of these
human EPCs has been shown to facilitate successful salvage of
limb vasculature and perfusion in athymic nude mice with severe
hind-limb ischemia, while differentiated endothelial cells (human
microvascular endothelial cells) failed to accomplish limb-saving
neovascularization (Kalka et al., 2000b) (Fig. 2).

These experimental findings call into question certain funda-
mental concepts regarding blood vessel growth and development
in adult organisms. Postnatal neovascularization has previously
been considered synonymous with proliferation and migration of
preexisting, fully differentiated endothelial cells resident within
parent vessels (i.e., angiogenesis) (Folkman, 1971). The finding
that circulating EPCs may home to sites of neovascularization and
differentiate into endothelial cells in situ is consistent with

“vasculogenesis” (Risau et al., 1988), a critical paradigm for
establishment of the primordial vascular network in the embryo.
While the proportional contributions of angiogenesis and
vasculogenesis to postnatal neovascularization remain to be clari-
fied, our findings, together with recent reports from other investi-
gators (Hatzopoulos et al., 1998; Shi et al., 1998), suggest that
growth and development of new blood vessels in the adult is not
restricted to angiogenesis but encompasses both embryonic
mechanisms. As a corollary, augmented or retarded neovas-
cularization—whether endogenous or iatrogenic—likely includes
enhancement or impairment of vasculogenesis.

We therefore considered a novel strategy of EPC transplanta-
tion to provide a source of robust endothelial cells that might
supplement fully differentiated endothelial cells thought to
migrate and proliferate from preexisting blood vessels according
to the classic paradigm of angiogenesis developed by Folkman and
colleagues (Folkman, 1993). Our studies indicated that ex vivo
cell therapy, consisting of culture-expanded EPC transplantation,
successfully promotes neovascularization of ischemic tissues, even
when administered as “sole therapy,” i.e., in the absence of angio-
genic growth factors. Such a “supply-side” version of therapeutic
neovascularization in which the substrate (endothelial cells as
EPCs) rather than ligand comprises the therapeutic agent was first
demonstrated in the hind-limb ischemia model of immunodefi-
cient mouse, using donor cells from human volunteers (Kalka
et al., 2000b). These findings provided novel evidence that exog-
enously administered EPCs augment naturally impaired
neovascularization in an animal model of experimentally induced
critical limb ischemia. Not only did heterologous cell transplanta-
tion improve neovascularization and blood flow recovery, but
important biological consequences—notably limb necrosis and
autoamputation—were reduced by 50% in comparison with mice
receiving differentiated endothelial cells or control mice receiving
media in which harvested cells were expanded ex vivo prior to
transplantation. A similar strategy applied in a model of myocar-
dial ischemia in the nude rat demonstrated that transplanted human
EPCs incorporated into rat myocardial neovascularization, differ-
entiated into mature endothelial cells in ischemic myocardium,
enhanced neovascularization preserved left ventricular (LV) func-
tion, and inhibited myocardial fibrosis (Kawamoto et al., 2001).

Recently, Kocher et al. (2001) attempted intravenous infusion
of freshly isolated (not cultured) human CD34+ mononuclear cells
(EPC-enriched fraction) into nude rats with myocardial ischemia.
This strategy resulted in preservation of LV function associated
with inhibition of cardiomyocyte apoptosis. These experimental
findings using immunodeficient animals suggest that both cul-
tured and freshly isolated human EPCs have therapeutic potential
in peripheral and coronary artery diseases.

19.6. THE LIMITATION OF PRIMARY
EPC TRANSPLANTATION

Despite promising potential for regenerative applications, the
fundamental scarcity of EPC populations in the hematopoietic
system and the possible functional impairment of EPCs associated
with a variety of phenotypes, such as aging, diabetes, hypercholes-
terolemia, and homocysteinemia (vide infra) constitute important
limitations of primary EPC transplantation. Ex vivo expansion of
EPCs cultured from the peripheral blood of healthy human volun-
teers typically yields approx 5.0 × 106 cells/100 mL of blood. Our
animal studies (Kalka et al., 2000b) suggest that heterologous
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transplantation required 0.5–2.0 × 104 human EPCs/g weight (of
the recipient mouse) to achieve satisfactory reperfusion of the
ischemic hind limb. Rough extrapolation of this experience to
humans suggests that a volume of as much as 12 L of peripheral
blood may be necessary to harvest the EPCs required to treat criti-
cal limb ischemia. Even with the integration of certain technical
improvements, the adjustment of species compatibility by autolo-
gous transplantation, and adjunctive strategies (e.g., cytokine
supplements) to promote EPC mobilization (Asahara et al., 1999b;
Takahashi et al., 1999), the primary scarcity of a viable and func-
tional EPC population constitutes a potential limitation of thera-
peutic vasculogenesis based on the use of ex vivo expansion alone.

19.7. IMPACT OF CLINICAL PHENOTYPE ON EPCs
Preliminary clinical findings in patients with critical limb ische-

mia indicated that the response to phVEGF gene transfer was most
robust and expeditious in young patients with premature athero-
sclerosis involving the lower extremities, so-called Buerger’s dis-
ease (Isner et al., 1998). This clinical observation was supported
by experiments performed in live animal models, specifically
young (6–8 mo) vs old (4 to 5 yr) rabbits and young (8 wk) vs old
(2 yr) mice. In both cases, native neovascularization of the ische-
mic hind limb was markedly retarded in old vs young animals.
Retardation of neovascularization in old animals appeared in part
to result from reduced expression of VEGF in tissue sections har-
vested from the ischemic limb (Rivard et al., 1999a).

Endogenous cytokine expression, however, is not the only fac-
tor contributing to impaired neovascularization. Older, diabetic
and hypercholesterolemic animals—like human subjects (Drexler
et al., 1991; Johnstone et al., 1993; Luscher and Tshuci, 1993;
Taddei et al., 1995; Chauhan et al., 1996; Gerhard et al., 1996;
Tschundi et al., 1996; Cosentino and Luscher, 1998)—also exhibit
evidence of age-related endothelial dysfunction. While endothe-
lial dysfunction does not necessarily preclude a favorable response
to cytokine replacement therapy, indices of limb perfusion fail to
reach ultimate levels recorded in wild-type animals, reflecting
limitations imposed by a less responsive endothelial cell substrate
(Van Belle et al., 1997; Couffinhal et al., 1999; Rivard et al.,
1999a, 1999b).

It is then conceivable that unfavorable clinical situations (such
as aging) might be associated with dysfunctional EPCs, defective
vasculogenesis, and thus impaired neovascularization. Indeed,
preliminary results from OUR laboratory indicated that replace-
ment of native bone marrow (including its compartment of pro-
genitor cells) of young mice with bone marrow transplanted from
old animals led to a marked reduction in neovascularization fol-
lowing corneal micropocket injury, in comparison with young
mice transplanted with young bone marrow (Rivard et al., 1998).
These studies thus established evidence of an age-dependent
impairment in vasculogenesis (as well as angiogenesis) and the
origin of progenitor cells as a critical parameter influencing
neovascularization. Moreover, analysis of clinical data from
older patients at our institution disclosed a significant reduction
in the baseline levels and the population of EPCs mobilized in
response to VEGF165 gene transfer (Kalka et al., 1999); specifi-
cally, the number of EPCs in the systemic circulation of young
patients with critical limb ischemia was five times more than the
number circulating in old individuals. Impaired EPC mobilization
and/or activity in response to VEGF may thus contribute to the
age-dependent defect in postnatal neovascularization.

19.8. GENE THERAPY OF EPCs
Given the presented findings, together with the limited quan-

tity of EPCs available even under healthy, physiological condi-
tions, one must consider a strategy that addresses this shortfall
and mitigates the possibility of dysfunctional EPCs for therapeu-
tic vasculogenesis in ischemic disorders complicated by aging,
diabetes, hypercholesterolemia, and/or hyperhomocysteinemia.
Genetic modification of EPCs to overexpress angiogenic growth
factors, enhance signaling activity of the angiogenic response,
and rejuvenate the bioactivity and/or extend the life-span of EPCs
constitutes one potential strategy that might address these limita-
tions of EPC transplantation and thereby optimize therapeutic
neovascularization (Fig. 2).

Our recent findings provide the first evidence that exog-
enously administered gene-modified EPCs augment naturally
impaired neovascularization in an animal model of experimen-
tally induced limb ischemia (Iwaguro et al., 2002). Transplanta-
tion of heterologous EPCs transduced with adenovirus encoding
VEGF improved not only neovascularization and blood flow
recovery, but also had meaningful biological consequences: limb
necrosis and autoamputation were reduced by 63.7% in compari-
son with controls. The dose of EPCs used in the current in vivo
experiments was subtherapeutic; that is, the dose of EPCs was 30
times less than that required in previous experiments to improve
the rate of limb salvage above that seen in untreated controls.
Adenoviral VEGF EPC-gene transfer, however, accomplished a
therapeutic effect, as evidenced by a functional outcome, despite
a subtherapeutic dose of EPCs. Thus, VEGF EPC-gene transfer
constitutes one option to address the limited number of EPCs that
can be isolated from peripheral blood prior to ex vivo expansion
and subsequent autologous readministration.
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20 Development of the Cardiovascular
System in Embryoid Bodies Derived
from Embryonic Stem Cells

HEINRICH SAUER, PhD, MARIA WARTENBERG, PhD,
AGAPIOS SACHINIDIS, PhD, AND JÜRGEN HESCHELER, PhD

The vertebrate heart and circulatory system is the first embryonic organ to develop from cells in the embryoid body.
Understanding how this happens has been examined through the use of reporter genes by expression of green fluorescent
protein under the control of cardiac- and endothelial cell–specific promoters. The cardiac primordial may be recognized
as bilaterally symmetric strands of mesenchymal cells derived from the lateral plate mesoderm, which forms separate
layers of myocardium and endocardium separated by extracellular matrix (cardiac jelly). The endoderm derives from
ingressing cells during gastrulation and provides signals (factors such as bone morphogenetic protein-2 (BMP-2), fibro-
blast growth factor-1,2,4 (FGF-1,2,4)) that influence the adjacent mesoderm. The endocardium is in turn influenced by
transforming growth factor-β and vascular endothelial growth factor (VEGF). Other factors such as cardiotrophin-1 and
leukemia inhibitory factor also control cardiac development. First there is a simple linear heart tube, which goes on to form
modular elements (atria, ventricles, septa, and valves). By folding on itself and fusing, the four-chambered heart is formed.
These structural events are triggered by specific signaling molecules and involve reactive oxygen species and character-
istic action potentials correlated with specialized types of ion channels, as well as a developmentally controlled expression
pattern of the cardiac-specific genes encoding atrial natriuretic factor and sarcomeric proteins (i.e., α- and β-cardiac
myosin heavy chain, myosin light chain isoform 2V, titin [Z-disk], titin [M-band], α-actinin, myomesin, sarcomeric
α-actin, and troponin T), followed by M-protein. Whereas in early stage embryonic stem (ES) cell–derived cardiomyocytes
cell contraction is triggered by Ca2+ transients arising from intracellular Ca2+ stores, contraction of terminally differen-
tiated cardiac cells is dependent on an evoked action potential leading to opening of L-type voltage-dependent Ca2+

channels that appear several days before “beating” of cardiomyocytes. The vascular structures of the embryo develop from
angioblasts in the paraaxial and lateral plate mesoderm as well as in the yolk sac extraembryonic mesoderm, where they
form the outer layer of blood islands. Vasculogenesis and angiogenesis are strictly regulated by the pericellular oxygen
tension of the tissue through hypoxia inducible factor-1. Many of the genes involved in cardiovascular differentiation are
directly or indirectly regulated by hypoxia, with VEGF being a principle factor required for vasculogenesis. Therapeutic
use of ES cells would be greatly enhanced if we knew how to direct ES cells to specific cell lineages in the cardiovascular
or other organ systems.

20.1. BACKGROUND
Embryonic stem (ES) cells have been established from the in-

ner cell mass (ICM) of blastocysts of several species, including
humans. ES cells display the potential to generate all embryonic
germ layers and cell lineages when they undergo differentiation
within spheroidal cell aggregates termed embryoid bodies (EBs).
ES cells can be maintained for infinite times in their pluripotential
state when cultured in the presence of leukemia inhibitory factor
(LIF), which inhibits their differentiation. The ability to grow mass
cultures of EBs and the possibility of cultivating vast amounts of
tissue have raised the hope of using ES cells differentiated to spe-

cific cell types for cell replacement therapies. Among others, ES
cells differentiate a primitive cardiovascular system comprising
spontaneously contracting cardiac cell clusters as well as hollow
tube–forming blood vessel–like structures. The vertebrate heart
and circulatory system is the first embryonic organ to develop and
is therefore difficult to investigate in vivo owing to the small size
of very early embryos. Furthermore, studies of the function of
genes in knockout animals is frequently hampered by early death
of embryos in utero.

The easy availability of early precursors of cardiac and vascu-
lar cells from ES cells has therefore initiated intensive scientific
investigations to analyze the mechanisms of the initial stages of
cardiovascular development. By the use of ES cells, basic signal-
ing cascades governing the differentiation of precursor cells of the
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cardiovascular system to terminally differentiated cardiac and
vascular cells have been unraveled and have significantly contrib-
uted towards our understanding of the molecular events occurring
during early embryogenesis of the heart and circulatory system.

20.2. INTRODUCTION
ES cells derived from the ICM of mouse blastocysts display

self-renewal and pluripotent capacity and have been demonstrated
to differentiate into phenotypes characteristic of derivatives of all
three germ layers. The cardiovascular system is the first organ
system developed during embryonic development and has been
investigated in detail by the use of murine ES cells that are differ-
entiated within the three-dimensional (3D) tissue of EBs. Numer-
ous studies by us and others have revealed that the time course of
development as well as gain of function of ES cell–derived cell
types of the cardiovascular system is nearly indistinguishable in
many aspects from the developmental events occurring in vivo
(for reviews, see Wobus et al., 1995; Hescheler et al., 1997, 1999,
2002). This makes the ES cell system a valuable and reliable tool
for the analysis of physiological and biochemical differentiation
patterns of cardiac and/or vascular cells that arise as yet poorly
defined stem cells in the early mesoderm and develop toward ter-
minally differentiated cardiomyocytes with tightly regulated
autorhythmic activity, as well as endothelial cells lining func-
tional blood vessel–like structures.

The detailed knowledge of the physiological properties of cells
of the cardiovascular system of early developmental stages has
received particular interest; recent studies have demonstrated that
cardiomyocytes of failing hearts tend to dedifferentiate toward an
embryonic phenotype (Townsend et al., 1995; Sack et al., 1997).
This may also imply that dysfunctions in adult cardiac cells may
arise from the activation of dormant cellular pathways that have
been developed earlier during cellular ontogenesis. With the avail-
ability of human pluripotent stem cells derived from primordial
germ cells (Shamblott et al., 2001) and ES cells derived from
human blastocysts (Thomson et al., 1998), the very early steps of
human embryonic cell differentiation are now available for scien-
tific investigation. Differentiation capacity for the cardiovascular
system (e.g. for cardiomyocytes) (Kehat et al., 2001) as well as
endothelial cells (Levenberg et al., 2002) has recently been found
to be present in ES cells of human origin, which has raised the
possibility of using human ES cell–derived cardiac as well as
endothelial cells for cell replacement therapies. This approach
is even more promising because ES cells can be cultivated in mass
cultures (Wartenberg et al., 1998; Hescheler et al., 2002), and
genetic approaches based on ES cell clones that carry resistance
genes toward antibiotics under the control of either cardiac-spe-
cific (Klug et al., 1996) or vascular endothelium–derived
promotors (Marchetti et al., 2002) allow the selection and enrich-
ment of specific cell lineages.

The ability to inactivate virtually any gene in ES cells by gene
targeting has significantly improved our understanding of the
roles played by specific genes during cellular and organismic
development and has vastly improved our scientific knowledge
of how specific genes are turned on and turned off during embry-
onic development. The potency of using ES cells differentiated
in specific cell lineages for regenerative medicine has raised a
so-far unknown general public and political interest. In the near
future, the rapidly growing scientific knowledge that can be
achieved with ES cells will increasingly shape our understand-

ing of organ-specific stem cells, mammalian development, and
cell replacement therapy.

20.3. ORGANOGENESIS OF MURINE HEART
The circulatory system is the first functioning organ system of

the embryo. The very early development of the cardiovascular
system is essentially important for the demands of nutrition and
excretion of the developing embryo because neither the fertilized
egg nor the yolk sac contains sufficient amounts of nutritive sub-
stances. Furthermore, the catabolic waste products must be elimi-
nated and oxygen must be supplied to avoid impairment of growth
and development of the embryo.

Development of the vertebrate heart can be considered an
additive process, in which additional layers of complexity have
been put together throughout the evolution of a simple structure
(linear heart tube) in the form of modular elements (atria, ven-
tricles, septa, and valves) (for a review, see (Olson and Srivastava,
1996; Fishman and Chien, 1997; Epstein and Buck, 2000;
Sedmera et al., 2000). Each modular element confers an added
capacity to the vertebrate heart and can be identified as individual
structures patterned in a sophisticated manner (Bruneau, 2002).
In this respect, formation of the heart requires the precise integra-
tion of cell type–specific gene expression to regulate morphologi-
cal development.

The mouse embryo at the commencement of gastrulation is
made up of two tissue layers: the epiblast, which gives rise to all
fetal tissue types, and the hypoblast (i.e., the visceral and parietal
endoderm), which contributes to the yolk sac endoderm. Early in
gestation (d 7.5 in mouse), cardiac primordia are evident as bilat-
erally symmetric strands of mesenchymal cells derived from the
lateral plate mesoderm (Yutzey and Bader, 1995). From d 8.5
(mouse) on, the cardiac primordia migrate medially and fuse to
form a single heart tube. This primitive cardiac tissue comprises
the myocardium and the endocardium, which are separated by the
extracellular matrix (ECM) of cardiac jelly. Despite the already
functional differentiation (Kamino, 1991), there is minimal varia-
tion in structure along the cardiac tube. The first morphological
myocardial diversification can be perceived in the circumferential
arrangement of actin and fibronectin (chick embryo) (Shiraishi et
al., 1995). Subsequently, cardiac looping occurs; that is, the mid-
line heart tube folds on itself, which results in the formation of
discrete regions corresponding to future heart chambers (Taber
et al., 1995). By d 10.5 (mouse), localized swellings in the cardiac
jelly are invaded by underlying endothelial cells to initiate the
formation of the endocardial cushions that will later condense to
form the mature cardiac valves. Subsequently, the cardiac cham-
bers are formed through a series of complex septation events. As
revealed in chick embryos, endocardial and myocardial lineages
are distinct within the cardiogenic mesoderm prior to the fusion of
the heart tube and do not derive from a common precursor cell
(Cohen-Gould and Mikawa, 1996). By d 11.5 (mouse), neural
crest cells have migrated from the dorsal neural tube along aortic
arches 3, 4, and 6 and have invaded the outflow tract of the heart.
By this process, the septation of the single great vessel emerging
from the embryonic heart (the truncus arteriosus) is initiated,
resulting in the formation of the aorta and the pulmonary artery.
Neural crest cells contribute to the mesenchymal elements of the
ductus arteriosus and great vessels and induce remodeling of the
aortic arches. Furthermore, cardiac neural crest differentiates into
a subpopulation of arterial smooth muscle cells (Kirby and Waldo,
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1990; Olson and Srivastava, 1996). At birth, the ductus arteriosus
closes, which completes the development of separate pulmonary
and systemic circulations.

20.4. CARDIOMYOGENESIS OF ES CELLS
Studies in the in vitro EB model have revealed a strictly regu-

lated program of cardiomyogenesis that is triggered by specific
signaling molecules and mediated by tissue-specific transcription
factors. This program controls the specification of cardiomyocytes
from mesodermal stem cells and the subsequent activation of genes
involved in cardiac force generation. During EB differentiation
toward functional cardiomyocytes, a number of transcription fac-
tors known to play a critical role in early cardiac development,
including GATA-4, dHAND, eHAND, and Nkx-2.5, are expressed
(Czyz and Wobus, 2001) (see Chapter 21).

However, organogenesis of heart structures is absent when
ES cells are differentiated within the tissue of EBs, indicating
that a strict structural organization of the cell lineages that give
rise to cell types of the cardiovascular system is not required for
cellular differentiation. The induction of cardiomyogenesis of
ES cells requires the 3D tissue context of EBs that are grown
either for 2 d in hanging drops attached to the lid of a Petri dish
and subsequently for 5 d in suspension culture (Wobus et al.,
1991) or in spinner flasks, which allows the performance of mass
cultures (Wartenberg et al., 1998) (Fig. 1). Within these spheri-
cal cell aggregates, a tissue microenvironment comparable to the
embryo in utero (e.g., hypoxic conditions, gradients of nutrients)
prevails and may be at least a cofactor in the induction of specific
cell differentiations. After plating of EBs on day 7 of cell culture,

cardiomyocytes appear as spontaneously beating cell clusters
that increase their beating frequency during subsequent days
(Fig. 2). Commitment and differentiation of cardiomyocytes in
EBs closely recapitulates murine cardiomyogenesis in utero.
Cardiac development in EBs has been observed as early as 7 d
after formation of the cell aggregates, which correlates well with
the murine embryo in which first beating is seen on embryonic
day (E) 8.5–9.5 (i.e., 8.5–9.5 d postcoitum).

The differentiation of cardiac cells within EBs is critically
dependent on the intracellular redox state of the tissue, which is
defined by the balance of reactive oxygen intermediate generation
and the antioxidative capacity of the cells (Sauer et al., 2001b).
We have previously shown that EBs transiently express an
NADPH-oxidase-like enzyme that is regulated by the phos-
phatidylinositol 3-kinase and robustly generates reactive oxygen
species (ROS) (Sauer et al., 2000). Incubation with free radical
scavengers severely inhibited cardiomyogensis in EBs, indicating
that ROSs are utilized as signaling molecules in signal transduc-
tion cascades involved in cardiomyocyte differentiation and/or
proliferation (Sauer et al., 2000).

Despite the absence of regulated organogenesis, ES cell–derived
cardiomyocytes have been shown to differentiate into sinusnodal-,
atrium-, and ventricle-like cells (Maltsev et al., 1993, 1994). Fur-
thermore, the expression of cardiac-specific genes and ion channels,
as well as the occurrence of action potentials, was developmentally
controlled, which indicates that a localized formation of cardiac
chambers and outflow tracts is not necessary for the differentiation
of cardiac cell types. In EBs action potential development in mam-
malian differentiating cardiomyocytes can be studied in vitro in all
consecutive stages. ES cells develop into mesodermal progenitors,
and early cardiac progenitor cells. Within one spontaneously con-
tracting EB, action potentials characteristic for different cardiac cell
types (i.e., pacemaker-, Purkinje-, atrial- and ventricular-like) are
present (Maltsev et al., 1993; Hescheler et al., 1997).

During the early stages of cardiomyogenesis predominently
pacemaker-like action potentials are found, whereas in the late
developmental stage cardiomyocytes of atrial and ventricular ori-
gin could be demonstrated. The characteristic shapes of action
potentials in ES cell–derived cardiomyocytes are well correlated
with the expression of specialized types of ion channels (Maltsev
et al., 1994). Terminally differentiated cardiomyocytes responded
with characteristic positive or negative chronotropic responses to
cardioactive agents comparably with the responses of cardio-
myocytes from mammalian species. The β-adrenoceptor agonists
(–)isoprenaline and clenbuterenol, the adenylate cyclase activator
forskolin, and the phosphodiesterase inhibitor isobutyl-
methylxanthine, as well as the α1-adrenoceptor agonist (–)phe-
nylephrine, induced a positive chronotropic response, whereas
the muscarinic cholinoceptor agonist carbachol and L-type volt-
age-dependent Ca2+ channel (VDCC) inhibitors exerted a nega-
tive chronotropic response (Wobus et al., 1991). Interestingly,
β-adrenergic modulation of the L-type Ca2+ current (ICaL) was
insensitive to isoproterenol, forskolin, and 8-bromo-cAMP in
early developmental stage cardiomyocytes but highly stimulated
by these substances in late stages, indicating that all signaling
cascade components became functionally coupled during
cardiomyocyte differentiation (Maltsev et al., 1999). While in
early developmental stage cardiomyocytes the primitive pace-
maker action potentials are generated by VDCC and transient K+

channels (IK,to), terminally differentiated cardiomyocytes of late

Fig. 1. Prospective time course of ES cell differentiation in EB. The
first differentiation occurring from d 2+ on is the development of cell
layers of extraembryonic primitive endoderm that further differenti-
ate toward parietal and visceral endoderm. After 7 d in suspension
culture, EBs are plated, which probably induces further structural
changes. In outgrowing EBs mesoderm develops at the border zone
between extraembryonic visceral and parietal endoderm and deeper
layers of ectoderm. Mesodermal cells differentiate toward a variety of
tissues, including cardiac cells, endothelial cells, hematopoietic cells,
skeletal and smooth muscle, as well as adipocytes and bone/cartilage.
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developmental stages express various additional ion channels:
voltage-dependent Na+ channels (INa), delayed outward rectify-
ing K+ channels, inward rectifying K+ channels (IKl), muscarinic
acetylcholine-activated K+ channels (IK,Ach), and hyperpolariza-
tion-activated pacemaker channels (Maltsev et al., 1993).

Besides the establishment of patterns of cardiac specific ion
channels, a developmentally controlled expression pattern of the
cardiac-specific genes encoding α- and β-cardiac myosin heavy
chain, atrial natriuretic factor and myosin light chain isoform 2V
has been observed by reverse transcriptase polymerase chain
reaction (Fassler et al., 1996). Furthermore, during cardiogenesis
of ES cells in vitro, organization of sarcomeric proteins occurred
in a strictly controlled manner in the sequence: titin (Z-disk),
α-actinin, myomesin, titin (M-band), myosin heavy chain (sar-
comeric MHC), sarcomeric α-actin, and troponin T at early car-
diac differentiation stages, followed by M-protein at a terminal
differentiation stage (Guan et al., 1999).

20.4.1. ROLE OF PRIMITIVE ENDODERM AND LIF IN
CARDIOMYOGENESIS OF ES CELLS  During embryogenesis,
the first differentiated cell lineage emerging from the ICM of a
blastocyst is the primitive endoderm that belongs to the hypo-
blast and gives rise to the extraembryonic visceral and parietal
endoderm. The embryonic endoderm first appears with the ini-
tial ingression cohort of gastrulating cells (Lough and Sugi,
2000). During the further time course of gastrulation, the embry-
onic endoderm migrates anteriorly and laterally, thus outwardly
replacing the previously formed hypoblast. The relationship
between embryonic endoderm cells and the development of car-
diac tissue from mesodern has been known for decades. How-
ever, the precise molecular mechanisms and the endoderm-
derived molecules that are inductive for these processes are just
now emerging (Lough and Sugi, 2000).

During recent years, increasing evidence has accumulated for
a cross talk between embryonic endoderm and mesoderm during
the specification of cardiac precursor cells, which is mediated by
specific endoderm-derived factors that are secreted in the vicinity
of this tissue. In this respect, it has been evidenced that the speci-
fication of cardiac myocytes is induced by molecules such as bone
morphogenetic protein-2 and fibroblast growth factor-1 (FGF-1),

FGF-2, and FGF-4, whereas endocardiocytes are induced by
transforming growth facor-β2 (TGF-β2) TGF-β3, TGF-β4, and
vascular endothelial growth factor (VEGF). Besides the embry-
onic endoderm, differentiation-inducing factors may be likewise
secreted from extraembryonic primitive endoderm. In the mouse
embryo, cardiac inductive activity resides in the anterior visceral
endoderm, which has raised the possibility that embryonic endo-
derm and the extraembryonic endoderm layers may participate in
the cardiogenic process because both tissues are close together
(Lough and Sugi, 2000). It has been suggested that the hypoblast
intitiates a cascade of inductive events during which the epiblast
forms mesoderm and embryonic endoderm, whereupon the latter
induces a subset of cells in the former to enter the cardiogenic
pathway (Lough and Sugi, 2000).

In EBs, cardiomyogenesis is regulated by different cytokines,
e.g., members of the interleukin-6 family of cytokines such as
cardiotrophin-1, which is known to stimulate cardiomyocyte pro-
liferation, inhibit cardiomyocyte apoptotic cell death, and induce
hypertrophic cell growth in adult cardiomyocytes (Pennica et al.,
1995; Sheng et al., 1996), or LIF. LIF is used in ES cell culture to
keep ES cells in an undifferentiated state (Williams et al., 1988;
Gough et al., 1989). During in vivo embryogenesis, LIF is
expressed in the uterine endometrial glands. This burst of expres-
sion is under the maternal control and always precedes implanta-
tion of the blastocyst (Murray and Edgar, 2001). It has been
demonstrated that transient expression of LIF in mice is essential
for implantation. Females lacking a functional LIF gene are fer-
tile, but their blastocysts fail to implant and do not develop
(Stewart et al., 1992). Before gastrulation LIF is downregulated
to nearly undetectable levels, which may be necessary to induce
commitment of the mesodermal cell lineage (Conquet et al.,
1992). In this respect, it has been evidenced that overexpression
of the ECM-bound isoform of LIF (M-LIF) in mice resulted in
inhibition of cardiomyogenesis and impaired gastrulation
(Conquet et al., 1992). On the other hand, it has been conclusively
demonstrated in the EB that LIF is necessary for cardiomyocyte
differentiation, since cardiomyogenesis was severely hampered
in lif–/– EBs and could be restored at very low (picomolar) concen-
trations of diffusible LIF (D-LIF) (Bader et al., 2001). Further-

Fig. 2. Structural organization of clusters of developing cardiomyocytes in plated whole mount EBs. The EBs were immunostained with a
monoclonal antibody directed against sarcomeric α-actinin. Shown are representative 6-d-old (A), 9-d-old (B), and 19-d-old (C) EBs. Note
that no sarcomeric organization was visible in 6-d-old cardiac precursor cells. The bar in (A) represents 45 µm. The bars in (B) and (C) represent
15 µm. (From Sauer et al., 2001a, with permission).
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more, D-LIF was shown to act as a proliferative stimulus on fully
differentiated cardiomyocytes and increased their longevity
(Bader et al., 2000). LIF receptor mRNA has been detected in
yolk sac visceral endoderm (Passavant et al., 2000), which is
thought to be involved in cardiogenesis.

In EBs differentiation of primitive extraembryonic endoderm
to visceral and parietal endoderm has been studied in detail
(Boller et al., 1987; Sauer et al., 1998; Bader et al., 2001) and has
been demonstrated to influence cardiomygenesis in EBs (Bader
et al., 2001). In parietal and visceral endoderm cell layers, spon-
taneous Ca2+ oscillations occur and have been demonstrated by
our group to trigger transcytotic transport pathways toward the
underlying cell layers. It is thought that Ca2+ signals in concert
with factors secreted by the extraembryonic endoderm may trig-
ger cardiomyogenesis in the underlying mesodermal cell layers
(Sauer et al., 1998).

The development of the extraembryonic visceral endoderm is
critically dependent on the transcription factor GATA-4. Tar-
geted mutagenesis of the transcription factor GATA-4 gene in
mouse ES cells resulted in inhibition of visceral endoderm dif-
ferentiation (Soudais et al., 1995). In GATA4–/– mice, heart for-
mation was severely impaired, which was owing to a failure of
GATA4–/– procardiomyocytes to migrate to the ventral midline
to form a linear heart tube, resulting in the formation of aberrant
cardiac structures in the anterior and dorsolateral regions of the
embryo (Kuo et al., 1997). This points toward the notion that
growth factors and/or cytokines secreted by extraembryonic tis-
sues may promote specification of the cardiac cell lineage. In
murine GATA4–/– ES cell–derived EBs, however, cardiomyo-
genic differentiation was not totally abolished, although
cardiomyocytes were observed more often in wild-type than in
mutant EBs (Narita et al., 1997). Hence, GATA-4 either may not
be essential for terminal differentiation of cardiomyocytes or
additional GATA-binding proteins known to be in cardiac tissue,
such as GATA-5 or GATA-6, may compensate for a lack of
GATA-4 (Narita et al., 1997).

20.4.2. Ca2+ SIGNALS AND CONTRACTILITY OF ES
CELL–DERIVED CARDIOMYOCYTES  In the classic view of
excitation–contraction coupling, contraction of cardiomyocytes
is initiated by an evoked action potential leading to the opening
of VDCCs. Ca2+ entering into the cell via VDCCs then triggers
Ca2+ release from intracellular ryanodine-sensitive stores via a
mechanism termed Ca2+-induced Ca2+ release (CICR). Several
years ago, localized discrete Ca2+ release events, called Ca2+

sparks, were discovered in cardiac cells with the use of the fluo-
rescent Ca2+ probe fluo-3 and confocal laser scanning micros-
copy. A spark event occurs when Ca2+ stored in the sarcoplasmic
reticulum is released by one or more ryanodine receptors. The
whole-cell intracellular Ca2+ transient elicited by a strong depo-
larization is thought to represent the recruitment and summation
of many Ca2+ sparks after an increase in opened L-type Ca2+

channels (Lopez-Lopez et al., 1995; Cleemann et al., 1998).
In EBs, the first cardiac-specific transcripts of the gene coding

for the α1-subunit of the VDCC are already detectable at d 3 of EB
culture, i.e., 5 d before the onset of spontaneous beating (Fassler
et al., 1996). Slow Ca2+ fluctuations with largely variable fre-
quency and sometimes irregular shape were observed in cardiac
precursor cells (5–7 d old) that did not yet exert spontaneous
contractions. In these cardiomyocytes, the ryanodine receptor
agonist caffeine induced Ca2+ release, indicating the presence of

ryanodine-sensitive Ca2+ stores. However, in these cells no Ca2+

sparks were observed, which may be owing at least in part to the
low expression levels of ryanodine receptors in cardiac precursor
cells as well as the reduced filling state of the sarcoplasmic reticu-
lum (Sauer et al., 2001a) (Fig. 3). From d 8 on, spontaneous con-
tractions occur in EBs which increase in frequency during
subsequent days of cell culture. In 8 to 11-d-old EBs, these con-
tractions were shown to be independent of transmembrane cur-
rents (e.g., of VDCC channels) since contractions persisted in
high extracellular K+ solution as well as in the absence of extra-
cellular Ca2+. Apparently, the contractions of early stage EBs
were driven by intracellular Ca2+ oscillations that could be inhib-
ited by the Ca2+–adenosine triphosphatase inhibitor thapsigargin
(Viatchenko-Karpinski et al., 1999).

These findings strongly argue for an autonomic rhythm gen-
eration in early stage EBs that is independent on the classic CICR
and relies on the Ca2+ release from intracellular stores, whereas
VDCCs may serve primarily for store refilling. In terminally
differentiated late developmental stage EBs (16–22 d old),
rhythm generation is switched to CICR and driven by the well-
characterized interplay of different ion channels (e.g., VDCC,

Fig. 3. Occurrence of Ca2+ sparks in ES cell–derived cardiomyo-
cytes. Representative false color line scan images of nonstimulated
(A) cardiac precursor cells, (B) early developmental stage, and
(C) late developmental stage cardiomyocytes differentiated from ES
cells and loaded with the Ca2+ indicator fluo-3. The line scan images
were recorded after spontaneous global [Ca2+]i transients had
declined to baseline values. The position along the cell is presented
horizontally, and successive scan lines in time are displayed verti-
cally. Each image includes 512 lines scanned at 250 Hz. The time is
running from top to bottom. Note that localized Ca2+ sparks were
absent in noncontracting cardiac precursor cells, whereas typical,
spatially restricted sparks were observed in contracting early devel-
opmental stage and late developmental stage cardiomyocytes. Ver-
tical bar = 0.2 s. Horizontal bar = 5 µm. (From Sauer et al., 2001a,
with permission).
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K+, and sarcoplasmic reticulum). Consequently, in late develop-
mental stage cardiomyocytes derived from ES cells, spontane-
ous contractions are stopped in cardioplegic solution comparably
with cardiomyocytes of adult mice. In late developmental stage
cardiomyocytes, a prominent expression of ryanodine receptors
was observed whereas the expression of the inositol 3-phosphate
receptor was downregulated (unpublished observations). Fur-
thermore, the Ca2+ content within the sarcoplasmic reticulum
was increased as compared to early stages of cardiomyocyte
differentiation, and Ca2+ sparks underlying the rhythmic global
Ca2+ transients occurred with a characteristic that is very similar
to elementary intracellular Ca2+ events observed in adult murine
cardiomyocytes (Sauer et al., 2001a) (see Fig. 3).

20.5. VASCULARIZATION OF EBs
Vascularization of the embryo is closely linked to the devel-

opment of the heart and to the differentiation of the hematopoi-
etic cell lineage. The hematopoietic and vascular system of the
mouse develops from the extraembryonic splanchnopleuric
mesoderm from which cells migrate through the primitive streak
to the presumptive yolk sac between d 6.5 and 7.0 of gestation.
During murine embryogenesis, angioblasts arise from differen-
tiation of mesodermal cells shortly after gastrulation. Angioblasts
are first detected within paraxial and lateral plate mesoderm as
early as stage E7.0, and within the yolk sac extraembryonic
mesoderm between E7.5 and E8.5, where they constitute the outer
layer of blood islands (Coffin et al., 1991; Risau, 1991). These
blood islands are organized into an outer layer of endothelial
precursors that surrounds an inner cluster of primitive erythro-
blasts that comprise large nucleated erythrocytes producing
embryonic globins (Barker, 1968). The developing angioblasts
of the blood islands rapidly form the first vascular network in the
yolk sac through a process termed vasculogenesis. Hematopoie-
sis within yolk sac declines between d 10 and 12 of gestation with
the onset of intraembryonic hematopoiesis, which is initiated in
the paraaortic splanchnopleura aorta-gonad-mesonephros region
and shortly thereafter in the developing fetal liver (Godin et al.,
1993; Medvinsky et al., 1993; Muller et al., 1994). The transition
from yolk sac to fetal liver defines the switch from the single-
lineage primitive erythroid program to multilineage hematopoie-
sis, which includes definitive erythropoiesis, myelopoiesis, and
lymphopoiesis (Robertson et al., 2000).

The appearance of blood island–like structures consisting of
immature hematopoietic cells that were surrounded by endothelial
cells has been reported to occur in EBs (Doetschman et al., 1985;
Risau et al., 1988; Wang et al., 1992; Wartenberg et al., 1998),
indicating that molecular mechanisms comparable to in vivo
embryonic development occur in ES cell differentiation. In EBs,
a “transitional stage” in the commitment of mesoderm to hemato-
poiesis was identified (Robertson et al., 2000), which is followed
by “blast cell colonies” that generate both endothelial and hemato-
poietic precursors (Choi et al., 1998). Several endothelial markers
have been evidenced to be expressed in EBs, including the growth
factor receptors Flk-1, tie-1, and tie-2; adhesive molecules such as
vascular endothelial cadherin and platelet endothelial cell adhe-
sion molecule-1 (PECAM-1); as well as other endothelial-specific
antigens such as MECA-32 and MEC-14.7 (Vittet et al., 1996).

The process of vascularization and angiogenesis is strictly regu-
lated by the pericellular O2 tension of the tissue. During embryo-
genesis, the natural progression of organogenesis involves hypoxia

since the diffusion of within the embryo is limited by its size. The
primary molecular mechanism of gene activation during hypoxia
is through hypoxia-inducible factor-1 (HIF-1). HIF-1 is activated
during development, as well as during the normal homeostasis of
most tissues, since organs naturally generate a gradient of O2.
Mice with HIF mutations (HIF-1α–/–, ARNT–/–) display severe
cardiovascular abnormalities, such as, intact endothelial cell dif-
ferentiation but aberrant blood vessel maturation, and exhibit le-
thality by E10.5 (Maltepe et al., 1997; Carmeliet et al., 1998; Iyer
et al., 1998a; Ryan et al., 1998; Kotch et al., 1999). Many genes
involved in cardiovascular differentiation are directly or indirectly
regulated by hypoxia. These include erythropoietin, transferrin,
transferrin receptor, VEGF, Flk-1, Flt-1, platelet-derived growth
factor-β, basic FGF, and other genes affecting glycolysis (Rolfs
et al., 1997; Iyer et al., 1998; Wenger et al., 1998; Wood et al.,
1998; Pugh et al., 1999).

Although several candidate O2-sensing molecules have been
discussed, the molecular basis of how cells sense O2 levels is poorly
characterized (Zhu and Bunn, 2001; Zhu et al., 2002). A key role
as a mediator of O2 homeostasis has recently been ascribed to the
von Hippel–Lindau tumor suppressor protein (pVHL) (Maxwell
and Ratcliffe, 2002). pVHL acts as the recognition component of
an ubiquitin E3 ligase complex that binds HIF-1α, thereby target-
ing it for ubiquitin-mediated degradation (Kallio et al., 1999;
Cockman et al., 2000; Tanimoto et al., 2000). HIF-1α is stabilized
under hypoxic conditions, associates with the aryl hydrocarbon
receptor nuclear translocator protein ARNT, and forms a func-
tional transcription factor complex.

Since embryos mutant in either HIF-1 or ARNT die in utero,
the EB in vitro model has been used to corroborate in vivo studies
on O2 regulation of gene expression. It was observed that
ARNT–/– ES cells are defective in generating different hemato-
poietic lineage progenitors, which indicates that hypoxic
responses are critical for the proliferation and/or survival of he-
matopoietic progenitor cells (Adelman et al., 1999). Further-
more, the role of VEGF signaling, which is inevitably essential
for both endothelial cell division and morphogenesis, has been
studied by the use of the ES cell model. Knockout mice that lack
one or two copies of the VEGF gene die in utero owing to vas-
cular defects. Moreover, embryonic development is disrupted by
even modest increases in VEGF gene expression (Miquerol et
al., 2000), indicating a fine-tuned regulation of the location and
duration of VEGF expression (Kearney et al., 2002). In differen-
tiating EBs, vasculogenesis is severely impaired in VEGF-A+/–

and VEGF-A–/– ES cells. It is thought that the location and dura-
tion of VEGF expression provide the first level of vasculariza-
tion control, but other components are likely involved in the
fine-tuning of the signal that is transduced to the cell through the
receptor tyrosine kinases flk-1 (VEGF receptor 2) and flt-1
(VEGF receptor 1). It has previously been shown that in mice or
ES cells lacking flk-1, blood vessel formation is dramatically
reduced, suggesting that the majority of the downstream effects
of VEGF, especially the mitogenic effect of VEGF on endothe-
lial cell proliferation, are transduced through flk-1. By contrast,
mice lacking flt-1 die of vascular overgrowth, which could be
likewise observed in the ES cell–derived EB model and was
attributed to an aberrant division of angioblasts and/or endothe-
lial cells since in EBs the vascular overgrowth phenotype could
be abolished by the cell-cycle inhibitor mitomycin C (Kearney
et al., 2002).
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Recently, we have evidenced a transient expression of HIF-1α
in ES cell–derived EBs that paralleled the expression of VEGF and
the formation of capillary-like structures (Wartenberg et al., 2001).
In avascular EBs (3 d old) that expressed prominent levels of HIF-
1α, steep O2 gradients were observed whereas with the onset of
vascularization O2 gradients dissipated and both HIF-1α and
VEGF expression were downregulated. VEGF is now known to be
a key requirement for tumor growth. VEGF expression has been
observed to be increased in avascular hypoxic regions of solid
tumors, which may induce directed blood vessel growth during
tumor-induced angiogenesis. Because growth and metastasis of
malignant neoplasms require the presence of an adequate blood
supply, pharmacological inhibition of tumor-induced angiogen-
esis represents a promising target for antineoplastic therapy
(Folkman, 1997; Kieran and Billett, 2001; Tosetti et al., 2002).

We have recently established a confrontation culture system
comprising multicellular tumor spheroids and EBs the latter rep-
resenting the vascularized host tissue (Wartenberg et al., 2001)
(Fig. 4). It was observed that endothelial cell structures occurred
first in the confrontation area of tumor spheroid and EBs where
increased levels of VEGF expression were observed. After several
days of confrontation culture, an invasion of PECAM-1-positive
cell structures was observed that resulted in a pronounced growth
stimulation of the tumor spheroid on vascularization of the tumor
tissue. Incubation with known antiangiogenic agents inhibited
blood vessel formation in the confrontation cultures as well as in
EBs, indicating that the ES cell–derived in vitro models are suit-
able for the testing of antiangiogenic agents that may be used for
the treatment of cancer patients (Wartenberg et al., 1998, 2001).

20.6. FUTURE PROSPECTS
Pluripotent ES cells cultivated within EBs recapitulate the

development of the cardiovascular system from primitive pre-
cursor cells to highly specialized cardiac and endothelial cell
types. The “mesodermal stem cell” has not yet been identified
owing to the current inavailability of the earliest developmental
markers for the diversification of cell lineages from the pluripo-
tent ICM. During past years, reporter gene-based approaches,
such as expression of green fluorescent protein under the control
of cardiac- and endothelial cell–specific genes, have been elabo-

rated to identify early precursor cells of the cardiac (Kolossov
et al., 1998) as well as endothelial cell lineage (Marchetti et al.,
2002) and make them available for biochemical and physiologi-
cal analysis. With the future discovery of the earliest markers for
precursor cells of the mesodermal cell lineage, signaling cas-
cades will be unraveled that direct the diversification of the
mesodermal cell lineage toward specialized cell types. Besides
the uncontestable impact of ES cells on the investigation of sig-
naling cascades established during very early development, the
EB has been successfully used as an in vitro test system to evalu-
ate neurotoxic (Arnhold et al., 1998), cardiotoxic (Bremer et al.,
2001), as well as antiangiogenic (Wartenberg et al., 1998, 2001)
agents and has significantly contributed to the attempts to reduce
animal experiments (for a review, see Genschow et al., 2000;
Rohwedel et al., 2001).

Most public and scientific interest has, however, raised the pos-
sibility of using ES cells for cell replacement therapies. Unlike
adult stem cells, the enormous renewal capacity of ES cells allows
mass cultures of EBs that could potentially be used for cell trans-
plantation (for a review, see Jones and Thomson, 2000; Watt and
Hogan, 2000). Future research will focus on the investigation of
cell culture procedures that allow direct cell differentiation toward
specific cell lineages, the establishment of cell purification proto-
cols based on antibiotic resistance genes under the control of tissue-
specific promotors, and/or the elaboration of magnetic bead
separation and differential centrifugation techniques. With the
availability of large amounts of cardiac and vascular tissue derived
from ES cells, therapeutic approaches based on cell transplantation
will initiate a revolutionary era for the treatment of cardiovascular
diseases that are currently worldwide the primary cause of death.
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Capable of Priming Cardiogenesis
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Similar signaling molecules and factors are involved in heart development in Drosophila and vertebrates. Heart devel-
opment is regulated by factors and signals secreted by the anterior primitive endoderm and by the neuronal tube. Bone
morphogenic proteins (BMPs) are expressed in endoderm and ectoderm and play a central role in induction of heart
formation in vertebrate embryos. They elicit expression of a number of cardiac transcription factors and structural genes
and induce full cardiac differentiation in medial mesoderm. They act with signals from the anterior endoderm, whereas
signals from the axial tissues repress heart formation. The zinc finger GATA proteins regulate both hematopoiesis and
cardiogenesis; GATA-4 transcription factor is required for ventral morphogenesis and heart tube formation. Leukemia
inhibitory factor at high concentrations inhibits differentiation of embryonic stem (ES) cells into embryoid bodies, whereas
other factors, such as retinoic acid (neuronal and smooth muscle), TGF-β (cardiomyogenesis), IL-3 (white blood cells),
insulin growth factor-1 (pericardium and heart), fibroblast growth factor (heart), BMP (heart), IL-6-related factor CT-1
(heart), erythropoietin (heart and red blood cells), and dynorphin B, induce selective differentiation through reaction with
cell-surface receptors and activation of intracellular kinase signal transduction. Wnt family members inhibit cardiogenesis,
and the Wnt inhibitor, Crescent, blocks this effect. The ability to control heart differentiation in vitro could provide the
means to direct ES cell therapy to replacement of damaged or defective heart tissue.

21.1. HEART DEVELOPMENT IN DROSOPHILA
Basic mechanisms of heart development (cardiogenesis) are

conserved between vertebrates and invertebrates. Remarkably,
although the Drosophila heart is linear and thus totally different
in the morphology of the looped and chambered heart of verte-
brates, outstanding similarities exist concerning the embryonic
origins and genes involved in the cardiac specification (Harvey,
1996; Olson and Srivastava, 1996; Bodmer and Venkatesh, 1998;
Su et al., 1999). In this context, the homeobox gene tinman in
Drosophila (similar to Nkx-2.5 in vertebrate) is essential for the
specification of myocardial progenitors in the fly (Bodmer, 1993;
Azpiazu and Frasch, 1993; Lyons et al., 1995; Fu et al., 1998;
Grow and Krieg, 1998; Su et al., 1999; Tanaka et al., 1999).
Similar members of the transforming growth family (TGF) fam-
ily genes are involved in cardiogenesis in both vertebrates and
Drosophila (Frasch et al., 1987; Staehling-Hampton et al., 1994;
Su et al., 1999).

According to a recent model (Bodmer and Frasch, 1999),
cardiogenesis in Drosophila is initiated by the basic helix–loop–
helix (bHLH) protein Twist and the zinc finger protein Snail; both
of which are essential for the formation of mesoderm (Kosman

et al., 1991; Leptin, 1991; Bodmer and Frasch, 1999). Down-
stream targets of twist that are expressed in the early mesoderm
are Dmef2 (Bour et al., 1995; Lilly et al., 1995), tinman (Bodmer
et al., 1990), heartless (codes for the Fibroblast growth factor
[FGF] receptor) (Shishido et al., 1993, 1997; Beiman
et al., 1996; Gisselbrecht et al., 1996), and zfh-1 (Lai et al., 1993;
Su et al., 1999). All these genes participate in the further differ-
entiation of the mesodermal cells. According to this model
(Bodmer and Frasch, 1999; Su et al., 1999), mesoderm subdivides
into four major groups of cells with restricted cell fates: the
somatic mesoderm (forms the skeletal body wall muscle), the
visceral mesoderm (forms the gut muscles), the fat body/gonadal
mesoderm, and the cardiac mesoderm (forms the heart). Gene
expression studies indicated that the mesoderm is organized in
parasegmental units similar to ectoderm (Azpiazu et al., 1996;
Riechmann et al., 1997; Su et al., 1999). According to Su et al.
(1999), the early expression in transverse stripes of the pair rule
genes even skipped (eve), sloppy-paired (slp) as well as of the
segment polarity genes wingless (wg) and hedgehog (hh) is cru-
cial for the anteroposterior patterning of the developing meso-
derm (Wu et al., 1995; Azpiazu et al., 1996; Riechmann et al.,
1997; Bodmer and Frasch, 1999; Su et al., 1999). In contrast,
TGF-β encoded by dpp, and the homeobox gene tinman, are
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expressed perpendicularly to these four genes in a broad dorsal
domain along the anteroposterior axis. Dpp is secreted from the
dorsal ectoderm and is essential to maintain tinman expression in
the mesoderm (Su et al., 1999). These findings demonstrate that
both tinman and dpp are required for subdividing the mesoderm
and for specifying dorsal mesodermal fates including
cardiogenesis (Azpiazu and Frasch, 1993; Bodmer, 1993; Frasch,
1995; Su et al., 1999). Opposite to dpp and tinman, which are
necessary for heart and visceral mesoderm formation, wg is
needed for cardiac but not the visceral mesodermal precursors
(Baylies et al., 1995; Su et al., 1999; Wu et al., 1995). Because wg,
dpp, and tinman are necessary for all aspects of heart formation
in Drosophila, they are unlikely to be sufficient for specifying
among different cardiac cell types (Su et al., 1999). Like tinman,
the zinc finger– and homeobox-containing gene zfh-1 is widely
expressed in the early mesoderm and later in the pericardial cells
of the forming heart tube (Lyons et al., 1995; Su et al., 1999).

The vertebrate homolog of zfh-1, dEF1 is also involved in some
aspects of mesodermal differentiation (Takagi et al., 1998). In con-
trast to zfh-1, the homeobox gene eve is expressed in small subsets
in the dorsal mesoderm within the cardiac primordium (Frasch
et al., 1987). Two eve-expressing mesodermal progenitor cells
undergo asymmetric divisions under the control of numb to give rise
to a subset of pericardial cells (endothelial progenitor cells [EPCs])
and the founder cells of the dorsal muscles (DA1) (Carmena et al.,
1998a, 1998b; Park et al., 1998; Su et al., 1999). In zfh-1 mutants,
the EPC subset of pericardial cells is missing without affecting
formation of the EPC progenitors or the eve-expressing DA1
muscles (Su et al., 1999). Cardiac and other pericardiac cells of
the heart are formed, but abnormalities in the morphology of heart
tube have been observed in zfh-1 mutants (Su et al., 1999).
Overexpession of Eve in zfh-1 mutants partially restores EPC for-
mation, suggesting that eve acts downstream of zfh-1.

21.2. FACTORS AND SIGNALS PROMOTING
CARDIOGENESIS IN VERTEBRATES

Identification of soluble growth factors, transcription factors,
and signal cascades capable of priming cardiogenesis is a crucial
issue for understanding heart development. In recent years,
through applying the embryonic stem (ES) cell and knockout ani-
mal model, several soluble factors and intracellular transcription
factors as well as intracellular signal transduction pathways have
been recognized to be involved in heart formation.

In mammalians, the heart is the first mesoderm-derived func-
tional embryonic organ that is developed after gastrulation in
amniotic embryos (Fig. 1). Heart development is a complex pro-
cess involving proliferation and differentiation as well as tissue
organization into specific architecture. In early gastrulation, cells
migrating to the anterior and lateral to the primitive streak contrib-
ute to the development of heart tissue (Garcia-Martinez and
Schoenwolf, 1993). There is accumulating evidence that develop-
ment of uncommitted mesodermal precardiac cells to early cardiac
cells is regulated by signals secreted by the anterior primitive
endoderm (Antin et al., 1994; Sugi and Lough, 1994; Montgomery
et al., 1994; Schultheiss et al., 1997; 1995). In addition, various
signals from the lateral regions of the embryo are also essential for
heart formation (Schultheiss et al., 1995, 1997). Many studies in
the past demonstrated that factors secreted by the neuronal tube
suppress cardiogenesis in adjacent mesoderm (Jacobson, 1960;
Climent et al., 1995; Schultheiss et al., 1997; Raffin et al., 2000).

This has been proved by the observation that extirpation of the
endoderm blocked heart formation in gastrula-stage newt embryos,
whereas extirpation of both endoderm and neural plates restored
heart formation (Jacobson, 1960). Furthermore, anterior endoderm
has heart-inducing properties, as demonstrated by the ability of
this tissue to promote heart formation in coculture with posterior
primitive streak, a tissue normally fated to form blood (Schultheiss
et al., 1995). These findings suggest that development of the heart
is regulated by signals secreted by the surrounding tissues.

21.2.1. MORPHOGENETIC PROTEINS AND TRANSCRIP-
TION FACTORS  In general, bone morphogenetic proteins
(BMPs) are expressed in lateral endoderm, and ectoderm and BMP
signaling plays a central role in the induction of heart formation in
vertebrate embryos (Schultheiss et al., 1997; Andree et al., 1998;
Schlange et al., 2000). Application of BMP-2 in vivo elicits
ectopic expression of the cardiac transcription factors Nkx-2.5;
GATA-4; GATA-5; GATA-6; MEF2; eHAND; and dHAND and
the cardiac structure gene, ventricular myosin heavy chain
(vMHC) (Schultheiss et al., 1997; Schlange et al., 2000; Tzahor
and Lassar, 2001). Furthermore, administration of soluble BMP-
2 or BMP-4 to explant cultures induces full cardiac differentiation
in stage 5–7 anterior medial mesoderm, a tissue that is normally
not cardiogenic (Schultheiss et al., 1997). However, when
the adjacent neural tube and notochord were included in these
explants, BMP-2 administration only induced Nkx-2.5 and failed
to induce expression of either GATA-4 or vMHC (Schultheiss
et al., 1997). The competence to undergo cardiogenesis in response
to BMPs is restricted to mesoderm located in the anter-ior regions
of gastrula- to neurula-stage embryos.

Fig. 1. Development of different organs from germ layers, ectoderm,
endoderm, and mesoderm after gastrulation process.
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Signals from the anterior endoderm work to promote heart for-
mation in concert with BMP signals in the anterior lateral meso-
derm, and signals from the axial tissues repress heart formation in
the more dorsomedial anterior paraxial mesoderm (Tzahor and
Lassar, 2001). The heart-promoting activities of the anterior endo-
derm and BMPs are antagonized by repressive signals from
the axial tissues that block cardiogenesis in the anterior paraxial
mesoderm (Tzahor and Lassar, 2001). The secreted protein nog-
gin, which binds to BMPs and antagonizes BMP activity, com-
pletely inhibits differentiation of the precardiac mesoderm,
indicating that BMP activity is required for myocardial differen-
tiation in this tissue (Schultheiss et al., 1997).

GATA transcription factors are important regulators of devel-
opmental processes in worms, flies and mammals (Orkin, 1992;
Merika and Orkin, 1993; Simon, 1995; Zhu et al., 1997; Svensson
et al., 1999). Transcriptional activities of the GATA proteins are
modulated by their interactions with other transcriptional
coactivators and repressors. All six proteins (GATA1–6) contain
zinc finger DNA-binding domains, thereby binding to the con-
sensus motif, WGATAR, as well as to the related sequences such
as CGATGG and AGATTA (Ko and Engel, 1993; Merika and
Orkin, 1993; Svensson et al., 1999). GATA regulates both hema-
topoiesis (GATA-1, -2, -3) (Pevny et al., 1991; Tsai et al., 1994;
Ting et al., 1996) and cardiogenesis (GATA-4) (Olson and
Srivastava, 1996; Fishman and Chien, 1997a) in mammals.
GATA-1, -2, -3 are expressed in the hematopoietic cell lineages,
critical roles in the development of the erythroid, hematopoietic
stem cell, and T-cell lineages (Pevny et al., 1991; Tsai et al.,
1994; Ting et al., 1996). GATA-4, -5, -6 are expressed in heart,
gut, urogenital system, and smooth muscle cell lineages
(Heikinheimo et al., 1994; Laverriere et al., 1994; Morrisey et al.,
1996; Svensson et al., 1999). GATA-4 plays a key role in cardiac
muscle development and regulates the expression of several car-
diac-specific genes including α-MHC, cardiac troponin C, and
atrial natriuretic peptide (Wang et al., 1998; Svensson et al., 1999;
Ventura and Maioli, 2000). GATA-4 is a regulator of early
cardiogenesis, expressed before the formation of a linear heart
tube (Heikinheimo et al., 1994; Svensson et al., 1999). Disrup-
tion of the GATA-4 gene in mice leads to early embryonic lethal-
ity because of a specific defect in ventral heart tube formation
(Kuo et al., 1997; Molkentin et al., 1997; Svensson et al., 1999).
These findings suggest that GATA-4 transcription factor is
required for ventral morphogenesis and heart tube formation.

The transcriptional activity of the GATA proteins can be regu-
lated by other transcriptional factors and by transcriptional
coactivators and repressors. In this context, it has been shown
that C-terminal zinc finger of GATA-1 interacts specifically with
the SP1 and EKLF transcription factors to synergistically acti-
vate erythroid-specific gene expression (Merika and Orkin, 1995;
Svensson et al., 1999). In addition, Nkx-2.5 and NFAT3 associ-
ate with the C-terminal zinc finger of GATA-4 and coactivate the
transcription of cardiac-restricted genes (Durocher et al., 1997;
Lee et al., 1998; Molkentin et al., 1998; Sepulveda et al., 1998).
Remarkably, mutation in Nkx-2.5 causes congenital human heart
diseases (Schott et al., 1998) and impairs normal heart architec-
ture by affecting cardiac developmental pathways in a wide popu-
lation of cardiopathic patients (Benson et al., 1999; Ventura and
Maioli, 2000).

Similarly, two related zinc finger proteins, U-shaped (USH)
and Friend of GATA-1 (FOG) interact with the GATA protein

Pannier of the Drosophila and GATA-1, respectively (Haenlin
et al., 1997; Tsang et al., 1997). The interactions of USH with
Pannier repress the transcriptional activity of Pannier. By contrast,
FOG in conjunction with GATA-1 synergistically activates
expression of the erythroid-specific NF-E2 promoter and, like
GATA-1, is required for normal erythropoiesis in the mouse
(Tsang et al., 1997, 1998; Svensson et al., 1999).

Recently it has been demonstrated that FOG-2, an 1151 amino
acid nuclear protein, contains eight zinc finger motifs, structurally
related to both FOG and USH. FOG-2 is expressed in mouse
embryonic heart, neuroepithelium, and urogenital ridge. In the
adult, FOG-2 is expressed in the heart, brain, and testis. FOG-2
associates physically with the N-terminal zinc finger of GATA-4
in vitro and in vivo. Interactions modulate specifically the tran-
scriptional activity of GATA-4. From these findings, it has been
concluded that FOG-2 is a novel modulator of GATA-4 function
during cardiac development and represents a paradigm in which
tissue-specific interactions between different FOG and GATA
proteins regulate the differentiation of distinct mesodermal cell
lineages (Svensson et al., 1999).

21.2.2. GROWTH FACTORS AND SIGNALS PROMOT-
ING HEART DEVELOPMENT  ES cells isolated from the inner
cell mass of the early mammalian blastocyst-stage embryo are
pluripotent (Sugi and Lough, 1994; Thomson et al., 1998;
Odorico et al., 2001). Murine ES cells can serve as an in vitro
model for in vivo differentiation. In the presence of a relatively
high concentration of leukemia inhibitory factor (LIF), ES cells
remain undifferentiated (Smith et al., 1988). In the absence of
LIF, murine ES cells spontaneously differentiate into multicel-
lular aggregates, termed embryoid bodies (EBs), which resemble
early postimplantation embryos.

In general, it is believed that formation of EBs initiates sig-
naling and spontaneous differentiation of ES cells to the three
embryonic germ layer cells: the ectoderm, mesoderm, and endo-
derm (for a review, see (Jacobson, 1960; Azpiazu et al., 1996;
Thomson et al., 1998; Hescheler et al., 1999; Itskovitz-Eldor
et al., 2000). In the last few years, it has been shown that several
soluble factors are able to induce selective differentiation of ES
cells. In this context, retinoic acid (RA) induces neuronal (Bain
et al., 1995; Brustle et al., 1999; Su et al., 1999) and smooth
muscle cell formation (Drab et al., 1997), and TGF-β induces
cardiomyogenesis (Rohwedel et al., 1994), whereas interleukin-
3 (IL-3) promotes differentiation of ES cells to macrophages and
neutrophils (Wiles and Keller, 1991).

These findings demonstrate that a selective differentiation of
ES cells is regulated by several growth factors via their respective
receptors as well as by the cell culture conditions. During differ-
entiation, ES cells are exposed to various extracellular stimuli,
resulting in a regulation of differentiation. In most cases, the ini-
tial mediators of cellular responses are cell-surface receptors that
transmit differentiation signals into the cell after binding to their
respective receptors. TGF-β itself was discovered as an autocrine
growth factor required for tumor cell growth. However, TGF-β is
also able to inhibit growth of several cell types including epithe-
lial, endothelial neuronal, and immune system cells. Furthermore,
TGF-β stimulates the formation of extracellular matrix (ECM)
components as well as suppresses the degradation of ECM by
inhibiting the expression of proteases and increasing protease
inhibitors. These effects emphasize the importance of TGF-β for
tissue maintenance and repair. Recently, many other members of
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the TGF-β superfamily were discovered to act as morphogens,
thereby playing an important role in embryogenesis. This has
been clearly shown in Drosophila, demonstrating that TGF-β
encoded by dpp is required for mesoderm formation and
cardiogenesis (Azpiazu and Frasch, 1993; Bodmer, 1993; Frasch,
1995; Su et al., 1999). Binding of TGF-β to its transmembrane
receptor, which possesses cytoplasmic serine/threonine kinase
domains, initiates signaling of TGF-β via stabilization and acti-
vation of heterotetrameric TGF-β receptor complex (Whitman,
1998; for a review see Wakefield and Roberts, 2002). This com-
plex activates a member of the Smad family of transcription fac-
tors via phosphorylation. The Smad proteins are classified into
receptor-regulated Smads (R-Smads) which become phosphory-
lated by the TGF-β receptor complex and common Smads
(Co-Smads) that heterooligomerize with the R-Smads and finally
the inhibitory Smads. After phosphorylation of R-Smad by the
TGF-β receptor, it migrates to the nucleus and heterooligomerizes
with the Co-Smad. In the nucleus, the heterooligomeric complex
binds to DNA in a site-specific fashion and interacts with a vari-
ety of transcriptional factors, coactivators, and corepressors to
induce the expression of TGF-β-responsive genes. Although
stimulation of the Smad pathway is the major pathway, activation
of the mitogen activated protein kinase (MAPK) pathway includ-
ing the extracellular response kinases 1 and 2 (ERK1/2) and the
c-jun N-terminal kinases (JNKs) is also possible by TGF-β in
some cell types. In contrast to the Smad pathway, which is prob-
ably involved in developmental processes, activation of ERK1/2
and JNKs appears to be required for motility and epithelial-mes-
enchymal transformation induced by TGF-β (Whitman, 1998;
Wakefield and Roberts, 2002).

Insulin growth factor 1 (IGF-1) has been shown to be essential
for normal embryonic growth in mice (Powell-Braxton et al.,
1993), and mouse ES cells express receptors for IGF-1 (Shi et al.,
1995). In this context, avian pericardial mesoderm development is
regulated by IGF-1 (Antin et al., 1996). Furthermore, IGF-1 has
been shown to be essential for the formation of the functional heart
(for a review see Fishman and Chien, 1997). The early develop-
ment of avian pericardial mesoderm was found to be regulated by
FGF-2, insulin, and IGFs (Antin et al., 1996).

Opposite to receptor types such as the FGF receptor, which
are activated by autophosphorylation, activation of the insulin
receptor (IR)/IGFR family by insulin and IGF leads to the tyro-
sine phosphorylation of a variety of intracellular IR substrates
(IRSs) (for a review see Siddle et al., 2001). Phosphorylated IRSs
recruit and activate class 1a phosphoinositide 3-kinase (PI-3-
kinase) via Src homology-2 (SH2) domains leading to synthesis
of membrane-associated phosphatidylinositol 4,5-bisphosphate
(PIP2). Phosphorylated IRSs are also able to phosphorylate and
thus activate other kinases such as phospholipase c-γ1 (PLC-γ1),
Akt/protein kinase B, p70rsk, and protein kinase C (Siddle et al.,
2001). Activation of PLC-γ1 results in hydrolysis of PIP2 to
diacylglycerol and InsP3, which releases Ca2+ from endoplasmic
reticulum. A second signaling pathway involves recruitment to
both IRS-1 and Shc of the guanine-nucleotide-exchange factor
Sos, via the SH2 domain of the adapter Grb2. This leads to acti-
vation of the small G-protein Ras, which in turn activates the
protein serine kinase Raf and the MAPK cascade including the
ERK1/2 (Siddle et al., 2001).

Recently, it has been demonstrated that the specific inhibitor of
PI-3-kinase, LY294002, induced a massive loss of α-actinin-

stained cardiomyocytes in murine EBs (Klintz et al., 1999). In
parallel, we observed a strong decrease in the number of EBs con-
taining area(s) with beating cardiomyocytes. The specific action
of the PI-3-kinase inhibitor on development of cardiomyocytes
was demonstrated by the observation that formation of endothelial
cells was not affected in the same EBs. Our results provided the
first evidence that signal transduction via the PI-3-kinase pathway
is essential for development of mammalian early cardiomyocytes.

A heart-inducing growth factor in combination with BMP-2 is
the FGF. In this context, it has been observed that zebrafish bear-
ing a mutation for FGF, normally expressed in the cardiogenic
mesoderm, show a decreased expression of cardiac markers. This
finding suggests that FGF signaling is necessary for heart forma-
tion (Reifers et al., 2000). Up until now, 20 FGFs have been iden-
tified belonging to the FGF family of small polypeptide growth
factors (for a review see Powers et al., 2000). FGFs propagate their
growth and developmental signals synergistically with heparan-
like glycosaminoglycans through dimerization and tyrosine phos-
phorylation of FGF receptors, thereby activating several tyrosine
kinases via their phosphorylation on tyrosine residues. On activa-
tion of FGF receptors, PLC-γ1 and Src tyrosine kinases bind to the
autophosphorylated receptor via their SH2 domain and become
tyrosine phosphorylated. Furthermore, activation of FGF recep-
tors results in an activation of the MAPK cascade including
ERK1/2 via the Ras/Raf pathway (Powers et al., 2000).

It is well established that activation of serum response factor
(SRF) occurs by growth factors. SRF mediates growth factor–
stimulated transcriptional induction of immediate-early genes. The
transcription of immediate-early genes appears to be regulated by
SRF and Elk-1 protein. Both bind to serum response element pro-
moters of immediate-early genes. Transcription of IEGs occurs
only after phosphorylation of Elk-1. Phosphorylation of Elk-1
occurs by the mitogen-activated kinase cascades (especially by
ERK1/2) stimulated by serum and growth factors (Treisman et al.,
1992). Recently, there is increasing evidence that SRF is essential
for murine embryogenesis (Weinhold et al., 2000). It has been
shown that mice lacking Srf (Srf–/–) stop developing at the onset of
gastrulation, lacking detectable mesoderm and mesodermal
marker genes such as BMP-2. Furthermore, the ability of Srf–/– ES
cells to differentiate in vitro to mesodermal cells was impaired, but
this impairment could be modulated by external cell-independent
factors such as RA, which induced expression of mesodermal
marker genes (Weinhold et al., 2000). In this context, it has been
shown that RA accelerates differentiation of ES cells to cardiac
differentiation (Wobus et al., 1997). Mesodermal marker gene
expression such as T(Bra) was also observed when SRF was
expressed in Srf–/– ES cells. These findings suggest that SRF con-
tributes to mesodermal gene expression of ES cells and that
Srf–/– ES cells possess a nonautonomous defect in differentiation
toward mesoderm (Weinhold et al., 2000).

Cardiogenesis is a multistep process regulated by a hierarchy
of factors defining each developmental stage of the heart (Bader
et al., 2000). One of these factors is the LIF that belongs to the
IL-6 family of cytokines. In general, LIF is a growth factor for
hematopoiesis, bone, and neuroectodermal tissue as well as a dif-
ferentiation factor with pleiotropic properties (Auernhammer and
Melmed, 2000). Furthermore, transient expression of LIF in mice
is essential for implantation of blastocyst (Stewart et al., 1992).
LIF-deficient mice derived by gene-targeting techniques have
dramatically decreased numbers of stem cells in spleen and bone
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marrow, and defects in stem cell number can be compensated by
exogenous LIF, suggesting that LIF is also required for survival of
the normal pool of stem cells (Escary et al., 1993). LIF exists in
two different forms: a diffusible form (D-LIF) and a matrix-bound
form (M-LIF) (Rathjen et al., 1990; Conquet et al., 1992).
Embryos overexpressing the D-LIF cDNA looked essentially
normal. Chimerae expressing LIF associated with the ECM cDNA
showed an abnormal proliferation of tissues and the absence of
differentiated mesoderm (Conquet et al., 1992).

lif–/– EBs lacking of both diffusible and matrix-bound forms of
LIF (lif–/–) EBs) showed a severe suppression of early differentia-
tion of cardiomyocytes (Bader et al., 2000). Furthermore, onset
of differentiation could be rescued by a very low concentration of
D-LIF, but consecutive differentiation was attenuated in a concen-
tration-dependent manner by increasing D-LIF concentration in
wild-type and lif–/– cardiomyocytes. At fully differentiated state,
paracrine and autocrine LIF promoted proliferation and longevity
of cardiomyocytes. Bader et al. (2000) suggested that both D-LIF
and M-LIF contribute to the modulation of cardiogenesis in a
subtile, opposite manner and control proliferation and mainte-
nance of the differentiated state of cardiomyocytes.

LIF signaling is mediated mainly by the janus kinase signal
transducer and activator of transcription (JAK/STAT) pathway
(Auernhammer and Melmed, 2000). LIF binds to a receptor com-
plex consisting of LIFR and to signal transducer gp130.
Heterodimerization of the LIFR-gp130 complex by LIF activates
Jak kinase activity followed by phosphorylation of gp130 and
LIFR. Phosphorylated tyrosine residues on LIFR and gp130 pro-
vide specific docking sites for the SH2 domains of STAT proteins

causing receptor association and subsequent phosphorylation of
STATs that are transcriptional factors (Auernhammer and
Melmed, 2000). In addition to the STAT pathway, binding of
IL-6-related cytokines to LIF/gp130 complex can also activate
the p21ras/Raf pathway, thereby stimulating the MAPK pathway
including ERK1/2 (Kumar et al., 1994). However, it is still not
clear whether the LIF/gp130 complex–mediated activation of the
MAPK pathway is more relevant than the JAK/STAT pathway for
developmental processes.

Recently, cardiotrophin-1 (CT-1), another LIFR/gp130-bind-
ing protein, has been isolated using a cDNA expression library
from murine ES cells (Wollert and Chien, 1997). CT-1 is structur-
ally similar to the IL-6 related cytokines. It activates several fea-
tures of cardiomyocyte hypertrophy in vitro, including sarcomeric
organization and embryonic gene expression (Wollert and Chien,
1997). Furthermore, receptor-binding studies and functional stud-
ies reveal that CT-1 shares the signal transducing receptor compo-
nents gp130 and LIFR. CT-1 rapidly activates gp130 and LIFR
tyrosine phosphorylation in cultured cardiac myocytes, resulting
in cardiomyocyte hypertrophy (Wollert and Chien, 1997). Knock-
out gp130-lacking mice (gp130–/–) show a severe ventricular hypo-
plasia and fail to form intact ventricular chamber (Yoshida et al.,
1996). These findings suggest that cytokines signaling through
gp130 are also potent regulators of embryonic heart development
(Wollert and Chien, 1997).

In summary, several classic growth factors—TGF-β, IGF, insu-
lin, and FGF—as well as cytokines have been identified to pro-
mote heart development via activation of the MAPK pathway, the
PI-3-kinase pathway, and the PLC-γ1 pathway (Fig. 2).

Fig. 2. Induction of heart development by classic growth factors and cytokines via activation of MAPK, PI-3-kinase, and PLC-γ1 pathways
as well as via Smad and JAK/STAT pathway (see text for more details).

21/Sach/239-250/F 8/20/03, 8:44 AM243

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


244 SACHINIDIS ET AL.

Erythropoietin (EPO) is a growth factor inducing formation of
erythrocytes and proliferation and/or differentiation of mega-
karyocytes (Ishibashi et al., 1987; Krantz, 1991; Broudy et al.,
1995; Papayannopoulou et al., 1996; Wu et al., 1999). Further-
more, EPO receptors (EPORs) are expressed in nonhematopoietic
cells such as umbilical cord and placental endothelial cells as well
as in neurons (Wu et al., 1999). EPO also induces proliferation of
endothelial cells (Krantz, 1991; Anagnostou et al., 1994). The
EPOR belongs to the cytokine receptor superfamily. Similar to
the IL-6 receptor, after binding of EPO to its receptor,
homodimerization and autophosphorylation of the EPOR occurs
following stimulation of the JAK/STAT, PI-3-kinase, and the
MAPK pathways (for a review see Yoshimura and Misawa, 1998;
Cheung and Miller, 2001). Studies on mice lacking EPO–/– and
EPOR–/– demonstrate that EPO is involved in the control of pro-
liferation, survival, and irreversible terminal differentiation of
erythroid progenitors (Wu et al., 1999). However, novel findings
from EPO–/– and EPOR–/– animals suggest that EPO and EPOR
are also in involved in heart development (Wu et al., 1999). In this
context, it has been shown that embryonic heart development in
EPO–/– and EPOR–/– lacking mice suffers from ventricular hyper-

plasia, which is coupled to defects in the intraventricular septum.
Cardiac abnormalities are likely due to a reduction in prolifera-
tion, specific to the heart, since proliferation in other organs
including brain in EPOR null animals is indistinguishable from
that of wild mice (Wu et al., 1999). After the creation of chimeric
animals by injecting EPOR–/– into wild-type blastocysts, it
has been shown that EPOR is essential for normal structure and
development of cardiomyocytes. It has been suggested that EPO
triggers proliferation of cardiomyocytes in a non-cell-autono-
mous manner, thereby promoting cardiac morphogenesis (Wu
et al., 1999).

Remarkably, there is increasing evidence that opioid peptides
are regulators of cardiogenesis. In this context, it has been shown
that dimethyl sulfoxide (DMSO) promotes the differentiation of
ES cells to embryonic cardiac cells (McBurney et al., 1982), which
express GATA-4 and Nkx-2.5 (Skerjanc et al., 1998; Ventura and
Maioli, 2000). Inhibition of GATA-4 blocked DMSO-induced
cardiogenesis whereas transfection of Nkx-2.5 to ES cells in the
absence of DMSO led to the appearance of myocardial cells
(Skerjanc et al., 1998; Ventura and Maioli, 2000). In this context,
adult cardiac myocytes express the prodynorphin gene and are
able to synthesize and secrete dynorphin B, a natural κ-opioid.
P19 cells and murine ES cells synthesize and secrete dynorphin
B, a biologically active end product of the prodynorphin gene
(Ventura and Maioli, 2000). DMSO-induced expression of
GATA-4 and Nkx-2.5 gene expression was preceded by a marked
increase in prodynorphin gene expression and dynorphin B syn-
thesis and secretion (Ventura and Maioli, 2000). In the absence of
DMSO, dynorphin B triggered GATA-4 and Nkx-2.5 gene and
led to the appearance of both α-MHC and myosin light chain 2V
transcripts (Ventura and Maioli, 2000). Opioid receptor antago-
nists and antisense oligonucleotides blocked DMSO-induced
cardiogenesis. These findings suggest the implication of an
autocrine opioid gene in the development of heart (Ventura and
Maioli, 2000).

In addition to classic growth factors, other factors such as
DMSO and RA, as well as opioids, promote heart development
probably by activation of SRF; formation of BMP-2; and activa-
tion of transcriptional factors such as FOG-2, GATA-4, and
Nkx-2.5. Finally, interactions of Nkx-2.5 with GATA-4 result in
the transcription of cardiac-restricted genes (Fig. 3).

21.2.3. INHIBITORY SIGNALS FOR HEART FORMATION
Wingless (Wg) and Wnt are secreted signaling molecules that
regulate key developmental processes in Drosophila and verte-
brates, respectively (Miller and Moon, 1996; Orsulic and Peifer,
1996; Moon et al., 1997). Wnts are a family of cysteine-rich
glycosylated ligands (more than 16 mammalian family members)
that mediate cell–cell communication in diverse developmental
processes. The loss or inappropriate activation of Wnt expression
has been shown to alter cell fate, morphogenesis, and mitogenesis
(for a review see Dale, 1998). The Wg/Wnt signaling pathway was
first discovered during genetic studies in Drosophila (Orsulic and
Peifer, 1996). After binding of Wg or Wnt to its seven-transmem-
brane domain receptor, the frizzled receptor 2 (fz-2) or Frizzled,
respectively, a signal transduction cascade is stimulated resulting
first in the hyperphosphorylation of cytoplasmic protein known as
Disheveled (Bhanot et al., 1996; Dale, 1998; Yanagawa et al.,
1995) or Dsh (Fig. 4). Activated Disheveled inhibits the serine/
threonine kinases Zeste-White-3 (ZW3) (in Drosophila) or glyco-
gen synthase kinase-β (GSK-β) (in vertebrates). Inactivation of

Fig. 3. Possible induction pathway of heart development by classic
growth factors as well as by other factors via activation of SRF and
transcription factors such as FOG-2, GATA-4, and Nkx-2.5 by BMP-
2. Wnt signaling as well as BMP antagonists such as noggin inhibit
heart development in mammalians. Wnt protein antagonists such as
Crescent and Dkk1 promote heart development (see text for more
details).
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ZW3 or GSK-β leads to an accumulation of cytoplasmic
Armantillo or β-catenin, respectively, and its translocation to
the nucleus. Armantillo or β-catenin interacts with dTCF/pangolin
or the T-cell factor (TCF)/Lef trancription factor, resulting in
the expression of developmental target genes promoting or inhib-
iting cardiac development in Drosophila or vertebrates, respec-
tively. In the absence of Wg or Wnt signalling, ZW3 or GSK-β
targets Armantillo or β-catenin for degradation, thereby inhibiting
expression of target developmental genes.

More recently, it has been shown that activation of Frizzled
receptors and subsequently Disheveled proteins relieves
β-catenin from inhibition by a protein complex including GSK-
3β, Axin, and adenomatous polyposis coli tumor suppressor. This
allows β-catenin to form nuclear complexes with TCF and tran-
scriptional repressor proteins such as CtBP, Rpd3, and TLE to
counteract promoter repression and accomplish target gene acti-
vation. In vertebrates, Wnt stimulation requires not only TCF-
binding elements but also sequences bound by Smad4, which is
an essential mediator of signaling events trigged by members of
the TGF-β subfamily (for a review see Hecht and Kemler, 2000).

Inhibitory signals that block heart formation in anterior
paraxial mesoderm include Wnt family members expressed in

dorsal neural tube (Wnt-1 and Wnt-3a) and anti-BMPs expressed
in the axial tissues (i.e., noggin in the notochord). The sum of
these positive and negative signals determines the medial–lateral
boarders of the heart-forming region (Marvin et al., 2001; Tzahor
and Lassar, 2001).

Signal from the neural tube that blocks cardiogenesis in meso-
derm of stage 8 to 9 chick embryos can be mimicked by ectopic
expression of either Wnt-3a or Wnt-1, both of which are expressed
in the dorsal neural tube (Tzahor and Lassar, 2001). Repression
can be overcome by ectopic expression of Wnt antagonist (Tzahor
and Lassar, 2001). These findings suggest that heart formation is
cued by a combination of positive and negative signals from sur-
rounding tissues.

Although in vertebrates BMP signals play a positive role in
promoting expression of the NK homeobox gene Nkx-2.5 and
subsequent heart formation, these findings suggest that Wnt sig-
nals paradoxically repress heart formation in vertebrates (Tzahor
and Lassar, 2001). By contrast, in Drosophila, the BMP family
members dpp (Frasch, 1995) and the Wnt family members wing-
less are required to maintain the expression of the NK homeobox
gene tinman and for subsequent cardiogenesis (Tzahor and Lassar,
2001; Wu et al., 1995).

Fig. 4. Wnt signaling transduction pathway. Binding of Wnt or Wg to Frizzled-activated Dsh (vertebrates) or Disheveled (Drosophila) inhibits
the serine/threonine kinases ZW3 (Drosophila) or GSK-β (in mammalians). Inactivation of ZW3 or GSK-β leads to an accumulation of
cytoplasmic Armantillo or β-catenin, respectively, and its translocation to the nucleus. Armantillo or β-catenin interacts with dTCF/pangolin
or the TCF/Lef transcription factor family, resulting in an expression of target genes promoting or inhibiting cardiac development in Drosophila
or mammalians, respectively. In the absence of Wg or Wnt signaling, ZW3 or GSK-β degrade Armantillo or β-catenin, thereby inhibiting
expression of target developmental genes.
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Recently, it has been demonstrated that chick heart mesoderm
is induced by signals from the anterior endoderm (Marvin et al.,
2001). BMP-2, one candidate that is expressed in the anterior
endoderm, is necessary but not sufficient for heart formation. One
or more additional factors from anterior endoderm are required.
There is increasing evidence that Crescent, a Wnt (Wnt-8) antago-
nist, promotes cardiogenesis (Marvin et al., 2001). Crescent is a
Frizzled-related protein that is expressed in anterior endoderm
during gastrulation (Schultheiss et al., 1995). The importance of
Crescent for heart development has been proved by experiments
showing that coculture of posterior lateral plate mesoderm with
anterior endoderm or overexpression of Cresent using a replica-
tion-competent retrovirus (RCAS) induces formation of beating
heart muscle and represses formation of blood (Marvin et al.,
2001). Posterior lateral plate mesoderm normally forms deriva-
tives of blood cells.

Dickkopf1 (Dkk1) is another class of Wnt antagonist that
inhibits both Wnt-8 and Wnt-3a and induces heart-specific gene
expression in posterior lateral plate mesoderm (Krupnik et al.,
1999; Kazanskaya et al., 2000). Moreover, ectopic Wnt signals
can repress heart formation from anterior mesoderm in vitro and
in vivo. Expression of either Wnt-3a or Wnt-8c promotes devel-
opment of primitive erythrocytes from the precardiac region
(Marvin et al., 2001). From these findings it has been concluded
that inhibition of Wnt signaling promotes heart formation in the
anterior lateral mesoderm, whereas active Wnt signaling in the
posterior lateral mesoderm promotes blood development (Marvin
et al., 2001). According to this model two orthogonal gradients—
Wnt activity and BMP signals—promote cardiogenesis. Wnt
activity along the anterior–posterior axis and BMP signals along
the dorsal–ventral axis intersect in the heart-forming region to
induce cardiogenesis in the region of high BMP and low Wnt
activity (Marvin et al., 2001). In summary, in striking contrast
to Drosophila, activation of the Wnt signaling in vertebrates
induces an inhibition of the heart development. In contrast to
BMP-2 antagonists such as noggin, Wnt antagonists such as
Cresent and Dkk1 appear to induce cardiogenesis (Fig. 3).

21.3. SUMMARY, CONCLUSIONS
AND PROSPECT OF THE FUTURE

Basic mechanisms of heart development are conserved
between vertebrates and invertebrates. In vertebrates, the heart is
the first mesoderm-derived functional embryonic organ that
is developed after gastrulation in amniotic embryos. Heart devel-
opment is a complex process involving proliferation and differ-
entiation as well as tissue organization into specific architecture.
Heart development is regulated by factors and signals secreted
by the anterior primitive endoderm and by neuronal tube. In the
last few years, several soluble factors and intracellular transcrip-
tion factors as well as intracellular signal cascades have been
recognized to be involved in the development of heart. Classic
growth factors such as IGF, TGF-β, FGF, LIF (at low concen-
tration), CT-1, and EPO; other factors such as DMSO and RA;
as well as opioids promote heart development, probably by acti-
vation of SRF, formation of BMP-2 and activation of the tran-
scriptional factors such as FOG-2, GATA-4, and Nkx-2.5.
Activation of the Wnt signaling in vertebrates induces an inhibi-
tion of heart development. BMP-2 antagonists such as noggin
and Wnt antagonists such as Cresent or Dkk1 appear to promote
cardiac development.

Many efforts have been made to develop new cellular therapy
concepts for treatment of numerous diseases. ES cells grown in
vitro can be selectively differentiated under appropriate culture
conditions into the cell type required for transplantation in numer-
ous diseases and for biomedical engineering. Therefore, identifi-
cation of growth factors, as well as signal cascades capable of
priming selective differentiation of ES to cardiac cells, and in vitro
generation of a great amount of cardiac cells, remain crucial issues
for the future in order to develop cellular therapy concepts for
treatment of severe cardiac diseases.
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22 Strategies Using Cell Therapy
to Induce Cardiomyocyte Regeneration
in Adults with Heart Disease

SILVIU ITESCU, MD

Congestive heart failure remains a major public health problem and is frequently the end result of cardiomyocyte
apoptosis and fibrous replacement after myocardial infarction (MI), a process referred to as left ventricular remodeling.
Cardiomyocytes undergo terminal differentiation soon after birth and are generally considered to withdraw irreversibly
from the cell cycle. In response to ischemic insult, adult cardiomyocytes undergo cellular hypertrophy, nuclear ploidy, and
a high degree of apoptosis. A small number of human cardiomyocytes retain the capacity to proliferate and regenerate in
response to ischemic injury. However, whether these cells are derived from a resident pool of cardiomyocyte stem cells or
from a renewable source of circulating bone marrow–derived stem cells that home to the damaged myocardium is at present
not known. Replacement and regeneration of functional cardiac muscle after an ischemic insult to the heart could be
achieved either by stimulating proliferation of endogenous mature cardiomyocytes or resident cardiac stem cells, or by
implanting exogenous donor-derived or allogeneic cells such as fetal or embryonic cardiomyocyte precursors, bone mar-
row–derived mesenchymal stem cells, or skeletal myoblasts. The newly formed cardiomyocytes must integrate precisely
into the existing myocardial wall in order to augment synchronized contractility and avoid potentially life-threatening
alterations in the electrical conduction of the heart. A major impediment to survival of the implanted cells is altered
immunogenicity by prolonged ex vivo culture conditions. In addition, concurrent myocardial revascularization is required
to ensure viability of the repaired region and prevent further scar tissue formation. Human adult bone marrow contains
endothelial precursors, which resemble embryonic angioblasts and can be used to induce infarct bed neovascularization
after experimental MI. This results in protection of cardiomyocytes against apoptosis, induction of cardiomyocyte prolif-
eration and regeneration, long-term salvage and survival of viable myocardium, prevention of left ventricular remodeling,
and sustained improvement in cardiac function. It is reasonable to anticipate that cell therapy strategies for ischemic heart
disease will need to incorporate (1) a renewable source of proliferating, functional cardiomyocytes, and (2) angioblasts to
generate a network of capillaries and larger-size blood vessels for supply of oxygen and nutrients to both the chronically
ischemic endogenous myocardium and to the newly implanted cardiomyocytes.

22.1. INTRODUCTION
Congestive heart failure (CHF) remains a major public health

problem and is frequently the end result of cardiomyocyte
apoptosis and fibrous replacement after myocardial infarction
(MI), a process referred to as left ventricular remodeling.
Cardiomyocytes undergo terminal differentiation soon after birth
and are generally considered to withdraw irreversibly from the
cell cycle. In response to ischemic insult, adult cardiomyocytes
undergo cellular hypertrophy, nuclear ploidy, and a high degree
of apoptosis. A small number of human cardiomyocytes retain the
capacity to proliferate and regenerate in response to ischemic
injury. However, whether these cells are derived from a resident
pool of cardiomyocyte stem cells or from a renewable source of

circulating bone marrow–derived stem cells that home to the
damaged myocardium is at present not known. Replacement and
regeneration of functional cardiac muscle after an ischemic insult
to the heart could be achieved either by stimulating proliferation
of endogenous mature cardiomyocytes or resident cardiac stem
cells, or by implanting exogenous donor-derived or allogeneic
cells such as fetal or embryonic cardiomyocyte precursors, bone
marrow–derived mesenchymal stem cells, or skeletal myoblasts.
The newly formed cardiomyocytes must integrate precisely into
the existing myocardial wall in order to augment synchronized
contractility and avoid potentially life-threatening alterations in
the electrical conduction of the heart. A major impediment to
survival of the implanted cells is altered immunogenicity by pro-
longed ex vivo culture conditions. In addition, concurrent myo-
cardial revascularization is required to ensure viability of the
repaired region and prevent further scar tissue formation.
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Human adult bone marrow contains endothelial precursors
that resemble embryonic angioblasts and can be used to induce
infarct bed neovascularization after experimental MI. This
results in protection of cardiomyocytes against apoptosis, induc-
tion of cardiomyocyte proliferation and regeneration, long-term
salvage and survival of viable myocardium, prevention of left
ventricular remodeling, and sustained improvement in cardiac
function. It is reasonable to anticipate that cell therapy strategies
for ischemic heart disease will need to incorporate (1) a renew-
able source of proliferating, functional cardiomyocytes, and
(2) angioblasts to generate a network of capillaries and larger-
size blood vessels for supply of oxygen and nutrients to both the
chronically ischemic endogenous myocardium and to the
newlyimplanted cardiomyocytes.

22.2. ISCHEMIC HEART DISEASE AND HEART
FAILURE: A PROBLEM OF EPIDEMIC PROPORTION

CHF remains a major public health problem, with recent esti-
mates indicating that end-stage heart failure with 2yr mortality
rates of 70–80% affects more than 60,000 patients in the United
States each year (Adachi et al., 2001). In Western societies heart
failure is primarily the consequence of previous MI (Agocha et al.,
1997). As new modalities have emerged that have enabled signifi-
cant reduction in early mortality from acute MI, affecting more
than 1 million new patients in the United States annually, there has
been a paradoxical increase in the incidence of postinfarction heart
failure among the survivors. Current therapy of heart failure is
limited to the treatment of already established disease and is pre-
dominantly pharmacological in nature, aiming primarily to inhibit
the neurohormonal axis that results in excessive cardiac activation
through angiotensin- or norepinephrine-dependent pathways.
For patients with end-stage heart failure, treatment options are
extremely limited, with less than 3000 patients being offered car-
diac transplants annually owing to the severely limited supply of
donor organs (“Annual Report,” 1990; Andres and Walsh, 1996),
and to implantable left ventricular assist devices being expensive,
not proven for long-term use, and associated with significant com-
plications (Asahara et al., 1997, 1999; Anversa and Nadal-Ginard,
2002). Clearly, development of approaches that prevent heart fail-
ure after MI would be preferable to those that simply ameliorate
or treat already established disease.

22.3. HEART FAILURE AFTER MYOCARDIAL
INFARCTION RESULTS FROM PROGRESSIVE
VENTRICULAR REMODELING

Heart failure after MI occurs as a result of a process termed
myocardial remodeling. This process is characterized by myocyte
apoptosis, cardiomyocyte replacement by fibrous tissue deposi-
tion in the ventricular wall (Atkins et al., 1999; Beauchamp et al.,
1999; Beltrami et al., 2001), progressive expansion of the initial
infarct area, and dilation of the left ventricular lumen (Colucci,
1997; Choi et al., 1998). Another integral component of the
remodeling process appears to be the development of neoangio-
genesis within the myocardial infarct scar (“Effects of Enalapil,”
1987; Elefanty et al., 1997), a process requiring activation of latent
collagenase and other proteinases (Field, 1998). Under normal cir-
cumstances, the contribution of neoangiogenesis to the infarct
bed capillary network is insufficient to keep pace with the tissue
growth required for contractile compensation and is unable to sup-
port the greater demands of the hypertrophied, but viable, myocar-

dium. The relative lack of oxygen and nutrients to the hypertro-
phied myocytes may be an important etiological factor in the death
of otherwise viable myocardium, resulting in progressive infarct
extension and fibrous replacement. Because late reperfusion of the
infarct vascular bed in both humans and experimental animal mod-
els significantly benefits ventricular remodeling and survival
(Frazier et al., 1992; Halevy et al., 1995; Folkman, 1998), we have
postulated that methods to successfully augment vascular bed
neovascularization might improve cardiac function by preventing
loss of hypertrophied, but otherwise viable, cardiac myocytes.

22.4. INABILITY OF DAMAGED MYOCARDIUM
TO UNDERGO REPAIR DUE TO CELL-CYCLE
ARREST OF ADULT CARDIOMYOCYTES

Cardiomyocytes undergo terminal differentiation soon after
birth and are thought by most investigators to withdraw irrevers-
ibly from the cell cycle. Analysis of cardiac myocyte growth dur-
ing early mammalian development indicates that cardiac myocyte
DNA synthesis occurs primarily in utero, with proliferating cells
decreasing from 33% at midgestation to 2% at birth (Hescheler
et al., 1999). While ventricular karyokinesis and cytokinesis are
coupled during fetal growth, resulting in increases in mononucle-
ated cardiac myocytes, karyokinesis occurs in the absence of cyto-
kinesis for a transient period during the postnatal period, resulting
in binucleation of ventricular myocytes without an overall increase
in cell number. A similar dissociation between karyokinesis and
cytokinesis characterizes the primary adult mammalian cardiac
response to ischemia, resulting in myocyte hypertrophy and an
increase in nuclear ploidy rather than myocyte hyperplasia (Hill
and Singal, 1997; Heymans et al., 1999). Moreover, in parallel with
an inability to progress through cell cycle, ischemic adult
cardiomyocytes undergo a high degree of apoptosis.

When cells proliferate, progression of the mitotic cycle is tightly
regulated by an intricate network of positive and negative signals.
Progress from one phase of the cell cycle to the next is controlled
by the transduction of mitogenic signals to cyclically expressed
proteins known as cyclins and subsequent activation or inactiva-
tion of several members of a conserved family of serine/threonine
protein kinases known as the cyclin-dependent kinases (cdks)
(Hochman and Choor, 1987). Growth arrest observed with such
diverse processes as DNA damage, terminal differentiation, and
replicative senescence is due to negative regulation of cell-cycle
progression by two functionally distinct families of cdk inhibi-
tors—the Ink4 and Cip/Kip families (Hescheler et al., 1999). The
cell-cycle inhibitory activity of p21Cip1/WAF1 is intimately cor-
related with its nuclear localization and participation in quaternary
complexes of cell-cycle regulators by binding to G1 cyclin–cdk
through its N-terminal domain and to proliferating cell nuclear
antigen (PCNA) through its C-terminal domain (Hognes, 1991;
Jaffredo et al., 1998; Hodgetts et al., 2000; Jackson et al., 2001).
The latter interaction blocks the ability of PCNA to activate DNA
polymerase, the principal replicative DNA polymerase (Kajstura
et al., 1998). For a growth-arrested cell to subsequently enter an
apoptotic pathway, signals provided by specific apoptotic stimuli
in concert with cell-cycle regulators are required. For example,
caspase-mediated cleavage of p21, together with upregulation of
cyclin A–associated cdk2 activity, has been shown to be critical
for induction of cellular apoptosis by either deprivation of growth
factors (Kalka et al., 2000) or hypoxia of cardiomyocytes
(Kalkman et al., 1996).
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Throughout life, a mixture of young and old cells is present in
the normal myocardium. Although most myocytes seem to be ter-
minally differentiated, there is a fraction of younger myocytes
(15–20%) that retains the capacity to replicate (Kawana et al.,
2000). Moreover, recent observations have suggested that some
human ventricular cardiomyocytes also have the capacity to pro-
liferate and regenerate in response to ischemic injury (Kellerman
et al., 1992; Kehat et al., 2001). The dividing myocytes can be
identified on the basis of immunohistochemical staining of prolif-
erating nuclear structures such as Ki67 and cell-surface expres-
sion of specific surface markers, including c-kit (CD117). Whether
these cells are derived from a resident pool of cardiomyocyte stem
cells or are derived from a renewable source of circulating bone
marrow–derived stem cells that home to the damaged myo-
cardium remains to be determined. More important, the signals
required for homing, in situ expansion, and differentiation of these
cells are, at present, unknown. Gaining an understanding of these
issues would open the possibility of manipulating the biology of
endogenous cardiomyocytes in order to augment the healing pro-
cess after myocardial ischemia.

22.5. STRATEGIES FOR USE OF CELLULAR
THERAPY TO IMPROVE MYOCARDIAL FUNCTION

Replacement and regeneration of functional cardiac muscle
after an ischemic insult to the heart could be achieved either by
stimulating proliferation of endogenous mature cardiomyocytes
or resident cardiac stem cells, or by implanting exogenous donor-
derived or allogeneic cardiomyocytes. The newly formed
cardiomyocytes must integrate precisely into the existing myocar-
dial wall in order to augment contractile function of the residual
myocardium in a synchronized manner and avoid alterations in the
electrical conduction and syncytial contraction of the heart, poten-
tially resulting in life-threatening consequences. In addition, what-
ever the source of the cells used, it is likely that concurrent
myocardial revascularization must also occur in order to ensure
viability of the repaired region and prevent further scar tissue for-
mation. The following section discusses various methods of using
cellular therapies to replace damaged myocardium or reinitiate
mitosis in mature endogenous cardiomyocytes, including trans-
planted bone marrow–derived cardiomyocyte or endothelial pre-
cursors, fetal cardiomyocytes, and skeletal myoblasts.

22.6. POTENTIAL ROLE FOR BONE
MARROW–DERIVED OR EMBRYONIC
CARDIOMYOCYTE LINEAGE STEM CELLS
IN MYOCARDIAL REPAIR/REGENERATION

Over the past several years, a number of studies have suggested
that stem cells can be used to generate cardiomyocytes ex vivo for
potential use in a range of cardiovascular diseases (Klug et al.,
1996; Kennedy et al., 1997; Lebastie et al., 1998; Kocher et al.,
2001, 2002). Multipotent bone marrow–derived mesenchymal
stem cells (MSCs) have been identified in adult murine and human
bone marrow functionally by their ability to differentiate to lin-
eages of diverse mesenchymal tissues, including bone, cartilage,
fat, tendon, and both skeletal and cardiac muscle (Kocher et al.,
2002), and phenotypically by their expression of specific surface
markers and lack of hematopoietic lineage markers such as CD34
or CD45 (Kocher et al., 2001). It is well established that murine
embryonic stem (ES) cells can give rise to cardiomyocytes in vitro
and in vivo (Li et al., 1994; Levkau et al., 1998). Recently, Kehat

et al. (2001) were able to demonstrate that human ES cells can also
differentiate in vitro into cells with characteristics of cardio-
myocytes. However, there are striking differences in the human
and murine stem cell models, and this needs to be taken into
account when extrapolating results of mouse experiments to the
human condition. For example, human ES cells have a very low
efficiency of differentiation to cardiomyocytes compared with
murine ES cells, and a considerably slower time course (a median
of 11 vs 2 d). Whether these differences reflect true variations
between species, or differences in the experimental protocols,
remains to be determined.

Irrespective of whether the cardiomyocyte lineage stem cell
precursors are obtained from adult bone marrow or embryonic
sources, the newly generated cardiomyocytes appear to resemble
normal cardiomyocytes in terms of phenotypic properties, such
as expression of actinin, desmin, and troponin I; and function,
including positive and negative chronotropic regulation of con-
tractility by pharmacological agents and production of vasoac-
tive factors such as atrial and brain natriuretic peptides. However,
in vivo evidence for functional cardiac improvement following
transplantation of adult bone marrow–derived or ES-derived
cardiomyocytes has been exceedingly difficult to show to date.
In part, this may be because the signals required for cardio-
myocyte differentiation and functional regulation are complex
and poorly understood. For example, phenotypic and functional
differentiation of MSCs to cardiomyocyte lineage cells in vitro
requires culture with exogenously added 5-azacytidine (Klug
et al., 1996; Kennedy et al., 1997). Alternatively, the poor func-
tional data obtained to date may reflect immune-mediated rejec-
tion of cells that have been modified during the ex vivo culture
process or poor viability owing to the lack of a sufficient vascular
supply to the engrafted cells (see below).

22.7. POTENTIAL ROLE FOR AUTOLOGOUS
SKELETAL MYOBLASTS IN MYOCARDIAL REPAIR

An alternative approach to replacing damaged myocardium
involves the use of autologous skeletal myoblasts (Liechty et al.,
2000). The procedure involves harvesting a patient’s skeletal
muscle cells, expanding the cells in a laboratory, and reinjecting
the cells into the patient’s heart. Perceived advantages of the
approach include ease of access to the cellular source, the fact
that immunosuppression is not needed, and the lack of ethical
dilemmas associated with the use of allogeneic or embryonic
cells. It has also been argued that using relatively ischemia-resis-
tant skeletal myoblasts rather than cardiomyocytes might enable
higher levels of cell engraftment and survival in infarcted regions
of the heart, where cardiomyocytes would probably perish (Lin
et al., 2000).

Successful engraftment of autologous skeletal myoblasts into
injured myocardium has been reported in multiple animal models
of cardiac injury. These studies have demonstrated survival and
engraftment of myoblasts into infarcted or necrotic hearts
(Liechty et al., 2000), differentiation of the myoblasts into stri-
ated cells within the damaged myocardium (Liechty et al., 2000),
and improved myocardial functional performance (Mahon et al.,
1999; Liechty et al., 2000; MacLellan and Schneider, 2000).
Other studies have shown that the survival of transplanted myo-
blasts can be improved by heat-shock pretreatment (Maier et al.,
2001) and have confirmed that the benefits of skeletal myoblast
transfer are additive with those of conventional therapies, such as
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angiotensin-converting enzyme inhibition (Makino et al., 1999).
More recently, the procedure has been reported anecdotally to
result in improved myocardial function in humans (McCarthy
et al., 1991). On the basis of these preliminary results, clinical
trials have begun in both Europe and in the United States. In
addition to the need to demonstrate functional improvement in
large, prospective series, questions remain to be addressed such
as the following:  Can skeletal myoblasts make meaningful elec-
tromechanical connections to the surrounding endogenous
cardiomyocytes through gap junctions? Will the cellular mass
contract in concert? Will electrical impulses be transmitted to the
myoblast tissue without inducing significant tachyarrhythmias?

22.8. POOR SURVIVAL OF CELLS
TRANSPLANTED INTO DAMAGED
MYOCARDIUM AFTER EX VIVO CULTURE

A major limitation to successful cellular therapy in animal
models of myocardial damage has been the inability of the intro-
duced donor cells to survive in their host environment, whether
such transplants have been congenic (analogous to the autologous
scenario in humans) or allogeneic. It has become clear that a
major impediment to survival of the implanted cells is the alter-
ation of their immunogenic character by prolonged ex vivo cul-
ture conditions. For example, whereas myocardial implantation
of skeletal muscle in the absence of tissue culture does not induce
any adverse immune response and results in grafts showing excel-
lent survival for up to a year, injection of cultured isolated
(congenic) myoblasts results in a massive and rapid necrosis of
donor myoblasts, with more than 90% dead within the first hour
after injection (Murry et al., 1996; Nelissen-Vrancken et al., 1996;
McEwan et al., 1998; Menasche et al., 2001). This rapid myoblast
death appears to be mediated by host natural killer (NK) cells
(Nelissen-Vrancken et al., 1996) that respond to immunogenic
antigens on the transplanted myoblasts altered by exposure to
tissue culture conditions (Menasche et al., 2001). It seems likely
that a similar mechanism of host NK cell–mediated rejection will
apply also to transplanted ES-derived, cultured cardiomyocytes
(Nidorf et al., 1992) since massive death of injected donor cells
is recognized as a major problem with transplanted cardio-
myocytes, especially in the inflammatory conditions that follow
infarction (Ogawa et al., 1999). In this regard, the report that
cultured MSCs obtained from adult human bone marrow are not
rejected on transfer to other species is intriguing (Kocher et al.,
2002), needs confirmation in humans, and requires detailed
investigation into possible tolerogenic mechanisms.

22.9. CONCOMITANT INDUCTION
OF VASCULAR STRUCTURES AUGMENTS
SURVIVAL AND FUNCTION
OF CARDIOMYOCYTE PRECURSORS

An additional explanation for the poor survival of transplanted
cardiomyocytes or skeletal myoblasts may be that viability and
prolonged function of transplanted cells requires an augmented
vascular supply. Whereas many transplanted cardiomyocytes die
by apoptosis, cultured cardiomyocytes that incorporate more vas-
cular structures in vivo demonstrate significantly greater survival
(Ogawa et al., 1999). Moreover, in situations in which transplanted
cardiomyocyte precursors contained an admixture of cells also
giving rise to vascular structures, survival and function of the
newly formed cardiomyocytes has been significantly augmented.

In one study, direct injection of whole rat bone marrow into
a cryodamaged heart resulted in neovascularization, cardio-
myocyte regeneration, and functional improvement (Klug et al.,
1996). More recently, systemic delivery of highly purified bone
marrow–derived hematopoietic stem cells in lethally irradiated
mice contributed to the formation of both endothelial cells and
long-lived cardiomyocytes in ischemic hearts (Orlic et al., 2001).
Most strikingly, significant improvement in cardiac function of
mice that had previously undergone left anterior descending
(LAD) ligation was demonstrated after direct myocardial injec-
tion of syngeneic bone marrow–derived stem cells, defined on
the basis of c-kit (CD117) expression (Oz et al., 1997). This
population of cells contains a mixture of cellular elements in
addition to cardiomyocyte precursors, including CD117-posi-
tive endothelial progenitors (see below). These cells were found
to proliferate and differentiate into myocytes, smooth muscle
cells, and endothelial cells, resulting in the partial regeneration
of the destroyed myocardium and prevention of ventricular scar-
ring. Together, these findings raise the intriguing possibility that
for long-term in vivo viability and functional integrity of stem
cell–derived cardiomyocytes, it may be necessary to induce
neovascularization by coadministration of endothelial cell pro-
genitors (see below).

22.10. ENDOTHELIAL PRECURSORS
AND FORMATION OF VASCULAR
STRUCTURES DURING EMBRYOGENESIS

To develop successful methods for inducing neovasculari-
zation of the adult heart, one needs to understand the process of
definitive vascular network formation during embryogenesis. In
the prenatal period, hemangioblasts derived from the human ven-
tral aorta give rise to cellular elements involved in both
vasculogenesis, or formation of the primitive capillary network,
and hematopoiesis (J. M. Pfeffer et al., 1991; M. A. Pfeffer et al.,
1992). In addition to hematopoietic lineage markers, embryonic
hemangioblasts are characterized by expression of the vascular
endothelial cell growth factor receptor-2 (VEGFR-2), and have
high proliferative potential with blast colony formation in
response to VEGF (Rafii et al., 1994; Pitt et al., 1997; Pittenger
et al., 1999; Pouzet et al., 2001). Under the regulatory influence
of various transcriptional and differentiation factors, embryonic
hemangioblasts mature, migrate, and differentiate to become
endothelial lining cells and create the primitive vasculogenic
network. The differentiation of embryonic hemangioblasts to
pluripotent stem cells and to endothelial precursors appears to
be related to coexpression of the GATA-2 transcription factor,
since GATA-2 knockout ES cells have a complete block in defini-
tive hematopoiesis and seeding of the fetal liver and bone marrow
(Ravichandran and Puvanakrishnan, 1991). Moreover, the earli-
est precursor of both hematopoietic and endothelial cell lineage
to have diverged from embryonic ventral endothelium has been
shown to express VEGFRs as well as GATA-2 and α4-integrins
(Shi et al., 1998). Subsequent to capillary tube formation, the
newly created vasculogenic vessels undergo sprouting, tapering,
remodeling, and regression under the direction of VEGF,
angiopoietins, and other factors, a process termed angiogenesis.
The final component required for definitive vascular network for-
mation to sustain embryonic organogenesis is influx of mesen-
chymal lineage cells to form the vascular supporting structures
such as smooth muscle cells and pericytes.
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22.11. CHARACTERIZATION OF ENDOTHELIAL
PROGENITORS, OR ANGIOBLASTS,
IN HUMAN ADULT BONE MARROW

In studies using various animal models of peripheral ischemia,
several groups have shown the potential of adult bone marrow–
derived elements to induce neovascularization of ischemic tis-
sues (Steinman et al., 1994; Tavian et al., 1996; Soonpaa and
Field, 1997; Takahashi et al., 1999; Smythe and Grounds, 2000;
Suzuki et al., 2000; Smythe et al., 2001). In the most successful
of these studies (Smythe and grounds, 2000), bone marrow–
derived cells injected directly into the thighs of rats that had
undergone ligation of the left femoral artery and vein induced
neovascularization and augmented blood flow in the ischemic
limb, as documented by laser Doppler and immunohistochemi-
cal analyses. Although the nature of the bone marrow–derived
endothelial progenitors was not precisely identified in these stud-
ies, the cumulative reports indicated that this site may be an
important source of endothelial progenitors that could be useful
for augmenting collateral vessel growth in ischemic tissues, a
process termed therapeutic angiogenesis.

In more recent studies, our group has identified such endothe-
lial progenitors in human adult bone marrow (Taylor et al., 1998).
By employing both in vitro and in vivo experimental models, we
have sought to precisely identify the surface characteristics and
biological properties of these bone marrow–derived endothelial
progenitor cells. Following  granulocyte colony-stimulating fac-
tor (G-CSF) treatment, mobilized mononuclear cells were har-
vested and CD34+ cells were separated using anti-CD34
monoclonal antibody (MAb) coupled to magnetic beads. Ninety
to ninety-five percent of CD34+cells coexpressed the hematopoi-
etic lineage marker CD45, 60–80% coexpressed the stem cell
factor receptor CD117, and <1% coexpressed the monocyte/mac-
rophage lineage marker CD14. By quadruple parameter analysis,
the VEGFR-2-positive cells within the CD34+CD117bright subset
displayed phenotypic characteristics of endothelial progenitors,
including coexpression of Tie-2, as well as AC133, but not mark-
ers of mature endothelium such as ecNOS, vWF, E-selectin, and
intracellular adhesion molecule. Sorting CD34+ cells on the basis
of CD117 bright or dim expression demonstrated that GATA-2
mRNA and protein levels were significantly higher in the
CD117bright population, indicating that human adult bone marrow
contains cells with an angioblast-like phenotype.

Because the frequency of circulating endothelial cell precur-
sors in animal models has been shown to be increased by either
VEGF (Tomita et al., 1999) or regional ischemia (Steinman
et al., 1994; Soonpaa and Field, 1997; Smythe and Grounds,
2000; Smythe et al., 2001), phenotypically defined angioblasts
were examined for proliferative responses to VEGF and to fac-
tors in ischemic serum. CD117brightGATA-2hi angioblasts dem-
onstrated significantly higher proliferative responses relative to
CD117dimGATA-2lo bone marrow–derived cells from the same
donor following culture for 96 h with either VEGF or ischemic
serum. The expanded angioblast population consisted of large
blast cells, defined by forward scatter, which continued to
express immature markers, including GATA-2 and CD117bright,
but not markers of mature endothelial cells, including eNOS or
E-selectin, indicating blast proliferation without differentiation
under these culture conditions. However, culture on fibronectin
with endothelial growth medium resulted in outgrowth of mono-

layers with endothelial morphology and functional and pheno-
typic features characteristic of endothelial cells, including uni-
form uptake of acetylated low-density lipoprotein, and
coexpression of CD34, factor VIII, and eNOS. Thus, G-CSF
treatment of adult humans mobilizes into the peripheral circula-
tion a bone marrow–derived population with phenotypic and
functional characteristics of embryonic angioblasts, as defined
by specific surface phenotype, high proliferative responses to
VEGF and cytokines in ischemic serum, and the ability to differ-
entiate into endothelial cells by culture in medium enriched with
endothelial growth factors.

22.12. HUMAN ANGIOBLASTS
INDUCE NEOVASCULARIZATION
OF MYOCARDIAL INFARCT ZONE

Intravenous injection of freshly obtained human angioblasts
into athymic nude rats that had undergone ligation of the LAD
coronary artery resulted in infarct zone infiltration within 48 h.
Few human cells were detected in unaffected areas of hearts with
regional infarcts or in myocardium of sham-operated rats. Histo-
logical examination at 2 wk postinfarction revealed that injec-
tion of human angioblasts was accompanied by a significant
increase in infarct zone microvascularity, cellularity, and num-
bers of capillaries, and by reduction in matrix deposition and
fibrosis in comparison to controls. Neovascularization was sig-
nificantly increased both within the infarct zone and in the
periinfarct rim in rats receiving angioblasts compared with con-
trols receiving saline or other cells that infiltrated the heart (e.g.,
CD34– cells or saphenous vein endothelial cells [SVECs]). The
neovascularization induced by human angioblasts was due to
both an increase in capillaries of human origin as well as of rat
origin, as defined by MAbs with specificity for human or rat
CD31 endothelial markers. Capillaries of human origin, defined
by coexpression of DiI fluorescence and human CD31, but not
rat CD31, accounted for 20–25% of the total myocardial capil-
lary vasculature, which was located exclusively within the cen-
tral infarct zone of collagen deposition. By contrast, capillaries
of rat origin, as determined by expression of rat, but not human,
CD31, demonstrated a distinctively different pattern of localiza-
tion, being absent within the central zone of collagen deposition
and abundant both at the periinfarct rim between the region of
collagen deposition and myocytes, and between myocytes.

22.13. HUMAN ANGIOBLASTS PROTECT
HYPERTROPHIED ENDOGENOUS
CARDIOMYOCYTES AGAINST APOPTOSIS

By concomitantly staining rat tissues for the myocyte-
specific marker desmin and performing DNA end labeling using
the TUNEL technique, temporal examinations demonstrated that
the infarct zone neovascularization induced by injection of
human angioblasts prevented an eccentrically extending
proapoptotic process evident in saline controls. Thus, at 2 wk
postinfarction, myocardial tissue of LAD-ligated rats that
received saline demonstrated sixfold higher numbers of apopto-
tic myocytes compared with that from rats receiving iv injections
of human angioblasts. Moreover, these myocytes had a dis-
torted appearance and an irregular shape. By contrast, myocytes
from LAD-ligated rats that received human angioblasts had a
regular oval shape and were significantly larger than myocytes
from control rats.
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22.14. HUMAN ANGIOBLASTS INDUCE
SUSTAINED REGENERATION/PROLIFERATION
OF ENDOGENOUS CARDIOMYOCYTES

In addition to protection of hypertrophied myocytes against
apoptosis, human angioblast-dependent neovascularization
resulted in a striking induction of regeneration/proliferation of
endogenous rat cardiomyocytes at the periinfarct rim (Tsai
et al., 1994). At 2 wk after LAD ligation, rats receiving human
angioblasts demonstrated numerous “fingers” of cardio-
myocytes of rat origin, as determined by expression of rat major
histocompatibility complex class I molecules, extending from
the periinfarct region into the infarct zone. The islands of
cardiomyocytes at the periinfarct rim in animals receiving
human angioblasts contained a high frequency of rat myocytes
with DNA activity, as determined by dual staining with MAbs
reactive against cardiomyocyte-specific troponin I and rat
Ki67. By contrast, in animals receiving saline, there was a high
frequency of cells with fibroblast morphology and reactivity
with rat Ki67, but not troponin I, within the infarct zone. The
number of cardiomyocytes progressing through the cell cycle at
the periinfarct region of rats receiving human angioblasts was
40-fold higher than that at sites distal to the infarct, 20-fold
higher than that found in noninfarcted hearts, and fivefold higher
than that at the periinfarct rim of animals receiving saline (Tsai
et al., 1994).

22.15. NEOVASCULARIZATION OF ACUTELY
ISCHEMIC MYOCARDIUM BY HUMAN
ANGIOBLASTS PREVENTS VENTRICULAR
REMODELING AND CAUSES SUSTAINED
IMPROVEMENT IN CARDIAC FUNCTION

By 15 wk postinfarction, rats receiving human angioblasts
demonstrated markedly smaller scar sizes together with increased
mass of viable myocardium within the anterior free wall. Whereas
collagen deposition and scar formation extended almost through
the entire left ventricular wall thickness in controls, with aneu-
rysmal dilatation and typical electrocardiogram abnormalities,
the infarct scar extended only to 20–50% of the left ventricular
wall thickness in rats receiving CD34+ cells. Moreover, patho-
logical collagen deposition in the noninfarct zone was markedly
reduced in rats receiving CD34+ cells. At 15 wk, the mean pro-
portion of scar/normal left ventricular myocardium was 13% in
rats receiving CD34+  cells compared with 36–45% for each of
the other groups studied (saline, CD34–, SVEC).

Remarkably, by 2 wk after injection of human angioblasts,
and in a parallel time frame with the observed neovascularization,
left ventricular ejection fraction (LVEF) recovered by a mean of
22%. This effect was long-lived, with LVEF recovering by a
mean of 34% at the end of follow-up, 15 wk postinjection. Nei-
ther CD34– cells nor SVECs demonstrated similar effects. At 15
wk postinfarction, the mean cardiac index in rats injected with
human angioblasts was only reduced by 26% relative to normal
rats, whereas for each of the other groups it was reduced by 48–
59%. Together, these results indicate that the neovascularization,
reduction in periinfarct myocyte apoptosis, and increase in
cardiomyocyte regeneration/proliferation observed at 2 wk pre-
vented myocardial replacement with fibrous tissue and caused
sustained improvement in myocardial function.

22.16. POTENTIAL USE OF ANGIOBLASTS
IN COMBINATION WITH CARDIOMYOCYTE
PROGENITORS FOR REPAIR AND REGENERATION
OF ISCHEMIC MYOCARDIUM

While increasing capillary density through angioblast-depen-
dent neovascularization is a promising approach for preventing
apoptotic death and inducing regeneration of endogenous
cardiomyocytes following acute MI, the role of angioblast therapy
for the treatment of CHF following chronic ischemia is at present
unknown. Nevertheless, it is reasonable to anticipate that cellular
therapies for CHF owing to ischemic cardiomyopathy will need
to address two interdependent processes: (1) a renewable source
of proliferating, functional cardiomyocytes; and (2) development
of a network of capillaries and larger-size blood vessels for sup-
ply of oxygen and nutrients to both the chronically ischemic,
endogenous myocardium and the newly implanted car-
diomyocytes. To achieve these end points, it is likely that
coadministration of angioblasts and mesenchymal stem cells will
be needed in order to develop regenerating cardiomyocytes, vas-
cular structures, and supporting cells such as pericytes and smooth
muscle cells. Future studies will need to address the timing, rela-
tive concentrations, source and route of delivery of each of these
cellular populations in animal models of acute and chronic myo-
cardial ischemia.

In addition to synergistic cellular therapies, it is likely that
optimal regimens for the treatment of acute and chronically
ischemic hearts will require a combined approach employing
additional pharmacological strategies. For example, augmenta-
tion in myocardial function might be achieved by combining
infusion of human angioblasts and cardiomyocyte progenitors
together with β blockade, angiotensin-converting-enzyme inhibi-
tion, or AT1-receptor blockade to reduce angiotensin II–depen-
dent cardiac fibroblast proliferation and collagen secretion (White
et al., 1987, 1994; Tsurimoto, 1999; Zhang et al., 2001). Under-
standing the potential of defined lineages of stem cells or
undifferentiated progenitors, and their interactions with pharma-
cological interventions, will lead to better and more focused clin-
ical trial designs using each cell type independently or in
combination, depending on which particular clinical indication
is being targeted.
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23 Generation and Stem Cell
Repair of Cardiac Tissue

KATHYJO A. JACKSON, PhD AND MARGARET A. GOODELL, PhD

Cellular-based therapies may be a future strategy for treatment of cardiac injury. Full differentiation of the heart leaves
an organ without a stem cell population to respond to injury. This can be addressed by providing cardiomyocyte precursors
from embryonic or adult stem cells. The coronary vasculature derives from both vasculogenesis from the putative
hemangioblast and angiogenesis by sprouting from newly formed vessels from the proepicardium, which is formed from
villi-like protrusions of the fetal liver. Interruption of the vascular supply leads to infarction of myocardium and death of
myocardiocytes. Normally there is little or no regeneration of this tissue, which heals by the process of inflammation and
scarring. Although some myocardiocytes may proliferate after injury, these represent <0.01% and are insufficient to
mediate any useful replacement. The endothelial cells of the coronary arteries are able to proliferate in response to the
inflammation following an infarct and establish a collateral circulation to support the remaining heart and scar tissue. Cell
transplantation experiments have explored the use of cardiomyocytes derived from embryonic stem cells or fetal hearts for
cardiac repair with mixed success. Adult muscle stem cells (satellite cells) may populate ischemic heart tissue and poten-
tially improve function, but they do not establish electromechanical coupling with cardiac myocytes. Mesenchymal stem
cells (MSCs) from the bone marrow differentiate into multiple cell types in vitro including myocardial-like cells, which may
contract in vitro. These cells can also be grafted onto ischemic heart tissue, but their degree of functional integration is not
yet clear. Bone marrow–derived cells can be found in small numbers in recipient hearts after transient cardiac ischemia,
either after bone marrow replacement of depleted mice or following direct injection into areas adjacent to the injured
myocardium. Cytokines, which liberate autogenous bone marrow stem cells, may improve the outcome of experimental
cardiac injury. Both bone marrow and MSCs may contribute to revascularization after injury. In selected models, trans-
planted stem cells may replace or restore lost gene function in the heart, and bone marrow progeny have been identified in
the hearts of humans with heart transplants. Adult stem cells may be expected to play an increasing role in the treatment
of many forms of heart disease, but extensive validation and development research still needs to be undertaken.

23.1. INTRODUCTION
In Western societies, heart disease is associated with a high

rate of morbidity and mortality. In 1999, heart disease was the
number one cause of death in the United States (Hoyert et al.,
2001). The high rate of mortality associated with diseases of the
heart is due to the inability of this organ to repair following
injury. New approaches for the treatment of heart disease are
necessary to overcome the lack of regenerative potential of this
organ. Cellular-based therapies employing stem cells could be
the next strategy for the clinical treatment of heart disease.

An understanding of the origin of cardiomyocytes during
development is essential for comprehending the decreased regen-
erative capacity of the heart compared with other organs. Terminal
differentiation of cardiomyocyte precursors leaves the heart with-

out a stem cell population, resulting in only fully differentiated
cells with a limited proliferation potential.

To this end, much work has been done to attempt to identify
cell populations that could be used as donor cells in heart injury
models. Fetal and adult cardiomyocytes as well as embryonic
stem (ES) cells have been tested for their ability to engraft
into injured myocardium. Cellular therapies using adult stem
cells are receiving an increasing amount of attention because
of the potential for autologous transplants, thereby preventing
graft rejection.

Adult stem cells from multiple tissues have been explored for
repair of myocardial cells and vascular endothelium. Studies have
shown that in animal models, grafting of stem cells into infarcted
hearts may improve cardiac function (Orlic et al., 2001a, 2001b).
Recent evidence suggests that stem cells may also participate
in heart regeneration and remodeling in human hearts (Quaini
et al., 2002).
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23.2. DEVELOPMENT, GROWTH,
AND REPAIR OF THE HEART

23.2.1. DEVELOPMENTAL ORIGIN OF THE HEART

23.2.1.1. Heart  The heart is the first functional organ in the
developing vertebrate embryo. Formation of this organ requires
complex interactions from multiple cell types including lateral
plate mesoderm and neural crest. Lateral plate mesoderm is
induced to differentiate into cardiogenic mesenchyme by factors
produced by the anterior endoderm (Sugi and Lough, 1994;
Schultheiss et al., 1995). Cardiogenic mesenchyme gives rise to
the first specified cardiogenic lineages: myocardium and endocar-
dium. Cells of the myocardium are precursors for cardiomyocytes,
which terminally differentiate. Although the myocardium is
mainly thought of as a contractile tissue, it also plays an important
role in the conduction system, which allows the heart to maintain
a coordinated wave of contraction (Farrell and Kirby, 2001).

This developmental program of myocardium, which gives rise
to terminally differentiated cells, results in a decreased regenera-
tive capacity for cardiac tissue during adult life. For example,
during skeletal muscle development, myoblasts fuse to form
myotubes, which mature into myofibers (Schultz, 1989). A popu-
lation of muscle stem cells—satellite cells—adheres to the myo-
tubes and resides under the basal lamina of the mature myofiber.
Following skeletal muscle injury, satellite cells become activated,
proliferate, and participate in tissue regeneration. By contrast,
cardiomyocyte precursors are thought to terminally differentiate
during development, resulting in the absence of a stem cell pool in
the adult heart.

The endocardium of the fetal heart acts as a source of mesen-
chymal cells that form the endocardial cushions. The endocardial
cushions function as primitive valves in the embryonic heart. This
tissue will ultimately give rise to the atrioventricular valves and
the membranous portion of the interventricular septum of the adult
heart (Markwald et al., 1977).

Extracardiac sources of cells also participate in the develop-
ment of the four-chambered heart. The neural crest lies at the
dorsal aspect of the neural tube. Neural crest cells migrate to the
primitive heart and contribute mesenchymal cells to the septum
of the outflow tract, neuronal cells to the cardiac ganglia, and
smooth muscle cells to the great arteries (Kirby et al., 1983). In
addition, cells derived from cardiac neural crest also participate
in the remodeling of the cardiovascular tissues, maturation of the
excitation–contraction coupling apparatus of the myocardium,
and muscularization of the outflow tract septum (Farrell and
Kirby, 2001).

23.2.1.2. Vasculature  Formation of blood vessels during
embryonic development takes place via two processes: vasculo-
genesis and angiogenesis. Vasculogenesis results in the de novo
formation of blood vessels via the putative hemangioblast, an
intraembryonic stem cell population that gives rise to both endot-
helial precursors and hematopoietic precursors. By contrast, an-
giogenesis involves the sprouting of new blood vessels from
preexisting vessels. During cardiac development, both vasculo-
genesis and angiogenesis play a role in the formation of the coro-
nary vasculature.

The coronary vasculature arises from an extracardiac primor-
dium called the proepicardium. The proepicardium forms as villi-
like protrusions of the primordial liver (Viragh et al., 1993).
Epicardial cells from these protrusions proliferate and migrate

cranially to envelop the entire heart from the sinus venosus to the
outflow tract. The proepicardial-derived cells then undergo an
epithelial–mesenchymal transformation that gives rise to the three
coronary vessel–associated cell populations: coronary smooth
muscle, endothelial cells, and perivascular connective tissue
(Mikawa and Gourdie, 1996; Dettman et al., 1998).

Development of the coronary vasculature begins when the
sinus venosus plexus extends branches into the proepicardium
toward the dorsal side of the atrioventricular sulcus (Farrell and
Kirby, 2001). Vessels then grow toward the ventral side and apex
of the heart. After the coronary vessels penetrate the aorta, a
tunica media of smooth muscle cells is established (Waldo et al.,
1994). In addition, fibroblasts form an adventia around the coro-
nary arteries. Finally, the coronary vasculature undergoes
remodeling to form the final network of vessels, which supply the
heart with oxygen and nutrients.

23.2.2. POSTNATAL GROWTH OF THE HEART
23.2.2.1. Heart  After birth, the heart continues to grow pro-

portional to the growth of the body. This growth occurs either by
an increase in the number of cardiomyocytes (hyperplasia) or by
an increase in the size of preexisting cardiomyocytes (hypertro-
phy). During the first postnatal months of human life, growth of
the heart occurs via hyperplasia, with the total number of
cardiomyocytes doubling in the first few months (Rakusan, 1984).
Thereafter, the numbers of cardiomyocytes remain relatively con-
stant. Hyperplasia plays an even more significant role in growth
of the rat heart postnatally. In rats, cardiomyocyte numbers double
within 11 d of birth and quadruple over a 2yr period (Anversa
et al., 1980; Sasaki et al., 1968). Hypertrophy of cardiomyocytes
also occurs during postnatal development, resulting in an overall
increase in heart size (Anversa et al., 1980; Rakusan, 1984).

External stimuli are also capable of increasing the size of the
adult heart. High-altitude hypoxia induces enlargement of the
right ventricle by both hyperplasia and hypertrophy of
cardiomyocytes (Bartels et al., 1979; Pietschmann and Bartels,
1985). This hypoxia-induced increase in heart size was found to
be greater in young animals than in adult animals. In addition,
exercise training results in cardiac growth by hypertrophy of
cardiomyocytes, with the extent of heart growth varying depend-
ing on the type of exercise (Hudlika and Brown, 1996).

23.2.2.2. Vasculature  With the rapid amount of cardiac
growth occurring postnatally, it is natural that the supplying
blood vessels must increase as well. This increase in the coronary
vasculature occurs mainly at the level of the capillaries by the
process of angiogenesis. Although capillary numbers increase,
the diameter of capillaries decreases, resulting in a greater area
for oxygen transport to cardiomyocytes (Van Groningen et al.,
1991). Capillary growth is not accompanied by a proportional
increase in the number of smaller arterioles (Rakusan et al.,
1994). In rats, there is a decrease in the length of smaller arteri-
oles accompanied by a decrease in arteriole numbers with aging
(Wiest et al., 1992; Vitullo et al., 1993; Rakusan et al., 1994). In
humans, large coronary arteries increase in diameter and elon-
gate postnatally, but their numbers are fixed at birth (Rakusan et
al., 1992; Hudlika and Brown, 1996).

23.2.3. REPAIR OF THE HEART
FOLLOWING MYOCARDIAL INFARCTION

23.2.3.1. Heart  Coronary artery occlusion and cardiomyo-
cyte hypertrophy result in decreased blood flow and oxygen lev-
els in the myocardium, producing an ischemic region in the heart.
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Severe ischemia results in myocardial infarction (MI), a focal
loss of cardiomyocytes by necrosis. Repair of the injured region
begins quickly in order to repair the damaged myocardium and
maintain structural integrity of the ventricle (Sun and Weber,
2000). Although inflammation can increase myocardial injury,
an inflammatory response is a prerequisite for cardiac healing
and scar formation.

The complement cascade is activated by ischemic myocardial
injury in a rat model of MI (Hill and Ward, 1971). Cardiomyocyte
necrosis results in the release of mitochondria and mitochondrial
membrane fragments that trigger the early acting components of
the complement cascade (Pinckard et al., 1975; Rossen et al.,
1994). Activation of the complement system may play an impor-
tant role in mediating the recruitment of neutrophils and mono-
cytes to the injured myocardium (Frangogiannis et al., 2002).

Infiltration of neutrophils into reperfused myocardial infarcts
may be responsible for a significant amount of cardiomyocyte
injury. Studies in which neutrophils were depleted in animals
undergoing MI/reperfusion injury led to a decrease in the infarct
size (Romson et al., 1983). Neutrophils participate in cardiac
injury by infiltrating the ischemic region, adhering to the capil-
lary endothelium, and plugging capillaries, preventing
reperfusion of the infarcted area (Engler et al., 1986; Engler,
1989). In a canine model of ischemia/reperfusion injury,
interleukin-8 (IL-8) induced neutrophils to adhere to
cardiomyocytes, resulting in direct cytotoxicity (Kukielka et al.,
1995). In addition, neutrophils may also directly injure paren-
chymal cells through the release of toxic products (Jaeschke and
Smith, 1997).

Evidence suggesting that the inflammation process could
extend myocardial injury led to a clinical study using methylpred-
nisolone, a corticosteroid, with catastrophic results. Patients with
acute MI given this drug had increased incidence of ventricular
arrhythmias and extended infarct size (Roberts et al., 1976). Later
investigations demonstrated that this drug inhibited the inflamma-
tory process by decreasing the number of infiltrating leukocytes
and delaying healing and collagen deposition (Kloner et al., 1978).
Further studies demonstrated that an inflammatory response is
vital for tissue repair.

In the first few hours following reperfusion, monocytes infil-
trate the infarcted myocardium, where they eventually differenti-
ate into macrophages. Macrophages may function in scar healing
by providing cytokines and growth factors as well as regulating
extracellular matrix metabolism (Ganz, 1993; Weihrauch et al.,
1995; Frangogiannis et al., 2000). Mast cells also participate in
scar healing in damaged myocardium. Mast cell numbers increase
in canine myocardial infarcts during the healing phase
(Frangogiannis et al., 1998). Furthermore, degranulation products
of mast cells induce fibroblast proliferation (Ruoss et al., 1991).

Myofibroblasts appear at the infarct site and participate in
fibrogenesis at sites where rebuilding and remodeling are occur-
ring (Sun and Weber, 1996). Myofibroblasts are localized to the
heart valve leaflets of normal cardiac tissue but appear at the inf-
arct site following MI. These cells appear to arise from interstitial
fibroblasts or adventitial fibroblasts (Skalli et al., 1989; Sappino
et al., 1990). In a rat model of MI, myofibroblasts appear at the
infarct site by d 3 and remain for months (Sun and Weber, 1996,
2000). Myofibroblasts appear in the infarct of humans 4–6 days
postinfarction and have been found to persist in the infarct scar for
years (Willems et al., 1994). These cells express α–smooth muscle

actin and develop ultrastructural and phenotypic characteristics of
smooth muscle cells (Willems et al., 1994). In addition,
myofibroblasts express the embryonal isoform of smooth muscle
myosin heavy chain (MHC), which may reflect their dedifferen-
tiation and phenotypic plasticity (Richard et al., 1995). These cells
are responsible for increased production of type I/III fibrillar col-
lagens that function in tissue fibrosis (Cleutjens et al., 1995; Sun
et al., 1998).

It has long been thought that cardiomyocytes do not proliferate
following MI to replace necrotic cardiac tissue. Recent research
has shown that human cardiomyocytes may replicate following
injury. Beltrami et al. (2001) have found Ki-67-positive
cardiomyocytes in the hearts of patients with MI, as well as micro-
tubules in the mitotic spindles indicative of dividing cells.
Although these researchers show that cardiomyocytes may divide
following injury, the percentage of cells that undergo division is
probably not enough to result in sufficient repair of the damaged
tissue. In mouse heart following injury, <0.01% of cardiomyocytes
undergo DNA synthesis, which is lower than the amount needed
for improvement of damaged hearts (Soonpaa and Field, 1997).

23.2.3.2. Vasculature  The endothelial and smooth muscle
cells of normal coronary arteries are mitotically inactive (Schaper
and Ito, 1996). However, during ischemia, hypoxia, or inflamma-
tion, these cells begin to migrate and divide to form collateral
vessels in order to supply oxygen and nutrients to the affected
region. Angiogenesis is the predominant mechanism for increas-
ing collateral vessels in the ischemic heart. Early studies demon-
strated that collateral vessels are better developed in hearts with a
longer duration of ischemic symptoms and/or with more severe
coronary arterial narrowing (Sasayama and Fujita, 1992).

Inflammation may be the major factor regulating angiogen-
esis, rather than ischemia (Schaper and Ito, 1996). Experiments
have shown that the presence of macrophages and neutrophils is
sufficient for angiogenesis to occur, but ischemia is not required
(More and Sholley, 1985; Sunderkotter et al., 1991). MI results
in the infiltration of inflammatory cells into the infarcted region
including macrophages, mast cells, and neutrophils. Inflamma-
tory cells release cytokines and growth factors including trans-
forming growth factor-β and IL-6, which increase expression of
vascular endothelial growth factor (VEGF), thereby stimulating
angiogenesis (More and Sholley, 1985; Sunderkotter et al.,
1991). The importance of VEGF expression in myocardial angio-
genesis was demonstrated in a mouse model in which two
isoforms of VEGF, VEGF164 and VEGF188, were knocked out
(Carmeliet et al., 1999). These animals exhibited a decreased
capillary density resulting in myocardial ischemia as well as
atrophy and degeneration of cardiomyocytes.

23.3. EXPERIMENTAL REPAIR
OF DAMAGED HEART BY ADULT STEM CELLS

With the high morbidity and mortality associated with cardiac
ischemia, researchers have been searching for a cell source to
replace dying cardiomyocytes for many years. Much work has
been done in animal models using adult cardiomyocytes with
moderate success (Leor et al., 1996). Even more promising is the
use of fetal stem cells including ES cells, fetal cardiomyocytes,
and fetal skeletal myoblasts (Leor et al., 1996; El Oakley et al.,
2001; Min et al., 2002). In the following sections, the discussion
is limited to experimental models using a defined population of
adult stem cells.
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23.3.1. HEART
23.3.1.1. Skeletal Muscle Stem Cells (Satellite Cells)  Sat-

ellite cells are skeletal muscle stem cells, which reside under the
basal lamina of muscle fibers in the adult. On skeletal muscle
injury, these cells become activated, proliferate and fuse to repair
the damaged myofiber. With the inability of cardiomyocytes to
regenerate following injury, satellite cells have become widely
used as a stem cell source in cardiac regeneration models. Studies
have shown that satellite cells implanted in the infarcted region
differentiate into striated muscle (Chiu et al., 1995; Yoon et al.,
1995; Atkins et al., 1999). Reports indicate that new muscles within
the infarcted region appear as both multinucleated myotubes
(Murry et al., 1996; Atkins et al., 1999) and cells with centrally
located nuclei (Chiu et al., 1995; Taylor et al., 1998). These newly
formed striated muscles showed evidence of intercalated disks
(Chiu et al., 1995; Taylor et al., 1998).

Although satellite cells do form new muscle in the infarcted
region, gap junctions must be formed with preexisting cells in
order for communication to occur. In vitro studies indicate that
myotubes from rat satellite cells form gap junctions when
cocultured with neonatal or adult cardiomyocytes (Reinecke et al.,
2000). When cocultured, approx 10% of skeletal myotubes con-
tracted in synchrony with adjacent cardiomyocytes. N-Cadherin
and connexin 43 were expressed at the junctions between myotubes
and cardiomyocytes, indicating the formation of electromechani-
cal junctions.

Recent work seems to suggest that satellite cells do not
transdifferentiate into cardiomyocytes in vivo. Reinecke et al.
(2002) found that rat satellite cell grafts into the heart formed
multinucleated, cross-striated myofibers that expressed fast skel-
etal MHC, a marker of mature fast-twitch skeletal muscle. Satel-
lite cell grafts did not express α-MHC, cardiac troponin I, nor
atrial natriuretic peptide, markers of differentiated cardio-
myocytes. Furthermore, myofibrils of satellite cell grafts express
prominent Z-bands but do not express other sarcomeric repeats
such as A- and M-bands (Taylor et al., 1998). Although gap junc-
tions were formed in vitro, grafts expressed neither N-cadherin nor
connexin 43, suggesting that electromechanical coupling does not
occur in vivo (Reinecke et al., 2002).

Transdifferentiation of satellite cells into cardiomyocytes may
not occur in vivo, but this does not necessarily mean that they are
not useful for clinical therapies. It still remains to be determined
whether satellite cells have the potential to differentiate into modi-
fied slow-twitch skeletal muscle that can develop resistance to
fatigue. Murry et al. (1996) found that satellite cell grafts 7 wk
postinjection express β-MHC, a hallmark of slow-twitch muscle
fibers. In addition, they found that wounds containing satellite cell
grafts contract when stimulated ex vivo (Murry et al., 1996). Fur-
thermore, these grafts could alternate between tetanus and relax-
ation simulating a cardiac like cycle suggesting that they may be
useful for cardiac regeneration. Further evidence supporting this
theory comes from in vivo experiments in which satellite cell
injections improved myocardial performance in a rabbit model of
myocardial injury (Taylor et al., 1998; Hutcheson et al., 2000).

Delivery of cells into the heart for regenerative purposes should
be considered when planning experiments. In most studies, cells
are directly injected into the infarcted region of the heart, resulting
in a concentration of cells localized to the injection site with cell
numbers decreasing as distance from the injection site increases
(Kessler and Byrne, 1999). Infusion of satellite cells into the left

coronary circulation results in discrete loci of cells found in the
epicardium, myocardium, and endocardium of the left ventricle
(Robinson et al., 1996; Taylor et al., 1997). Dispersal of cells
throughout the heart might be advantageous for gene therapy strat-
egies in which local delivery of the gene of interest may not be
enough to ameliorate the symptoms of the disease.

23.3.1.2. Mesenchymal Stem Cells  Mesenchymal stem cells
(MSCs) reside in the bone marrow and provide supporting stromal
cells that support hematopoiesis. Human MSCs (hMSCs) differ-
entiate into multiple cell types including adipocytes, osteocytes,
chondrocytes, and smooth muscle cells (Pittenger et al., 1999;
Deans and Moseley, 2000). This differentiation potential of MSCs
have led researchers to examine these cells’ ability to differentiate
into myocardium.

Fukuda (2001) demonstrated that immortalized mouse stromal
cells when treated with 5-azacytidine would spontaneously beat in
culture. Furthermore, these cells expressed atrial natriuretic pep-
tide and brain natriuretic peptide along with a cardiomyocyte-like
ultrastructure including typical sarcomeres and atrial granules. In
vivo experiments with rat MSCs demonstrated that these cells
have growth potential in the myocardial environment and express
sarcomeric MHC and organized contractile proteins (Wang et al.,
2000, 2001). Gap junctions were detected by positive staining for
connexin 43 (Wang et al., 2000).

hMSCs have been shown to differentiate into cardiomyocytes
when transplanted into multiple animal models including mice
and sheep (Liechty et al., 2000; Toma et al., 2002). In mice, MSCs
engrafted and began to hypertrophy over time (Toma et al., 2002).
These cells stained positive for desmin; α-actinin; β-MHC; car-
diac troponin T' and phospholamban, a phosphoprotein that plays
a role in regulating the cardiac sarcoplasmic reticulum Ca2+–
adenosine triphosphatase (ATPase). In utero transplants into sheep
were performed using hsMSC and resulted in human-derived
cardiomyocytes (Liechty et al., 2000). Furthermore, in this xeno-
geneic system, hMSCs were able to evade the immune system and
survive for as long as 13 mo posttransplant.

23.3.1.3. Hematopoietic Stem Cells  One of the most excit-
ing discoveries in the stem cell field is the finding that hematopoi-
etic stem cells (HSCs) may be able to participate in regeneration
of the ischemic heart. This phenomenon has been demonstrated by
two groups using HSCs isolated by different methods.

In the first study, lethally irradiated mice were transplanted
with highly enriched HSCs, side population cells, from Rosa 26
mice, which express the lacZ gene ubiquitously (Goodell et al.,
2001; Jackson et al., 2001). The side population cells (CD34–/low,
c-Kit+, Sca-1+) of murine bone marrow have previously been
shown to give rise to all hematopoietic lineages in the mouse
(Goodell et al., 1996, 1997). Following stable hematopoietic
engraftment, recipient hearts were rendered ischemic by coronary
artery occlusion for 60 min followed by reperfusion. Two or four
weeks after injury, lacZ-positive cardiomyocytes were found pri-
marily within the periinfarct region of the heart and stained posi-
tive for α-actinin, a marker of cardiomyocytes. Approximately
0.02% of cardiomyocytes was derived from HSCs or their prog-
eny. This study did not determine whether the newly formed
cardiomyocytes formed gap junctions with surrounding cells nor
whether they were functional.

Orlic et al., (2001a) also provided evidence for the engraftment
of cells from a population enriched for HSCs into injured myocar-
dium. In this study, MI was induced, and 3–5 hours postinfarction
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Lin–, c-Kit+ hematopoietic cells expressing green fluorescent pro-
tein (GFP) were injected into the myocardium bordering the inf-
arct. Nine days after surgery, ventricular function was measured
with animals treated with HSCs having a left ventricular end-
diastolic pressure 36% lower than that of controls. These animals
also had GFP-positive myocytes that stained positive for cardiac
markers, myocyte enhancer factor, GATA-4, and Csx/Nkx2.5, as
well as connexin 43, demonstrating electrical coupling with sur-
rounding cells.

Orlic et al. (2001b) have also shown that administration of
growth factors capable of recruiting HSCs into the circulation
followed by experimentally induced ischemia resulted in supe-
rior cardiac function relative to control mice. They hypothesize
that this is due to recruitment of HSCs from the circulation to
repair injured tissue. The study showed that treatment with
stem cell factor and granulocyte colony-stimulating factor may
improve the outcome of ischemic heart injury by decreasing mor-
tality and infarct size. In addition, these investigators reported
new cardiomyocytes in the injured hearts. Although it is known
that these growth factors mobilize HSCs, the experiments did not
show whether the newly formed cardiomyocytes were actually
derived from HSCs. Because there are multiple tissue-specific
stem cell populations in an organism, it is possible that other
stem cell types may also be mobilized by growth factor treatment
and participate in cardiac regeneration. Alternatively, the results
may be due to some unrelated aspect of growth factor treatment,
such as higher hematocrit, which may have a protective effect
against ischemia.

23.3.2. VASCULATURE  Increases in vasculature structures
following ischemia were thought to take place by sprouting of
preexisting vessels. In light of new information demonstrating
that stem cells are present in the adult and participate in the for-
mation of new vessels proves that vasculogenesis is not restricted
to embryogenesis.

Studies have shown that both MSCs and HSCs participate in
neovascularization in the ischemic heart. Following coronary
arterial delivery of MSCs after MI, capillaries of MSC origin
were found within and outside the infarcted scar area (Wang et al.,
2001). In addition, HSCs gave rise to vascular endothelial (Jack-
son et al., 2001; Orlic et al., 2001a) and smooth muscle cells
(Orlic et al., 2001a) following MI.

More extensive work has been done examining the role of
bone marrow–derived endothelial progenitors in neovas-
cularization of ischemic tissues (Asahara et al., 1999). Endothe-
lial progenitor cells have been isolated from peripheral blood and
bone marrow based on their expression of CD34 (Masuda et al.,
2000) Recent work has shown that IV injection of human CD34+

endothelial precursor cells into rats after left anterior descending
artery ligation resulted in an increase in infarct zone micro-
vascularity (Kocher et al., 2001). Neoangiogenesis was increased
in the periinfarct region with increased survival of hypertrophied
cardiomyocytes and improved myocardial function (Kocher
et al., 2001).

In humans, circulating CD34+ endothelial progenitor cells
increased following acute MI (Shintani et al., 2001). This
increase in circulating progenitors coincided with an increase in
the plasma levels of VEGF. Increased VEGF mRNA levels have
also been detected in ventricular biopsies from patients undergo-
ing coronary bypass surgery, suggesting the importance of this
growth factor in ischemic injury (Lee et al., 2000). Studies have

shown that administration of VEGF in vivo induced mobiliza-
tion of endothelial precursor cells into the peripheral blood
(Asahara et al., 1999)

23.4. GENE THERAPY
The use of stem cells is a potential method of delivering genes

of interest into the heart for therapeutic purposes. In the rat, heart-
specific expression of the β-galactosidase gene has been shown
demonstrating the feasibility of this approach for clinical therapies
(Griscelli et al., 1998).

23.4.1. HEART  One potential application for gene therapy
is preventing ischemic myocardial damage by protecting tissue
from repeated ischemia/reperfusion injury. To this end, Melo
et al. (2002) delivered the cytoprotective human heme oxyge-
nase-1 gene (hHO-1) into rat myocardium using a recombinant
adenoassociated virus (rAAV). After MI, animals expressing
hHO-1 experienced a >75% reduction in left ventricular MI
accompanied by a decrease in myocardial lipid peroxidation.
Levels of Bax and IL-1β, proapoptotic and proinflammatory
proteins, respectively, decreased while the antiapoptotic Bcl-2
protein increased.

Gene therapy can also be used as a strategy to replace defec-
tive genes. TO-2 hamsters exhibit congenital dilated cardiomy-
opathy as a result of defects in the δ-sarcoglycan (δ-SG) gene
similar to that seen in humans. An rAAV vector was used to
introduce the δ-SG gene under a cytomegalovirus promoter in
TO-2 hamsters (Kawada et al., 2002). Expression of the transgene
preserved sarcolemmal permeability, normalized myocardial
contractility and hemodynamics, and increased the survival
period of hamsters.

Failing cardiomyocytes have abnormal calcium handling, nega-
tive force-frequency relationship, and decreased sarcoplasmic
reticulum Ca2+ ATPase activity. In vitro adenoviral gene transfer
of antisense phospholamban into human cardiomyocytes from
patients with end-stage heart failure resulted in a decrease in
phospholamban expression over 48 hours (del Monte et al., 2002).
The decrease in phospholamban expression increased the velocity
of contraction and relaxation to normal levels. Frequency response
returned to normal, resulting in enhanced sarcoplasmic reticulum
Ca2+ release and contraction.

23.4.2. VASCULATURE  Gene therapy using angiogenic
growth factors for coronary artery disease is likely to be a viable
therapy in the near future. Early studies in animals and clinical
trials in patients suggest that gene therapy with VEGF can promote
neovascularization in ischemic tissue (Kalka et al., 2000a; Isner,
2002). Intramuscular injection of naked plasmid DNA encoding
the VEGF gene resulted in increased plasma levels of VEGF and
increased numbers of circulating endothelial precursor cells (Kalka
et al., 2000a). Patients receiving intramyocardial injections of the
VEGF-165 gene had increased VEGF levels with increased mobi-
lization of circulating endothelial precursor cells (Kalka et al.,
2000b). This increase in endothelial precursor cells continued for
9 wk after treatment followed by a subsequent decrease.

23.5. HUMAN STUDIES
Recent work by Quaini et al. (2002) suggests that adult stem

cells may take part in the recovery of human hearts. Y-chromo-
some expression was detected in female donor hearts when trans-
planted into male recipients suffering from heart failure. The
male chromosome was found in myocytes (9 ± 4%), arterioles
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(10 ± 3%), and capillaries (7 ± 1%) at similar percentages. The
highest levels of chimerism were found in hearts 4 and 28 days
after transplantation, with chimerism decreasing as days
posttransplantation increased. This raises the question, Will the
Y-chromosome-positive cells take part in heart function long
term or are they just a transient population of cells?

23.6. CONCLUSION
Despite the substantial advances made in the treatment of car-

diac ischemia over the years, heart disease continues to be the
number one cause of death in the United States. Much more work
is needed to overcome the mortality associated with this condition.
Adult stem cells provide a potential therapy for the future treat-
ment of many forms of heart disease, but considerable develop-
mental work must occur prior to the development of therapies
applicable to the clinic.
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24 Stem Cells In Kidney Morphogenesis

EMMA M. A. BALL, PhD AND GAIL P. RISBRIDGER, PhD

Development of the permanent mammalian kidney (metanephros) involves complex processes such as tissue induction,
branching morphogenesis of epithelia, and mesenchyme-to-epithelium transition, which give rise to the two main compo-
nents of the renal system: the collecting ducts and the nephrons. While renal stem cell or embryonic progenitor cell
populations have not been definitively identified, their existence is implied throughout development, during maintenance
of the mature organ and in disease states. The issue of whether renal stem cells are epithelial or mesenchymal in nature needs
to be resolved, as well as whether there is a single progenitor or multiple stem cell populations in the kidney. Here we
examine the development of the kidney and the evidence for renal stem cells during this process. We also review the data
in support of a single renal cell progenitor or multiple stem cell populations. Drawing analogies with other branched organs,
we discuss where these cells are likely to be located and we examine different models for stem cell lineage. Because renal
stem cells are considered targets for therapeutic drug discovery and development, their identification is critical to both
oncology and regenerative medicine in nephrology.

24.1. INTRODUCTION
Development of the permanent mammalian kidney (metaneph-

ros) involves complex processes, such as tissue induction, branch-
ing morphogenesis of epithelia, and mesenchyme-to-epithelium
transition, which give rise to the two main components of the
renal system: the collecting ducts and the nephrons. Although
renal stem cell or embryonic progenitor cell populations have not
been definitively identified, their existence is implied throughout
development, during maintenance of the mature organ, and in
disease states. The issue of whether renal stem cells are epithelial
or mesenchymal in nature needs to be resolved, as well as whether
there is a single progenitor or multiple stem cell populations in the
kidney. Here, we examine the development of the kidney and
evidence for renal stem cells during this process. We also review
the data in support of a single renal cell progenitor or multiple
stem cell populations. Drawing analogies with other branched
organs, we discuss where these cells are likely to be located and
examine different models for stem cell lineage. Because renal
stem cells are considered targets for therapeutic drug discovery
and development, their identification is critical to both oncology
and regenerative medicine in nephrology.

24.2. OVERVIEW OF KIDNEY DEVELOPMENT
The embryonic permanent kidney follows a pattern of develop-

ment similar to that of other glandular organs, such as the pan-

creas, lung, and prostate, in the mammal, but there are distinct
characteristics specific to the kidney. The kidney undergoes
branching morphogenesis, a repetitive process that follows a
tightly regulated spatial and temporal sequence of events, result-
ing in a three-dimensional (3D) treelike structure. Given the rec-
ognizable pattern unique to each branched organ, geometric
features such as the length of ducts, the angle of branching, and the
number of branches are all highly coordinated, requiring complex
cell–cell signals involving epithelial–mesenchymal interactions
(reviewed in Ball and Risbridger, 2001).

24.2.1. BRANCHING OF URETERIC BUD AND COL-
LECTING DUCTS  The embryonic mammalian kidney origi-
nates from the intermediate mesoderm, developing sequentially
as three distinct organs. Components of the pronephros (fore-
kidney) and the mesonephros (midkidney) undergo involution or
contribute to other structures in the urogenital system, while the
metanephros (hindkidney) persists and develops into the adult
kidney. Remnants of each kidney structure are utilized and incor-
porated by the next organ as it develops. Metanephric kidney
development is induced by signaling between the metanephric
mesenchyme and the ureteric bud epithelium, two mesodermally
derived components. The ureteric bud forms as an outgrowth from
the wolffian duct (embryonic d [E] 11 in the mouse and wk 4 to
5 of human gestation) (Saxen, 1987; Barasch et al., 1997), signal-
ing to promote survival of the nephrogenic mesenchyme (Fig. 1).
The bud dilates, growing toward and penetrating the adjacent
metanephrogenic mesenchyme, which, in turn, signals back to
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promote growth of the ureteric bud. The bud subdivides and
higher-order branches form the major calyces followed by the
minor calyces of the renal pelvis, undergoing further tree like
branching to eventually form the epithelial collecting ducts. As
branching occurs, the canalized ducts form a continuous lumen.
Signaling events between the ureteric bud epithelium and sur-
rounding mesenchyme promote the formation of a cap of con-
densed mesenchyme surrounding the epithelial tips (Fig. 1)
(Dudley et al., 1999). For recent reviews on collecting duct mor-
phogenesis, see Al-Awqati and Goldberg (1998) and Davies and
Davey (1999); also visit http://cpmcnet.columbia.edu/dept/genet-
ics/kidney/ for time-lapse movies of ureteric bud growth of in
vitro organ cultures (Srinivas et al., 1999).

24.2.2. DIFFERENTIATION OF NEPHRONS  In contrast to
the collecting ducts that form by branching morphogenesis of the
ureteric bud epithelium, the epithelial excretory tubules that give
rise to nephrons originate from transition of mesenchyme to epi-
thelium (reviewed in Davies, 1996; Horster et al., 1997; Sariola,
2002). This process has not been reported during development of
other glandular organs, such as the prostate, that also undergo
branching morphogenesis, and it is unique to the kidney in this
regard. The invading epithelial tips of the collecting duct system
induce the cells at the lateral edge of the mesenchymal caps
surrounding the distal end of each tip to aggregate (Fig. 1). These
aggregates differentiate into the excretory epithelial nephrons,
which then differentiate into segmented renal vesicles and join to
the collecting ducts themselves, creating an epithelial tubule (urin-
iferous tubule) with a continuous lumen. The segment of the neph-
ron closest to the collecting duct forms the distal tubule, and the
end of the renal vesicle farthest from the collecting duct becomes
the glomerulus, linking the kidney to the vasculature, while the
proximal tubule lies between the distal tubule and the glomerulus.
In the human, nephron formation begins around wk 11 or 12 of

gestation, continuing until approximately wk 36. Within 10 d from
the initiation of kidney development on E11 (in mouse), at least 26
recognizable terminally differentiated cell types have formed from
the ureteric bud and metanephric mesenchyme, with at least 14
epithelial cell types descended from the metanephric mesenchyme
alone (Herzlinger et al., 1992; Al-Awqati and Goldberg, 1998).

24.1. REGULATION OF TEMPOROSPATIAL
EVENTS IN KIDNEY DEVELOPMENT

Reciprocal stromal–epithelial interactions regulate kidney
development. The metanephric mesenchyme is a powerful inducer
of renal epithelium (Grobstein, 1953), although the nature of the
epithelial induction depends on the type of mesenchyme. For
example, kidney mesenchyme (Grobstein, 1953) or spinal cord
mesenchyme (Grobstein, 1956) can induce branching of the kid-
ney ureter in vitro, yet mesenchyme from seminal vesicle and lung
induces the ureteric bud to grow like seminal vesicle and lung
epithelium, respectively (Lipschutz et al., 1996; Lin et al., 2001).
Using a combination of knockout models, organ culture experi-
ments, and 3D cell culture systems, a number of factors have been
identified that are necessary for or modulate kidney development.
They are briefly reviewed here, but bear in mind that this account
is by no means exhaustive.

24.3.1. FACTORS REGULATING URETERIC BUDDING
AND BRANCHING OF COLLECTING SYSTEM  Several fac-
tors have been identified as autocrine or paracrine regulators of
branching and collecting duct formation. For example, the tran-
scription factor Pax2 is expressed in both developing renal epi-
thelium and mesenchyme, where it is essential for initiation of
kidney development (Dressler et al., 1990; Torres et al., 1995).
Signaling from the mesenchyme regulates Wnt-11 expression in
the ureteric tip, where it acts as an autocrine growth factor on
ureteric epithelium (Kispert et al., 1996). Other factors such as

Fig. 1. Diagram of kidney development showing initial bud stage, branching morphogenesis creating collecting ducts, and nephron formation
by mesenchyme-to-epithelium transition. The ureteric bud forms as an outgrowth from the wolffian (mesonephric) duct. The bud then
penetrates the metanephric mesenchyme, subdivides, and induces the mesenchyme to condense around each tip. Next, higher-order branching
events give rise to the entire collecting duct system. Finally, the invading epithelial tips of the collecting duct system induce the cells at the
lateral edges of the mesenchymal caps to aggregate and eventually form into nephrons.
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hepatocyte growth factor (HGF), glial cell line–derived neu-
rotrophic factor, the enzyme heparin sulfate 2-sulfotransferase,
and various matrix metalloproteinases have a positive effect on
branching morphogenesis in the developing kidney collecting
system (Bullock et al., 1998; Maeshima et al., 2000; Pohl et al.,
2000b; for a review, see Sariiola, 2001). By contrast, many fac-
tors that constrain branching morphogenesis belong to the trans-
forming growth factor-β (TGF-β) superfamily such as TGF-β
itself (Ritvos et al., 1995), bone morphogenetic proteins (BMPs)
(Piscione et al., 1997), and activin (Hilden et al., 1994; Roberts
and Barth, 1994; Tuuri et al., 1994; for a review, see Ball and
Risbridger, 2001).

24.3.2. FACTORS REGULATING NEPHROGENESIS  A
different subset of factors is involved in the mesenchyme-to-
epithelium transition and nephron formation. For example, basic
fibroblast growth factor (bFGF or FGF-2), is secreted from the
ureteric bud to promote survival of metanephric mesenchyme,
which, in turn, signals back to the ureter to allow it to branch
(Perantoni et al., 1995; Barasch et al., 1997). Other factors such
as proteoglycans; cytokines such as BMP-7, TGFβ-2, and leuke-
mia inhibitory factor; the secreted glycoprotein Wnt-4; as well as
protein phosphatases also promote survival and maintain the
competence of metanephric mesenchyme, required for subse-
quent nephron formation (Stark et al., 1994; Svennilson et al.,
1995; Godin et al., 1998; Plisov et al., 2001).

24.3.3. FACTORS REGULATING MULTIPLE STEPS IN
KIDNEY DEVELOPMENT  Some factors are involved in both
phases of kidney development, adding to the complexity of the
system. For example, the cell adhesion molecule α8β1-integrin is
required for initial budding of the ureteric bud and subsequent
branching as well as for the mesenchyme-to-epithelium transition
(Muller et al., 1997). The transcription factor Pax2 has also been
implicated in both initial budding and the mesenchyme-to-epithe-
lium transition (Rothenpieler and Dressler, 1993; Torres et al.,
1995). The Winged Helix transcription factor, BF-2, is expressed
in stromal cells. BF-2 knockout mice highlight the importance of
the metanephric stroma on kidney development; as these mice
exhibit reduced growth and branching of ureteric structures as
well as reduced differentiation of metanephric mesenchyme into
nephrons (Hatini et al., 1996).

As stated, the description of factors involved in kidney devel-
opment is not comprehensive; it merely provides a snapshot of
examples known to contribute to the overall milieu of signaling
molecules, transcription factors, and matrix proteins that regu-
late kidney development. For more detailed descriptions of fac-
tors involved in kidney development, readers are directed to these
review articles: Horster et  al. (1997), Vainio and Muller (1997),
Wallner et al. (1998), Davies and Davey (1999), Clark and
Bertram (2000) and Pohl et al. (2000a). This section serves to
illustrate the complex nature of renal branching morphogenesis
and nephrogenesis, both of which require precise temporospatial
regulation of numerous factors acting in both autocrine and
paracrine modes between cell compartments. Following devel-
opment of the kidney, the organ must be maintained by achieving
a balance between natural attrition and division of cells. There-
fore, it is assumed that in the kidney, as in other branched organs,
stem cells are involved in normal morphogenic processes. As
well, the preservation of stem cells in the adult is assumed to
contribute to maintenance of the normal organ and to develop-
ment of disease states. Given the central role of “stem cells” (in

development and in the etiology of disease), definitive identifi-
cation of these cells is crucial to the understanding of basic bio-
logical processes and advances in therapeutics.

24.4. DEFINITION OF THE RENAL STEM CELL
Several criteria must be satisfied if a particular cell type is to

be considered a true organ-specific stem cell (reviewed in Watt
and Hogan, 2000; Al-Awqati and Oliver, 2002). In the case of the
kidney, as in other organs, the putative stem cell must be able to
generate a number of different cell types found in that organ, a
characteristic known as multipotency, and the stem cell must be
capable of self-renewal. It has been hypothesized that when a
mammalian stem cell divides, its daughter cells fall into two
populations, becoming either stem cells or committed progeni-
tors that undergo differentiation, a process known as asymmetric
cell division.

During kidney development, it is commonly considered that
there are two types of stem cells: one epithelial cell type involved
in the formation of the collecting ducts and a stem cell of mesen-
chymal origin involved in nephrogenesis. It has not been deter-
mined whether there is a single progenitor for all kidney cell types.
In comparison with other branched organs, it has been suggested
that there are adult stem cells in the kidney. Although it is a rela-
tively quiescent organ, the kidney has the potential to regenerate
following toxicity or ischemia (Cuppage et al., 1969; Humes et al.,
1989, 1996; Witzgall et al., 1994). As with other organs, it is not
known if the putative adult stem cells are the same as the stem cells
involved in embryonic development. Furthermore, it is not known
if there is one adult stem cell for the whole organ or if multiple stem
cell types contribute to maintenance and regeneration of different
compartments in the mature organ.

Very little is known about putative renal stem cells and their
resulting lineages during development or in adulthood. The fol-
lowing sections examine the evidence for renal stem cells and
consider the localisation and potential markers for these cell popu-
lations within the kidney. Where appropriate, comparisons are
made with other organs that undergo branching morphogenesis.

24.5. EVIDENCE FOR RENAL STEM CELLS
In epithelia during collecting duct formation, the existence of

renal stem cells is assumed, but the number of distinct popula-
tions in the kidney is still a contentious issue. Historically, it was
believed that the two major epithelial compartments in the kidney
are derived from different cell populations; that is, the ureteric
bud epithelium gives rise to the collecting duct system while the
metanephric mesenchyme gives rise to the nephrons. According
to this hypothesis, cells isolated from the collecting system would
not be able to differentiate into cells forming nephrons and vice
versa. As such, the formation of an entire kidney would require at
least two populations of progenitor stem cells and their resulting
cell lineages. Because the cell lineages themselves are poorly
defined, identification of renal stem cells has been limited. Early
studies demonstrated that when isolated ureteric bud was
cocultured with metanephric mesenchyme, an entire collecting
system developed (Grobstein, 1953). Since then, further experi-
ments have been conducted allowing observation of the different
components of the kidney in vitro, in an attempt to elucidate gross
cell lineages.

It is noteworthy that many of the studies described in the
following sections are based on specific in vitro culture condi-
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tions using developing kidneys, often with the addition of spe-
cific growth factors to induce correct cell differentiation. Fur-
thermore, several of the studies used transformed cells; therefore,
extrapolation of these artificial experimental situations to the in
vivo situation, in either the developing or mature kidney, may be
limited or flawed.

24.5.1. STEM CELLS IN EPITHELIA  Suzuki et al. (1994)
cultured transformed rabbit collecting duct cells and cloned spe-
cific cell types, which they termed principal cells, nonprincipal
cells, and intercalated cells, based on their ability to bind peanut
agglutinin. They demonstrated that in the presence of HGF,
nonprincipal cells exhibited stemcell–like characteristics, differ-
entiating into principal cells and intercalated-like cells, and formed
collecting ducts (Suzuki et al., 1994). None of the cell types dif-
ferentiated into cells exhibiting nephron-like phenotypes.

Experiments conducted with cultured proximal tubule cells
isolated from adult rabbit nephrons demonstrated that under cer-
tain culture conditions, kidney tubules formed from clonal expan-
sion of a single epithelial cell (Humes et al., 1996). The tubules
consisted of a central lumen surrounded by a polarized epithelial
layer separated from the collagen matrix by basal cells (Humes
et al., 1996).

Together, these two studies support the hypothesis that both
epithelial compartments can be regenerated from their own indi-
vidual subset of adult stem cells. It is not certain, however, if these
stem cells are the same as the embryonic progenitors that give rise
to epithelia during kidney development.

24.5.2. STEM CELLS IN MESENCHYME  Ekblom et al. (1981)
isolated metanephric mesenchyme from E11 mice and cocultured
it with embryonic spinal cord, which, like the ureteric bud in vivo,
transmits inductive signals to the mesenchyme, initiating the
mesenchyme-to-epithelium transition. Using specific segment
markers, they demonstrated that only nephronic epithelia (the
glomerulus, the proximal and distal tubules) developed (Ekblom
et al., 1981). More important, no collecting duct structures formed,
implying that cells from both the ureteric bud and metanephric
mesenchyme are required for complete formation of the kidney.
Herzlinger et al. (1992) provided further evidence for mesenchy-
mal stem cells (MSCs) by demonstrating that a single metanephric
mesenchymal cell could give rise to nephron epithelia. In support
of the previous studies, they did not observe the formation of cells
associated with the collecting tubule (Herzlinger et al., 1992).
Because these experiments were performed with embryonic tis-
sues, they provide evidence for an MSC population during devel-
opment. Whether this population is maintained into adulthood is
currently unresolved.

24.5.3. A SINGLE PROGENITOR  In gathering evidence for
stem cells in the mesenchyme or epithelia, the prevailing hypoth-
esis is that individual subsets of stem cells from both the epithe-
lium and the mesenchyme are required to generate collecting duct
as well as nephron epithelial compartments. The idea that there is
a single progenitor for the kidney was proposed by Qiao et al.
(1995), who used tagged mesenchymal cells isolated from E13
rats cocultured with ureteric bud epithelia. They demonstrated that
cells from the ureteric bud were able to give rise to the collecting
system as well as differentiating nephron epithelia. Additionally,
they were also able to show that metanephric mesenchyme gave
rise to both nephrons and collecting duct epithelia. While they
could not conclusively rule out cross contamination of cell popu-
lations, by comparing cell division rates in each compartment,

they demonstrated that the number of potential contaminating
mesenchymal cells was not sufficient to account for the quantity
of nephron-like cells generated by the isolated ureteric buds.
Assuming then that contamination was highly unlikely, they
hypothesized that the collecting system forms, at least in part,
from recruitment of metanephric mesenchymal cells. In contrast
to the previous studies, they postulated that the metanephric mes-
enchymal cells are the progenitors of the entire kidney (Qiao et al.,
1995). They proposed that this occurs via a series of mesenchyme-
to-epithelium and epithelium-to-mesenchyme transitions whereby
the metanephric mesenchyme gives rise to ureteric bud epithe-
lium, which then switches back to metanephric mesenchyme,
which, in turn, eventually converts again to nephron epithelia
(Fig. 2). The exact sequence of events is as yet unknown. Simplis-
tically, the metanephric mesenchyme is an intermediate through
which both types of epithelia arise; therefore, it is likely that the
metanephric mesenchymal cells are the true renal stem cell popu-
lation, challenging the previous hypothesis that two stem cell
populations are required for kidney development. The implication
that there is a single mesenchymal progenitor may be important for
other organs such as prostate, lung, and breast, for which only
epithelial stem cells have been identified.

Further studies have examined the possibility that the ureteric
bud is the source of mesenchymal cells destined to become neph-
rons. Herzlinger et al. (1993) hypothesize that ureteric bud cells
are nephron progenitors. This theory is based on the observation
that epithelial cells from cultured ureteric bud explants isolated
from E12.5 rats dissociate from the epithelium and integrate with
the mesenchyme, later becoming nephrons. Electron microscopy
coupled with cell tagging ensured that contaminating mesenchy-
mal cells were not the source of the nephron structures. Mice lack-
ing RET kinase activity exhibit variable phenotypes associated
with defects in ureteric bud growth; however, mesenchyme iso-
lated from these animals is able to differentiate to nephron epithe-
lia in vitro (Schuchardt et al., 1994, 1996). Taken together, these
investigations demonstrate that although the ureteric bud cells
can physically convert to nephron epithelium via a mesenchymal
intermediate, they are not necessary for nephron formation other
than as a source of inductive signals

The data supporting a single progenitor of mesenchymal origin
come mainly from a single laboratory, and, ideally, these studies
require validation by other investigators, preferably without the
use of retroviral transformation, before strong conclusions can be
drawn. Nevertheless, the phenomenon of epithelium-to-mesen-
chyme transitions is observed in a number of developmental pro-
cesses involving cell migration and scattering as well as tumor
invasion and metastasis (reviewed in Boyer et al., 2000; Savagner,
2001). There is further evidence that this may be a process involved
in kidney development. In vitro, the epithelium-to-mesenchyme
transition has been observed in cultured tubular epithelial cells
that can be induced with TG-β1 to differentiate into myofibro-
blasts (Yang and Liu, 2001). In addition, Humes and Cieslinski
(1992) demonstrated that tubule cells grown in monolayers were
also able to give rise to mesenchymal-like cells surrounding
tubule-like structures. It is difficult to ascertain how much sig-
nificance to attach to these studies because epithelial cells com-
monly acquire mesenchymal characteristics in vitro. Nevertheless,
it is conceivable that this process, in addition to the mesenchyme-
to-epithelium transition associated with nephrogenesis, may be
occurring during normal kidney development in vivo.
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24.5.4. STEM CELLS OF NONEPITHELIAL CELL TYPES
Most of the studies that we have described focused on the origin
of renal epithelia. Metanephric mesenchyme has also been demon-
strated to be the source of other cell types in the kidney. In
transfilter experiments in which the isolated embryonic meta-
nephric mesenchyme and the source of inducing signals—in this
case spinal cord—were physically separated, the mesenchymal
cells gave rise to stromal cells in addition to epithelia associated
with tubules (Aufderheide et al., 1987). Additionally, in cell lin-
eage studies using a combination of immunohistochemical
markers and lacZ-tagged kidneys, it was demonstrated that juxta-
glomerular cells, which later acquire smooth muscle–like charac-
teristics, originate from metanephric mesenchyme (Sequeira
Lopez et al., 2001). In similar studies in which metanephric mes-
enchyme cultures were grafted into anterior eye chambers,
angioblasts and endothelial cells arose (Robert et al., 1996; St John
et al., 2001). There is also evidence to suggest that interstitial cells,
consisting of fibroblasts and cells from the immune system, are
descended directly from the metanephric mesenchyme (reviewed
in Alcorn et al., 1999). Taken together with the data on epithelial
generation, these studies demonstrate that the putative MSC has
the potential to contribute to many of the cell types required for
complete kidney formation.

24.5.5. ROLE OF TRANSDIFFERENTIATION IN KIDNEY
DEVELOPMENT  A further complication to the identification of
renal stem cells arises from the possibility of transdifferentiation
of resident hematopoietic stem cells (HSCs). Transdifferen-
tiation of HSCs was considered because they are detected in uro-
genital ridge explants and mesonephri isolated at E12 as well in
cultures of mesonephric explants from E11 (de Bruijn et al., 2000;

Oostendorp et al., 2002). Evidence that HSCs can give rise to
kidney-like structures in the adult is derived from studies in both
humans and mice. In female mice receiving bone marrow cells
from male recipients, Y-chromosome-positive epithelial cells
were observed in many organs such as the lung, gastrointestinal
tract, and skin (Krause et al., 2001). In the kidney, donor-derived
bone marrow cells gave rise to tubular epithelia and myofibro-
blasts in host animals (Poulsom et al., 2001). In male humans
receiving kidney transplants from female donors, the recipient’s
cells, presumably derived from circulating bone marrow cells,
populated the grafted organ, forming some of the tubular epithelia
and endothelial cells (Poulsom et al., 2001). Although transdif-
ferentiation of HSCs is a very low-frequency event, its involve-
ment in normal kidney development and regeneration in vivo
cannot be excluded. HSC markers such as Sca-1, CD34, and c-kit
are available to identify and sort out HSCs and may resolve
whether or not transdifferentiation of HSCs results in kidney
structures in in vitro cell lineage studies (Sanchez et al., 1996).
Elucidation of cell lineage within the kidney using appropriate
stem cell markers must resolve this area of question if the
true renal stem cell population(s) is to be identified. Further evi-
dence is required to establish whether transdifferentiation is cru-
cial in kidney development and maintenance.

24.5.1. CONCLUSIONS FROM PRELIMINARY CELL LIN-
EAGE STUDIES  Based on the previously discussed studies, it is
clear that the identity of the renal stem cell(s) remains uncertain.
Early studies suggested that two stem cell populations in the
kidney gave rise to collecting duct and tubule epithelia, respec-
tively. However, more recent experiments have challenged this
idea, suggesting that signaling from the ureteric bud causes the

Fig.2. Possible cell lineage relationships during kidney development. 1, Epithelium-to-mesenchyme transition from ureteric bud epithelium
to condensing metanephric mesenchyme; 2, self-renewal of ureteric epithelium; 3, mesenchyme-to-epithelium transition from condensing
metanephric mesenchyme to ureteric duct epithelium; 4, mesenchyme differentiation into various stromal cell types; 5, mesenchyme-to-
epithelium transition from condensing metanephric mesenchyme to nephron epithelia; 6, transdifferentiation of HSCs into multiple renal
cell types.
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mesenchyme to acquire a “stem cell phenotype” and that meta-
nephric mesenchymal cells are capable of giving rise to the neph-
ron epithelia, collecting duct epithelia, and stromal cell types
(reviewed in Davies, 1996). Much of the controversy arises dur-
ing consideration of kidney development, but it appears that dif-
ferentiated tubule cells may still remain multipotent, giving rise
to a number of epithelial cell types in the nephron as well as
mesenchymal cells.

The additional roles of mesenchyme-to-epithelium and epi-
thelium-to-mesenchyme transitions and the contribution of HSC
transdifferentiation to kidney development add other layers of
complexity to determining renal cell lineage (Fig. 2). Given the
need to identify stem cell populations within the kidney, it is
imperative that the intricate sequences of events determining cell
lineages are documented. It is necessary to follow these lineages
to determine categorically whether there are single or multiple
progenitors of renal cells.

24.6. IDENTIFICATION OF RENAL STEM CELLS
Given the difficulty of identifying renal stem cells, we can only

postulate on aspects such as the likely location(s) of the stem cells
and resultant cell lineages. Therefore, the aim of the following
sections is to draw analogies with other organs, in pursuit of the
renal stem cell population(s).

24.6.1. LOCATION  It is not known where renal stem cells
are likely to reside either during development or in adulthood. In
other organs, stem cells are usually located in a specific position
(“niche”) where adjacent cells secrete factors to prevent rapid
proliferation of the stem cells, where they are protected from
environmental harm, and where they have plentiful blood supply
(reviewed in Watt and Hogan, 2000; Al-Awqati and Oliver,
2002). The location of this hypothetical niche in the kidney is
uncertain, but evidence from other organs might yield some clues.
For example, putative prostatic stem cells are located in the basal
epithelial layer, nestled between the stroma and secretory epithe-
lium (De Marzo et al., 1998; Collins et al., 2001; Wang et al.,
2001). Mammary and lung stem cells also reside within the epi-
thelium (reviewed in Li et al., 1998; Warburton et al., 1998).

24.6.2. MARKERS  The lack of known markers hampers the
identification of stem cell population(s) in the kidney, and if the
field is to progress, specific markers for the renal stem cells must
be identified. A133-2 (an isoform of CD133) is one recently pro-
posed marker. Originally identified as HSC marker, its pattern of
expression in a number of putative stem cell niches and its rapid
downregulation during differentiation suggests that A133-2 may
be a marker for stem cells in a number of organs (Yu et al., 2002).
A133-2 transcripts have been detected in whole kidney although
its exact cellular localization is as yet unknown (Yu et al., 2002).
Another potential marker is telomerase. Telomerase prevents
telomeric shortening of chromosomes, thus delaying senescence.
Pluripotent embryonic stem (ES) cells express telomerase, which
is then downregulated at an early stage of development, although
in highly regenerative tissues, expression is retained in small sub-
sets of cells thought to be stem cells (reviewed in Forsyth et al.,
2002). Telomerase detection is used as a marker for cancer diag-
nosis (reviewed in Hiyama and Hiyama, 2002); therefore, it is
possible that it may also be useful in identifying renal stem cells.

Markers for stem cells in other branching organs may provide
some insight into potential markers for renal stem cells. For
example, in the prostate, α2β1-integrin, p27Kip1, P-cadherin,

and connexin 43 have been used to either identify or isolate cell
populations containing prostatic stem cells (Jarrard et al., 1997;
Soler et al., 1997; De Marzo et al., 1998; Collins et al., 2001;
Habermann et al., 2002). When used in conjunction with the
cytokeratin (CK) group of intermediate filament proteins that
can distinguish among different cell types in this compartment
(Wang et al., 2001), it is hypothesized that the true prostatic stem
cell can be identified. Similar subsets of markers may prove to be
useful in the identification of renal stem cells.

24.6.3. STEM CELL LINEAGE IN COLLECTING DUCT
EPITHELIA  Generally, epithelial stem cells divide slowly, but
rapid proliferation of their progeny is achieved by an intermediate
cell type known as the transit-amplifying cell (reviewed in Watt
and Hogan, 2000; Al-Awqati and Oliver, 2002). Both of these
populations remain unidentified in the kidney. Analogies can be
drawn among other organs in which putative stem cell lineages
have been identified.

In the polarized epithelium of the kidney collecting ducts, as in
the prostate, it has long been assumed that stem cells of normal
kidney epithelia undergo asymmetric cell division to produce one
copy of the stem cell and one amplifying intermediate cell that in
turn terminally differentiates (reviewed in Al-Awqati and Oliver,
2002). However, this concept was recently revisited in the pros-
tate, providing new insights into prostatic epithelial cell lineages.
This may serve as a template on which to build an alternative
model of renal stem cell lineages. As in the kidney, the most com-
mon prostatic stem cell model is one in which prostatic stem cells
in the undifferentiated state are located in the basal layer and give
rise to intermediate and then secretory cells, in a direct precursor-
progeny relationship (Bonkhoff and Remberger, 1996; De Marzo
et al., 1998; van Leenders and Schalken, 2001) (Fig. 3). More
recently, Wang et al. (2001) comprehensively mapped the pattern
of CK expression in murine and human prostatic tissues during
development and compared that with the pattern of expression in
the mature organ in order to identify the adult stem cell. Interest-
ingly, their interpretation of the results led to an alternate perspec-
tive of the lineage of cells in the prostatic epithelium (Fig. 3). They
suggested that progenitor/stem cells of the prostate were cells of
intermediate phenotype expressing the full range of luminal and
basal epithelial differentiation markers (including CK8, CK18,
CK14, CK5) as distinct from the classic basal cells (that express
CK14 and CK5) or fully differentiated luminal cells (that express
CK8 and CK18). This suggestion was based on the hypothesis
that embryonic progenitor cells, initially located in the urogenital
sinus epithelium, are retained in the mature epithelium as adult
stem cells. Only cells of the intermediate phenotype were found in
both urogenital sinus epithelium and in adult epithelium. Interest-
ingly, the basal cells, previously thought to be stem cells, were
detected only in the mature organ, suggesting that they represent
a later stage of differentiation (Wang et al., 2001).

In the prostate, it is widely accepted that the ES cell population
is retained during adulthood and contributes to malignancy. Fur-
thermore, in the mammary gland, the highest concentration of
stem cell is at the branch tips, which is the area most susceptible
to malignancy (reviewed in Li et al., 1998). Therefore, tremendous
efforts are directed at definitively identifying and characterizing
these cell populations in an attempt to elucidate how these cells
give rise to disease. These findings have the potential to greatly
enhance our understanding and assist identification of the renal
stem cell population(s).
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24.6.4. STEM CELL LINEAGE IN NEPHROGENESIS  The
exact lineages of cells contributing to nephron formation are
unclear. They may involve mesenchyme-to-epithelium transi-
tions, epithelium-to-mesenchyme transitions, or both. Compari-
sons between prostate and kidney are limited when considering
the nephrogenic stem cell, however, because renal epithelia are
derived from mesoderm whereas prostatic glandular epithelia
are derived from endoderm. In addition, in organs such as the
prostate and mammary gland, the mesenchyme plays simple
inductive and structural roles but, unlike the kidney mesenchyme,
does not supply cells to the proliferating epithelium. Therefore,
perhaps an equally valid system with which to draw comparisons
to the kidney stem cell is the mesodermally derived bone marrow
in which there resides a population of nonhematopietic cells
known as MSCs. Bone marrow stem cells can undergo multiple
differentiation pathways, progressively losing their lineage
potential as they differentiate (Muraglia et al., 2000). Cell-sur-
face markers used to isolate these MSCs may prove useful in the
search for markers to recognize the renal stem cell population(s)
(Majumdar et al., 1998; Pittenger et al., 1999).

24.7. RENAL STEM CELLS AND POTENTIAL
THERAPEUTICS—A CHALLENGE FOR THE FUTURE

While the identification of both embryonic and renal stem cells
is not conclusive, any discussion on the contribution of stem cells
to renal disease remains speculative. It is easy to imagine how our
understanding of stem cells might be used in future treatments for

renal agenesis or degenerative diseases to restore normal kidney
architecture and function. Undoubtedly, the adult stem cell popu-
lations will also be used as therapeutic targets for proliferative
diseases such as Wilms’ tumor and renal cell carcinoma.

Several unresolved issues are currently constraining our attempt
to understand renal cell lineages and design appropriate therapies to
treat developmental and adult renal disease. First, the issue of
whether a single or multiple renal stem cell populations contribute
to kidney development must be resolved. Second, it must be deter-
mined whether these are the same cells that persist through to adult-
hood. Third, the contribution of HSC transdifferentiation in kidney
morphogenesis and regeneration must be assessed. Cell lineages
must be mapped in order to identify where there is overlap and
interaction between these pathways.

The issue of the adult stem cell is central to the development
of therapeutic agents. The confusion that currently surrounds the
issue of the ES cell will greatly impact our understanding of
the biology of the mature organ. Using the prostate as an example,
we may assume that the renal ES cell is retained during adulthood
and contributes to disease. The exact lineage of renal stem cells
cannot be assumed to operate in a direct precursor-progeny rela-
tionship, whether they be epithelial stem cells, MSCs, or a com-
mon progenitor of both cell types. Further work using inductive
factors to differentiate tagged pluripotent ES cells into kidney will
allow tracking of renal cell lineages by comparing subsets of
markers at each stage of development. Furthermore, it must be
determined whether mesenchyme-to-epithelium or epithelium-

Fig. 3. Alternative models of epithelial cell lineage in the collecting ducts. Model 1 shows the classic precursor-progeny relationship between
stem cells and other epithelial cells representing different stages of differentiation. Model 2 shows an alternative model of cell lineage in which
the intermediate cells are stem cells that give rise to epithelial cell types in a nonlinear fashion.
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to-mesenchyme transitions occur at maturity and whether these
phenomena contribute to pathogenesis. Certainly, preliminary
studies draw a link between mechanisms operating during renal
cell carcinoma and developmental mesenchymal-epithelial transi-
tion (reviewed in Walker, 1998). Furthermore, TGF-β-dependent
epithelial-mesenchymal transition is associated with renal fibrosis
(Jinde et al., 2001; Yang and Liu, 2001). Elucidation of these
pathways will be a significant conceptual advance in our under-
standing of kidney morphogenesis and will identify specific cell
types as important targets for the design and development of thera-
peutic agents. Undoubtedly, real breakthroughs will come in terms
of the identification of stem cells in the adult organ and under-
standing how aberrant changes contribute to disease.
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25 Nephroblastoma
A Metanephric Caricature

ALAN O. PERANTONI, PhD

The histological appearance of nephroblastoma, or Wilms’ tumor, closely resembles the histodifferentiation of the
kidney from primitive metanephrogenic tissue. This is classically one of the tumors for which pathologists first recog-
nized the possible role of stem cells in cancer as the blastemal cells from the nephroblastoma behave as pluripotent stem
cells differentiating along multiple defined pathways. Wilms’ tumors may appear predominantly blastemal, epithelial,
or stromal; are associated with persistence of metanephric mesenchyme postnatally (embryonic/nephrogenic rests); and
arise from a clonal expansion, as all cells carry the same genetic change, when present. About 10% of cases are associated
with inheritance of inactivating mutations in the Wilms’ tumor suppressor gene, Wt1. A second locus in Wilms’ tumor
on chromosome 11 is characterized by overexpression of insulin-like growth factor-2 or mutation of p57KIP2 and is
associated with the Beckwith-Wiedmann syndrome, but only 4% of patients with this syndrome develop Wilms’ tumors.
However, the relative infrequency of defined genetic abnormalities (others include Wnt, N-myc, β-catenin, and bcl-2),
and early appearance suggest developmental control problems. Premature expression of neurotrophins (nerve growth
factor and NT-3) and their receptors in the blastemal component may also contribute to tumorigenicity. The most
promising approach for these types of cancers is to develop techniques for the early detection of lesions and perhaps
differentiation therapies to induce neoplastic cells to a nonmalignant phenotype.

25.1. INTRODUCTION
Often described as a disease of differentiation, the nephro-

blastoma, or Wilms’ tumor, in humans displays a remarkable
histological phenotype as a result of its ability to mimic meta-
nephric development (Fig. 1). Similar to the multipotent embryo-
nal carcinoma, blastemal cells from the nephroblastoma behave
as pluripotent stem cells, differentiating along multiple defined
pathways. As described in Chapter 24, the metanephric mesen-
chymal stem cell, which arises from the intermediate meso-derm
in the nephrogenic cord, has the potential to develop into inter-
stitial stroma and nephrogenic mesenchyme, which, in turn, is
specified to form the epithelial structures of the nephron,
including the podocytes of the glomeruli and the proximal and
distal tubular epithelia. The presence in nephroblastomas of
primitive tubular epithelial structures, stroma, and blastemal ele-
ments, yielding a characteristic triphasic histologic phenotype,
provides compelling evidence that these tumors arise from
uninduced stem cells of metanephric mesenchyme and that the
neoplastic counterpart has retained some ability to differentiate,
albeit to another neoplastic cell with characteristics of a more
advanced cellular phenotype.

25.2. WILMS’ TUMOR:A PEDIATRIC PROBLEM
Wilms’ tumor is predominantly a pediatric neoplasm, arising

in some 1 in 10,000 children by age 15, although tumors may
occur during fetal development or even well into adulthood
(Bennington and Beckwith, 1975; Breslow et al., 1988). The vast
majority of tumors (more than 75%), however, are actually diag-
nosed by age 5. The relatively high frequency (i.e., 6% of all
childhood neoplasms) makes it one of the most common solid
pediatric cancers. Unlike the majority of adult tumors, though, the
number of chromosomal abnormalities, such as rearrangements,
duplications, or deletions in Wilms’ tumor, and the frequency of
loss of heterozygosity (LOH) throughout the genome are limited.
In fact, the apparent lack of genomic instability in neoplasms
(Maw et al., 1992), their early appearance, and absence of any
linkage with external factors seem to argue against environmental
causation, further suggesting that delineation of the pathogenetic
process and genetic mechanism responsible for Wilms’ tumor
should be attainable.

Wilms’ tumors generally occur unilaterally but may arise bilat-
erally in a limited number of cases (5–10%). Additionally, their
appearance is most often sporadic, although a familial predisposi-
tion is observed in 1–2% of Wilms’ tumor cases (Breslow et al.,
1993). Because familial tumors are more often bilateral and
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exhibit an earlier onset, there may be a cancer predisposition in-
volving a germline mutation, which could accelerate the tumori-
genic process. The familial mutation, however, shows incomplete
penetrance, because the disease is passed infrequently from parent
to child (Matsunaga, 1981). Although other congenital anomalies,
such as aniridia, a rare malformation of the iris, or a variety of
genitourinary deficiencies (ureteral or urethral malformations),
are occasionally observed in Wilms’ cases, the vast majority of
familial tumors are not associated with any apparent phenotype
other than the tumor itself.

In small percentages of Wilms’ tumors, specific constitutional
syndromes have been identified. Of particular note are the WAGR
(Wilms’ tumor, aniridia, genitourinary anomalies, and mental
retardation) syndrome, which is found in about 1% of patients
with Wilms’ tumor, and the Denys–Drash syndrome (DDS)
(Wilms’ tumor, genitourinary anomalies, early onset renal fail-
ure, and predisposition to germ cell tumors), which is reported in
a similarly small percentage (3%) of patients with Wilms’ tumor
(Drash et al., 1970; Pendergrass, 1976). For both WAGR syn-
drome and DDS, germline mutations of chromosome 11p13 have
been identified. In addition, demonstration of somatic mutations
in chromosome 11p13 of some 40% of patients with Wilms’
tumor who lacked germline mutations and/or LOH at 11p have
further implicated this sequence in tumorigenesis (Koufos et al.,
1984; Orkin et al.,1984; Kaneko et al., 1991).

25.2.1. Wt1: A PREDISPOSITION GENE FOR WILMS’
TUMOR  Following identification of the Wilms’ tumor predis-
posing locus, a gene encoding a transcription factor was subse-
quently cloned and implicated in Wilms’ tumorigenesis (Call
et al., 1990). The Wilms’ tumor suppressor gene Wt1 encodes a
Krüppel-like zinc finger DNA-binding protein. It is localized
to the nucleus and can either suppress or activate transcription
depending on its target and/or interactive partner (reviewed in
Lee and Haber, 2001). During metanephric development (Fig. 2),
Wt1 expression is upregulated in induced metanephric mesen-
chyme, and expression remains high in condensates and subse-
quently in newly formed epithelia (Armstrong et al., 1993). With

nephron segmentation, however, expression becomes restricted
to podocytes, where it remains into adulthood. Wt1 null homozy-
gotes manifest a severe renal phenotype, showing no metanephric
development as the mesenchyme undergoes apoptosis (Kreidberg
et al., 1993). Thus, Wt1 plays a critical role in renal stem cell
maintenance and differentiation, although it is unclear whether
the effect is direct or not.

25.2.2. MUTATIONS IN THE Wt1 LOCUS FROM WILMS’
TUMORS  The detection and distribution of Wt1-inactivating
mutations in a number of studies has implicated the Wt1 locus in
the pathogenesis of a significant portion of Wilms’ tumors (Huff
et al., 1991, 1995; reviewed in Huff, 1998). The vast majority of
tumors from patients with the WAGR syndrome contain a
germline loss of chromosomal locus 11p13, causing deletion of
a constitutional Wt1 allele. Under these circumstances, the sec-
ond allele has frequently been reported to contain a somatic point
mutation (Baird et al., 1992a). Thus, loss of both alleles may be
necessary for Wilms’ tumor development, suggesting that Wt1
functions as a tumor suppressor in these neoplasms. In the case
of DDS, tumor formation is associated with specific point muta-
tions in Wt1 that frequently involve the zinc finger DNA-binding
domain of the encoded protein. Most often the mutation results
in an Arg residue replacement for Trp in codon 394 and within
the third zinc finger (Baird et al., 1992b). Of more than 50 cases
examined, about 50% contain missense mutations in this codon
or the adjacent codon Asp396.

While it is thought that these mutant proteins behave as domi-
nant negatives, the remaining wild-type allele is apparently also
lost in tumors that have been evaluated (Pellitier et al., 1991), so
tumor formation could simply be dependent on the loss of normal
Wt1 function. A third nephropathy associated with Wt1, called the
Frasier syndrome, resembles DDS in that germline alterations
involving intronic point mutations interfere with splicing between
zinc fingers 3 and 4 of Wt1; however, these alterations do not result
in Wilms’ tumors. Thus, mutations are not necessarily sufficient
for renal tumorigenesis, although patients with this syndrome are

Fig. 1. Section from a Wilms’ tumor showing the characteristic his-
tology of blastemal, tubular, and stromal elements.

Fig. 2. Expression of Wilms’ tumor suppressor gene-1 (Wt1) in fetal
rat metanephros by ISH using 35S-labeled riboprobe. Wt1 is localized
to the podocytes of glomeruli (g), S-shaped bodies (arrowheads), and
condensed metanephric mesenchyme (arrows).
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predisposed to gonadal tumors. In any case, study of mutations in
Wt1 from WAGR and DDS supports the “two-hit” model of car-
cinogenesis described by Knudson and colleagues (1972, 1993).

Familial predispostions to Wilms’ tumor are autosomal domi-
nant (Matsunaga, 1981), and tumor formation with no associated
congenital abnormalities is often the only indication of a predispo-
sition. In the rare familial form of the disease, Wt1 mutations are
infrequent. In one study, only 1 of 26 tumors exhibited a mutation;
in this case a germline deletion passed from parent to child (Huff
et al., 1995). Such observations suggest the involvement of other
genes (perhaps downstream of Wt1) either individually or in com-
bination with Wt1 in tumorigenesis (Huff et al., 1997).

Wt1 mutations are considerably more prevalent in sporadic
tumors. Of more than 600 neoplasms now analyzed, roughly 10%
carry Wt1 mutations. These have included somatic inactivating
deletions, insertions, or missense mutations. The bilateral tumors
examined in these studies all contain germline mutations, while
unilateral tumors generally carried somatic Wt1 alterations (Huff
et al., 1995), a finding again consistent with a “two-hit” model.
However, not all Wilms’ tumors follow this formula. In some
cases, germline mutations are detectable in one allele, but
the remaining allele appears normal, which would seem to indi-
cate that other genes may cooperate with Wt1 to silence the nor-
mal allele. Finally, a large fraction of Wilms’ tumors yield no
Wt1 mutations and, in fact, express high levels of normal func-
tional Wt1 protein, showing clearly that other mechanisms
mediate tumor formation. In this regard, abnormalities implicat-
ing chromosomes 1, 6–8, 11 and 12, 16–18, and 22 have been
described in cytogenetic analyses of Wilms’ tumors (Wang-Wuu
et al., 1990; Maw et al., 1992; Miozzo et al., 1996; Steenman
et al., 1997; Brown et al., 2002). Furthermore, LOH is observed
in chromosomal loci of 1p, 4q, 7p, 11p15, 16q, and 17p.

25.2.3. BECKWITH–WIEDEMANN SYNDROME INVOLVES
A SECOND LOCUS IN CHROMOSOME 11 AND IMPRINTED
GENES IN THIS LOCUS  A Wilms’ tumor-associated syndrome
that is also distinct from the Wt1 locus has been identified through
characterization of a pathological process involving umbilical
hernia, organomegaly, and predisposition to malignancies
including Wilms’ tumor, rhabdomyosarcoma, and hepato-
blastoma. Called Beckwith–Wiedemann syndrome (BWS), this

disorder affects some 1 in 14,000 live births and has been linked
to chromosomal locus 11p15.5, through an examination of
familial cases of BWS. Familial predisposition occurs in approx
15% of patients with BWS, and, interestingly, the associated
genetic locus encompasses a cluster of imprinted genes (Koufos
et al., 1989), i.e., genes that are normally expressed from a single
allele and for which expression is parent specific. Candidate
imprinted genes that are also implicated in cell proliferation and/
or metanephric differentiation include fetal-specific insulin-like
growth factor-2 (IGF-2) and cell-cycle cyclin-dependent kinase
inhibitor p57KIP2. In patients with BWS, IGF-2 expression is
increased due to a loss of imprinting in some cases (Weksberg
et al., 1993), and the genetic lesion seems to depend on the
presence of two copies of the paternal chromosome 11 through
either duplication or selective inheritance. Since IGF-2 is carried
in this locus and its expression is imprinted and restricted to the
paternal allele, its overexpression may contribute to organ
enlargement and tumor formation. This hypothesis is supported
in several mouse models in which IGF-2 levels have been
manipulated. By removing controls for imprinting and allowing
both parental copies of IGF-2 to be expressed, organomegaly
occurs; however, other characteristics of BWS are not observed
(Leighton et al., 1995; Eggenschwiler et al., 1997), suggesting
the involvement of other sequences in the deleted locus.

Expression of the cyclin-dependent kinase inhibitor p57KIP2

from 11p15.5 is also imprinted but restricted to the maternal allele.
Its loss could therefore facilitate deregulation of growth control
and also contribute to the accumulation of blastemal populations
and their inability to differentiate. During metanephric develop-
ment in the mouse, p57KIP2 expression is localized to inter-
stitial stroma, condensing mesenchyme, and developing proximal
tubule by immunohistochemistry (Westbury et al., 2001). We have
observed moderate expression in the mesenchyme of the nephro-
genic zone but very pronounced staining in putative podocytes
of S-shaped bodies by both immunohistochemistry and in situ
hybridization (ISH) (Fig. 3). Thus, its pattern of expression is
perhaps more consistent with that of Wt1, although expression is
not sustained into adulthood. However, similar populations of
cells should be at risk of tumorigenesis during metanephric devel-
opment as a result of lesions in these genes.

Fig. 3. Expression of p57KIP2 in fetal rat metanephros by immunohistochemistry (A) or ISH with 35S-labeled riboprobe (B). Induced meta-
nephric mesenchyme and interstitial stroma (arrows) show moderate expression, while podocytes in S-shaped bodies (arrowheads) and newly
formed glomeruli (g) express high levels of p57KIP2.
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In Wilms’ tumors, maternally inherited mutations of p57KIP2

are demonstrable in sporadic (approx 10%) and familial (approx
50%) cases of BWS (Hatada et al., 1996; Lam et al., 1999), and
null homozygotes for this gene have numerous characteristics of
BWS, including renal dysplasia and adrenal cortical hyperplasia,
but without the organomegaly associated with IGF-2 over-
expression. (Zhang et al., 1997). To determine whether the com-
posite disorder could be duplicated in a mouse model, studies
were performed in which both IGF-2 and p57KIP2 were
dysregulated as in BWS. Double mutants manifested a signifi-
cantly more severe placental and renal dysplasia relative to the
p57KIP2 knockout (KO) animals, leading the investigators to con-
clude that the two genes function antagonistically to one another
(Caspary et al., 1999). While it is quite satisfying to connect
imprinting of these two genes to BWS and the BWS-like pheno-
type in double mutants, the relationship between these genes and
Wilms’ tumor remains unclear. Despite the renal dysplasia in
p57KIP2 KO mice, these animals do not develop nephroblastomas.
While this may simply reflect species differences, as described
later in this chapter, similar mutations in patients with BWS are
infrequently observed in tumors. Only 4% of BWS patients even-
tually develop Wilms’ tumor (Wiedemann, 1964; Beckwith,
1969), although, in a small number of patients, normal tissues
show a mosaic pattern of 11p15 LOH with somatic duplication of
the paternal locus and loss of imprinted maternal sequences (Chao
et al., 1993). The percentage of cells with LOH exceeded 75% in
several normal tissues, suggesting that these cells undergo selec-
tion during tissue differentiation and maintenance. Since tumors
also arose from cells with LOH, it is conceivable that these abnor-
malities provide a growth advantage during tumorigenesis. This
is further supported by more recent findings in which imprinted
genes were found to be perturbed in Wilms’ preneoplastic lesions
(Cui et al., 1997).

25.3. NEPHROBLASTOMA: A STEM CELL TUMOR?
As described above, Wilms’ tumors generally exhibit a tripha-

sic histological phenotype with blastemal, stromal, and epithelial
cell populations, although there is a continuum in the quantitative
representation of each population. Thus, tumors may appear pre-
dominantly blastemal, epithelial, or stromal. While the blastemal
and epithelial elements resemble the structures observed in the
differentiating metanephros, the stroma can undergo heterologous
differentiation to yield cartilage, adipose tissue, striated smooth
muscle, and even bone, suggesting either that cells of metanephric
mesenchyme have such a pluripotential, or that tumor cells are
derived from an even more primitive stem cell population.

A variety of markers have been utilized in comparative stud-
ies of Wilms’ tumors and normal metanephric populations, but
staining for these markers generally demonstrates similarity in
expression profiles between specific neoplastic elements and the
normal counterpart. For several commonly applied lectins, blast-
emal populations in Wilms’ tumor and in fetal kidney bind only
concanavalin A with strong affinity, while tubular elements from
either tumor or kidney react in a similar pattern and with compa-
rable affinities (Yeger et al., 1987).

25.3.1. INTERMEDIATE FILAMENTS AND EXTRACELLU-
LAR MATRIX COMPONENTS  In addition to lectin distribution,
patterns of intermediate filament expression similarly reflect the
nature of the histological components of Wilms’ tumor. Blastemal
cells in either Wilms’ tumor or the metanephros express vimentin,

while primitive normal and neoplastic epithelia show staining for
cytokeratins and stromal tissues for vimentin (Denk et al., 1985).
Integrin and extracellular matrix (ECM) transitions have been
implicated in metanephric differentiation, and, again, patterns
observed in Wilms’ tumors resemble expression profiles of nor-
mal tissue components (Sariola et al., 1985; Yeger et al., 1985;
Peringa et al., 1994). Specifically, integrins α2, α3, and α6 as well
as laminin and type IV collagen are all elevated in the epithelial
component of Wilms’ tumors and normal primitive tubules, while
α1, α4, and α5 with fibronectin were detected in stromal popula-
tions. Blastemal elements in Wilms’ tumors, however, were defi-
cient for expression of most ECM protein examined but did stain
for α3 and α6 integrins and showed variable levels of fibronectin.
Neural cell adhesion molecule and the transcription factor N-myc
have also proven useful as markers of both neoplastic and nonneo-
plastic renal blastema (Nisen et al., 1986; Roth et al., 1988;
Hirvonen et al., 1989; Satoh et al., 2000).

25.3.2. NEUROTROPHINS AND AUTOCRINE SIGNAL-
ING  For neurotrophins, there is evidence of autocrine ligand
signaling in tumorigenesis. Nerve growth factor (NGF) was iden-
tified in the metanephros only in interstitial stroma, and NT-3
was expressed by epithelia of the glomeruli (Huber et al., 1996).
For receptors, the low-affinity p75 receptor and trk lined the
early epithelial structures of the nephron (i.e., comma-shaped
bodies) and subsequently committed to either mesangial or ma-
ture tubular cells, respectively. TrkC expression also occurred in
glomerular structures and tubules, while TrkB was localized to
interstitial stroma. The shift of expression patterns in Wilms’
tumors involves the reported premature appearance of both
neurotrophins (NGF and NT-3) and their receptors (p75) in the
blastemal component (Donovan et al., 1994), an alteration that
could influence tumorigenicity, although autocrine signaling by
neurotrophins occurs later in development. Notably, in an exam-
ination of neurotrophin receptors as prognostic indicators of
unfavorable outcome for Wilms’ tumors, TrkBfull was associ-
ated with tumors having the worst outcome despite its localiza-
tion to stromal elements in tumors (Eggert et al., 2001). This may
suggest that stromal components are secreting critical neuro-
trophin-induced factors for blastemal cell maintenance.

Use of the various tissue-specific markers effectively demon-
strates the consistent nature of marker expression among Wilms’
tumor tissue components relative to normal embryonic blast-
emal, epithelial, and stromal tissues and additionally serves to
verify the classification of those tissues. Furthermore, the mark-
ers implicate several developmentally regulated molecules in
Wilms’ tumor pathogenesis and provide evidence for autocrine
shifts that may contribute to or enhance tumor formation.
Finally, they have been shown in some cases to serve as prognos-
tic indicators of clinical outcome.

25.3.3. EACH WILMS’ TUMOR CELL COMPONENT CAR-
RIES THE SAME GENETIC POLYMORPHISM  That these popu-
lations are indeed derived from tumor tissues and not simply
recruited from normal surrounding structures has been demon-
strated through microdissection of the various tissue elements. In
all tumors analyzed with LOH for the Wt1 locus, each histological
element contained the identical polymorphism (Zhuang et al.,
1997), indicating a clonal origin for each tumor component despite
the histological differences. Thus, stromal elements, including
striated muscle, show the same loss of Wt1 as the blastemal popu-
lations, suggesting that all heterologous elements are neoplastic.
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25.3.4. PRECURSOR LESIONS IN WILMS’ TUMOR
PATHOGENESIS  In humans, metanephric development is com-
pleted around 36 wk of gestation, so the presence of metanephric
mesenchyme postnatally is abnormal. In a retrospective study of
more than 1000 necropsies of newborns, almost 1 in 100 carried
persistent blastemal cells in the kidney, which is 100 times the
incidence of Wilms’ tumors. Furthermore, more than 40% of
patients with Wilms’ tumor with unilateral disease and 100% with
bilateral disease have readily demonstrable preneoplastic lesions.
The term nephrogenic rest has been applied to these Wilms’ tumor
precursors and includes all lesions from dormant to maturing,
hyperplastic, or neoplastic. Nephroblastomatosis then describes a
condition characterized by multiple or diffuse nephrogenic rests.
Beckwith and colleagues (1990, 1998) have characterized these
lesions based on their distribution in the renal lobe, which also
denotes their differentiation status. Because differentiation occurs
along a proximal–distal axis of nephron layering from medulla to
cortex, the most medullary structures arise first and those distrib-
uted cortically occur at the termination of organogenesis. Lesions
are therefore classified either as perilobar (PLNR), which are dis-
tributed at the periphery of the renal lobe, or as intralobar (ILNR),
which appear within the lobe (Beckwith et al., 1990). Morphologi-
cally, the PLNRs occur principally as spherical blastemal foci,
although later lesions are more epithelial in character. Kidneys
often contain several, well-defined lesions or, less frequently, more
diffuse margins. ILNRs, on the other hand, are predominantly stro-
mal but with some blastemal and epithelial elements. These occur
randomly within the renal lobe as single foci with irregular mar-
gins. In the 40% of unilateral Wilms’ tumors with nephrogenic
rests, the incidence of either PLNR or ILNR is roughly equivalent.
In bilateral disease, however, tumors with PLNR vastly outnumber
those with ILNR by 3 to 1. Similarly, in Wilms’ tumor patients with
BWS, PLNR also predominates. Conversely, in cases of Wilms’
tumor associated with WAGR syndrome or DDS, the primary
lesion is ILNR, which arises in most tumors evaluated (84 and
91%, respectively), whereas PLNR is observed in <20% of cases.

Beckwith’s (1998) descriptive studies suggest a varied outcome
to the presence of nephrogenic rests. Clearly all rests do not progress
to Wilms’ tumors as only 1 in 100 patients with rests develops
neoplastic disease. In fact, the rests may remain dormant for years,
mature and sclerose, become cystic, regress, or form hyperplastic
nodules. These pathways are not unlike those described in tumor
progression involving preneoplastic lesions in other tissues (e.g.,
liver or skin). However, a clear association between rests and tumors
has not been forthcoming as in other tissues. One might predict from
Knudson’s model that the rest would carry the first “hit,” e.g., a
mutation in one allele of Wt1, with the second alteration arising
during neoplastic conversion. Thus far, this has not been clearly
demonstrated. In the case of IGF-2, constitutively high levels of
expression have been reported for both nephrogenic rests and
Wilms’ tumors, and even epithelial structures occasionally showed
sustained expression (Yun et al., 1993). On the other hand, Wt1
mutations have been observed in nephrogenic rests but a progres-
sion has not (Park et al., 1993). This may simply reflect the complex-
ity of nephroblastoma development in that all of the genes involved
have not been identified. This is supported by genetic studies linking
high frequencies of PLNR with either trisomy 13, which is associ-
ated with hyperplastic nephromegaly and Wilms tumor (Keshgegian
and Chatten, 1979), or trisomy 18, which also predisposes to Wilms
tumor in surviving patients (Bove et al., 1976; Olson et al., 1995).

25.4. OTHER GENES ASSOCIATED
WITH WILMS TUMORIGENESIS

In addition to Wt1, IGF-2, and p57KIP2, other genes have been
implicated in the neoplastic process of renal stem cells. While
some of these genes are normally expressed during metanephric
development, their misexpression due to constitutive activation
or inappropriate tissue distribution could involve them in
Wilms’ tumor pathogenesis. Thus, the autocrine loop created
by IGF-2 secretion and expression of the type 1 IGF receptor,
which interacts with and is activated by IGF-2, in Wilms’ tumor
tissues could contribute to tumorigenesis. An exhaustive study
of expression during renal organogenesis, however, suggests
otherwise (Lindenbergh-Kortleve et al.,1997). In fact, both the
receptor and IGF-2 are highly expressed in normal mesenchy-
mal cells prior to condensation, with condensation, and with
epithelial conversion, so the patterns observed in tumor tissues
seem to reflect the expression profiles of the metanephros, sug-
gesting that they may be important for sustaining the stem cell
populations but probably not responsible for tumorigenesis. Fur-
thermore, efforts to establish IGF-2 as a prognostic factor in
Wilms’ tumor development have been unsuccessful (Little
et al.,1987).

25.4.1. BONE MORPHOGENETIC PROTEIN-7 IN TUM-
ORIGENESIS  For bone morphogenetic protein-7 (BMP-7), a
member of the transforming growth factor-β (TGF-β) family that
signals through Smad1, patterns of expression may differ from
those of normal rudiments. BMP-7 was initially thought to func-
tion as an inductive factor for epithelial conversion (Vukicevic
et al., 1996), which was consistent with an observed reduction
in nephron formation in null homozygotes (Dudley et al., 1995).
However, it was later shown to function in vitro as a cell main-
tenance factor but not as a morphogen (Dudley et al., 1999).
Studies of rat nephroblastomas, on the other hand, demonstrated
deficient BMP-7 expression in tumors, which differed markedly
from the high levels of expression in induced blastemal popula-
tions observed during nephrogenesis (Higinbotham et al., 1998).
Although it was originally thought that the deficiency was
responsible for a block in differentiation and accumulation of
stem cells in the tumors, the inability of BMP-7 to function in
this capacity suggests instead that tumor cell survival is indepen-
dent of BMP-7 signaling. Perhaps tumor cells have undergone a
necessary adaptation to overcome the absence of this mainte-
nance factor or the stem cells are blocked in their differentiation
at a stage prior to BMP-7 expression, which occurs at induction.

25.4.2. AUTOCRINE TGF-α/EPIDERMAL GROWTH
FACTOR RECEPTOR  Other autocrine mechanisms that may
contribute to cell proliferation and/or tumorigenesis include
TGF-α and its binding partner, the epidermal growth factor
receptor (EGFR), and hepatocyte growth factor (HGF) and its
receptor c-met. TGF-α functions as a growth factor to stimulate
cell proliferation through mitogen-activated protein kinase acti-
vation or as a regulator of apoptosis by inhibiting Fas-mediated
cell death. In a recent examination of patients with Wilms’ tumor,
elevated expression of TGF-α and TGF-α/EGFR correlated
with tumor phenotype and prognosis, suggesting that autocrine
expression may promote cell transformation or progression dur-
ing tumorigenesis (Ghanem et al., 2001a). This is supported by
efforts to localize ligand and receptor, which indicate a paracrine
relationship in normal tissues derived from metanephric mesen-
chyme (Bernardini et al., 1996).
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25.4.3. AUTOCRINE HGF/c-met  For HGF and c-met, con-
version to an autocrine mechanism is also supported in tumor
studies. While HGF is expressed primarily in mesenchymal cells,
which are more characteristic of stroma than nephrogenic mesen-
chyme (Karavanova et al., 1996) during nephrogenesis, in Wilms’
tumors, it is also detected in blastemal and epithelial populations
(Alami et al., 2002). c-met expression, on the other hand, occurs
in blastema and epithelia during normal metanephric differentia-
tion and in Wilms’ tumors. Thus, misexpression of HGF in tis-
sues bearing the cognate receptor could contribute to tumor
formation in those tissues. Because constitutive activation of the
c-met receptor through mutation conveys tumorigenic potential
in certain papillary renal cell carcinomas (Schmidt et al., 1997),
it is reasonable to hypothesize a mechanism involving activation
of this signaling pathway for Wilms’ tumor as well, but such a
mechanism remains to be proven.

25.4.4. DYSREGULATION OF N-myc  In addition to aber-
rant extracellular signaling, there are indications for nuclear com-
plications. For example, N-myc, a transcription factor and
oncogene, is localized to blastemal populations in the metaneph-
ros, and loss of expression results in hypoplastic kidneys with
markedly reduced numbers of glomeruli (Bates et al., 2000). Simi-
larly, elevated levels of expression have been reported in the blast-
emal component of most Wilms’ tumors (Nisen et al., 1986; Shaw
et al.,1988). This, however, corresponds to patterns of expression
identified in normal fetal kidney (Hirvonen et al., 1989). Most
interestingly, normal Wt1 protein represses transcription from the
N-myc promoter; however, a mutant form of Wt1 was incapable of
downregulating N-myc, suggesting that Wt1 involvement may, in
part, explain the relaxed expression of this transcription factor
(Hewitt et al., 1995;Zhang et al., 1999).

25.4.5. Wnt SIGNALING  As described in a previous chap-
ter, Wnt-4 signaling plays a critical role in the epithelial conver-
sion of metanephric mesenchyme to form the epithelial structures
of the nephron and, as such, functions in a pivotal position to
regulate differentiation of renal stem cells/blastema (Stark et al.,
1994). Wnts interact with a Frizzled membrane receptor to indi-
rectly stabilize a secondary messenger β-catenin through inacti-
vation of a glycogen synthase kinase-3β (GSK-3β)-mediated
ubiquitination pathway responsible for β-catenin degradation.
Accumulated β-catenin can then translocate to the nucleus for
transcriptional activation of Wnt-dependent targets via canoni-
cal cooperation with a member of the T-cell factor family of
DNA-binding proteins. While blocking activity in this pathway
inhibits differentiation, it also impacts metanephric mesenchy-
mal cell survival. Thus, cells in which Wnt signaling is specifi-
cally targeted do not survive even in the presence of an inductive
factor (Plisov et al., 2001), indicating that this pathway may also
be critical to cell maintenance and/or proliferation. Indeed, the
ability of the Wnt pathway to activate transcription of cell-cycle
regulator cyclin D1 is consistent with this role (Tetsu and
McCormick, 1999). β-Catenin behaves as an oncogene in a
variety of tumors (Morin et al., 1997), and mutations represent
dominant lesions, requiring single changes for dysregulation. In
an analysis of multiple Wilms’ tumors, 15% contained mutations
in a domain of β-catenin targeted by GSK-3β for phosphory-
lation, resulting in stabilization of the protein (Koesters et al.,
1999; Maiti et al., 2000). Mutations were observed in sporadic
and DDS- or WAGR- associated neoplasms. Furthermore,
Wilms’ tumors exhibiting mutations in β-catenin consistently

also carried Wt1 mutations (Maiti et al., 2000). While these
alterations directly impact separate signaling pathways, it is
possible that cross talk may exacerbate the effects of a single
lesion. Regardless, further study of the Wnt signaling pathway
components could prove quite fruitful due to its critical role in
stem cell differentiation.

25.4.6. APOPTOTIC ANTAGONIST bcl-2  Finally,
apoptosis is commonly affected in tumorigenesis, and evidence
suggests a deregulation of programmed cell death in some Wilms’
tumors as well. bcl-2, a protein of nuclear and ER membranes,
antagonizes apoptosis, and studies reveal that Wilms’ tumors fre-
quently express it in blastemal cells and that levels of expression
increase with pathological staging (Ghanem et al., 2001b). Thus,
it functions as a significant prognostic indicator for clinical pro-
gression. Additionally, elevated expression is detected in nephro-
genic rests whether or not they are associated with Wilms’ tumor,
so such a lesion may represent an early stage in tumor develop-
ment, allowing for the selective expansion of this altered cell popu-
lation. Because Wt1 can also repress bcl-2 expression and
presumably effect apoptosis, conversely, the loss of Wt1 may pro-
mote tumorigenesis through deregulation of bcl-2 and inhibition
of programmed cell death.

The list of implicated factors is certainly much longer than
those just described; however, for others, such as ras family mem-
bers or p53 (Reeve et al., 1984; Waber et al., 1993; Bardeesy et al.,
1994), the evidence of involvement is considerably less compel-
ling primarily because studies are somewhat contradictory. That
is not to say that these other molecules are less important but,
rather, require clarification. With the advent of array analysis, we
can expect a rapid evolution of molecular and prognostic markers
for Wilms’ tumors as sufficient numbers and types of tumors are
evaluated. Already, efforts have identified a series of expressed
genes that are differentially regulated in Wilms’ tumors vs fetal
and adult kidneys, some of which may provide insight into mecha-
nisms of tumorigenesis as well as provide diagnostic tools for the
identification of susceptible children (Rigolet et al., 2001).

25.5. ANIMAL MODELS FOR NEPHROBLASTOMA
Nephroblastoma occurs spontaneously in a variety of animals.

In surveys of slaughterhouses, it is the most common tumor
observed in swine, and both unilateral (80%) and bilateral disease
(20%) have been noted (Migaki et al., 1971). Classic nephro-
blastomas arise frequently in chickens (Feldman and Olson, 1965),
and tumors are readily induced with a myeloblastosis virus (Walter
et al., 1962). While tumors have been reported in cattle, the inci-
dence is relatively low (1 of 302 renal tumors) (Sandison and
Anderson, 1968), and there is anecdotal evidence for nephroblas-
tomas in dogs (Wick et al., 1986; Simpson et al., 1992).

Considerably more information is available on nephroblas-
tomas of rodents, because they have provided useful models for
the study of carcinogenesis. Most striking is the apparent inability
of certain rodent species such as the mouse or hamster to develop
spontaneous or chemically induced nephroblastomas. Mice, e.g.,
are susceptible only to adult-type adenomas and adenocarcino-
mas regardless of age at carcinogen exposure, including transpla-
cental induction (Vesselinovitch et al., 1979). Rats and rabbits,
however, are susceptible both spontaneously and with chemical
treatment to nephroblastoma induction (Hard and Fox, 1983).
These tumors manifest the same triphasic histology as Wilms’
tumors and resemble the human neoplasms (Fig. 4).
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Nephroblastomas are rapidly and readily induced at high fre-
quency in both rats and rabbits following transplacental exposure
to direct-acting alkylating agents such as N-nitrosoethylurea
(NEU). In rats, spontaneous and chemically induced nephroblas-
tomas are strain dependent. While tumors have been reported in
both Sprague-Dawley (Ohaki, 1989; Chandra et al.,1993) and
Noble (Hard and Noble, 1981) rat strains, F344 rats are insensitive
to blastemal tumor induction but instead develop mesenchymal
tumors (Sukumar et al., 1986), which are stromal in nature, local-
ized to the outer cortex, and resemble histologically the congenital
mesoblastic nephroma. Induction of nephroblastomas in Noble
rats is both chemical and age dependent. While NEU is a potent
initiator of nephroblastoma transplacentally, causing about a 50%
tumor incidence with a single exposure at 18 d of gestation, it
produces renal mesenchymal tumors predominantly with neonatal
treatment (Diwan and Rice, 1995). Similarly, dimethylnitro-
samine, a carcinogen requiring metabolic activation, causes renal
mesenchymal tumors in neonatal Noble rats but no nephroblas-
tomas regardless of exposure age (Hard, 1985). In crosses between
Noble and F344 rats, susceptibility to NEU-induced nephroblas-
tomas is inherited as an incomplete dominant trait, suggesting
multilocus involvement (B. Diwan, personal communication). For
Sprague-Dawley rats, preneoplastic lesions were reported and
described as intralobar nephroblastomatosis, resembling ILNR in
humans (Mesfin, 1999).

Finally, Wt1 mutations may also contribute to nephroblastoma
development in rodent tumors. In a small series of NEU-induced
neoplasms, point mutations were detected in about 40% of tumors;
however, half of the tumors with mutations were renal mesenchy-
mal tumors (Sharma et al., 1994). In our own series of NEU-
induced nephroblastomas and renal mesenchymal tumors, we have
observed no mutations in any of the hot spots reported for Wilms’
tumors (unpublished observation). Thus, it is unclear if the rat
tumors depend upon similar mechanisms for tumor formation.

25.6. IN VITRO MODELS OF WILMS’ TUMOR
Efforts to develop a renewable source of nephroblastoma tissue

for studies of the biochemical and molecular pathogenesis of
Wilms’ tumor have been limited and largely unsuccessful. These

have included the serendipitous immortalization of cultured tumor
cells, the use of tissues from heterotransplants of spontaneous or
chemically induced tumors, primary cultures of dissociated
Wilms’ tumors, or dissociated tissues transduced with a trans-
forming virus. Of these approaches, none has provided a particu-
larly effective model that has been embraced by others nor has any
approach been validated in attempting to provide such a model. At
present, other than a few poorly characterized cell lines, the prin-
cipal source of Wilms’ tumor, or nephroblastoma tissues other
than primary material, has been transplanted and passaged tumors.

25.6.1 CELL LINES  The primary problem with the in vitro
propagation of cells from Wilms’ tumor tissues is their limited life
span in cell culture, surviving for no more than 10–15 passages
before cell crisis. In rare cases, however, cell lines have been cul-
tivated successfully and apparently immortalized. The human
SK-NEP-1 line was isolated from a malignant pleural effusion that
was passaged in RPMI-1640 medium with 10% fetal bovine serum
(Trempe and Old, 1975). The cells in this line resemble meta-
nephric blastema cells, and subsequent efforts to characterize them
have demonstrated cellular coexpression of TGF-α and EGFR
(Mattii et al., 2001), formation of “tubule-like” structures in a
matrix, and suppression of tumorigenicity with introduction of
normal human chromosome 11 (Nagashima et al., 1992). This line
has also been useful as a model for regulation of tumor aggressive-
ness with heterotransplantation (Lovvorn et al., 2000). More
recently, it has been applied to cDNA expression array studies for
the identification of possible prognostic markers (Rigolet et al.,
2001). A rat nephroblastoma cell line designated ENU-T-1 was
derived from a chemically induced tumor that had been main-
tained through xenotransplantation (Nagashima et al., 1989). This
line retained its ability to form tumors in nude mice, and subclones
of differing histological phenotype could be isolated, suggesting
that the originating cell had remained pluripotent (Sumino et al.,
1992). The most frequently studied cell line, G401, has a question-
able derivation based on subsequent characterization. It is now
thought to originate from a rhabdoid tumor of the kidney following
comparison with Wilms’ tumors (Garvin et al.,1993). Other cell
lines derived from Wilms’ tumors but currently having limited
application include HFWT (Ishiwata et al., 1991), which has been

Fig. 4. Section from rat nephroblastoma (A) showing blastemal (Bl), tubular (Tu), and stromal (St) components. The same tumor (B) was probed
with a marker specific for blastemal cells, demonstrating the gross expansion of this tissue component.
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passaged in tissue culture for more than 95 passages and which
forms an anaplastic tumor in nude mice, or RM1 (Haber et al.,
1993), that is growth suppressed following transfection of Wt1.
Finally, the tumor cell line HEK293, which was derived from
human embryonic kidney by immortalization with adenovirus
type 5 (Graham et al., 1977), has been used extensively in studies
of signal transduction mechanisms. The cells express many prop-
erties of metanephric mesenchyme despite their transformation.
While not generated from a Wilms’ tumor and apparently inca-
pable of producing a triphasic phenotype, the cells may still serve
as a valid model for transformed renal stem/blastemal cells.

25.6.2. TISSUE CULTURE OF WILMS’ TUMOR HETERO-
TRANSPLANTS  Another option for in vitro study is the appli-
cation of culture techniques to Wilms’ tumor heterotransplants,
i.e., tumors that are propagated subcutaneously by serial passage
in immunocompromised or syngeneic hosts. These tissues pre-
sumably have undergone a level of growth selection in the host
and, therefore, may be more easily propagated in vitro. The most
comprehensive efforts in this area have involved heterotrans-
plantation of Wilms’ tumors into Balb/c nude mice. Dissociation
and subsequent culture of cells in the heterotransplants using a
serum-free medium supplemented with several growth factors,
bovine pituitary extract, and conditioned medium from a proxi-
mal tubule cell line (Garvin et al., 1987) allows for the serial
passage in vitro and apparent selection for blastemal cells in
these tumors. Under slightly different culture conditions, it is
possible to select instead for stromal (Garvin et al., 1985) or
epithelial (Hazen-Martin et al., 1993) elements as well. Selective
outgrowth of the epithelial populations, however, requires the
direct culture of tumorous tissue into a complex growth medium.
In a similar study involving direct outgrowth from primary
Wilms’ tumor tissues, different cell fractions were obtained that
individually expressed features of epithelia, stroma, or blastema
(Velasco et al., 1993). It is worth noting that human (Yeger et al.,
1985; Garvin et al., 1988) as well as rat tumors can be maintained
with serial transplantation in the mouse (human and rat tumors)
or in rat hosts (Tomashefsky et al., 1972; Hard and Noble, 1981).
While heterotransplantation selects for blastemal populations in
human neoplasms, in the rat, the tumors become somewhat more
epithelial in character with serial passage. Several cell clones
have been established from transplanted rat nephroblastomas,
and these also manifest a varied histological profile despite their
lengthy passage in vivo (Murphy et al., 1987).

25.6.3 “IMMORTALIZATION” OF WILMS’ TUMOR
CELLS WITH A TUMOR VIRUS  Immortalization with SV-40
transforming genes has also been attempted in cultures of Wilms’
tumor tissues in order to stabilize the growth of tumor cells
in vitro. This method is not without its risks in interpretating
results, but the approach is effective and can be relevant if results
are verified in primary tissues. In SV40 large T antigen–trans-
formed Wilms’ tumor cells, cultures could be maintained for up
to 35–40 passages, far longer than nontransformed cultures, but
certainly not to the point of bona fide immortalization. Cells
eventually did undergo a crisis from which they invariably
failed to recover (Maitland et al., 1989). On the other hand, cells
showed anchorage-independent growth, although they failed to
form tumors in nude mice. Since the time this work was per-
formed, several conditional transforming/immortalizing con-
structs have become available and may prove more effective than
the method described here.

25.7. CONCLUSION
The nephroblastoma, or Wilms’ tumor, provides a compel-

ling paradigm of a tumor originating in a defined pluripotent
stem cell population. This has been aptly demonstrated histo-
logically and confirmed biochemically. The expression patterns
of most blastemal markers resemble the profiles observed for
stem cells of putative preneoplastic lesions (i.e., the nephrogenic
rests) and of the Wilms’ tumors themselves. Most striking, how-
ever, is the genetic evidence that despite morphological differ-
ences, each tissue component, whether primitive epithelia or
stroma, is derived from the same stem cell clone in any given
Wilms’ tumor. While certain marker expression patterns are
consistent in Wilms’ tumors and metanephroi, others indicate
shifts from paracrine to autocrine signaling, suggesting move-
ment toward cellular autonomy and loss of growth control. Such
shifts may contribute significantly to the pathogenetic process
that directs tumor formation in metanephric tissues, as has been
demonstrated in other tissues. Furthermore, the genetic lesions
associated with tumorigenesis in genes such as Wt1, IGF-2, and
p57, which are relevant and in some cases critical to normal
blastemal differentiation, provide strong evidence that Wilms’
tumor is indeed a disease of differentiation and that an under-
standing of the events responsible for the accumulation of these
blastemal cells may eventually lead to therapies that could
reregulate and commit cells to a nonneoplastic and differentiated
phenotype, which is, of course, the ultimate goal of stem cell
research involving any tumor.
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26 Stem Cells in Nonmelanoma Skin Cancer

WENDY C. WEINBERG, PhD AND STUART H. YUSPA, MD

Mosaic pattern analysis and genetic mutations common to all cells of a cancer show that squamous cell carcinoma (SCC)
and basal cell carcinoma (BCC), as well as squamous dysplasias, are clonal, whereas focal hyperplasias are polyclonal. One
compartment of putative stem cells in the skin is located in the bulge of the hair follicle. Cells in this compartment are
multipotent and can give rise to progeny that differentiate into any of the epidermal cells or adnexal organs. The interfollicular
epidermal proliferative unit (EPU) in normal skin is a columnar group of differentiating cells overlying 10–12 basal cells
and is believed to be derived from a single, centrally located stem cell with a more limited potential than the follicular stem
cell. Stem cells in the skin cycle slowly and are identified by retaining a pulsed DNA marker for extended periods. Other
markers include increased expression of β1 or β4 integrins; decreased expression of the transferrin receptor or connexin
43; and unique expression of keratins 15, 17, and 19. BCCs appear to arise from follicular bulge stem cells and are associated
with genetic changes in the Sonic Hedgehog developmental pathway. SCCs can arise from stem cells in the interfollicular
EPU and infundibulum of the hair follicle as well as the bulge. Benign squamous neoplasms may also arise from the more
differentiated cell populations. Alterations in the ras pathway have been implicated in both experimental and human
squamous cell carcinogenesis. Genetic or epigenetic changes in stem cell markers that have been associated with squamous
cell neoplasms include alterations in integrins, telomerase, c-myc, and p63.

26.1. INTRODUCTION
The evaluation of stem cells as targets for the clonal origin of

nonmelanoma cutaneous cancers (primarily squamous cell car-
cinoma [SCC] and basal cell carcinoma [BCC]) must encompass
morphological, biochemical, and molecular criteria that link stem
cell characteristics to those of developing neoplasms. Defining
those characteristics for stem cells in normal skin has not been
without controversies. Stem cells would be expected to cycle
slowly, have extended or unlimited self-renewal capacity, and
be multipotential regarding commitment to a spectrum of lineage
outcomes required to reconstitute the epithelial component of
the integument. However, with the exception of the self-renewal
capacity, skin tumors generally behave differently, with rapid
cycling and limited lineage commitment. Thus, the dilemma
arises as to how to recognize stemness in the cancer cell while
also understanding the fundamental changes that cause tumor
cells to divert from stem cell characteristics. To begin, it is worth-
while to review the evidence indicating that cutaneous cancers
and their precursors arise from a single cell.

26.2. EVIDENCE FOR CLONALITY
OF CUTANEOUS TUMORS

The cellular origin and evolution of epithelial neoplasms
within a target tissue can be delineated by mosaic pattern analy-
sis. Spontaneous mosaicism in human and mouse models (e.g.,
via X-chromosome inactivation) and experimental chimerism in
rodent models have been exploited to trace stem cell lineage and
dissect the derivation of evolving neoplastic lesions (Iannaccone
et al., 1987; Weinberg et al., 1992). In these models, genetic
variants are present equally in a random distribution within the
normal tissue, and patches of single variants represent a blend of
clonal growth and cellular migration patterns. On this back-
ground, lesions arising from multiple cells would include a ran-
dom distribution of the genetic markers, provided that the
variegation pattern in the normal tissue is small relative to the
sample size evaluated. By contrast, a monoclonal origin requires
that only one marker be present.

The clonal origin of murine skin tumors was evaluated in
experimental chimeras utilizing electrophoretic variants of glu-
cose phosphate isomerase (Iannaccone et al., 1978), as well as in
spontaneous genetic mosaics resulting from random inactivation
of X-chromosome-linked phosphoglycerate kinase-1 (Pgk-1)
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isoenzymes (Reddy et al., 1983; Taguchi et al., 1984). Two-stage
carcinogenesis studies revealed a nonrandom distribution of
markers within both papillomas and carcinomas, consistent with
a clonal origin of these tumors (Iannaccone et al., 1978; Reddy
et al., 1983; Taguchi et al., 1984; Deamant and Iannaccone,
1987). Carcinomas arising at the site of prior papillomas were of
the same genotype, in support of intraclonal conversion (Taguchi
et al., 1984; Deamant and Iannaccone, 1987). By contrast, focal
hyperplasias are polyclonal (Winton et al., 1989). Skin carcino-
mas induced by ultraviolet (UV) radiation in Pgk-1 mosaic mice
are also clonally derived (Burnham et al., 1986).

The clonal origin and evolution within a tumor can also be
evaluated by following the presence of a consistent genetic mu-
tation. One set of genetic alterations identified at high frequency
in both SCC and BCC, as well as in putative precursor lesions,
occurs in the p53 gene. The characteristic occurrence of p53
mutations at dipyrimidine sites is evidence for the contribution
of UV radiation to these lesions. p53 mutations are observed
in SCC following UV exposure of both human and mouse skin
(Kanjilal et al., 1993; Ren et al., 1996). Positive immunostaining
for p53 in UV-irradiated mouse skin, indicative of mutations in
the p53 gene, has also been observed in clusters of macroscopi-
cally normal but putative preneoplastic epidermal cells (Berg
et al., 1996). Similarly, alterations in p53 have been noted in a
large proportion of microscopically normal human sun-exposed
skin and actinic keratoses (Ren et al., 1996). Multiple samplings
encompassing different histopathologies from individuals with
simultaneous presentation of SCC representing various degrees
of differentiation revealed the identical mutation across these
lesions, supporting their derivation from the same cellular clone;
the identical mutation could also be traced from dysplasia
through carcinoma (Ren et al., 1996). Distinct mutations were
observed in morphologically normal epidermis that displayed
p53 immunoreactivity (Ren et al., 1996). The mutations in these
sharply demarcated areas may provide an enhanced proliferative
advantage, but these cell clusters are not believed to be direct
precursors to carcinomas due to their distinct p53 genotype (Ren
et al., 1996, 1997).

The epidermal proliferative unit (EPU) in mouse skin is a
clonal structure defined as a columnar organization of differen-
tiating cells overlying 10–12 basal keratinocytes and derived
from an individual centrally located stem cell (Mackenzie,
1997). The relationship of p53 mutant clusters to the EPU can-
not be definitively evaluated owing to lack of suitable stem cell
markers. However, recent studies in the mouse have suggested
that the EPU provides a barrier to clonal expansion that must be
breached before autonomous cell expansion can ensue (Zhang
et al., 2001).

The heterogeneous nature of BCC has called into question the
clonal origin of this tumor type. However, the nonrandom inac-
tivation pattern of the X-linked HUMARA microsatellite marker
gene in sporadic BCCs is consistent with a monoclonal origin
(Walsh et al., 1998). Multiple sampling of individual BCCs
by microdissection and DNA sequencing of the p53 gene as a
genetic marker revealed the presence of a common mutation
across all samples. Within these tumors, additional genetic
changes were observed with some overlap across samples. Thus,
a single cell gives rise to multiple BCC phenotypes, with alter-
ations in p53 reflecting further clonal selection and expansion
within a cancer (Ponten et al., 1997).

26.3. EVIDENCE FOR EPIDERMAL
STEM CELLS AND LOCATION

The location of the stem cell population in skin has been a
subject of much controversy but might provide clues to the origin
of cutaneous tumors. A source of disparate information initially
came from contrasting results in the analyses of human and mouse
skin, but recent, more sophisticated, studies have resolved the
differences and confirmed the similarities of the two models (Mor-
ris and Potten, 1999; Taylor G. et al., 2000; Oshima H. et al.,
2001). This is an important advance because much of the experi-
mental skin carcinogenesis data derive from mouse studies while
the clinical analyses are from human tumors. Prevailing data sug-
gest that cells of the hair follicle bulge can fulfill all of the biologi-
cal characteristics of a stem cell population, including
multipotentiality to recapitulate the entire epidermis and adnexal
structures (Oshima et al., 2001). However, interfollicular skin
contains a basal population of adhesive, clonogenic cells with the
capacity to renew the epidermis and form autonomous prolifera-
tive units (EPUs) that persist from the same progenitor lineage
(Jones and Watt, 1993; Mackenzie, 1997; Tani et al., 2000; Watt,
2001). Thus, one has to conclude that stem cells or stem cell com-
partments may come in several flavors and could give rise to sepa-
rate lineages of tumor phenotypes.

The earliest phenotypic marker of a stem cell population in the
skin came with the recognition of a population of slow cycling
cells that retained a pulsed DNA marker for extended periods
(Mackenzie and Bickenbach, 1985). Surmising that such “label-
retaining” cells must be long-lived, investigators showed that
clonogenic cells in vitro were derived from this population (Mor-
ris et al., 1990). Using clonogenic capacity or follicle bulge loca-
tion as markers of stemness, recent studies have associated several
cell-surface and internal molecular markers with stem cell capac-
ity. Among these, increased expression of β1 or β4 integrins and
decreased expression of the transferrin receptor or connexin 43
have provided quantitative markers, while unique expression of
keratin 15, 17, and 19 have provided qualitative markers for stem
cell isolation (Jones and Watt, 1993; Michel et al., 1996; Lyle et
al., 1998; McGowan and Coulombe, 1998; Tani et al., 2000). What
is missing from these analyses is molecular evidence for the con-
tribution of any marker to stem cell characteristics. Since several
of these markers are typical of cutaneous tumors, understanding
their contribution to cell cycling, self-renewal capacity and
multipotentiality would improve insight into the pathogenesis of
these lesions. Recently, a functional marker based on the exclu-
sion of the vital dye Hoechst 33342 by label-retaining, clonogenic
mouse epidermal cells has provided evidence for the multipoten-
tiality of this population and a potential pathway for such cells to
regulate their internal signaling by excluding certain extracellular
signaling molecules (Liang and Bickenbach, 2002). In addition,
gene targeting of the epidermis by transgenic or knockout tech-
niques has revealed several internal signaling pathways that have
been associated with stem cell populations and contribute to tumor
formation (see below).

26.4. EVIDENCE FOR STEM CELL ORIGIN
OF CUTANEOUS TUMORS BASED
ON LOCATION OF TARGET CELLS

A long-standing hypothesis is that tumors developing from
stem cells will display the maximal range of histopathologies
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and malignant potential compared with those derived from tran-
sient amplifying cells or differentiating compartments. The per-
sistence of the initiated cell (Yuspa, 1994) points to the stem cell
as the target cell type for carcinogenesis; however, cells in the
differentiating compartment are capable of neoplastic transfor-
mation (Bailleul et al., 1990; Greenhalgh et al., 1993). Careful
histological dissection of progressing lesions and direct
oncogene targeting have been used to evaluate systematically the
contribution of specific cell populations to skin carcinogenesis
(Bailleul et al., 1990; Greenhalgh et al., 1993; Hansen and
Tennant 1994; Binder et al., 1997; Brown et al., 1998; Frame and
Balmain 1999).

Focal hyperplastic (papilloma precursor) lesions arising
during two-stage carcinogenesis were traced to the infundi-
bular region of a single hair follicle that clonally expanded
(Binder et al., 1997). Likewise, papillomas arising in TG-AC
mice in which oncogenic ras is the under control of the ζ-globin
promoter can be traced histologically to the permanent portion
of the follicle where the mRNA for the ras transgene was ini-
tially localized. This indicates that the potential to form squa-
mous tumors persists throughout the hair cycle. However,
the transient proliferation of bulge cells during early anagen
imparts enhanced responsiveness of the anagen follicle to two-
stage carcinogenesis compared to the telogen follicle (Miller et
al., 1993). When hair follicle cells and basal interfollicular
keratinocytes are isolated in vitro and subjected to transforma-
tion by a ras oncogene, they produce squamous tumors in vivo
that are indistinguishable, regarding both histopathology
and malignant conversion frequency (Weinberg et al., 1991).
The contribution of these cell populations to two-stage car-
cinogenesis was also evaluated by selective removal of the
interfollicular epidermis in vivo following 7,12 dimethyl-
benz[a]anthracene (DMBA) initiation (Morris et al., 2000).
Mice were promoted with 12-0-tetradecanoylphorbol-13-
acetate (TPA) after the remaining hair follicles were allowed to
reconstitute the epidermis. Those with intact initiated epider-
mis developed twice as many papillomas as mice with abraded
skin, demonstrating that both cell populations are targets in
these carcinogenesis protocols. Incidence of carcinoma, how-
ever, was similar between the groups, suggesting that hair fol-
licles harbor initiated cells with increased malignant potential
(Morris et al., 2000).

In vivo targeting of oncogenic ras to different epithelial com-
partments in transgenic skin also influences the tumorigenic out-
come. For example, targeting the Ha-ras oncogene primarily to
cells of the outer root sheath of mouse hair follicles using a trun-
cated K5 promoter yielded spontaneous papillomas and keratoa-
canthomas that were refractory to the tumor promoter TPA
(Brown et al., 1998). These tumors expressed keratin 13 and had
a high probability of progressing to invasive carcinoma. How-
ever, targeting oncogenic ras to the suprabasal cell compartment
by K1 or K10 promoters results in hyperkeratosis, and papillo-
mas develop only at sites of wounding or following TPA treat-
ment after a long latency (Bailleul et al., 1990; Greenhalgh et al.,
1993). These lesions are self-limited with low malignant poten-
tial, possibly reflecting their derivation from more differentiated
cells. Definitive evidence that stem cells impart the difference in
autonomy and malignant potential among these cell types awaits
elucidation of stem cell–specific proteins and more selective
promoter targeting.

26.5. EVIDENCE FOR STEM CELL ORIGIN
OF CUTANEOUS TUMORS BASED
ON CHARACTERISTICS OF TARGET CELLS

A subpopulation of “dark cells” has been recognized within
the infundibulum of the hair follicle and in the basal layer of
interfollicular epidermis (Raick 1973; Klein-Szanto et al., 1980).
The abundance of these cells during embryonic development,
and their induction following carcinogenic doses of DMBA, sug-
gested that they are both stem cells and target cells for tumor-
initiating agents (Slaga and Klein-Szanto, 1983). The proportion
of these cells increases up to 11-fold following treatment of
mouse skin with TPA (Klein-Szanto et al., 1980). While squa-
mous papillomas are enriched in dark cells (Raick, 1974), the
lack of a molecular explanation for the dark phenotype has pre-
vented their identification as true stem cells.

The contribution of label-retaining cells to carcinogenesis is
implied by the specific retention of carcinogen–DNA adducts in
these cells in vivo, consistent with the slow cycling of this popu-
lation and the irreversible nature of the initiation event in
two-stage carcinogenesis protocols (Morris, 2000). Carcinogen-
retaining cells are found in the bulge region of the hair follicle
and the central region of the EPU (Morris et al., 1986; Morris,
2000). Further support for a slow-cycling population as the tar-
get for initiation came from studies demonstrating that initiated
cells persisted in skin exposed to 5-fluorouracil after carcinogen
exposure and prior to tumor promotion by TPA (Morris et al.,
1997). Many basal cells undergo differentiation in response to
TPA, while label-retaining cells persist in the basal layer and are
induced to proliferate (Morris, 2000). Cells resistant to TPA-
induced differentiation in vitro were detected in basal
keratinocytes that were purified by Percoll density gradients.
This subpopulation of basal cells was capable of long-term pro-
liferation and may represent the label-retaining cells observed in
vivo. DMBA initiation alone in vivo did not alter the number of
clonogenic epidermal cells identified in vitro by colony forma-
tion assays. However, in vivo promotion with TPA expanded the
number of clonogenic cells isolated from uninitiated skin and, to
a greater degree, from DMBA-initiated skin (Morris et al., 1988).
Together, these results imply that clonogenic cells are derived
from the quiescent, differentiation-resistant population and are
targets for the mutagenic activity of chemical initiators.

26.6. EVIDENCE FOR STEM CELL ORIGIN
OF CUTANEOUS TUMORS BASED
ON MOLECULAR PATHWAYS

26.6.1. INTEGRINS  High expression of β1 and β4 integrins
has been associated with putative stem cells in mouse and human
models. In human SCCs, β1 integrins are reduced or lost while
α6β4 increases along with malignant progression (Rossen et al.,
1994; Savoia et al., 1994). Similar changes are associated with
SCC development in mouse skin in which a splice variant of α6
is also detected in more malignant lesions (Tennenbaum et al.,
1993, 1995). By contrast, β1 integrins persist in BCC while α6β4
is decreased or lost (Rossen et al., 1994; Tuominen et al., 1994).
How can these changes provide clues to the stem cell origin of
these biologically and genetically distinct lesions? Genetic abla-
tion of β1 integrins in mice is not compatible with hair follicle
formation (Brakebusch et al., 2000; Raghavan et al., 2000), a
trait shared with sonic hedgehog (SHH) ablation (Chiang et al.,
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1999). Conversely, overexpression of β1 integrins in human
keratinocytes suppresses differentiation (Levy et al., 2000).
Absence of differentiation into follicular or interfollicular struc-
tures is characteristic of BCC. Activation of α6β4 integrin recep-
tors initiates signals through the ras-mitogen-activated protein
kinase pathway and AP-1 transcription factors to influence cel-
lular function, and these pathways are essential to SCC develop-
ment (Mainiero et al., 1997). Furthermore, overexpression of
α3β1 integrins in the suprabasal compartment of mouse skin
suppresses malignant conversion of squamous papillomas
(Owens and Watt, 2001). Together, these findings suggest that
mutations in the stem cell population characterized by bright
staining of β1 integrins are more likely to yield BCC while α6β4
bright stem cells could be precursors to SCC.

26.6.2. β-CATENIN  Integrin β1–positive human kera-
tinocytes are also rich in non-cadherin-associated β-catenin, a
downstream effector of the Wnt signaling pathway (Zhu and
Watt, 1999). Consistent with the inability to form hair follicles
in the β1 null mouse genotype, mice ablated of the β-catenin
gene also fail to form hair follicles and lose hair follicles when
β-catenin is deleted postnatally (Huelsken et al., 2001). Instead,
they form intradermal cysts that express markers of keratinocyte
differentiation but retain a β1/keratin 15–positive stem cell popu-
lation in close contact. This indicates that β-catenin is required
for stem cell potentiality in the formation of hair follicle struc-
tures. That such a conclusion is related to skin cancer develop-
ment was confirmed by the targeting of a nondegradable mutant
form of β-catenin to the skin of transgenic mice (Gat et al., 1998).
These mice not only develop a high density of hair follicles, but
also develop hair follicle tumors of the pilomatricoma pheno-
type. The power of the mouse model was confirmed when
β-catenin mutations were detected in a high proportion of human
pilomatricomas (Chan et al., 1999). These studies closely link
developmental processes with certain forms of cutaneous cancer
and suggest that pathways that regulate development, such as
Wnt/β-catenin/Lef-1/Tcf, are important in both stem cell func-
tion and tumor development.

26.6.3. SONIC HEDGEHOG  Activation of the SHH devel-
opmental pathway is fundamental to the pathogenesis of several
skin tumor types including BCC, trichoepithelioma, and seba-
ceous nevi (Bale and Yu, 2001). Since activation of SHH is
detected in BCC in all of its varied phenotypic presentations, the
target cell for these tumors is likely to be multipotential. In
Drosophila, Hedgehog is identified as a somatic stem cell factor
(Zhang and Kalderon, 2001), and its downstream effector Gli 1
is localized in the mesenchyme surrounding the hair follicle bulge
in mice (Ghali et al., 1999). Genetic ablation of SHH in mice
produces a hairless phenotype (Chiang et al., 1999). Together,
these data support the hair follicle bulge stem cells as the target
for BCC formation. Further support comes from a model for
BCC development in which mice heterozygous for inactivating
mutations in the SHH receptor patched upregulate the promoter
for patched in the hair follicle bulge and develop BCC lesions
originating from hair follicles after skin irradiation (Aszterbaum
et al., 1999).

26.6.4. TELOMERASE  When one considers the long-lived
capacity ascribed to stem cells, it would be logical to consider
that such cells must maintain telomere length through multiple
generations presumably through telomerase activity. While ini-
tial reports suggested that human and mouse skin contained a

subpopulation of telomerase-positive cells, detailed analyses
concluded that cells with stem cell properties did not have
telomerase activity nor was telomerase activity high in the hair
follicle bulge (Ramirez et al., 1997; Bickenbach et al., 1998). By
contrast, telomerase activity was highest in the transit-amplify-
ing population. Nevertheless, virtually all skin tumors examined
have high telomerase activity (Taylor et al., 1996; Wu et al.,
1999; Chen et al., 2001), and reconstitution of cultured human
keratinocytes with hTERT extends the culture life-span without
altering differentiation potential (Dickson et al., 2000). Further-
more, targeting mTERT to the basal cells of transgenic mouse
epidermis enhances tumor formation (Gonzalez-Suarez et al.,
2001) whereas ablating the mTERT gene reduces skin tumor
susceptibility (Gonzalez-Suarez et al., 2000). From these stud-
ies, it would appear that telomeres must be maintained by an
alternative mechanism in stem cells or that the slow-cycling cells
do not shorten telomeres sufficiently until called on to prolifer-
ate, e.g., as an incipient tumor cell. If this is correct, then
telomerase could be a good target for therapy of skin tumors
without the additional concern of stem cell targeting.

26.6.5. c-myc  The protooncogene c-myc is downstream of
β-catenin/Tcf in the Wnt pathway and thus would be a good
candidate to mediate tumor formation arising from the stem cell
pool. In fact c-myc transcripts are elevated in BCC, the c-myc
gene is amplified in a subset of SCC, and targeting c-myc to the
basal epidermis of transgenic mice enhances chemical carcino-
genesis (Pelisson et al., 1996; Bonifas et al., 2001; Rounbehler
et al., 2001). However targeting of c-myc to the skin of transgenic
mice appears to deplete the stem cell pool and induce progression
of stem cells into the transit-amplifying population (Arnold and
Watt, 2001; Waikel et al., 2001). Interestingly, if c-myc is tar-
geted suprabasally in transgenic mice, benign squamous tumors
develop that regress when the overexpressed c-myc is repressed
(Pelengaris et al., 1999). When combined, this information sug-
gests that skin tumors may evolve from keratinocytes outside the
stem cell compartment, but such tumors have a different biologi-
cal potential (Brown et al., 1998).

26.6.6. p63  Considerable excitement in the field of cutane-
ous stem cells arose with the discovery that mice genetically
deleted for p63, a member of the p53 tumor suppressor family,
had arrested limb development and failed to form a stratified
epidermis and appendages (Mills et al., 1999; Yang et al., 1999).
The p63 gene encodes a variety of transcriptional species, some
of which share overlap with p53 transcriptional activity, while
others can act as dominant negatives for p63 or p53 transcrip-
tional activation (Yang et al., 1998). In fact, the predominant
species expressed in proliferating keratinocytes is a truncated
form with dominant-negative activity (Parsa et al., 1999). p63 is
associated with proliferation in vivo and in vitro, and high expres-
sion correlates with the anaplastic phenotype in oral SCC (Parsa
et al., 1999). However, in vivo studies have also suggested that
expression is restricted to a subpopulation of epidermal basal
cells reminiscent of the columnar organization of the EPU. Fur-
thermore, in vitro studies suggest that p63 may serve as a marker
to distinguish the stem cell and transit-amplifying cell popula-
tions, since expression is high in stem cell–derived holoclones but
lost in paraclones derived from transit-amplifying cells (Pellegrini
et al., 2001). Thus, this very promising pathway is undeciphered
with respect to stem cell functioning or tumor induction and awaits
clarification by ongoing studies.
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26.7. CONCLUSIONS
It is likely that stem cells are the target for at least a subpopu-

lation of cutaneous tumors since a variety of phenotypic mani-
festations can evolve from similar genetic lesions. Perhaps this
is best seen in BCC in which nodular, papillary, basosquamous
and adenomatous lesions all have defects in SHH signaling. Fur-
thermore, this pathway may contribute to trichoepithelioma and
sebaceous nevus development and could be downstream from
the pilomatricomas induced by mutations in β-catenin (Gat et al.,
1998). This spectrum of tumors suggests that BCC evolves from
mutational lesions in hair follicle stem cells presumably from the
bulge area (Fig. 1). Since complete interruption of SHH signal-
ing is incompatible with hair follicle formation, it is logical to
conclude that the SHH pathway is integral to the regeneration of
the hair follicle in each anagen cycle, and persistent activity of
the pathway would select cells that behave autonomously. What
is not clear is why mice do not develop BCC when exposed to
carcinogenic stimuli unless they have a partially disrupted SHH
pathway, as in the case of the patched mouse. One explanation
might be the common use of hairless mice for UV carcinogenesis
studies. These mice have bulge cells, but they are not in contact
with the inductive stroma of the dermal papilla that is required
for hair follicle morphogenesis (Cotsarelis et al., 1990;
Panteleyev et al., 1999). It has been proposed that BCC cells
must also remain in contact with inductive stroma to survive
(Miller, 1995). Additionally, in chemical carcinogenesis or

transgenic mouse studies, the use of phorbol ester tumor promot-
ers may convert label-retaining cells into transit-amplifying cells
(Morris, 2000). Alternatively, the relatively short anagen period
and rapid onset of catagen in mice may eliminate occasional cells
migrating from the bulge that harbor heterozygous mutations of
the SHH pathway.

Experimentally, squamous papillomas induced in mice by
chemical carcinogens have the capacity to differentiate into kera-
tinous or sebaceous cysts, depending on the microenvironment
(Andrews, 1974). This is an interesting example of neoplastic
reversion. It is increasingly clear that transit-amplifying or per-
haps even differentiation-committed cells have the capacity to
form benign tumors, as in the example of c-myc or oncogenic ras
targeted suprabasally to the skin of transgenic mice (Greenhalgh
et al., 1993; Brown et al., 1998; Pelengaris et al., 1999). Since
tumors from cells in these compartments rarely develop into SCC,
they may be analogous to actinic keratoses in sun-damaged human
skin (Fig. 1). This raises the issue of the consequence of stem cell
vs committed cell targeting for cancer. Many of the tumors most
likely of follicle stem cell origin (BCC and hair follicle tumors) are
induced through alterations in developmental pathways and are
relatively benign lesions. Likewise, most precursor lesions for
SCC (actinic keratoses in human and papillomas in mice) are ter-
minally benign and may spontaneously regress. However, a sub-
population of SCC precursor lesions in both species is at high risk
for premalignant progression, and in mouse studies these lesions

Fig. 1. Potential target cells for origin of cutaneous tumors in rodents and humans. Open circles represent integrin (-β1 or -β4) bright putative
stem cells and solid circles are integrin dull cells. DP, dermal papilla; HB, hair bulb; B, bulge; SG, sebaceous gland; AK, actinic keratosis; SCC,
squamous cell carcinoma; BCC, basal cell carcinoma; TE, trichoepithelioma; PM, pilomatricoma; Pap, squamous papilloma.
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are predetermined and recognizable from their initial phenotype
(Tennenbaum et al., 1993; Rehman et al., 1994). Could the deter-
mining factors reside in the inherent properties of the target cell,
the disturbed genetic pathway initiating the tumor host-modifying
factors, or the location of the incipient tumor? One logical expla-
nation would be that high-risk SCC precursors evolve as a result
of oncogenic activation of nondevelopmental pathways in epider-
mal or follicle stem cells. These populations would lose
multipotentiality by virtue of the somatic oncogenic pathway but
retain self-renewal by virtue of the stem cell origin. With increas-
ing knowledge of the biochemistry of the stem cell and the impact
of tumor-initiating mutations, such questions will be answered in
the near future.
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27 The Stem Cell Plasticity
of Aggressive Melanoma Tumor Cells

MARY J. C. HENDRIX, PhD, ELISABETH A. SEFTOR, BS,
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MARIO A. BOURDON, PhD, AND RICHARD E.B. SEFTOR, PhD

Microarray analysis of melanoma cell lines suggests that aggressive melanomas have a pluripotent, embryonic-like
phenotype, implying the possibility of a stem cell origin for tumor components. Aggressive melanoma cells also form
vascular structures and express endothelial-associated genes (including vascular endothelial-cadherin and EphA2) critical
for vessel formation, indicating that the tumor cells have the plasticity to generate progeny, which express multiple cellular
phenotypes with additional biological potential. This does not occur in poorly aggressive tumors, and, thus, expression of
these genes is a predictor of biological behavior of the tumor. The aggressive tumor cells were able to participate in the
neovascularization of ischemic tissue and produce factors that influence poorly aggressive tumor cells to assume a vascular
phenotype. Understanding the molecular underpinnings of the plasticity of melanoma cells may lead to more effective
diagnosis, treatment, and prevention measures for aggressive melanoma tumors.

27.1. INTRODUCTION
Like many types of cancers, cutaneous and uveal melanoma

could benefit tremendously from the development of valid pre-
dictors of the aggressive potential of these diseases in patients.
Recent studies aimed at characterizing the molecular signature
of melanoma tumor cells generated a classification scheme for
malignant cutaneous melanoma (Bittner et al., 2000), in addition
to a molecular profile for uveal melanoma (Seftor et al., 2002b).
These molecular tools demonstrated how global transcript analy-
sis could contribute to the classification of melanoma, which
may hold great promise in improving diagnosis and treatment.

The microarray analysis studies of differential gene expres-
sion of highly aggressive vs poorly aggressive human cutaneous
and uveal melanoma cell lines (Bittner et al., 2000; Seftor et al.,
2002b) revealed the coexpression of multiple phenotype-spe-
cific genes by the aggressive tumor cells, including those of
endothelial, epithelial, fibroblastic, hematopoietic, kidney, neu-
ronal, muscle, and several precursor cell types. These observa-
tions were quite intriguing and suggested that aggressive
melanoma cells may undergo a genetic reversion to a pluripotent,
embryonic-like phenotype. However, the biological significance
of the unexpected expression of multiple molecular phenotypes
by melanoma cells remains enigmatic. Indeed, these findings
have prompted further investigation regarding the potential rel-

evance of a “plastic” tumor cell phenotype and challenge our
current thinking of identifying and targeting tumor cells that may
masquerade as other cell types.

27.1.1. TUMOR CELL PLASTICITY ALLOWS FOR
VASCULOGENIC MIMICRY BY AGGRESSIVE MELANOMA
Many of the biological properties germane to embryogenesis are
also important in tumor growth. For example, during embryonic
development, the formation of primary vascular networks occurs
by the process of vasculogenesis—the in situ differentiation of
mesodermal progenitor cells (angioblasts or hemangioblasts) to
endothelial cells that organize into a primitive network (for a
review, see Risau, 1997; Carmeliet, 2000) (Fig.1). The subse-
quent remodeling of the vasculogenic network into a more refined
complex of vasculature occurs through angiogenesis—the sprout-
ing of new capillaries from preexisting networks. Similarly, it is
widely accepted that during cancer progression, tumors require a
blood supply for growth (Folkman, 1995; Rak and Kerbel, 1996;
Kumar and Fidler, 1998). Based on the molecular profile of the
aggressive melanoma cells, together with novel in vitro observa-
tions and correlative histopathology findings, our laboratory and
collaborators have introduced the concept of vasculogenic mim-
icry to describe the plasticity and unique ability of aggressive
melanoma tumor cells to express endothelial-associated genes
and form tubular structures and patterned networks in three-
dimensional (3D) culture that mimic embryonic vasculogenic net-
works (Maniotis et al., 1999; Hendrix et al., 2001; Hess et al.,
2001; Seftor et al., 2001). In animal and patient tumors, many of
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these networks are lined by tumor cells adjacent to channels, some
containing red blood cells (RBCs) and plasma, and possibly pro-
viding a perfusion mechanism and dissemination route within
the tumor compartment that functions either independently of or
simultaneously with angiogenesis. Tumors exhibiting vasculo-
genic mimicry have a poor prognosis (Maniotis et al., 1999);
however, the biological relevance of this potential perfusion path-
way remains to be elucidated (Hendrx et al., 2003).

A noteworthy example of melanoma tumor cell plasticity is
illustrated in Fig. 2, which shows the coalescence of several sphe-
roids of aggressive human cutaneous melanoma cells after 1 mo in
suspension culture. A histological section through this spheroidal
mass revealed that the outermost layer resembled a stratified
squamouse-like epithelium, while the inner mass was organized
like a mesoderm with evidence of vasculogenic-like networks.
This seemingly simplistic observation is an excellent illustration
of the phenotypic diversity exhibited by aggressive melanoma
cells, which is greatly influenced by microenvironmental factors.

The molecular underpinnings of melanoma vasculogenic
mimicry are beginning to unfold. Recent experimental evidence
has shown the importance of several key molecules in the forma-
tion of vasculogenic-like networks by melanoma cells, including
vascular endothelial (VE)-cadherin (CD144 or cadherin 5),
EphA2 (epithelial cell kinase), and laminin (Hendrix et al.,
2001; Hess et al., 2001; Seftor et al., 2001). These molecules (and
their binding partners) are also essential in the formation and
maintenance of blood vessels (Risau, 1997; Carmeliet, 2000).
VE-cadherin is an adhesive protein, previously considered to be
endothelial cell-specific, belonging to the cadherin family of
transmembrane proteins promoting homotypic cell-to-cell inter-
action (Hynes, 1992, Kemler, 1992; Lampugnani et al., 1992;
Gumbiner, 1996). EphA2 is a receptor protein tyrosine kinase
that is part of a large family of ephrin receptors (Pasquale, 1997).
Binding of EphA2 to its ligand ephrin-A1 results in the phospho-
rylation of EphA2; however, there is evidence indicating that
EphA2 can also be constitutively phosphorylated in unstimulated
cells (Rosenburg et al., 1997). Strong expression of EphA2 and
ephrin-A1 has been associated with increased melanoma thick-
ness and decreased survival, and the EphA2/ephrin-A1 pathway
has been linked to tumor cell proliferation (Straume and Akslen,

2001). Laminins are major components of basement membranes
and play an active role in neurite outgrowth, tumor metastasis,
cell attachment and migration, and angiogenesis (Malinda and
Kleinman, 1996; Colognato and Yurchenco, 2000; Straume and
Akslen, 2001). Proteolytic cleavage of laminin, particularly the
laminin 5 γ2 chain, can alter and regulate the integrin-mediated
migratory behavior of certain cells (Giannelli et al., 1997;
Malinda et al., 1999; Koshikawa et al., 2000; Straume and Akslen,
2001), illustrating its potential importance as a molecular trigger
in the microenvironment.

Fig. 1. Overview of vasculogenesis and angiogenesis.

Fig. 2. Example of melanoma tumor cell plasticity. (A) Microscopic
low-power view of the coalescence of several large spheroids of
aggressive human cutaneous C8161 melanoma cells after 1 mo in
suspension culture; (B) a histological section through an area delin-
eated by rectangle in (A), where outermost layer appears similar to
stratified squamous epithelium and inner mass shows vasculogenic-
like networks (arrows). Magnification: (A) ×15; original magnifica-
tion: (B) ×40.
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The importance of VE-cadherin, EphA2, and laminin 5 γ2 chain
is summarized in Fig. 3. Molecular analyses revealed that these
three molecules, among others, were dramatically overexpressed
in aggressive human cutaneous and uveal melanoma cells (Bittner
et al., 2000; Hendrix et al., 2001; Hess et al., 2001; Seftor et al.,
2001, 2002b). At the protein level, these molecules were expressed
only by aggressive tumor cells, not by poorly aggressive mela-
noma cells. The biological relevance of these molecules in

vasculogenic mimicry was further demonstrated by downregu-
lating their expression independently and measuring the conse-
quences on their ability to form vasculo-genic-like networks. This
approach revealed that downregulation of VE-cadherin, EphA2,
or laminin 5 γ2 chain resulted in the complete inability of aggres-
sive melanoma cells to engage in the formation of vasculogenic-
like networks in 3D culture (Hendrix et al., 2001; Hess et al., 2001;
Seftor et al., 2001). Additional experiments focused on tumor cell–

Fig. 3. Vasculogenic mimicry in aggressive human uveal and cutaneous melanoma. (A) Western blot analysis of VE-cadherin by aggres-
sive* human cutaneous (C8161) and uveal (C918, MUM-2B), but not poorly aggressive, cutaneous (C81-61) and uveal (OCM-1A, MUM-
2C) melanoma cells. (B,C) phase contrast microscopy of developing vasculogenic networks, at d 1 and 3, respectively, formed by aggressive
MUM-2B cells in 3D culture. (D,E) immunohistochemical localization of laminin 5γ2 chain (dark staining highlighting vasculogenic-like
networks) in aggressive C8161 cells in 3D culture (D), similar to laminin staining (dark staining surrounding spheroidal nests of tumor cells)
of network patterns in a patient tissue section with aggressive uveal melanoma. (F) poorly aggressive C81-61 cells cultured on a collagen
I gel for 4 d (showing no vasculogenic networks) and on a gel preconditioned for 2 d (G) by aggressive C8161 cells, which were subsequently
removed before addition of poorly aggressive C81-61 cells—which now form vasculogenic-like networks and express VE-cadherin,
EphA2, and laminin 5γ2 chain.
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associated extracellular matrix (ECM) led to the discovery of the
inductive potential of the microenvironment preconditioned by
aggressive melanoma cells and shown to influence poorly aggres-
sive melanoma cells to assume a vasculogenic phenotype (Seftor
et al., 2001). These data, along with subsequent observations of
vascular-associated gene expression (summarized in Fig. 3G),
suggest that highly aggressive melanoma cells deposit molecular
signals in their environment that have the potential to induce a
vasculogenic phenotype in poorly aggressive cells, with respect to
the formation of vasculogenic-like networks and the concomitant
expression of vascular-associated genes (VE-cadherin, EphA2,
and laminin 5 γ2 chain).

Based on the intriguing immunohistochemical colocalization
pattern of VE-cadherin and EphA2, together with immunopre-
cipitation data, we have proposed a novel hypothetical model for
signaling during vasculogenic mimicry (Seftor et al., 2002). This
model highlights the cooperative interactions of VE-cadherin
and EphA2 and suggests downstream signaling involving
phosphatidylinositol-3 kinase and focal adhesion kinase, initi-
ated by ephrin-A1 binding. These molecules are the focus of
ongoing investigations to elucidate important signaling pathways
involved in vasculogenic mimicry. Collectively, these findings
may provide the basis of new therapeutic and diagnostic methods
for cancer detection and mangement.

27.1.2. BIOLOGICAL RELEVANCE OF VASCULOGENIC
PHENOTYPE IN VIVO  Studies addressing the biological signifi-
cance of the melanoma vasculogenic phenotype in animal models
have focused on three major questions: (1) Is there a fundamental
difference in the vascularization of highly aggressive vs poorly
aggressive tumor cell masses? (2) Can a morphological connec-
tion be identified between tumor cell-lined vascular channels
within aggressive tumors and endothelial-lined vasculature? (3) Is
it possible for aggressive tumor cells to provide a vascular func-
tion when challenged to an ischemic environment?

To address the first question regarding potential differences
in the vascularization of highly vs poorly aggressive melanoma
cell masses, we utilized a dorsal skinfold window chamber in a
nude mouse model. Into the chambers were placed either aggres-
sive human cutaneous melanoma cells (in 3D collagen gels) or
poorly aggressive human cutaneous melanoma cells under simi-
lar conditions, and the data were recorded at various time inter-
vals over 2 wk with videomicroscopy and histological analyses.
As summarized in Fig. 4, the aggressive melanoma 3D culture
showed the presence of RBCs and plasma in tumor-lined chan-
nels and networks—in the absence of angiogenesis within the
tumor compartment. At the periphery of the tumor mass in the
stromal compartment, blood vessels were evident, suggesting a
possible connection between tumor cell–lined channels and
endothelial-lined vasculature. By contrast, the poorly aggressive
cutaneous melanoma cells in 3D collagen gels induced an angio-
genic response in the mouse model. These data demonstrate a
fundamental difference in the vascularization of highly aggres-
sive vs poorly aggressive melanoma tumor cell masses.

The second question sought to identify a potential biological
connection between tumor-lined vascular channels within
aggressive melanoma tumors and endothelial-lined vasculature.
Using a nude mouse model injected subcutaneously with red fluo-
rescent protein (RFP)–labeled aggressive human cutaneous mela-
noma cells, primary tumors were allowed to develop over 42 d.
As summarized in Fig. 5, a combination of routine histological

analysis and microsphere perfusion of the mouse vasculature and
confocal microscopy with 3D reconstruction revealed the pres-
ence of microspheres (derived from the perfused vasculature)
within the human tumor compartment. The endothelial-lined
mouse vasculature was seen at the periphery of the human tumor,
where fluorescein isothiocyanate (FITC)-labeled vasculature
overlapped with RFP-labeled tumor cells forming vasculo-genic-
like networks and channels. The aggressive human tumors dem-
onstrated vasculogenic mimicry and no necrosis within the tumor
compartment which coalesced with angiogenic mouse vessels at
the human–mouse interface. These data are the first demonstra-
tion of a physiological connection between tumor cell line vascu-
lar channels in aggressive melanoma tumors and mouse
endothelial-lined vasculature. However, Shirakawa et al. (2002)
have recently used dynamic micromagnetic resonance angiogra-
phy analysis and laser-capture microdissection to demonstrate a
similar vascular connection between vasculogenic mimicry
within inflammatory breast cancer xenografts and mouse angio-
genic/host vessels at the tumor margin. They used the strategy of
laser-capture microdissection to document the expression of
endothelial-associated genes by breast cancer cells within the
inflammatory breast xenograft that exhibited no central necrosis,
no endothelial cells, and no fibrosis.

The third question explored the plasticity of aggressive mela-
noma tumor cells by challenging them to an ischemic environ-
ment and assessing whether the cells would participate in
neovascularization and/or form a tumor. Hendrix et al. (2002),
injected intramuscularly Ad-RFP (RFP expressing adenovirus)-
or enhanced green fluorescent protein (EGFP)-labeled human
cutaneous metastatic melanoma cells into the hind limbs of nude
mice with surgically induced ischemia (resulting in blood flow
<15% of normal). Highlights of this study are presented in Fig. 6.
Five days postischemia, the presence of microspheres in limb
vasculature (perfused via the aorta) demonstrated reperfusion of
the limb as demonstrated by the presence of perfused beads within
the vasculature. Mice were perfused via the aorta with FITC-
labeled Bandeira simplicifolia lectin B4 (BSLB4) and Ulex
europaeus agglutinin to visualize the luminal side of the vascular
wall, and confocal microscopy revealed Ad-RFP-labeled mela-
noma cells adjacent to the luminal label. To exclude the possibil-
ity that Ad-vector targets murine vessels, similar experiments
were performed using metastatic melanoma cells stably trans-
fected with EGFP. Five days postischemia, histological cross-
sections of muscular tissue stained with mouse endothelial
cell–specific BSLB4 (followed by streptavidin–conjugated Alexa
dye 594) showed human melanoma cells adjacent to and overlap-
ping with mouse endothelial cells in a linear arrangement. When
poorly aggressive EGFP-labeled melanoma cells were introduced
at the site of ischemia in separate experiments, they were not
found 5 d postischemia. This evidence demonstrated the powerful
influence of the microenvironment on the transendothelial differ-
entiation of malignant melanoma cells needed for neovas-
cularization and reperfusion of ischemic limbs.

In our investigation of ischemic limb reperfusion, we chose to
examine selected Notch proteins known to promote the differen-
tiation of endothelial cells into vascular networks (Gridley, 2001;
Uyttendaele et al., 2001). By immunohistochemistry, Notch 3
and Notch 4 were strongly expressed in the malignant melanoma
cells, but not in the nonspecific antibody control nor in the poorly
aggressive melanoma cells. Notch signaling molecules are inte-
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Fig. 4. Microscopic comparison of vasculogenic vs angiogenic human cutaneous melanoma tumor xenografts (stained with hematoxylin and
eosin [H&E]) in 3D collagen gels in dorsal skinfold window chambers in nude mice for 10 d. Tumor cell–lined vascular channels are prominent
in lower magnification (A) and higher magnification (B,C) views of C8161 human aggressive melanoma cells in 3D collagen gels in dorsal
skinfold window chambers. RBCs (arrows) are seen in some vascular channels (B), and they appear to originate from vasculature in the stromal/
muscular region (C) underlying the tumor mass. (D) Poorly aggressive human cutaneous A375P melanoma cells in 3D collagen gels in a dorsal
skinfold window chamber demonstrate angiogenesis and tissue necrosis associated with the stromal/muscular compartment. Angiogenic
neovascularization is prevalent (higher-magnification insets) within the tumor mass. Original magnifications: (A) ×20; (B,C) ×63; (D) ×10.
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Fig. 5. Morphological assessment of the relationship between tumor cell–lined vascular channels within aggressive human cutaneous mela-
noma tumors (42 d after sc administration in nude mice) and endothelial-lined vasculature. (A) Confocal microscopy of mouse vasculature
perfused with F-BSLB4 and U. europaeus agglutinin delineating mouse vessels (green) showing red fluorescent microspheres (arrows)
delivered from mouse vasculature into the human melanoma tumor interface. (B) H&E-stained histological section reveals an area (outlined
by the rectangle) containing the mouse vasculature: melanoma interface at the tumor periphery, similar to that shown in (A). (C) H&E-stained
histological section within the central region of the melanoma tumor shows melanoma cell–lined vascular channels (arrow). (D) Confocal
microscopy shows the perfused mouse endothelial-lined vasculature (green) at the periphery (rectangle) of the melanoma tumor (containing
RFP-labeled melanoma cells), and (E) overlaps with the RFP-labeled melanoma cells. Original magnifications: (A) ×20; (B,C,E) ×40; (D) ×10.

Fig. 6. Microscopic analyses of revascularization of nude mouse ischemic hind limbs 5 (A,B) and 20 (C,D) d after surgical severing of femoral
arterial branches followed by inoculation with 1 × 103 Ad-RFP-labeled human metastatic cutaneous melanoma cells (C8161) intramuscularly.
(A) Confocal microscopy of mouse neovasculature at 5 d postischemia perfused with F-BSLB4 and U. europaeus agglutinin delineating
mouse vessels (green) and Ad-RFP-labeled tumor cells (red) with branched neovasculature containing tumor cells; (B) immunohistochemical
localization of Notch 3 protein expression in C8161 melanoma cells in reperfused ischemic muscle 5 d postischemia; (C) cross-section of
reperfused ischemic hind limb at 20 d postischemia showing brown immunostaining (for cytokeratins 8 and 18) of one C8161 melanoma cell
external to mouse vasculature; (D) microscopic view of H&E-stained tumor (section) formed intramuscularly by C8161 metastatic melanoma
cells at 20 d postischemia. Original magnifications: (A,B,D) ×40; (C) ×63.
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grally involved in cell fate determination of stem cells and
nonterminally differentiated cell types (Gridley, 2001;
Uyttendaele et al., 2001). Alterations in Notch expression and
signaling have also been implicated in human T-cell leukemia
(Ellisen et al., 1991), cervical carcinoma (Zagouras et al., 1995),
murine mammary carcinomas (Robbins et al., 1992), and pros-
tatic tumor progression (Shou et al., 2001).

Evaluation of the mouse reperfused limbs 20 d postischemia
showed well-formed vasculature with no detectable colocalized
metastatic melanoma cells. Rarely, a melanoma cell was found
external to the hind-limb vasculature, which had been completely
reperfused. By this time period, melanoma tumors had developed
in other areas of the musculature, suggesting that the influence of
the microenvironmental cues under ischemic conditions ceased to
control the transendothelial phenotype function of the aggressive,
malignant melanoma cells. Collectively, these observations ad-
vance our understanding of the remarkable inductive nature of the
microenvironment on aggressive tumor cells that express
vasculogenic/angiogenic molecules, together with cell fate deter-
mination signaling proteins, associated with a transendothelial
function. These findings present new possibilities for therapeutic
strategies and novel perspectives on tumor cell plasticity.

27.2. EXPRESSION OF STEM CELL–ASSOCIATED
AND PHENOTYPE-SPECIFIC GENES
BY AGGRESSIVE MELANOMA CELLS

Highlights of selected differentially expressed genes from the
molecular analyses of more than  30 human cutaneous melanoma
cell lines are presented in Tables 1 and 2. Highly aggressive vs
poorly aggressive melanoma cells, including genetically matched
highly and poorly aggressive cell lines from human cutaneous
melanoma patients, were hybridized to cDNA microarrays, as
previously described (Bittner et al., 2000). This experimental
strategy allowed the expression analysis of 6000 genes, simulta-
neously. Genes that were differentially expressed 2.1-fold and
greater (see Tables 1 and 2) are accompanied by information
regarding their putative function. Many of the listed genes have
been confirmed by reverse transcriptase polymerase chain reac-
tion measurement, which has shown an excellent concordance
with the differential gene expression profile derived by micro-

array (Seftor et al., 2002a). The spectrum of genes upregulated
and highlighted in Tables 1 and 2 reflects multiple molecular
phenotypes, including those of progenitor cells, endothelial, epi-
thelial, fibroblastic, hematopoietic, kidney, neuronal, muscle,
and placental cell types. We have previously presented the con-
cept that aggressive melanoma cells exhibit a deregulated geno-
type reminiscent of an embryonic-like stem cell. Although many
of our studies to date have focused on the biological significance
of melanoma upregulated genes associated with the vascular
phenotype, the potential role (or roles) of other stem cell–related
and phenotype-specific genes has not been investigated. Based
on the experimental findings demonstrating the transendothelial
function of human metastatic melanoma cells challenged to an
ischemic environment (Hendrix et al., 2002), it is tempting to
speculate that the expression of other genes (listed in Tables 1
and 2) might have functional relevance in the appropriate micro-
environment. However, further studies are required to address
this speculation.

27.3. CONCLUSION
The exquisite tools currently available to probe the genetic

profile of tumor cells and tissues have contributed significantly
to our understanding of the molecular underpinnings of tumor
progression. The molecular analyses of various cancers, includ-
ing melanoma, have generated more questions than answers
about the phenotype of aggressive tumor cells. Molecular profil-
ing of other tumor types such as breast, prostatic, and renal cell
carcinomas, and rhabdomyosarcoma has yielded molecular sig-
natures reflecting multiple phenotypes, thus supporting the
speculation of a deregulated genotype (Khan et al., 1998; Perou
et al., 2000; Voehringer et al., 2000; Luo et al., 2001). In our
current studies with cutaneous and uveal melanoma, we have just
begun to address the biological significance of the endothelial-
and epithelial-associated phenotypes as they relate to
vasculogenic mimicry. Based on the expression of specific genes
that are key to vasculogenic and angiogenic events, we have
suggested that aggressive melanoma cells have the potential to
revert to an embryonic-like phenotype, as demonstrated by the
de novo formation of vasculogenic-like networks reminiscent of
embryological events.

Table 1
Stem Cell–Associated Genes in Melanomaa

Gene name Unigene Function Ratio b

Stem cell factor receptor c-kit (KIT) Hs.81665 Tyrosine kinase receptor; oncogene 2.5
CD34 antigen Hs.85289 Hematopoietic progenitor cells 2.1
Leukemia inhibitory factor (LIF) Hs.2250 IL-6 superfamily member 8.3
Leukemia inhibitory factor receptor (LIFR) Hs.2798 LIF receptor 9.9
Colony-stimulating factor; M-CSF (CSF-1) Hs.173894 Hematopoietic progenitor cell factor 13.4
Colony-stimulating factor 3 receptor (CSF3R) Hs.2175 G-CSF receptor 2.6
Hematopoietic-lineage cell-specific protein (HCLS1) Hs.14601 LYN tyrosine kinase substrate 5.7
Lymphocyte-specific protein 1 (LSP1) Hs.56729 Signal transduction 2.9
Activated leukocyte cell adhesion molecule (ALCAM) Hs.10247 CD6 ligand 17.5
Neutral endopeptidase, CALLA (MME) Hs.1298 Cell adhesion molecule; CD10 4.7
Interleukin-4 receptor (IL-4R) Hs.75545 Lymphoid stem cell cytokine receptor 2.5

a Altered gene expression in human cutaneous melanoma was identified by cDNA microarray analysis.
b Selected genes with a differential cutaneous expression of 2.1-fold or greater are reported as a ratio of highly aggressive to poorly aggressive

cutaneous melanoma cells.
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It has been suggested that tumor plasticity allows vasculogenic
mimicry to occur (Bissell, 1999). However, relatively little is
known about the molecular switch for this event. Our observations
have indicated the importance of VE-cadherin and EphA2 in the
formation of vasculogenic-like networks, which may serve as
components of a vasculogenic switch (Hendrix et al., 2001; Hess
et al., 2001). However, the most exciting data revealing embryonic
decision-making genes overexpressed by aggressive melanoma
cells have identified Notch proteins as potential molecular
switches (Hendrix et al., 2002). Notch proteins are known to pro-
mote the differentiation of endothelial cells into vascular networks
(Gridley, 2001; Uyttendaele et al., 2001). These findings, along
with the melanoma expression of Notch proteins, EphA2, and VE-
cadherin, suggest that aggressive melanoma cells utilize a signal-
ing pathway similar to angioblasts in cell fate determination that
results in vasculogenic mimicry.

The fundamental question that should be addressed is: How
can one influence this embryonic-like stem cell phenotype and
convert aggressive melanoma cells to nonaggressive cell types,
with the hope of ultimately destroying them? In this regard, two
pieces of evidence may guide us in developing new strategies for
cancer management based on the tumor microenvironment. First,
the observation that aggressive melanoma cells, when placed in
an ischemic environment, can be influenced to form normal vas-
culature, at least transiently, before developing a tumor mass, is
remarkable (Hendrix et al., 2002). This key finding signifies the
importance of microenvironmental factors in altering the fate of
tumor cells. Second, the ability of ECM preconditioned by
aggressive melanoma cells to influence poorly aggressive mela-
noma cells to assume a vasculogenic phenotype suggests that

important molecular signals are deposited within the microenvi-
ronment that can induce cells to become aggressive (Seftor et al.,
2001). If we can decipher these molecular signals, new strategies
could be developed to inhibit them.

The field of stem cell research, including cancer stem cells, is
rapidly emerging with new information and concepts (Reya et al.,
2001). Indeed, recent studies have challenged previously held
dogma regarding tissue-restricted differentiation of postnatal stem
cells with convincing evidence that demonstrates pluripotency for
mesenchymal, neural, and hematopoietic stem cells (for a review,
see Anderson et al., 2001). Our melanoma transendothelial differ-
entiation results coincide with the recent observation that
cardiomyocytes induced endothelial cells to transdifferentiate into
cardiac muscle in ischemic hearts (Condorelli et al., 2001). This
study may provide clues as to the potential inductive nature of the
ischemic skeletal muscle in our experiments. Other studies sup-
porting our unique observations have shown that fibrocytes can
induce an angiogenic phenotype in cultured endothelial cells and
promote angiogenesis in vivo (Hartlapp et al., 2001), and transfor-
mation of fibroblasts into endothelial cells during angiogenesis
has also been shown (Kazunori and Fujiwara, 1994). Most intrigu-
ing is the potential significance of the expression of CD34, a pro-
genitor cell antigen, normally found in endothelial cells and now
reported in invasive malignant melanoma (Hoang et al., 2001). A
recent report has provided new information regarding the signal-
ing pathways involved in arterial-venous decisions by angioblast
precursor cells, including Notch-Gridlock pathways and EphB2
and EphB4 expression (Zhong et al., 2001). Previous observations
from our laboratory have shown the necessity for EphA2 in mela-
noma vasculogenic mimicry (Hess et al., 2001), which may coin-

Table 2
Phenotype-Specific Genes in Melanomaa

Gene name Unigene Function Ratio b

TIE-1 (TIE) Hs.78824 Endothelial tyrosine kinase 25.0
Epithelial cell kinase (EphA2) Hs.171596 Receptor tyrosine kinase, ECK 13.0
Vascular endothelial growth factor-C (VEGFC) Hs.79141 Lymphatics flt-4 ligand 6.5
Neuropilin (NRP1) Hs.69285 VEGF receptor 5.3
VE-Cadherin, cadherin-5 (CDH5) Hs.76206 Cell-cell adhesion molecule 11.0
Connective-tissue growth factor (CTGF) Hs.75511 Growth factor 26.0
Hypoxia-inducible factor 1α (HIF1A) Hs.197540 bHLH transcription factor 3.1
Podocalyxin-like protein (PODXL) Hs.16426 Sialoglycoprotein foot process 15.0
Endothelial differentiation receptor (EDG1) Hs.154210 G-coupled receptor 3.7
Endothelial cell–specific molecule (ESM1) Hs.41716 Endothelial–specific signaling molecule 41.0
Endothelial differentiation-related factor-1 (EDF-1) Hs.174050 Endothelial cell differentiation regulator 4.8
Macrophage maturation-associated protein (MMA) Hs.79889 Differentiation molecule 4.5
Placental Bikunin (SPINT2) Hs.31439 Serine protease/coagulation inhibitor 11.5
Smoothelin; α actinin (SMTN) Hs.149098 Colocalizes with actin/desmin 6.1
Desmin (DES) Hs.171185 Muscle IF 2.7
Fibrillin 1 (FBN1) Hs.750 Elastic fiber 5.0
Keratin 7 (KRT7) Hs.23881 Intermediate filament 29.0
Keratin 8 (KRT8) Hs.230298 Intermediate filament 13.0
Keratin 18 (KRT18) Hs.65114 Intermediate filament 16.0
Urokinase (PLAU) Hs.77274 Serine protease 48.0
Urokinase plasminogen activator receptor (PLAUR) Hs.179657 Protease receptor 9.2
Neuronal tissue–enriched acidic protein (NAP22) Hs.79516 Intercellular signaling 9.7

a Altered gene expression in human cutaneous melanoma was identified by cDNA microarray analysis.
b Selected genes with a differential expression of 2.1-fold or greater are reported as a ratio of highly aggressive to poorly aggressive cutaneous

melanoma cells.
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cide with some of the findings in the angioblast cell fate determi-
nation study.

The plasticity of aggressive tumor cells and their ability to
mimic other cell types has been observed in melanoma, breast,
prostate and ovarian cancer (Bittner et al., 2000; Hendrix et al.,
2000; Sood et al., 2001; Seftor et al., 2002b; Sharma et al., 2002;
Shirakawa et al., 2002). These findings represent a significant
clinical challenge in the detection and classification of tumor
types. Although we and others have focused on the importance of
vasculogenic mimicry with respect to providing possible perfu-
sion and dissemination routes to rapidly growing tumors, this
mimicry may also provide an evasion mechanism from immune
surveillance based on the expression of genes that are associated
with normal cell phenotypes (Seftor et al., 2003). This is an
intriguing and daunting speculation that requires additional
investigation. As these questions are addressed regarding the
molecular determinants of tumor cell plasticity, our hope is that
new diagnostic markers and therapeutic targets will be identified
for clinical use.
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28 Stem Cells in Glandular Organs

KARIN WILLIAMS, PhD AND SIMON W. HAYWARD, PhD

The interaction of stroma and glandular tissue determines the phenotype of the glandular organ. The gastrointestinal (GI)
stem cell model system is presented as an example of epithelial tissue turnover. In the GI epithelium, there are approximately
four to six functional stem cells per crypt. These give rise to transit-amplifying cells that can differentiate into the different
mature cells of the GI tract including mucous, absorptive, secretory, and neuroendocrine cells with different proportions
at different levels of the GI tract. About 80–90% of the long-lived clones in the GI tract are unipotent, with the remainder
being multipotent. Other glandular organs have similar cell lineage arrangements with different differentiation potentials.
The differentiation potential of immature epithelial cells is controlled by the mesenchymal stroma through permissive or
instructive effects. For example, embryonic mammary mesenchyme can induce mammary gland differentiation of skin
epithelium through a process of induction of a new phenotype by the developing transit-amplifying cells, an example of
metaplasia. Metaplasia, the change from one type of epithelium to another, is a prominent feature of mature glandular
organs; squamous metaplasia of the prostate occurs in response to estrogens, and in the lung as a result of exposure to
cigarette smoke. Metaplasia is a process of altered differentiation of the progeny of the tissue progenitor or stem cell;
transdifferentiation is a change from one differentiated phenotype to another by the same cells. Thus, transdifferentiation
in this context does not involve stem cells. Tissue recombination experiments show that exposure to inductive mesenchyme
is sufficient to stimulate a stem cell population to generate daughter populations different from the tissue of origin but is
insufficient to force transdifferentiation of committed epithelial cells.

28.1. INTRODUCTION
At the heart of any discussion of stem cell biology is the ques-

tion of definition: what is a stem cell? Embryonic stem (ES) cells
are totipotent, having the plasticity to give rise to all of the cell
types required for development and adult function. However,
in the adult, it has been considered that stem cells have a more
restricted repertoire. Accepted definitions of adult stem cells
include the ability to continue to self-replicate in adulthood and
multipotentiality (the ability to give rise to daughter cells with
more than one phenotype). Stem cells are often described as
normally having low proliferative activity with the ability to mul-
tiply in response to appropriate stimuli, such as in wound healing.
This potential to repopulate a tissue was thought to be restricted
to the organ in which the stem cell resides. However, data have
accumulated suggesting that the plasticity of adult stem cells may
be far wider, perhaps encompassing the repertoire of an entire
embryonic germ (EG) layer. Metaplastic changes, in which cells
of one tissue type take on characteristics of another, have been
recognized by pathologists for many years (Lugo and Putong,
1984). Metaplasia demonstrates that adult epithelia retain an abil-

ity to take on a new differentiated phenotype. This may be due to
true transdifferentiation (the conversion of one differentiated cell
type to another) or may represent a proliferative response of stem
cells implying that stem cells have wider specificity than the cells
of the organs from which they are derived (Slack, 2000; Slack and
Tosh, 2001).

Mammalian cloning experiments have shown that nuclei from
established cell lines and from differentiated adult tissues retain
the ability to regenerate an entire fetal and adult animal (Campbell
et al., 1996; Wilmut et al., 1997). Such phenomena, however,
require highly specialized manipulations. Recent investigations
have demonstrated that the livers of human bone marrow trans-
plant patients contain hepatocytes derived from their grafts (Alison
et al., 2000). This result confirms experiments in which the fate of
bone marrow cells transplanted into mice was carefully tracked
(Petersen et al., 1999). A series of studies relating to the ability of
cells to populate tissues has established that bone marrow cells can
contribute to the epithelial parenchyma of the kidney (Poulsom
et al., 2001). Cells derived from the central nervous system (CNS)
have been reported to contribute to tissues derived from all three
EG layers (Clarke et al., 2000; Kondo and Raff, 2000). One recent
study has suggested that germ layer shifts in CNS cells could be
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attributable to cellular potency changes resulting from spontane-
ous cell fusion (Ying et al., 2002). Another study suggests that the
change from neural to hematopoietic cell types may result from
genetic or epigenetic alterations occurring during prolonged cell
passaging (D’Amour and Gage, 2002; Morshead et al., 2002). This
ongoing debate demonstrates that a major change is taking place
in our perception of the nature of stem cells and the nature of
cellular differentiation.

Current perceptions of stem cells focus on the plasticity of the
differentiated phenotype and on mechanisms that might induce
changes from different levels of differentiation. Traditional mod-
els of differentiation suggest that there are certain irreversible
points of commitment between the totipotent ES cell and the fully
differentiated cells in functional adult tissue. By contrast, recent
analyses have proposed a continuum of differentiation with cells
having less propensity to exhibit stem cell–like behavior as they
express more specific characteristic markers (Blau et al., 2001).
On a molecular basis, the “developmental commitment” can be
considered as being encoded in combinations of transcription fac-
tors (Slack and Tosh, 2001). This represents the resurrection of the
idea of combinatorial gene control proposed nearly 30 yr ago
(Gierer, 1974). Commitment to a specific phenotype is considered
reversible, allowing the possibility that individual cells can revert
to a less committed phenotype by changing their combination of
expressed transcription factors. The caveat to this is that as differ-
entiation proceeds the degree of difficulty involved in reversing
the process increases.

In this chapter, we examine the broad topic of stem cells in
glandular organs rather than the role of stem cells in a particular
organ. We also address the question of what stem cells are and

whether a given organ is served by a truly organ-specific stem cell
population. In addition, we focus on stem cells in epithelial tissues
and discuss the interactions of these cells with their local microen-
vironment. Finally, we discuss the phenomena of metaplasia and
transdifferentiation as they apply to our comprehension of stem
cell biology.

28.2. MODELS OF STEM CELL BIOLOGY
Stem cell–based models of development and proliferation

have been proposed in a number of organs. These models have
generally suggested the presence of a stem cell compartment with
the potential to undergo many rounds of division. Divisions of
stem cells are proposed to give rise to daughter cells that are
stem cells or that join a population of transient-amplifying cells
capable of undergoing clonal expansion, finally giving rise to a
cell population that is fully differentiated but has limited poten-
tial for proliferative activity (Hume and Potten, 1979; Lavker and
Sun, 1983). Isaacs (1985) proposed such a stem, amplifying, tran-
sit cell model for the prostate, which is summarized in Fig. 1. The
prostate is potentially a good model in which to study stem cell
biology because it is dependent on androgenic stimulation for its
development and for maintenance of its glandular structure in
adulthood. If androgens are removed, the prostate will regress,
and if they are reintroduced, it will regrow. Stem, amplifying,
transit cell models provide a simple basis from which to deter-
mine how the growth and maintenance of organs could come
about. However, these models do not address the questions:
Where are stem cells located? How does this location affect glan-
dular structures? What might be the phenotypic characteristics of
stem cells?

Fig. 1. Model of cell amplification in the prostate. This figure, modified from Isaacs (1985), illustrates a stem-amplifying-transit cell lineage
model of organ development. In the case of the prostate, an androgen-dependent gland, Isaacs proposed that there were androgen-independent
and androgen-dependent populations. In this model, androgen-independent cells are able to initiate the growth of prostate tissue and retain
glandular rudiments following castration that can then undergo clonal expansion to repopulate the gland in response to androgenic stimulation.
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The location of stem cell populations in glandular tissues has
been studied most closely in the gastrointestinal (GI) tract. Stem
cells of the gut epithelium give rise, via asymmetric cell mitosis,
to daughter cells with more than one phenotype. These pheno-
types include a range of distinctive cell types, including the
Paneth, goblet, and endocrine cells. The perpetually self-renew-
ing gut tissue consisting of proliferating, differentiating, migrat-
ing, and dying cells is not directly the progeny of the stem cells
but rather of stem cell daughters. The stem cell daughters retain
proliferative potential giving rise to a clonally expanding popu-
lation; however, the proliferative potential of each daughter is
finite, unlike the potential of the stem cell. Commitment of
daughter cells to a specific secretory cell–type fate in the small
intestine apparently occurs in a cell type–determined manner at
different points between a stem and a differentiated cell. For
example cells become committed to the endocrine lineage at an
early point but do not commit to one of the nine or so different
endocrine cell types until a later point (Rindi et al., 1999).

Gut stem cells all reside within the epithelial units that are
known in the stomach as glands and in the intestine as crypts. Both
of these units consist of areas in which the stem cells and their
proliferating daughters reside, migratory zones in which cells are
both migrating and differentiating and a fully differentiated zone
in which mature and dying cells are located. Nomura et al. (1998)
have identified the existence of at least three to four stem cells
located within the isthmus region of the developing/maturing
stomach glands and maintenance of one or more stem cells in the
mature units. Their elegant study examined cell lineage by use of
a lacZ-carrying X-chromosome. Chimeric (mixed blue and white)
glands were observed at early time points, indicating the presence
of more than one progenitor cell. Two progenitor cells would pro-
duce 50% mixed, 25% homochromatic ratios. The ratios noted by
these researchers were, however, closer to 75%, indicating that at
least three stem cells are involved. Glands are therefore initially
seeded by more than one stem cell (Nomura et al., 1998), but
mature glands generally are derived from only one stem cell
(Canfield et al., 1996; Nomura et al., 1998), possibly as a result of
stem cell competition, in which a stem cell must compete for a
favored position within the gland (Loeffler et al., 1993), or due to
symmetrical/asymmetrical cell divisions removing stem cells from
the population. As compared to the stomach, the intestinal crypts
progress to monoclonality in a similar but accelerated fashion
(Ponder et al., 1985; Griffiths et al., 1988; Schmidt et al., 1988;
Winton et al., 1988; Roth et al., 1991; Gordon et al., 1992;
Hermiston and Gordon, 1995). While crypts are generally accepted
to be monoclonal, it is thought that there are four to six functional
stem cells per crypt (Bjerknes and Cheng, 1999). This apparent
discrepancy arises in part because the stem cells present within the
gland are themselves clonal (i.e., they are daughters of a single
stem cell produced by symmetrical division). Such cells cannot be
differentiated using the present techniques of following X-chro-
mosome inactivation patterns, chimeric lineage analysis, or
retroviral integration.

Repopulation experiments have failed to answer the question
of how many stem cells are present because immature first-
through third-generation stem cell daughters (which are, of
course, themselves monoclonal) may be able to repopulate the
entire crypt in times of crisis by reprogramming back into stem
cells (Merritt et al., 1994; Potten et al., 1997; Potten and Grant,
1998; Booth et al., 2000;). Targeted ablation studies using

transgenic mice carrying reporter genes have confirmed that cer-
tain cell lineages of the gut epithelium share a multipotent pro-
genitor intermediate (Rindi et al., 1999). However, Bjerknes and
Cheng (1999) found that 80–90% of the long-lived clones in the
small intestine are unipotent, with the remainder being
multipotent. This finding does not undermine the existence of
true stem cells but does indicate the problems that arise when the
stem cells and the long-lived but finite first- through third-gen-
eration daughters cannot be readily distinguished from each other.

Multiple stem cells are also found within a single niche in the
tracheal epithelium and submucosal glands (Engelhardt et al.,
1995). Lineage analysis using recombinant retroviruses has dem-
onstrated the existence of both unipotent and multipotent pro-
genitors in submucosal glands (Engelhardt et al., 1995).
Borthwick et al. (2001) have further localized the stem cells to
specific regions of the glands and trachea.

Studies in the urogenital tract using chimeric Balb/c/C3H mice
indicate that glandular organs such as the prostate and seminal
vesicles, as well as nonglandular structures such as the epididy-
mis, bladder, ureters, and kidney, were not clonal (Lipschutz et al.,
1999). This finding suggests that these structures were derived
from more than one progenitor cell. By contrast, in the same study,
uterine glands were never found to be chimeric. The investigators
suggest that this indicates a monoclonal origin for uterine glands.
However, it is entirely possible that these glands are in fact origi-
nally polyclonal but undergo sorting procedures similar to the
stem cell selection described for intestinal crypts.

The submandibular salivary gland is generated from a diverse
array of progenitor cells that contribute to the functional and archi-
tectural complexity. It has been implied in many reports in the
literature (Toyosawa et al., 1999, and references within) that small
cell undifferentiated carcinomas of the salivary gland arise from a
ductal stem cell with a multidirectional capacity. This putative
stem cell is thought to reside within the intercalated ducts.

There has been a long search for specific cellular markers that
will identify stem cells within a tissue. Cytoskeletal proteins such
as cytokeratins have been utilized in several studies in an attempt
to identify specific cell phenotypes and lineages in proliferative
and nonproliferative compartments in glands such as the breast
and prostate (Taylor-Papadimitriou and Lane, 1987, 1989, 1992;
Bartek et al., 1990; Hudson et al., 2000, 2001; Wang et al., 2001).
These studies suggest that there may be specific profiles of cellular
marker expression that define the position of a cell within the
differentiation process, and as well as that expression of certain
combinations of markers is restricted to early or stem cell popula-
tions. Other studies suggest that putative stem cells can be identi-
fied either by the absence of a specific marker (e.g., p27Kip1 in the
prostate [De Marzo et al., 1998a, 1998b]) or by the overexpression
of certain specific markers (e.g., pp32 in the intestine and prostate
[Malek et al., 1990; Walensky et al., 1993]). Such markers of stem
cell phenotypes are covered more fully in other chapters.

28.3. POTENTIALITY
OF ADULT EPITHELIAL TISSUES

Glandular organs are generally composed of an epithelial
parenchyma surrounded by stroma. For a long time the stroma
was considered to be a supporting matrix that aided in organ
function. For example, the fibromuscular prostatic stroma pro-
vides the force needed for ejaculation, while smooth muscle in
the gut provides the peristaltic action needed to move food. It is
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now clear that the stroma plays an active role both in develop-
ment, in which mesenchyme directs epithelial differentiation,
and in the adult, in which the differentiated state of the epithelial
cells is maintained by continuous interactions with the adjacent
stromal cells (Hayward and Cunha, 2000). This continuous cross
talk between tissues in an organ also regulates functions such as
proliferation and apoptosis (Kurita et al., 2000a, 2000b, 2001;
Risbridger et al., 2001a).

Following gastrulation, the mammalian embryo is composed
of cells representing the three germ layers that will give rise to
all of the tissues of the body. In a simplistic representation, the
external surface is covered with a layer of ectoderm that will give
rise to the skin, as well as the sweat, mammary, and preputial
glands. The endoderm will give rise to the GI tract and those
structures, such as the liver, pancreas, prostate, and bladder, that
are derived from it. The mesodermal layer, which occupies the
space between these surfaces, will give rise to all of the mesen-
chymal tissues, including the muscles and connective tissues. As
a result of mesenchymal-to-epithelial transitions, mesoderm also
gives rise to epithelial structures including the urogenital tract
derivatives of the Wolffian and Müllerian ducts (the ureters, epi-
didymis, ductus deferens, and seminal vesicles, and the fallopian
tubes and uterus, respectively).

The phenomena of metaplasia and transdifferentiation repre-
sent changes in the differentiation of epithelial tissues. Metapla-
sia represents the presence in a tissue of an epithelial cell
phenotype not normally found in the location being examined.
Many examples of metaplasia are recognized by pathologists. In
many cases, these are protective responses. For example, many
epithelial tissues will take on a squamous phenotype following
injury or persistent insult, covering and sealing the wounded
surface. In other cases, metaplasia may result from a chemical
insult. In the prostate, estrogen exposure results in the formation
of squamous metaplasia (Triche and Harkin, 1971; Kroes and
Teppema, 1972; Helpap and Stiens, 1975; Risbridger et al.,
2001a, 2001b;). In human prostate cancer patients, treatment
with synthetic estrogens gives rise to squamous metaplasia, a
phenomenon now rarely seen in countries where this treatment
regimen has been discontinued. In utero exposure to female sex
hormones, notably diethylstilbestrol, also results in squamous
differentiation (Driscoll and Taylor, 1980). Metaplasia can be a
benign protective response to a particular insult. However, meta-
plasia is often seen as a premalignant condition because the in-
sult that gaves rise to a metaplastic response can persist and
induce malignant transformation. Thus, e.g., cigarette smoke
induces stratified squamous metaplasia in the trachea and bron-
chi. Continued smoking leads to malignant transformation and a
finding of squamous carcinoma in the respiratory tract. It is note-
worthy that all of the clinically observed metaplastic changes are
apparently restricted to the repertoire of the germ layer from
which the epithelium is originally derived.

Metaplasia can be a result of proliferation of a stem cell popu-
lation to give rise to daughter cells with an inappropriate or abnor-
mal phenotype. Metaplasia includes the more restrictive class of
cellular changes known as transdifferentiation. Unlike other forms
of metaplasia, in which tissues can result from proliferation of
stem or transitional/amplifying cell populations, transdifferen-
tiation is defined as “an irreversible switch of one type of already
differentiated cell to another type of normal differentiated cell”
(Okada, 1991; Slack and Tosh, 2001). Note, however, that many

articles use the word transdifferentiation without due regard for its
strictly defined meaning. While there are limited documented
examples, transdifferentiation occurs during development
(Patapoutian et al., 1995), and in some specialized laboratory situ-
ations such as in cell culture (Danielpour, 1999). However, in
normal and benign adult disease transdifferentiation is not com-
mon. In malignant disease, epithelial-to-mesenchymal transitions
are well documented. However it can be argued that these fall
outside of the definition of transdifferentiation because they do not
result in the formation of a normal differentiated cell. In the con-
text of the present article, transdifferentiation is apparently not
relevant to stem cell biology since, in contrast to other forms of
metaplasia, it involves only previously differentiated adult cells.

A series of tissue recombination experiments has established
that epithelial tissues from a range of sources can respond to induc-
tive mesenchyma by changing their pattern of differentiation.
These experiments involve the separation of epithelial and mesen-
chymal cells from different organs and their heterotypic recombi-
nation, as shown schematically in Fig. 2. Recombined tissues are
then grown as subrenal capsule implants in either syngeneic or
immunodeficient rodent hosts or, alternatively, in the case of
embryonic birds grafted in ovo, and subsequently examined to
determine the nature of the resulting recombinant tissue.

Two classes of mesenchymal and stromal interaction with
epithelium have been recognized: permissive effects and instruc-
tive effects (Haffen et al., 1987). A permissive effect supports a
previously determined developmental program already speci-
fied by the epithelium, e.g., supporting differentiation of an adult
tissue. An instructive effect elicits a new program of markers in
the epithelium specified by the mesenchyme, as found in the
process of organogenesis. The first effect can be illustrated in
heterospecific but homotypic intestinal recombination experi-
ments, as summarized in Table 1. In these experiments, 14-d
fetal rat intestinal mesenchyme and endoderm were recombined
with endoderm and mesenchyme from 5.5-d-old embryonic chick
intestines. The resultant recombinations were developed as
intracolemic grafts in ovo and examined in terms of endodermal
expression of brush-border enzymes. Recombinants of rat mes-
enchyme with chick endoderm expressed sucrase but not lactase
while the opposite recombination produced the opposite enzyme
patterns. This pattern of expression would be expected of the
source endoderm because at this stage of development chick
intestine expresses sucrase but not lactase while rats have the
opposite expression (Kedinger et al., 1981). Thus, the mesen-
chyme in these experiments supports the differentiation of the
gut endoderm and allows the expression of markers characteris-
tic of the species from which the epithelial tissue was derived.

Instructive interactions of mesenchyme with the epithelium
have been demonstrated in the development of the gut, using the
chicken and the Japanese quail as model systems, as summarized
in Table 2. Mesenchyma from the stomach and small intestine of
these birds exert instructive influences on the morphogenesis
of both allantoic epithelium and epithelium from various levels
of the digestive tract (Gumpel-Pinot et al., 1978). Thus, when
stomach mesenchyme is recombined with allantoic epithelium,
the morphology and expression of markers by the epithelium
changes to that of stomach epithelium. Similar experiments have
demonstrated glandular induction in ectoderm. For example,
embryonic mammary mesenchyme can induce mammary gland
differentiation from skin (Cunha et al., 1995), and rabbit corneal
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Fig. 2. Schematic representation of tissue recombination. Stromal and epithelial tissues are separated from each other and isolated. The tissues
are then recombined in either homotypic (stromal and epithelial cells from the same organ) or heterotypic (stromal and epithelial cells from
different organs) combinations.

Table 1
Permissive Mesenchymal Effect on Epithelium

in Heterospecific but Homotypic Recombination Experimenta

Epithelium source Mesenchyme source Marker expression pattern

Fetal rat intestine Embryonic chick intestine Lactase (rat-specific marker)

Embryonic chick intestine Fetal rat intestine Sucrase (chick-specific marker)

a The mesenchyme supports expression of a set of markers already specified by the epithelium. (Data
from Kedinger et al., 1981.)

epithelium likewise has been demonstrated to produce sweat
glands or pilosebaceous units when combined with embryonic
dermis (Ferraris et al., 2000).

Experiments performed with epithelial and mesenchymal tis-
sues from the endodermal hindgut and Wolffian duct derivatives
have shed more light on the role of the germ layer of origin in
determining epithelial cell fate. Urogenital sinus mesenchyme
(UGM) has been shown to produce prostatic morphogenesis in
the epithelium of the urogenital sinus, vagina, adult prostate, and
embryonic urinary bladder (Cunha, 1972, 1975; Cunha and Lung,
1978; Cunha et al., 1980; Norman et al., 1986). Stromal–epithelial
interactions were once thought to determine irreversibly the devel-
opmental fate of the epithelium. However, recombinations of adult
bladder epithelium with UGM demonstrated that adult tissue could,
in some instances, be made to redifferentiate along another path-
way (Cunha et al., 1983; Neubauer et al., 1983). The adult bladder
epithelium gives rise to secretory prostatic structure as a result of
proliferation and reorganization of the adult bladder basal cells.
This process closely resembles the sequence occurring in normal
prostatic development. The ductal–acinar structures formed in this
experiment resemble prostatic epithelium in terms of histology,

histochemistry, expression of androgen receptors, androgen
dependency for DNA synthesis, and production of prostate-spe-
cific antigens (Cunha et al., 1983; Neubauer et al., 1983). More
recent studies have confirmed that adult human bladder urothelium
can also be induced to generate prostatic structures by rat UGM
(Aboseif et al., 1999). In similar experiments, Li et al. (2000) dem-
onstrated that bladder epithelium can also respond to rectal mesen-
chyme giving rise to glandular structures with characteristic
intestinal histology and secretions. It is noteworthy that their study
also documents that a subpopulation of epithelial cells take on a
glandular appearance. As in recombinants involving UGM, signifi-
cant areas of transitional differentiation were still seen in recombi-
nants composed of bladder epithelium and rectal mesenchyme.

Descriptions of bladder epithelium + UGM and bladder epithe-
lium + rectal mesenchyme recombinants strongly suggest that the
process that is occurring is not one of transdifferentiation (the
change of mature adult cells from one phenotype to another) but,
rather, one of induction of a new phenotype. Thus, the bladder
epithelium does not uniformly respond to the inductive effects of
the mesenchyme by changing its pattern of differentiation, but,
rather, a subpopulation of cells within the urothelial layer responds

28/Will/307-316/F 8/20/03, 11:07 AM311

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


312 WILLIAMS AND HAYWARD

to the inductive mesenchyme and gives rise to new prostatic or
intestinal glandular structures. It is noteworthy that in both the
bladder and the prostate proliferative rates are naturally extremely
low. By contrast, the rectum, which is a part of the GI tract, has a
much higher rate of cell turnover. Thus, stem cell populations must
have a capacity to engage in a wide range of proliferative activity
with that activity being dependent on the organ in which the cell
is finally located. Regulation of stem cell proliferation in this con-
text is therefore likely to be controlled by interactions with the
local stromal microenvironment.

Like UGM, newborn rat seminal vesicle mesenchyme (SVM)
is a powerful inducer of glandular differentiation. In tissue recom-
bination experiments, SVM has been shown to induce seminal
vesicle differentiation in the epithelial tissues derived from the
seminal vesicle, ureter, and ductus deferens (Higgins et al., 1989a,
1989b; Cunha et al., 1991). Like the seminal vesicle, ureter and
ductus deferens are both derived from the Wolffian duct, which is,
in turn, a mesodermally derived epithelial tissue.

Thus, epithelial tissues from all three germ layers can be
induced to give rise to new glandular tissues by exposure to appro-
priate mesenchyma. All of the experiments described above
demonstrate the ability of mesenchymal cells to induce gland for-
mation within a germ layer of origin. A further series of experi-
ments in the urogenital tract examined the ability of mesenchymal
cells to induce changes across germ layer boundaries. Tissue
recombinants prepared using UGM with mesodermally derived
epithelium gave rise to glandular structures with seminal vesicle
morphology and secretions (Cunha et al., 1987; Tsuji et al., 1994).
By contrast, SVM recombined with endodermally derived epithe-
lium gave rise to glandular tissues with prostatic phenotype and
secretory activity (Donjacour and Cunha, 1995). This series of
experiments is summarized in Table 3. It is notable that the epithe-
lial tissues of the bladder, urethra, and ureter all have the same
transitional phenotype in vivo and are essentially indistinguish-
able in terms of appearance and expression of differentiated mark-
ers. Yet, in these experiments they give rise to tissues reflecting
their EG layer of origin.

Tissue recombination experiments show that there is a sub-
population of cells within embryonic and adult epithelial tissues
that can respond to inductive mesenchyma by giving rise to new
tissue types. These experiments thus demonstrate either that
putative stem cells have the potential to produce a wider variety
of daughter cells than are found in their tissue of origin or, alter-
natively, that tissues contain stem cells for more than one tissue
type. On the basis of the experiments described, this second
option would suggest that the bladder, e.g., contains a range of
stem cell types including prostatic and rectal stem cells, in addi-

tion to its native “bladder stem cell” population. Such an expla-
nation is unappealing both intellectually and biologically. In par-
ticular, recent findings described in the introduction to this chapter
would suggest that developmental plasticity of stem cell popula-
tions is a reasonable explanation for this ability to repopulate
multiple organs. These tissue recombination data would further
suggest that changes in stromal environment are sufficient to
change the developmental program executed by stem cells within
the confines of their germ layer of origin.

28.4. CONCLUSIONS
In this brief overview, we have highlighted some of the avail-

able data suggesting a high degree of plasticity in adult epithe-
lial cell populations. We note that epithelial tissues are capable
of changing their pattern of differentiation under both naturally
occurring and experimental conditions. These data suggest that
the epithelial tissues contain a cell population that is capable of
generating epithelial tissues characteristic of multiple organs.
Thus, we would support the contention that the idea of organ-
specific stem cells is no longer viable. Rather, available data
suggest that epithelial stem cells are capable of repopulating
many of the organs of their germ layer of origin with relative
ease. It is certainly clear that signals from inductive mesen-
chyma can elicit this response although at present specific
molecular pathways that result in the induction of any given
gland are unknown.

Recent data would suggest a cellular plasticity that allows
cells to repopulate tissues even beyond their germ layer of origin.
However, the mechanism by which this phenomenon may occur
is presently unclear. Current models of differentiation suggest
that fully differentiated and fully plastic states are defined by
expression of specific transcription factors by cells (Slack, 2000;
Blau et al., 2001). Such models predict that cells have a capacity
to move between these states. It is further suggested that the
degree of difficulty involved in moving between differentiated
and plastic states is a function of the distance moved (see Fig. 3).
Data from tissue recombination experiments suggest that expo-
sure to inductive mesenchyma is insufficient to force
transdifferentiation of committed epithelial cells but is sufficient
to stimulate a stem cell population to generate daughter popula-
tions different from the tissue of origin. The process of
transdifferentiation, although well documented, is uncommon,
supporting the idea that moving from one differentiated state to
another, although possible, is difficult. Data from tissue recombi-
nants and from naturally occurring metaplastic responses further
suggest that crossing the germ layer boundary is a significantly
more difficult step than moving differentiation patterns within a
germ layer. Thus, the mechanisms required to shift between germ
layers are apparently different and perhaps more fundamental
than reprogramming within a layer. Therefore, the germ layer
might represent a “pinch point” in the continuum from totipotent
to committed cells.

We thus return to the question, What is a stem cell? The data
presented would suggest that stem cells occurring in glandular
organs are simply the least differentiated and most plastic epi-
thelial cell type found in adult glands. Adult epithelial stem
cells exist toward one end of a continuum between totipotent ES
cells and differentiated adult epithelium. Adult stem cells can
easily repopulate a range of organs within the confines of a
given germ layer.

Table 2
Instructive Mesenchymal Effect on Epithelium

in Heterospecific and Heterotypic Recombination Experimenta

Source mesenchyme Source epithelium Resultant epithelium

Chick stomach Quail allantois Quail stomach

Quail intestine Chick allantois Chick intestine

a The mesenchyme changes the expression of the markers expressed by
the epithelium to those of the epithelial type, which would be associated
with the mesenchyme. (Data from Haffen et al., 1987.)
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Fig. 3. Concepts of the propensity of cells to migrate between totipotent and committed cell types. Traditional views of cell maturation suggest
that at some point on the differentiation pathway, cells undergo an irreversible switch and are no longer able to dedifferentiate. More
contemporary views suggest that there is a gradation between totipotent ES cells and fully differentiated adult cells that can be traversed in
either direction. Increased commitment is associated with expression of tissue-specific transcription factors. The energetic and biological costs
associated with transformations from differentiated to totipotent cell types apparently make this sort of event unlikely. We propose that this
graded propensity model contains a discrete pinch point (or points). Movement from below the pinch point to above is more restricted than
other forms of change from a committed to stem cell phenotype. An example of such a pinch point might be a change across a germ layer
boundary. (Redrawn and modified from Blau et al 2001.)

Table 3
Role of Epithelial Germ Layer in Response to Inductive Mesenchymea

Epithelium Germ layer origin Mesenchyme Resultant tissue

Ductus veferens Mesoderm USM or SVM Seminal vesicle
Ureter Mesoderm USM or SVM Seminal vesicle
Seminal Vesicle Mesoderm USM or SVM Seminal vesicle
Bladder Endoderm USM or SVM Prostate
Prostate Endoderm USM or SVM Prostate
Urethra Endoderm USM or SVM Prostate

a The response of adult urogenital tract epithelia to inductive mesenchyme is limited by
the germ layer of origin of the epithelium. Mesodermally derived epithelia give rise to
seminal vesicle in response to either USM or SMV. By contrast, endodermally derived
epithelia respond to the same inductive influences by generating prostatic tissue.
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29 Gastrointestinal Stem Cells
Proliferation Kinetics and Differentiation Hierarchies

SHERIF M. KARAM, MD, PhD

In the gastrointestinal (GI) epithelium, cellular differentiation occurs in five stages: stem cells, precursor cells, transit
cells, mature cells, and terminal cells. Stem cells are the least differentiated and have the greatest proliferation potential.
In the stomach, they are located in the isthmus region of the pit-gland unit and give rise to four main cell lineages through
precursor-amplifying cells: pre–pit cells give rise to mucous-secreting pit cells that migrate and reach the gastric luminal
surface in 3 d; pre–neck cells differentiate into neck cells that migrate toward the bottom of the gland while changing
their phenotype into the longest lived cells in the unit, zymogenic cells; pre–parietal cells complete their differentiation
in the isthmus and then undergo bipolar migration to the pit and the base of the gland, where they have a life-span of about
2 mo. The precursors of enteroendocrine cells also originate in the isthmus and follow the bipolar mode of migration.
In the small intestine, stem cells are located in the fourth cell layer from the crypt bottom and are derived from a single
preceding cell (clonal). An adult mouse has about 1.1 million crypts and each crypt contains about 250 cells, of which
about two-thirds go through the cell cycle every 12 h; each crypt produces about 13–16 new cells per hour! They give
rise to four main cell lineages: absorptive, goblet, enteroendocrine, and Paneth. While members of the former three
lineages differentiate while migrating upward along the crypt-villus axis, those of the latter complete their differentiation
and remain at the crypt bottom. M-cell precursors are found in the intestinal crypts around lymphoid follicles and their
mature forms migrate to cover the dome-shaped Peyer’s patches. In the colon, the lineages are columnar cells (80%),
goblet cells (16%), deep crypt secretory cells (3%), and enteroendocrine cells (0.4%). Precursors of caveolated cells are
also produced by stem cells throughout the GI tract.

29.1. INTRODUCTION
The lining epithelium of the gastrointestinal (GI) tract is char-

acterized by its continuous and rapid renewal. Pioneering experi-
ments using DNA labeling by radiothymidine and the
radioautographic technique have demonstrated that this renewal
phenomenon is generated by cells with high proliferative capa-
bility anchored in specific locations along the GI epithelium
(Leblond et al., 1959). During the last 30 yr, our understanding
of the cellular hierarchies of these proliferative “stem” cells has
gradually increased, especially with the development of geneti-
cally manipulated animal models (Gordon and Hermiston, 1994;
Hermiston et al., 1994; Traber and Silberg, 1996; Robine et al.,
1997) and laser-capture microdissection (Wong et al., 2000).
Thus, the renewal concepts of the GI epithelium have become
fundamental to understanding its structure and function in health
and disease.

During development, the GI epithelium starts as a single layer
of proliferative endodermal stem cells (Maunoury et al., 1992),

which then form a pseudostratified epithelium. Eventually, elon-
gation and compartmentalization of the primitive gut occurs with
a remarkable increase in the epithelial surface area and production
of various cell lineages. This chapter begins with a brief descrip-
tion of the cellular hierarchies in the GI epithelium and the features
of stem cells. Then, the main morpho-dynamic features of the
various epithelial cell lineages along the GI tract are summarized.
Finally, some in vitro studies on these cells are presented.

29.2. CELLULAR HIERARCHIES
OF GI EPITHELIUM

In the GI epithelium, cells go through five main stages. They
are first present as stem cells, which divide and produce new stem
cells as well as uncommitted and/or committed precursor cells,
which represent the second stage in GI epithelial cell life. The
uncommitted precursor cells exhibit dual-lineage features and
eventually become committed precursor cells with features of one
lineage. These cells are usually capable of undergoing equivalent
mitosis and thus amplifying the population before entering the
next stage (Lee and Leblond, 1985a; Karam and Leblond, 1993a).
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Transit cells represent the third stage, during which cellular speci-
fication gradually occurs by synthesizing new gene products. This
may be encountered morphologically by gradual changes in cell
structure; immuno- or lectin-cytochemically by expression of new
proteins or sugar residues; and biochemically by changes in enzy-
matic activities, protein composition, and messenger RNA
expression. The fourth stage is that of the mature cells, which have
completed their differentiation and thus become actively func-
tional. In the fifth stage, terminal cells, there is a gradual deterio-
ration, and eventually cells undergo death and elimination (Karam
et al., 1997b).

29.3. STEM CELLS OF GI EPITHELIUM
Even though specific biomarkers for stem cells of normal gut

epithelium are not yet available, these cells can be defined by two
major criteria. First, morphologically, they are undifferentiated
and exhibit embryonic cell–like features (Fig. 1): high nucleus-
to-cytoplasm ratio, a nucleus with much diffuse chromatin and
large reticulated nucleoli, and cytoplasm containing a few small
organelles but many free ribosomes (Leblond, 1981; Karam,
1995). Second, functionally, they have a high capacity to pro-
liferate so as to ensure their own renewal while producing lin-
eage precursors that differentiate to form transit cells committed
to become mature cells (Hall and Watt, 1989; Potten and Loeffler,
1990; Gordon et al., 1992). Therefore, potential stem cells in a
population can be tentatively identified by electron micro-
scopy combined with 3H-thymidine radioautography; stem cells
would be the least differentiated and most proliferative cells
(Karam, 1995).

Recently, the stages of the cell cycle have been redefined in the
stem cells of the pyloric antrum (El-Alfy and Leblond, 1987a,
1987b) and duodenum (El-Alfy and Leblond, 1989). It appears
that the duration of their mitosis is about 8.4 h including 4.8 h for
prophase and 0.2, 0.06, and 3.3 h for metaphase, anaphase and
telophase, respectively. Thus, the duration of prophase is quite
longer than hitherto believed; that is, chromatin condensation of
the prophase begins during the DNA-synthesizing (S) stage, which
starts during interphase and lasts for about 5.8 h (El-Alfy and
Leblond, 1989).

New insights into the small intestinal stem cells are introduced
by cytotoxic radiation damage where the stem cells are defined by
their regenerative capabilities. The location of stem cells has been
confirmed and precisely defined in the fourth cell stratum from the
crypt bottom (Potten et al., 1997).

The powerful technology of mouse aggregation chimeras and
transgene expression have provided new insights regarding the
clonality and number of the multipotent stem cells in each epithe-
lial unit and their capacity to encode spatial memory or retain
a positional address along the cephalocaudal axis of the gut
(reviewed in Gordon et al., 1992). The stem cell hierarchy in the
small intestinal epithelium is established during crypt formation.
This process involves a selection among several multipotential
stem cells so that ultimately only one survives to supply descen-
dants to the fully formed crypt. Using genetic mosaic analysis,
Wong et al. (2002) found that the selection of multipotent stem
cells during morphogenesis of small intestinal crypts is perturbed
by stimulation of transcription factor Lef-1/β-catenin signaling. In
addition, it has been recently revealed that mutations in the tran-
scription factor GATA-4 disrupt the normal differentiation pro-
gram of mouse gastric epithelial stem cells (Jacobsen et al, 2002).

Fig. 1. Electron micrograph showing undifferentiated stem cell of the
mouse colonic epithelium. The cell is long columnar with a narrow
apex facing the crypt lumen (L), seen at the top, and a wider base
sitting on the basement membrane, seen at the bottom. As it appears
from the distribution of chromatin in the nucleus (N), the cell is in
mitosis. The cytoplasm has many free ribosomes (r), but a small Golgi
complex (g) compared with the large Golgi of the neighbor secretory
cells. The RER cisternae are small and very few. The mitochondria
(m) are few and smaller than those in the neighbor cells. The apical
cytoplasm has no secretory granules, but a few small vesicles/tubules
(v), which could be endocytic or exocytic (transporting glycocalyx to
the cell apex). Note the presence of dark mucous granules in the apical
cytoplasm of neighbor cells. Magnification: ×13,000.
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29.4. CELL LINEAGES IN BODY OF STOMACH
In the body region of the stomach, the oxyntic epithelium in-

vaginates to form short pits continuous with long tubular glands
(Helander, 1981; Ito, 1987; Karam and Leblond, 1992). Each gland
can be divided into isthmus, neck, and base regions (Fig. 2). In the
mouse, the pit-gland unit is lined by a monolayer of about 200 cells
(Karam and Leblond, 1992). All cells lining the pit-gland unit of
the oxyntic epithelium originate from the stem cells. These cells
are stationary, anchored in the isthmus region, and have a turnover
time of about 2.5 d (Karam and Leblond, 1993a). They give rise to
three main cell lineages (Fig. 2).

29.4.1. PIT CELL LINEAGE
29.4.1.1. Pre–Pit Cell Precursors  In the isthmus, about 67%

of the progeny of the stem cells produced daily become pre–pit cell
precursors (P1 in Fig. 2). They are characterized by a small Golgi
apparatus that produces prosecretory vesicles at the trans-face.

These vesicles vary in density but contain uniformly fine particu-
late material. These cells are partially committed and have two
different progenies. The majority (99%) become pre–pit cells and
only 1% become pre–parietal cells with pre–pit cell-like secretory
granules. The development of a pre–pit cell precursor into a pre–
pit cell is manifested by the maturation of the trans-Golgi vesicles
into dense secretory granules. In the case of the pre–parietal cell,
there is also an elongation of the apical microvilli (Karam and
Leblond, 1993a).

29.4.1.2. Pre–Pit Cells  Pre–pit cells are located in the upper
portion of the isthmus and are characterized by a few 200-nm-
wide, dense secretory granules. An average of 10 pre–pit cells
are present in each isthmus. Radioautography has revealed that
they have two sources of origin. About 57% come from the dif-
ferentiation of pre–pit cell precursors, the remaining 43% from
their own mitosis. After a pulse of 3H-thymidine, 25% of pre–pit

Fig. 2. Diagram of cell differentiation in oxyntic pit-gland unit of stomach. The stem cells are located in the isthmus region, which we enlarged
here to accommodate all precursor cells seen at the right. The stem cells give rise to three precursors: pre–pit cell precursor (P1), pre–parietal
cell precursor (P2), and pre–neck cell precursor (P3), which, respectively, evolve into pit, parietal, and zymogenic cell lineages. The straight
arrows for pit and zymogenic cell lineages indicate the migration pathways, and curved arrows indicate cells capable of mitosis. After their
differentiation in the isthmus, parietal cells migrate in both directions.
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cells become labeled. With time, label increases to reach 33% at
6 h, then gradually decreases to 1% at 4 d, and completely disap-
pears thereafter. In continuous 3H-thymidine-labeling experi-
ments, almost all pre–pit cells become labeled by 2 d. Both single
injection and continuous-labeling experiments confirm the
short turnover time of pre–pit cells (2.5 d). The fate of pre–pit
cells is to become pit cells. This occurs as the activity of the cell
increases and an increasing number of larger and larger secretory
granules are produced and accumulate at the apex before exocy-
tosis (Karam and Leblond, 1993a).

29.4.1.3. Pit Cells  Pit cells are located in the pit region and are
characterized by a dense apical group of mucous granules. The pit
cells migrate outward along the pit wall to reach the gastric luminal
surface in a few days (Karam and Leblond, 1993b). During pit cell
migration, the apical group of granules enlarges due to an increase
in number and size of newly produced secretory granules, from 250
to 400 nm. In addition, cells gradually elongate with tapering of
their basal cytoplasm, nucleoli become condensed, the amount of
ribosomes diminishes, and the mitochondria decrease in size. Pit
cells close to the pit–isthmus border retain some ability to divide.
Thus, pit cells are not only developed from maturation of pre–pit
cells, but some are also produced by their own mitosis. Even though
a pit region may include a few large parietal cells, the migration of
pit cells along the pit wall occurs in a fairly regular pipeline man-
ner. It takes about 60 h for a pit cell to reach the surface. At the
luminal surface, the transit time is only 12 h. The overall turnover
time of pit cells averages 3 d (Karam and Leblond, 1993b).

29.4.2. ZYMOGENIC CELL LINEAGE
29.4.2.1. Pre–Neck Cell Precursors  About 24% of the stem

cells produced daily become pre–neck cell precursors (P3 in
Fig. 2). These precursors are characterized by prosecretory
vesicles at the trans-face of their Golgi apparatus containing
dense irregular material with light periphery. They are partially
committed precursors and the fate of 98% of them is to become
pre–neck cells; the remaining 2% become pre–parietal cells with
cored secretory granules similar to those of pre–neck cells
(Karam and Leblond, 1993a).

29.4.2.2. Pre–Neck Cells  Pre–neck cells are located in the
lower portion of the isthmus; they average 1.8 cells per isthmus.
They are characterized by a few 400-nm-wide secretory granules
that appear dense with a light core. They are mitotically active
(11% become labeled after a radiothymidine pulse), and their
division yields new pre–neck cells and cells committed to develop
into neck cells. The turnover time of pre–neck cells is about 3 d
(Karam and Leblond, 1993a).

29.4.2.3. Neck Cells  Neck cells, also called “mucous neck
cells,” are located in the neck region and are characterized by
many dense mucous granules that usually contain a light core
made of pepsinogen (Sato and Spicer, 1980). Neck cells close to
the isthmus have fewer and smaller granules (430-nm wide) than
those close to the base (700 nm). After their production in the
isthmus from transformation of pre–neck cells or in the high neck
segment from their own mitosis, neck cells migrate inward while
completing their differentiation toward the mucous phenotype.
Neck cells are not end cells; that is, their fate is not to degenerate
and die. They spend from 7 to 14 d in the neck region. Then, at
the neck-base border, their phenotype gradually changes from
mucous to serous (Karam and Leblond, 1993c).

29.4.2.4. Pre–Zymogenic Cells  In the upper segment of the
base region of the pit-gland unit of the mouse, there is a group of

cells producing secretory granules that appear intermediate
between those of neck cells and those of zymogenic cells. These
granules contain two different components: electron dense mucus
and light pepsinogen. Cells with similar criteria are also described
in guinea pigs (Sato and Spicer, 1980) and rats (Suzuki et al.,
1983). In the mouse, these cells are classified into subtypes I, II,
and III, according to whether the dense mucous component is,
respectively, more abundant than, about equal to, or less abundant
than the light pepsinogenic component. Moreover, prosecretory
vesicles at the Golgi trans-face of each of these subtypes exhibit
differences parallel to those occurring in the granules. In the basal
cytoplasm, rough endoplasmic reticulum (RER) cisternae are
more abundant in subtype III than in subtypes I and II. The exist-
ence of further intermediates between these subtypes indicates
that they transform into one another (I � II � III) and, thus,
gradually change their phenotype to become more and more
pepsinogenic. The gradual decrease in their mucous production
has led to the production of granules that are entirely pepsinogenic
(Karam and Leblond, 1993c).

29.4.2.5. Zymogenic Cells Zymogenic cells are pepsinogen-
secreting cells that are characterized by spherical zymogen gran-
ules with homogeneously light pepsinogenic content. As
zymogenic cells migrate inward, their phenotype specificity
increases, as suggested by the measurement of zymogen granules,
780-nm wide in the high base vs 1070-nm wide in the low base.
The production of larger and larger granules is in line with the
increase in the amount of RER cisternae and also with the enlarge-
ment of the nucleolus. Zymogenic cells are end cells that eventu-
ally acquire signs of degeneration and finally die at the gland
bottom after a long turnover time of approx 194 d (Karam and
Leblond, 1993c).

29.4.3. PARIETAL CELL LINEAGE
29.4.3.1. Pre–Parietal Cell Precursors  Little is known about

pre–parietal cell precursors (P2 in Fig. 2). They are defined in a
developing transgenic animal model in which the precursors of
acid-secreting cell lineage have been amplified. They are charac-
terized by embryonic cell–like features, in addition to having
numerous apical microvilli with little glycocalyx (Li et al., 1995;
Karam et al., 1997a).

29.4.3.2. Pre–Parietal Cells  Pre–parietal cells are charac-
terized by having long apical microvilli and incipient canaliculi.
They do not undergo mitosis at any stage of their development
(Karam, 1993). Based on the presence or absence of some secre-
tory granules, pre–parietal cells are divided into three variants:
(1) pre–parietal cells with no secretory granules that directly
develop from pre–parietal cell precursors, (2) pre–parietal cells
with a few small dense granules similar to the granules of pre–
pit cells that develop from pre–pit cell precursors, and (3) pre–
parietal cells carrying a few cored granules similar to those in
pre–neck cells that develop from pre–neck cell precursors.
Development of pre–parietal cells into parietal cells occurs in
four stages. First, an increase in the surface area of the apical
plasma membrane forms long numerous microvilli. Second, a
few small H,K-ATPase-containing tubules and vesicles appear
in the cytoplasm, and the apical membrane invaginates to form
an incipient canaliculus at one side of the nucleus. Third, an
additional canaliculus appears on the other side of the nucleus
and the number and size of mitochondria gradually increase.
Finally, expansion of the canaliculi and overall increase in cell
size lead to the formation of a fully mature parietal cell (Karam,
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1993; Karam and Forte, 1994; Karam et al., 1997a). The forma-
tion of a pre–parietal cell takes about 1 d, and its maturation into
a parietal cell requires at least two more days (Karam, 1993).

29.4.3.3. Parietal Cells  Parietal cells are produced in the
isthmus and migrate bidirectionally along the pit-gland axis. This
migration pathway has been visualized by radioautography.
Radiolabeled cells are first seen in the isthmus. With time, they
appear in the pit in an outward direction and also in the neck in
an inward direction until they reach the blind end of the unit.
In situ hybridization studies and biochemical analysis have dem-
onstrated that the synthetic/secretory activity of parietal cells
varies along the pit-gland axis (Karam et al., 1997b). Young
parietal cells in the isthmus and neck are more active than old
parietal cells in the pit and base regions. The estimated turnover
time of parietal cells is about 54 d (Karam, 1993). Ablation of
parietal cells in genetically manipulated animal models (Sharp
et al., 1995; Canfield et al., 1996; Li et al., 1996; 1998; Karam,
1998) has been associated with a block in the terminal differen-
tiation of zymogenic cells. Thus, in addition to the fact that
parietal and zymogenic cell lineages have a common source of
origin, it seems that the former produces some regulatory factors
necessary for the terminal differentiation of the latter. DNA pro-
filing of isolated parietal cells revealed the identity of various
genes that could be responsible for this regulatory function of
parietal cells (Mills et al., 2001).

29.5. CELL LINEAGES IN PYLORIC
ANTRUM OF STOMACH

In the pyloric antrum of the stomach, the epithelium forms
long pits continuous with short glands made of three regions:
isthmus, neck, and base (Fig. 3). In the mouse, the pyloric antral
pit-gland unit is lined by a monolayer of about 250 cells (Lee
et al., 1982). In the isthmus region, stem cells have a turnover
time of about 1 d and their immediate descendants are called
mottled-granule cells (Lee and Leblond, 1985a). They are char-
acterized by embryonic cell–like features, but they also carry a
few small (235 nm) mottled granules in their apical cytoplasm
(Fig. 3). These uncommitted precursor cells represent 39% of the
isthmal cells; they undergo clonal expansion and divide four
times before giving rise to “mixed-granule cells,” characterized
by a mixture of small dense granules and large cored granules.
Mixed-granule cells divide and give rise to dense granule cells
(pre–pit cells) and core granule cells (pre–gland cells). The turn-
over time for each of the mottled- and mixed-granule cells is
about 1 d (Lee and Leblond, 1985a).

29.5.1. PIT CELL LINEAGE
29.5.1.1. Pre–Pit Cells  Pre–pit cells represent about 17% of

all isthmal cells and are usually located near the pit border. Both
the morphological features and dynamic behavior of these cells
are quite similar to those of the pre–pit cells in the isthmus region

Fig. 3. Diagram of cell differentiation in mucous pit-gland unit of pyloric antrum. The gland includes three equal regions: isthmus (enlarged
here to accommodate all precursor cells), neck, and base. Stem cells are located in the isthmus and give rise to mottled granule cells that undergo
several rounds of cell division and produce mixed-granule cells. The latter give rise to pre–pit and pre–neck cells that evolve to form pit and
gland cell lineages, respectively.
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of the oxyntic pit-gland units (Karam and Leblond, 1993a;
Lee, 1985).

29.5.1.2. Pit Cells  Pit cells are located in the pit region and
represent about 180 cells per pit-gland unit. The mode of migra-
tion and structural features of these cells are similar to those in the
oxyntic epithelium (Karam and Leblond, 1993a). They also have
the same turnover time (3 d) (Lee, 1985).

29.5.2. GLAND CELL LINEAGE
29.5.2.1. Pre–Gland Cells Pre–gland cells are poorly differ-

entiated cells that are characterized by having a few small (280
nm) cored granules. Pre–gland cells represent about 28% of the
isthmal cells and predominate near the neck border. These cells
duplicate before their differentiation-associated migration to cross
the neck border and become gland cells (Lee and Leblond, 1985b).

29.5.2.2. Gland Cells  Gland cells are located in the neck and
base regions of the mucous pit-gland unit and represent about 37
cells per unit. Along the neck–base axis, gland cells exhibit more
and larger-cored granules toward the base. The granule size var-
ies from 380 nm in the neck to 580 nm in the base. In addition,
with the inward migration of gland cells, the amount of ribo-
somes diminishes, the RER cisternae become numerous, and the
Golgi apparatus increases in size (Lee and Leblond, 1985b). The
isthmus of each mucous unit produces about 12 gland cells/d by
differentiation of pre–gland cells. Gland cells also retain some
mitotic activity, which gradually diminishes toward the gland
bottom. Thus, a total of 29 gland cells are added daily to the gland
cell population. Gland cells migrate inward to the gland bottom
in a gradually decreasing rate. The average time spent by a gland
cell in the neck region is about 10 h, and in the base region, about
200 h. This pattern of gland cell renewal is known as the “cas-
cade” pattern of cell renewal. Therefore, the overall turnover
time of gland cells is highly variable, from 1 to 60 d (Lee and
Leblond, 1985b).

29.6. CELL LINEAGES IN THE SMALL INTESTINE
The small intestinal epithelium invaginates to form small

crypts continuous with large evaginating villi (Fig. 4). Although
the crypts are much smaller than the villi, they are much more
numerous (Wright and Alison, 1984). An adult mouse has a total
of about 1.1 million crypts; each crypt contains about 250 cells
(Li et al., 1994). The crypts include the proliferative stem cells
that are arranged in an annulus (Potten and Loeffler, 1990) and
immediate precursors. In mice, about two-thirds of the crypt cells
pass through the cell cycle every 12 h, and every crypt produces
about 13–16 new cells/h that undergo differentiation-associated
migration and form several cell lineages (Fig. 4) that supply two
to three neighboring villi (Potten et al., 1997).

29.6.1. ABSORPTIVE CELL LINEAGE  In mice, there is an
overwhelming majority of members of the absorptive cell lin-
eage along the small intestinal crypt–villus unit (>80% of all
epithelial cells).

29.6.1.1. Pre–Absorptive Cells  Pre–absorptive cells are
located in the crypt base. They exhibit stem cell–like features and
relatively long microvilli. These cells retain some ability to divide
and, thus, are produced by their own mitosis as well as by differ-
entiation of stem cells. Pre–absorptive cells migrate outward along
the crypt base to reach the midcrypt, where they gradually differ-
entiate; the microvilli elongate to form brush border. When these
cells reach the crypt top, the differentiation is complete as the
absorptive cells are formed (Cheng and Leblond, 1974a).

29.6.1.2. Absorptive Cells Absorptive cells are located along
the crypt top and the whole villus. They are characterized by the
absence of secretory granules and the presence of a prominent
apical brush border. The absorptive cells migrate outward along
the crypt wall and reach the surface of the villus in a few days
(Cheng and Leblond, 1974a). During migration of absorptive cells,
they show signs of differentiation: the cell gradually elongates,
apical microvilli become long and numerous, lateral membranes
interdigitate with neighbor cells, the nucleus gradually becomes
heterochromatic and closer to the cell center, and the nucleoli
become condensed and small. In the cytoplasm, the amount of free
ribosomes diminishes, the Golgi apparatus becomes prominent,
mitochondria become abundant, and RER cisternae increase in
amount. The migration of members of the absorptive cell lineage
is slow in the crypt and gradually increases to become approxi-
mately constant in the crypt top and along the villus. The overall
turnover time of absorptive cells averages 3 d (Cheng and Leblond,
1974a). It has been recently shown that extracellular matrix
(Simon-Assmann et al., 1995); some adhesion molecules, such as
N-cadherin and β-catenin (Hermiston and Gordon, 1995; Wong et
al., 1998, 2002); and Rac1, a member of the Rho family of gua-
nosine 5'-triphosphate-binding proteins (Stappenbeck and Gor-
don, 2000) play an important role in maintaining the differentiation
program of the absorptive cells and homeostasis of the epithelium.
Along the crypt–villus axis, the functional activity of the absorp-
tive cells follows a pattern parallel to their morphological changes.
3H-fucose radioautography has revealed that the turnover rate of
the glycoprotein (brush-border enzyme) in the absorptive cells is
very rapid. Within 5 min the fucose reaches the Golgi region and
by 90 min most of the fucose is on the microvilli. However, the
amount of incorporated fucose is variable along the crypt-villus
axis. It is low in the crypt, rises toward the villus base, remains
high along the midvillus, and then sharply declines at the villus tip
(Leblond, 1981).

29.6.2. GOBLET CELL LINEAGE  The number of goblet
cells increases from the duodenum to the jejunum to the ileum;
they respectively constitute 4, 6, and 12% of all epithelial cells
(Cheng, 1974a).

29.6.2.1. Pre–Goblet Cells  Pre–goblet cells, also called
oligomucous cells, are located in the crypt base compartment of
the small intestine, where they exhibit stem cell features, and
also show, as a sign of early differentiation, a few small mucous
granules. These granules are usually homogeneously pale (com-
mon oliogomucous cells), but sometimes they include a dense
core (granular oligomucous cells). Pre–goblet cells retain some
capacity for mitosis, and, therefore, they originate by their own
mitosis as well as by differentiation of the stem cells. Then, they
migrate outward and reach the midcrypt within 12–24 h. As they
migrate, more granules are produced and accumulate in the su-
pranuclear cytoplasm. Thus, they are transformed into goblet
cells (Cheng, 1974a).

29.6.2.2. Goblet Cells Goblet cells are scattered along the
midcrypt up to the villus’ tip. They are characterized by a large
group of mucous granules in the supranuclear cytoplasm. From
the mid-crypt, the goblet cells migrate outward to reach the vil-
lous surface in 1 d (Cheng, 1974a). With their migration, goblet
cells producing cored mucous granules (granular mucous cells)
gradually change their phenotype and produce homogeneously
pale mucous granules. The overall turnover time of goblet cells
averages 3 d (Cheng, 1974a).
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29.6.3. PANETH CELL LINEAGE  The presence, morphology,
and number of Paneth cells vary in different species. They are
absent in cats and predominate in the crypts of ant-eating Brazilian
bears (Creamer, 1967). In mice, they are located in the lower third
of the crypts and represent 3.3% of the duodenal crypt cells and,
respectively, 7.5 and 6.6% in the jejunum and ileum (Cheng and
Leblond, 1974a).

29.6.3.1. Pre–Paneth Cells Pre–paneth cells are located in the
crypt base next to their ancestor stem cells. In addition to their stem
cell–like features, they carry a few small granules with central
dense cores and light halos. These cells migrate toward the crypt
bottom while maturing into Paneth cells (Cheng, 1974b).

29.6.3.2. Paneth Cells  Paneth cells are characterized by
apical secretory granules that exhibit an electron-dense core and

a light halo. The basal cytoplasm contains abundant cisternae
of RER. Paneth cells exhibit more and larger haloed granules
toward the crypt bottom, where they are more numerous. The
granule size varies from about 500 nm close from the midcrypt
border to about 3000 nm in the bottom of the crypt (Cheng,
1974b). This is due to production of gradually larger granules.
In addition, with the inward migration of Paneth cells, the RER
cisternae become numerous, and the Golgi increases in size.
Paneth cells along the crypt base cannot divide by mitosis. Thus,
they are only developed from maturation of the stem cells
(Troughton and Trier, 1969; Cheng, 1974b). With time, Paneth
cells migrate inward to the crypt bottom. The overall turnover
time of Paneth cells is about 15 d (Cheng, 1974b). The location
and relatively long residency time of Paneth cells, and the nature

Fig. 4. Diagram of cell differentiation in crypt villous unit of small intestine. The crypt includes three equal regions: crypt top, midcrypt, and
crypt base (the crypt base has been enlarged here to fit the precursor and Paneth cells). The stem cells are located in the crypt base and give
rise to three main precursors: pre–absorptive, pre–goblet, and pre–Paneth cells, which, respectively, evolve into absorptive, goblet, and Paneth
cell lineages.
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of their secreted gene products, suggest that they may influence
the structure and/or function of the stem cell niche. However, it
has recently been found that ablation of Paneth cells in
transgenic mice has no detectable effect on the proliferation/
differentiation program in the crypts or on host-microbial inter-
actions (Garabedian et al., 1997).

29.7. CELL LINEAGES IN COLON
The epithelial lining of the colon invaginates to form numerous

crypts (Fig. 5). It is estimated that the mouse colon includes about
700,000 crypts (Cheng and Bjerknes, 1985). The size of crypts and
their lining cell types vary in the ascending and descending por-
tions of the colon. In the ascending colon, crypts are shorter (about
20 vs 30 cell positions) and are populated by a smaller number of
cells (about 300 vs 700 cells/crypt) than in the descending colon.
Cell types in the descending colon include vacuolated-columnar,
goblet, enteroendocrine, and cavuolated. These cells are all scat-
tered throughout the crypt wall (Chang and Leblond, 1971). In the

ascending colon, an additional morphologically distinct cell type,
deep crypt secretory cell, is located in the crypt base. Here the
vacuolated-columnar and goblet cells are found in the crypt top
(Altmann, 1983, 1990; Sato and Ahnen, 1992).

In the mouse colon, each crypt produces 14–21 cells/h (Cheng
and Bjerknes, 1982), whereas in the rat, the rate of cell produc-
tion is slightly lower, 7–11 cells/crypt/h (Maskens and Dujardin-
Lorts, 1985). Dynamics of the colonic stem cells vary in the
ascending and descending portions of the colon (Chang and
Nadler, 1975; Appleton et al., 1980). Whereas stem cells are
located in the midcrypt of the ascending colon and there is a
bidirectional mode of migration (Fig. 5), they are located in the
crypt base of the descending colon and cellular migration occurs
in an outward direction (Sato and Ahnen, 1992). Moreover, in
the ascending colon, the cell-cycle time is longer (19 vs 15 h),
and proliferating cells are less numerous (90 vs 190 cells/crypt)
in comparison with the descending colon. The latter explains the
higher risk of colon cancer in the descending colon.

Fig. 5. Diagram of cell differentiation in crypt of ascending colon. The stem cells are anchored in the midcrypt and give rise to three main
precursors: pre–vacuolated, pre–goblet, and pre–deep crypt secretory (pre-DCS) cells, which, respectively, differentiate into columnar, goblet,
and DCS cell lineages.
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29.7.1. VACUOLATED-COLUMNAR CELL LINEAGE  Cells
of the vacuolated columnar lineage form about 80% of the crypt
cell population in the descending colon and include three main
members (Fig. 5).

29.7.1.1. Pre–Vacuolated Cells Pre–vacuolated cells are
poorly differentiated cells that are located in the midcrypt of the
ascending portion of the mouse colon or the crypt base of its
descending portion. They exhibit a few small periodic acid-
Schiff–negative vacuole-like granules in their apical cytoplasm.
Pre–vacuolated cells retain some ability to divide. Thus, they are
developed from maturation of stem cells, and also by their own
mitosis. With time, pre–vacuolated cells accumulate more and
larger granules and become vacuolated cells (Chang and
Leblond, 1971).

29.7.1.2. Vacuolated Cells Vacuolated cells are located in
the upper two-thirds of the crypts of the ascending portion of the
colon and the lower two-thirds of the crypts of the descending
colon. They are characterized by the presence of pale vacuole-
like granules in the apical cytoplasm. As the cells migrate
upward, the granules become large and numerous. The nuclei of
vacuolated cells are basal and darkly stained; mitochondria are
scanty and free ribosomes are numerous. A few microvilli may
project into the crypt lumen (Chang and Leblond, 1971). Vacu-
olated cells migrate outward along the lower two-thirds of the
descending colonic crypts at a constant speed. One to two days
after their production, they acquire a striated border characteristic
of absorptive cells. Thus, they gradually differentiate toward the
absorptive columnar phenotype. This transformation process is
completed in about 3 d (Chang and Nadler, 1975).

29.7.1.3. Columnar Cells  Columnar cells are found in the
crypt top of ascending and descending colons. They are charac-
terized by an apical striated border composed of packed micro-
villi that are less prominent than those of the small intestinal
absorptive cells. Columnar cells maintain the same migration
speed as vacuolated cells. In the descending colon, the overall
turnover time of vacuolated-columnar cells averages 4.6 d
(Chang and Leblond, 1971).

29.7.2. GOBLET CELL LINEAGE  In the mouse descending
colon, cells of the goblet cell lineage form about 16% of the whole
crypt cell population (Chang and Leblond, 1971). They are evenly
distributed throughout the crypt except at the crypt bottom and at
the surface, where they are very few. They are characterized by
various numbers of mucous granules.

29.7.2.1. Pre–Goblet Cells  Pre–goblet cells are also called
oligomucous cells and are located in the midcrypt of ascending
colon and the crypt base of descending colon. These cells are
characterized by a few mucous granules. In some cells, the gran-
ules are grouped into a narrow theca. These cells are capable of
mitosis, and, thus, they are developed from maturation of stem
cells and also by their own mitosis (Chang and Leblond, 1971).
Following their production, pre–goblet cells migrate upward along
the crypt wall and show signs of gradual maturation. Within 1 to
2 d, they accumulate more and more mucous granules and the
theca gradually enlarges, and, thus, they become mature goblet
cells. This transformation process is completed in about 2 d (Chang
and Nadler, 1975).

29.7.2.2. Goblet Cells  Goblet cells are located in the upper
third (or two-thirds) of the ascending (or descending) colon. The
mucous granules are large and numerous, and, thus, the theca is
swollen to give a typical goblet appearance. The dark nuclei are

squeezed at the base of the goblet. In the descending colon, it takes
about 1 d for a goblet cell to migrate along one-third of the crypt
and reach the surface. The overall turnover time of goblet cells is
similar to that of the vacuolated-columnar cells, averaging 4.6 d
(Chang and Leblond, 1971).

29.7.3. DEEP CRYPT SECRETORY CELL LINEAGE  Mem-
bers of the deep crypt secretory cell lineage are found in several
species including mice, rats, and humans. They differ from goblet
cells in location, histochemistry, and ultrastructure (Altmann,
1983). They lack the goblet-shaped theca but exhibit many mucous
granules that appear large and light in mice and rats, but small and
dark in humans (Altmann, 1990). These cells are produced from
stem cells located in the midcrypt as pre–deep crypt secretory cells
and undergo migration-associated differentiation. They reach the
crypt bottom as mature deep crypt secretory cells. In mice, they
have an average turnover time of about 14–21 d (Altmann, 1990).

29.8. CELL LINEAGES
SCATTERED ALONG GI TRACT

29.8.1. ENTEROENDOCRINE CELL LINEAGES  The pep-
tide- or polypeptide-producing enteroendocrine cell lineages are
scattered throughout the GI epithelium. In mice, they represent
about 7% of all cells in the stomach body (Karam and Leblond,
1992) and 3% in the pyloric antrum (Lee, 1985). In the small
intestine, they are more abundant in the crypts than in the villi and
generally form about 0.5% of all crypt-villus cells (Cheng and
Leblond, 1974b). They form about 0.4% of cells in the colon
(Tsubouchi and Leblond, 1979). The identification of enteroen-
docrine cells of different lineages depends on the size, shape, elec-
tron density, and immunocytochemical specificity of their
secretory granules (Solcia et al., 1987). After a long debate about
the neuronal vs epithelial origin of these cells, it has been estab-
lished that they share a common stem cell with other GI epithelial
cell lineages (Cheng and Leblond, 1974b; Inokuchi et al., 1985;
Thompson et al., 1990; Karam and Leblond, 1993d). Thus,
enteroendocrine cells represent several cell lineages that originate
from the GI epithelial stem cells.

29.8.1.1. Pre–Enteroendocrine Cells Pre–enteroendocrine
cells are immature cells producing a few small endocrine-like
secretory granules. They have been described in the isthmus
region of the oxyntic glands of the stomach (Karam and Leblond,
1993d), in the crypt base of the small intestinal epithelium (Cheng
and Leblond, 1974b), and in the crypt base of the descending colon
(Tsubouchi and Leblond, 1979). Pre–enteroendocrine cells are
occasionally seen undergoing mitosis in the stomach (Karam and
Leblond, 1993d) and intestine (Cheng and Leblond, 1974b). Thus,
they originate mainly by differentiation of the stem cells as well as
by their own mitoses. Radioautographic labeling of these imma-
ture forms of enteroendocrine cells has revealed that in the stom-
ach body, they mature in the isthmus and then migrate
bidirectionally to reach the pit and base regions after about 16 d.
In the small intestine, they migrate outward and reach the crypt top
by 1 to 2 d, where they produce more and more granules. After an
additional 1 to 2 d, they reach the villi, where they are transformed
into mature enteroendocrine cells (Cheng and Leblond, 1974b). In
the colon, it takes at least 1 d for a pre–enteroendocrine cell to be
formed; it differentiates into enteroendocrine cell and reaches the
midcrypt by 7 d. Pre–enteroendocrine cells are, thus, left behind
by the more rapidly migrating pre–vacuolated and pre–goblet cells
(Tsubouchi and Leblond, 1979).
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29.8.1.2. Enteroendocrine Cells  Enteroendocrine cells are
the mature forms of the endocrine cells that are located throughout
the gastric pit-gland units, the small intestinal villi, and the colonic
crypts (Cheng and Leblond, 1974b; Tsubouchi and Leblond, 1979;
Karam and Leblond, 1993d). They are characterized by a large
group of granules in the infranuclear cytoplasm and may have
bundles of cytoplasmic filaments that appear relatively few owing
to increase in cell size. With time, enteroendocrine cells migrate
in an inward or outward direction. The overall turnover time of
enteroendocrine cells is estimated at about 60 d in the stomach
corpus (estimated from Karam and Leblond, 1993d), 4 d in the
small intestine (Cheng and Leblond, 1974b; Inokuchi et al., 1985),
and 23 d in the descending colon (Tsubouchi and Leblond, 1979).

29.8.2. M-CELL LINEAGES  The antigen-sampling M-cells
are also called membranous or microfold cells and are found
overlying lymphoid follicles in the small as well as large intes-
tines of rodents and humans. They do not show signs of lipid
absorption, as do their neighbor absorptive cells, but are able to
internalize cationized ferritin (Bye et al., 1984). In rabbits, α1-
2-linked fucose- and N-acetyl-galactosamine-specific lectins can
be used as markers for M-cells (Gebert and Posselt, 1997).

29.8.2.1. Pre–M-cells  In rabbits, pre–M-cells are also found
in the intestinal crypts around lymphoid follicles and express little
α1-2-linked fucose and N-acetyl-galactosamine (Gebert and
Posselt, 1997). They are characterized by many free ribosomes
and numerous microvilli at the cell apex (Bye et al., 1984). These
cells are not capable of mitosis, they originate from the crypt-base
stem cells. It takes at least 1 d for pre–M-cells to be generated.
Then, they migrate outward to cover the dome-shaped lymphoid
follicles while differentiating into mature functional M-cells
(Gebert and Posselt, 1997).

29.8.2.2. M-Cells  M-cells are flattened due to accumulation
of lymphoid cells in the underlying connective tissue. They are
characterized by central cytoplasmic “pocket”-containing lym-
phoid cells (Neutra et al., 1996). In M-cells, both free ribosomes
and apical microvilli are few. These cells are actively capable of
internalizing luminal molecules, particles, or microorganisms
and transporting them to the intercellular spaces. In rabbits, they
express much α1-2-linked fucose and N-acetyl-galactosamine
(Neutra et al., 1996).

29.8.3. CAVEOLATED CELL LINEAGES  Nabeyama and
Leblond (1974) found and described mature members of the
caveolated cell lineage throughout the GI epithelium. In the gas-
tric epithelial units, they are most numerous in the pit, isthmus,
and neck regions (Karam and Leblond, 1992).

29.8.3.1. Pre–Caveolated Cells Pre–caveolated cells are
immature cells that are described in the isthmus regions of the
gastric units (Karam and Leblond, 1993d, 1995), and the crypt
base regions of the descending colon (Tsubouchi and Leblond,
1979). They are very rare and appear plump with narrow apices
and few caveoli. Pre–caveolated cells originate by differentia-
tion of the gut stem cells (Tsubouchi and Leblond, 1979; Karam
and Leblond, 1993d). Their maturation is followed by bidirec-
tional migration in the gastric units or by their outward migration
in the descending colonic crypts.

29.8.3.2. Caveolated Cells Caveolated cells are mature cells
that are characterized by a plump body with a narrow apex pro-
jecting microvilli into the luminal surface. The cytoplasm exhib-
its prominent lysosomes and numerous caveoli separated by
bundles of filaments extending from the core of the microvilli

deep to the sides of the nucleus (Karam and Leblond, 1993d).
The long axis of the ovoid nucleus tends to be parallel to the
basement membrane. In the midcrypt regions of the descending
colon, caveolated cells exhibit a basal cytoplasmic process that
becomes longer in the crypt top, but short at the luminal surface
(Tsubouchi and Leblond, 1979). In the stomach, the few data
available have shown that caveolated cells follow a bidirectional
mode of migration similar to that of enteroendocrine and parietal
cells (Karam and Leblond, 1993d). In the descending colon, it
takes about 1 d for a caveolated cell to be produced; they migrate
outward and spend about 4 d in the crypt base, and 0.5 d in each
of the middle and upper thirds of the crypt. The overall turnover
time of caveolated cells is about 8 d in the colon (Tsubouchi and
Leblond, 1979).

29.9. IN VITRO STUDIES AND PERSPECTIVES
One central question in GI epithelial cell biology is, what

factors control proliferation and differentiation of the epithelial
stem cells and the uncommitted/commited precursors? Resolu-
tion of this question has been difficult because of the lack of an
in vitro functioning system that includes the GI epithelial stem
cells and lineage precursors. In 1994, Tait et al. reported the
isolation, culture, and successful transplantation of small intes-
tinal stem cells of rats. These cells were also isolated from human
fetuses and were made conditionally immortalized by using a
temperature-sensitive simian virus 40 large tumor antigen. It was
possible to manipulate these cells to induce irreversible growth
arrest and acquisition of an enterocyte-like phenotype that was
found to be due to expression of the cyclin-dependent kinase
inhibitor (Quaroni and Beaulieu, 1997). These cells represent a
wonderful model for the study of early events in intestinal epi-
thelial cell differentiation. More recently, isolation of sequential
fractions of oxyntic epithelial cells along the pit-isthmus axis of
the rabbit stomach made it possible to establish a primary culture
system enriched in the stem cells and supported their prolifera-
tion and differentiation (Karam et al., 2001). These in vitro stud-
ies will provide unique opportunities for identifying genes
specific for the GI stem cells and exploring mechanisms respon-
sible for (1) keeping balance between their proliferation and
differentiation, (2) controlling their commitment program in
different regions along the GI tract, and (3) converting of a
healthy to a malignant stem cell and thus cancer development.
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30 Stem Cell Origin of Cell Lineages,
Proliferative Units, and Cancer
in the Gastrointestinal Tract

MAIRI BRITTAN, BSc AND NICHOLAS A WRIGHT, MD, PhD

The gastrointestinal (GI) stem cell has the ability to differentiate into every epithelial lineage in the GI tract and is
proposed as the target of GI carcinogenesis. There is considerable difference in the epithelial tissue of the GI tract including
the oral cavity, pharynx, esophagus, stomach, small intestine, and colon, yet each appears to have a common stem cell that
can give rise to both metaplasia and cancer throughout the GI tract. These cells may be located in the basal layer of the
mucosa or in specialized niches at the base or just above the base of glands in the stomach and intestines. The underlying
mesenchymal cells of the lamina propria provide an environment, that is responsible for normal differentiation. The crypts
are composed of monoclonal units of differentiating cells similar to the epidermal poliferative unit of the skin. However,
although the crypts are monoclonal, the villi of the small intestine are polyclonal, indicating that multiple crypts may
contribute to the cells of the villi. Bone marrow transplantation studies indicate that marrow stem cells can engraft into the
small intestine and colon and differentiate into intestinal subepithelial myofibroblast cells located within the lamina propria.
Mucosal stem cells may also derive from transplanted bone marrow cells. There is evidence for both monoclonal and
polyclonal origins of epithelial cancer. The presence of multiple, synchronous premalignant foci associated with invasive
cancer has led to the field cancerization hypothesis, which predicts that a carcinogenic stimulus leads to transformation of
multiple cells in a tissue and that one of these “clones” may grow out because of a mutation that favors its expansion over
the others. In this case, a polyclonal expansion may be followed by a clonal proliferation, indicating that the carcinogenic
process starts out polyclonal and ends up clonal. The “adenomas’ of familial adenomatous polyposis and some animal
models of carcinogenesis are multiclonal, whereas the cancers in this condition are monoclonal. Even though the clonal
nature of the normal expansion of GI cells is well established, the clonal origin of intestinal epithelial neoplasms is
unresolved; data support both possibilities. The genetic and molecular regulatory mechanisms involved in GI tumorigenesis
are being unraveled, and it may well be that different molecular mechanisms lead to cellular pathways to cancer. For
example, a mutation in APC may lead to polyclonal adenoma formation and further mutations to monoclonal expansion.

30.1. INTRODUCTION
From the viewpoint of the maintenance of structural integrity,

the gastrointestinal (GI) stem cell is the most important cell in
the GI tract, with multipotential ability to differentiate into every
epithelial lineage, and regenerative capacity to maintain normal
homeostasis in the mucosa to such an extent that a single multipo-
tential stem cell can regenerate entire intestinal crypts after irra-
diation. Despite the obvious significance of the GI stem cell, it
remains elusive and unidentified due to a lack of histological
markers, and debate exists as to the number and location of stem
cells within the gastric glands and intestinal crypts, although it is
generally accepted that stem cells are housed within niches com-
posed of and maintained by myofibroblasts in the adjacent lamina
propria. Because of its longevity, the stem cell is the proposed

target cell of GI carcinogenesis, and various pathways of morpho-
logical progression of such transformed stem cells have been pro-
posed; these include a “top-down” proliferation of stem cells
located within intercryptal zones on the mucosal surface, spread-
ing downward into adjacent crypts. Alternatively, a “bottom-up”
theory of the upward proliferation of transformed stem cells in the
crypt base to produce dysplastic crypts that replicate and expand
by crypt fission has also been suggested. The clonal origin of
normal and dysplastic gastric glands and intestinal crypts has been
a matter of debate for some time. The bulk of evidence suggests
that normal intestinal crypts and gastric glands in the mouse are
monoclonal, i.e., derived from a single cell. In humans, it appears
that intestinal crypts are monoclonal but gastric glands in the fun-
dus are polyclonal. It is not yet clear whether GI epithelial neo-
plasms are monoclonal in origin, derived from a single transformed
stem cell, or are polyclonal and develop in accordance to the “field
cancerization” hypothesis.
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In this chapter, we discuss the stem cell repertoire, stem cell
plasticity and models of studying clonality in neoplasms of the GI
tract in rodents and humans, and the morphological progression of
tumors. We also discuss components of molecular regulatory path-
ways that appear to play a vital role in the onset and progression
of GI tumorigenesis, such as Wnt signaling and transforming
growth factor-β (TGFβ) signaling pathways. An important influ-
ence on tumorigenesis is the spread of a mutated clone of cells after
the initial transformation, initially proposed to be a result of
hyperproliferation, although recent growing evidence suggests
crypt fission; we also examine these concepts.

30.2. EPITHELIAL CELL
LINEAGES IN THE GI TRACT

The GI tract comprises the oral cavity, pharynx, esophagus,
stomach, small intestine, and colon. Each organ is histologically
distinct, although throughout the tract an epithelial luminal lining
with underlying vascular lamina propria forms the GI mucosa. The
gastric glands open onto the stomach mucosal surface and are
further subdivided into foveolar, isthmus, neck, and base regions.
In the fundus, gastric glands contain surface mucous cells and
mucous neck cells; acid-secreting parietal (oxyntic) cells; pepsi-
nogen-secreting zymogen (chief or peptic) cells; and numerous
endocrine cell families including the histamine-producing entero-
chromaffin-like cells, and gastrin-producing G-cells. In the
pylorus, glands contain many more mucinous cells, no peptic cells,
and few parietal cells.

In the small intestine, villi are formed as finger-shaped pro-
jections from the intestinal crypts of Lieberkühn, with a central
lamina propria. Four main epithelial cell lineages form the epi-
thelium of the numerous crypts of the small intestine and colon
and the small intestinal villi. These are the absorptive columnar
cells, the most abundant cell type, termed enterocytes in the small
intestine and colonocytes in the large intestine; mucin-secreting
goblet cells mainly on the villi and upper half of the crypts; the
endocrine, neuroendocrine, or enteroendocrine cells concen-
trated toward the crypt base; and the Paneth cells, which are
almost exclusive to the crypt base of the small intestine and
ascending colon. Other less common cell lineages are also
present, such as caveolated cells and M- (membranous or
microfold) cells (Wright and Alison, 1984).

30.3. ORIGIN OF CELL
LINEAGES IN GI EPITHELIUM

It is generally agreed that the epithelial cell lineages of the
gastric glands and intestinal crypts derive from one or more stem
cells, located within a niche, possibly created and maintained by
the underlying mesenchymal cells of the lamina propria (Brittan
et al., 2002). The stem cells of the GI tract are unidentified due
to a lack of histological markers, but they are thought to reside
in the neck/isthmus region of the gastric glands, producing dif-
ferentiated progeny that migrate bidirectionally to form the
mucosa of the foveola and base of the gland. In the small intes-
tine, the stem cells are believed to be located in the base of the
crypts of Lieberkühn just superior to the Paneth cells, in the crypt
base of the descending colon (Karam, 1999), and in the base or
midcrypt of the proximal colon (Kovacs and Potten, 1973).

GI stem cells are identified functionally by their ability to
regenerate entire intestinal crypts and villi following radiation
treatment, and only surviving cells in the postulated stem cell

locations have this regenerative capacity (Withers and Elkind,
1970). The number of stem cells within the gastric glands and
intestinal crypts is unknown, although a single surviving crypt
cell can regenerate every epithelial cell lineage, creating a mono-
clonal crypt and demonstrating the multipotentiality of the GI
stem cell (Potten and Hendry, 1995). Indeed, the Unitarian
Hypothesis, the most popular theory for the derivation of the GI
epithelial cell lineages, states that under normal circumstances,
all epithelial cells of the intestinal crypts originate from a single
progenitor stem cell (Cheng and LeBlond, 1974). The single cell–
cloned human colorectal carcinoma cell line, HRA19, forms
polarized epithelial monolayers in vitro, which, when engrafted
into nude mice, differentiate to form a histologically identical
tumor to the original, containing columnar, goblet, and neuroen-
docrine cells of human origin (Kirkland, 1988). This demon-
strates multilineage differentiation of a single epithelial cell,
albeit malignant, and thus inconclusive evidence that this pro-
cess occurs in the normal GI epithelium. Although subsequent
studies have amassed evidence substantiating the Unitarian
Hypothesis that gastric glands and intestinal crypts are mono-
clonal populations derived from a single stem cell, it appears that
in the human stomach different circumstances occur.

30.3.1. STOMACH  Epithelial cell lineages within the mouse
antral gastric glands were shown to derive from a common stem
cell origin in studies of XX/XY chimeric mice, in which the highly
repetitive sequences of the male mouse Y-chromosome were iden-
tified using in situ hybridization (ISH) with a digoxigenin-labeled
probe, pY 353. The male-derived gastric glands were almost
exclusively Y-chromosome positive and the female portions of the
chimeric stomach were negative (Thompson et al., 1990). This
was confirmed in CH3�Balb/c chimeric mice, in which each
gastric gland was composed entirely of either CH3 or Balb/c cells
and there were no mixed glands (Tatematsu et al., 1994). A later
study, using lacZ reporter gene–expressing X-inactivation mosaic
mice, demonstrated that gastric glands in the fundic and pyloric
regions of the developing mouse stomach initially appear
polyclonal with three or four stem cells per gland but become
monoclonal during the first 6 wk of life. This ‘purification’ of the
glands is possibly due to an eventual predomination by one stem
cell over all other stem cells or, alternatively, by gland fission.
Approximately 5–10% of mixed, polyclonal glands persist
throughout development and into adulthood, conceivably unde-
tected in studies using aggregation chimeras owing to reduced
survival rates of cells of different genotypes (Nomura et al., 1998).
The significance of these multi–stem cell–containing glands is not
known, although it is possible that they fail to undergo crypt fis-
sion or have reduced fission rates, or perhaps have an increased
stem cell number during development, and therefore maintain a
higher number of stem cells after gland fission.

In the human, the situation appears more complex, perhaps due
to regional differences during development of the gastric mucosa.
Random methylation of CpG islands on X-chromosome-linked
genes including phosphoglycerate kinase (PGK), the androgen
receptor gene (HUMARA), hypoxanthanine phosphoribosyl trans-
ferase, and glucose-6-phosphate dehydrogenase (G6PD) during
embryogenesis results in transcriptional inactivation of the
methylated gene providing a mode of distinction between the two
female X-chromosomes. In the female human gastric mucosa, the
pyloric glands are homotypic for the PGK or HUMARA locus and
thus are monoclonal, although approximately half of the fundic
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glands studied were heterotypic for PGK and HUMARA loci and
thus appear to be polyclonal (Nomura et al., 1996).

30.3.2. SMALL INTESTINE AND COLON  In C57BL/6J
Lac (B6)�SWR mouse embryo aggregation chimeras, the lectin
Dolichos biflorus agglutinin (DBA) binds to sites on the B6-
derived, but not SWR-derived, cells. Intestinal crypts in these
chimeras are either completely positive or negative for DBA and
thus are clonal populations, although it was not possible to detect
endocrine cells in this study because of their small luminal sur-
face area (Ponder et al., 1985). The endocrine cell was later shown
to be of the same clonal origin using the Dlb assay in SWR mice
lacking a DBA-binding site on intestinal epithelial cells owing to
a somatic mutation of the Dlb-1 locus on chromosome 11. SWR
mice are induced to bind DBA by the DNA mutagen ethyl-
nitrosourea (ENU), resulting in wholly DBA-positive or -nega-
tive intestinal crypts (Bjerknes and Cheng, 1999). Similarly,
mutation of a heterozygously expressed DBA-binding site on
intestinal epithelial cells in C57BL/6J�SWR F1 chimeric mice
either spontaneously or by ENU generates entirely DBA-nega-
tive or -positive crypts; thus, mutation of Dlb-1 in a stem cell
produces a clone of cells that cannot bind DBA and remains
unstained (Winton and Ponder, 1990). It is important to note that
intestinal crypts in C57BL/6J Lac (B6)�SWR chimeric mice are
polyclonal until postnatal wk 2, and subsequently become mono-
clonal, possibly due to overgrowth of a single dominant stem cell
lineage or by crypt fission, which is highly active throughout this
period of development (Schmidt et al., 1988 ).

To eliminate the chimeric artifact hypothesis—the possibility
that cells from different parental strains of chimeric animals seg-
regate independently during development to produce monophe-
notypic crypts and not monoclonal crypts as presumed—mosaic
expression of the electrophoretic isoenzymes PGK-1A and PGK-
1B was analysed in colonic crypts of mice heterozygous for the
X-linked alleles Pgk-1a and Pgk-1b (Thomas et al., 1988). This
confirmed the results of chimeric studies—that crypts were indeed
monoclonal—since no mixed crypts were seen. Female mice het-
erozygous for an X-linked polymorphism causing reduced expres-
sion of G6PD are naturally mosaic and provide an in situ look at
the clonal architecture of many tissues without the use of artifi-
cially produced chimeric animals. In these GPDX heterozygous
mice, small intestinal crypts are monoclonal and the cells of the
villi are polyclonal, as multiple crypts contribute to the cells of the
villus (Thomas et al., 1988).

Analogously, the colon carcinogens dimethylhydrazine (DMH)
or ENU induce a heterozygous deficiency of the G6PD gene, giv-
ing partial or negative expression of G6PD in colonic crypts. It is
possible that mutation of a non–stem cell within the proliferative
compartment of the crypt produces the observed partial G6PD
expression, since these crypts are transient and decrease in fre-
quency parallel to an increase in wholly negative crypts, which
will occur when the mutated cell proliferates and is shed into the
gut lumen. Wholly negative crypts are likely to be clonal popula-
tions, derived from a single mutated stem cell. The time taken for
the decrease in partially mutated crypts and emergence of entirely
negative crypts to reach a plateau is approx 4 wk in the colon and
up to 12 wk in the small intestine (Park et al., 1995). This differ-
ence in timing is possibly due to differences in stem cell cycle
times of either tissue. Alternatively, in the stem cell niche hypoth-
esis, different numbers of stem cells occupy the niche in either
tissue with stochastic expansion of a mutated stem cell (Williams

et al., 1992). Finally, crypt fission could be responsible, where
crypts divide longitudinally, possibly cleansing partially mutated
crypts by segregating the mutated and nonmutated cells, and
duplicating the wholly mutated monoclonal crypts (Park et al.,
1995; Bjerknes and Cheng 1999).

In the human small intestine and colon, the clonal origin of
intestinal epithelial cells appears to be similar to that of the mouse.
Approximately 9% of the human Caucasian population has a
homozygous genetic mutation in the enzyme O-acetyl transferase
(OAT–/–) (Jass and Robertson, 1994) causing goblet cell secretion
of sialic acid lacking in O-acetyl substituents in the colon, which
is detected using the mild periodic acid-Schiff (mPAS) technique
(Sugihara and Jass, 1986). Approximately 42% of the population
is heterozygous for this mutation (OAT–/OAT+), in accordance
with the Hardy–Weinberg law, although in these individuals O-
acetylation proceeds due to the one active OAT gene, and crypts
are negative for mPAS. Loss of the remaining active OAT gene,
producing a homozygous (OAT–/OAT–) genotype, gives occa-
sional, random, positively mPAS-stained crypts, with uniform
staining of goblet cells from base to luminal surface, an effect that
increases with age (Fuller et al., 1990). This could be due to a
somatic mutation or nondisjunction in a single crypt stem cell and
subsequent formation of a monoclonal crypt, supporting a clonal
origin for at least the mucin cell lineages (Wright, 2000).

Moreover, in a rare XO/XY patient with familial adenomatous
polyposis (FAP), nonisotopic in situ hybridization (NISH) using
Y-chromosome-specific probes showed that all indigenous
epithelial cell lineages in the colonic crypts, including neuroen-
docrine cells visualized by immunostaining for neuroendocrine-
specific markers, were clonally derived, since each crypt was
composed almost entirely of either Y-chromosome-positive or
Y-chromosome-negative cells (Fig. 1). In the small intestine,
the villous epithelium was a mixture of XO and XY cells, as
expected, because villi are believed to derive from stem cells of
more than one crypt. Only 4 of the 12,614 crypts examined were
composed of mixed XO and XY cells, possibly owing to nondis-
junction with loss of the Y-chromosome in a crypt stem cell
(Novelli et al.,1996).

Fig. 1. Monoclonal origin of colonic crypts in XO/XY patient. Nor-
mal colonic mucosa in an XO/XY mosaic individual stained by ISH
for a Y-chromosome-specific probe showing an XO crypt (left) and
an XY crypt is shown. (Courtesy of M. Novelli.)
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Studies of sequence variations in methylation tags of three
neutral loci in cells of normal human colonic crypts further support
the clonal or “Unitarian” origin of epithelial cells within human
colonic crypts. Methylation patterns can predict crypt histories
and map the fate of individual cells within a crypt. Sequence dif-
ferences exist in cells of independent crypts, and in morphologi-
cally identical cells within crypts, where closely related
methylation tags indicate more closely related cells. It therefore
appears that human colonic crypts contain multiple stem cells (i.e.,
they are quasiclonal), that are lost and replaced several times dur-
ing life, eventually leading to a bottleneck effect in which all cells
within a crypt are related to the closest stem cell ascendant (Yatabe
et al., 2001). Thus, substantial evidence strongly suggests that
with the exception of the human gastric glands, every epithelial
cell lineage of the normal GI mucosa in mice and humans is
monoclonally derived from a single multipotent stem cell.

30.4. GI STEM CELL PLASTICITY
Adult stem cells within many tissues are now known to have far

higher levels of plasticity than previously thought. The adult hema-
topoietic bone marrow stem cell differentiates into blood cell lin-
eages and can transdifferentiate into many different cell types
including hepatocytes (Petersen et al., 1999; Alison et al., 2000;
Lagasse et al., 2000; Thiese et al., 2000), biliary epithelial cells
(Thiese et al., 2000), endothelial cells (Gao et al., 2001; Lagaaij
et al., 2001), skeletal muscle fibers (Ferrari et al., 1998),
cardiomyocytes (Orlic et al., 2001), neuronal cells (Eglitis and
Mezey, 1997), and renal tubular epithelial cells (Poulsom et al.,
2001). Bone marrow stromal cells, or mesenchymal stem cells
(MSCs), produce mesodermal lineages such as osteoblasts,
chondrocytes, adipocytes, myocytes, cardiomyocytes and thymic
stroma (Beresford et al., 1992; Wakitani et al., 1995; Pittenger et
al., 1999; Liechty et al., 2000; Poulsom et al., 2001). Human MSCs,
transplanted into rats with cortical brain ischemia, migrate to the
infarction site and differentiate into neuroendodermal cell types,
which significantly ameliorate neurological defects (Zhao et al.,
2002). Similarly, in rats with traumatic brain injury, purified rat
MSCs engraft into injury sites and express neuronal and astrocyte
antigens and markedly reduce motor and neurological deficits
(Mahmood et al., 2001). These differentiation pathways can be
bidirectional as muscle (Jackson et al., 1999) and neuronal stem
cells (Bjornson et al., 1999) can also form bone marrow, and fully
differentiated cells can transdifferentiate into other adult cell types
without undergoing cell division; for example, exocrine pancre-
atic cells can differentiate into hepatocytes in vitro (Shen et al.,
2000). Following induction of ischemia by coronary artery occlu-
sion (Jackson et al., 1999) and myocardial infarction (Orlic et al.,
2001), bone marrow stem cells differentiate into cardiomyocytes,
endothelial cells, and smooth muscle cells. Functional capability
of the transdifferentiated cells in repair and regeneration of dis-
eased tissue is demonstrated in fumarylacetoacetate hydrolase
(FAH)-deficient mice, which resemble type 1 tyrosinemia in
humans and are rescued from liver failure by transplantation of
purified hematopoietic stem cells (HSCs) that differentiate into
morphologically normal hepatocytes and express the FAH enzyme
(Lagasse et al., 2000).

Studies of stem cell plasticity in the GI tract may provide
insight into the mechanisms involved in the normal turnover of
the GI mucosa and in GI tumorigenesis and disease. In lethally
irradiated female mice that are rescued by a whole bone marrow

transplant from male donors, the transplanted bone marrow cells
were seen to engraft into the small intestine and colon and differ-
entiate into intestinal subepithelial myofibroblast (ISEMF) cells
located within the lamina propria underlying the GI epithelia.
Indeed, 6 wk after transplantation, these bone marrow–derived
ISEMFs were present as columns spanning from crypt base to
luminal surface and thus potentially derived from a stem cell in
the crypt base, proliferating upward to be shed at the luminal
surface. The same study demonstrated bone marrow–derived
ISEMFs in duodenal biopsies from human female patients who
had developed graft-versus-host disease following bone marrow
transplantation from a male donor. In both mouse and human,
male donor cells were detected by ISH using a Y-chromosome-
specific probe, and the newly differentiated ISMEF cell pheno-
type was confirmed by positive immunohistochemical reactivity
for α-smooth muscle actin (αSMA), and negativity for desmin,
the mouse macrophage marker F4/80, and the hematopoietic
precursor marker CD34 (Brittan et al., 2002). It is postulated that
ISEMFs provide and maintain the intestinal epithelial stem cell
niche via epithelial: mesenchymal cross talk and thus influence
epithelial cell proliferation and ultimately determine intestinal
epithelial cell fate (Powell et al., 1999).

After transplantation of a single purified hematopoietic bone
marrow stem cell in the mouse, bone marrow–derived columnar
epithelial cells were found in the lung, skin, esophageal lining,
a single small intestinal villus, colonic crypt, and gastric pit of
the stomach. Engraftment into the pericryptal myofibroblast
sheath was not reported, and it is possible that ISEMFs derive
from MSC populations within transplanted bone marrow since
only a single HSC was transplanted in this study. This point can
be addressed by studies of transplantation of defined stem cell
populations (Krause et al., 2001). Similarly, in biopsies from
human female patients who had received a sex-mismatched
hematopoietic bone marrow transplant, 2–7% of epithelial cells
in the skin and gastric cardia, and hepatocytes in the liver,
expressed a Y-chromosome and therefore were derived from the
transplanted donor hematopoietic bone marrow (Korbling et al.,
2002). It is possible to engineer small intestinal tissue by grafting
a cellular collagen sponge scaffold within the jejunum of dogs,
although the regenerated tissue lacks muscularis layers neces-
sary for peristalsis (Hori et al., 2001). Seeding of MSCs from
bone marrow onto the collagen sponge scaffold prior to implan-
tation induced initial development of an αSMA-positive muscle
layer, although this regressed to a thin muscle layer 16 wk after
transplant, and, therefore, it may be necessary to stimulate MSCs
toward muscularis development (Hori et al., 2002).

30.5. THERAPEUTIC RELEVANCE
OF GI STEM CELL PLASTICITY

The ability of a transplanted bone marrow stem cell to
transdifferentiate into intestinal subepithelial myofibroblasts may
prove therapeutic in the inflammatory bowel diseases ulcerative
colitis and Crohn’s disease, which are associated with an increased
risk of bowel cancer (Tomlinson et al., 1997). A bone marrow
transplant or mobilization of a patient’s own bone marrow stem
cells to colonize a diseased tissue could potentially lead to regen-
eration of damaged tissues. Additionally, the use of bone marrow
stem cells in gene therapy is conceivable and appears preferential
to current possibilities of directly transfecting differentiated cells
such as hepatocytes. Manipulation of a bone marrow stem cell in
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vitro to express a normal copy of a desired gene, such as APC, could
theoretically provide a means of treatment of a patient with FAP.

30.6. ROLE OF STEM CELL
IN EPITHELIAL TUMORIGENESIS

Epithelial cell carcinogenesis is believed to be a multistep pro-
cess in which an initial carcinogenic stimulus creates an accumu-
lation of aberrant somatic events in specific oncogenes and
tumor-suppressor genes eventually resulting in malignant trans-
formation of a cell. Between 6 and 10 genetic events are thought
to incite the successive changes in cellular morphology, abnormal
cell proliferation capacity and eventual malignant transformation
(Renan, 1993). In 1976, Nowell suggested a hypothesis for a clonal
evolution of tumors in which a stem cell or epithelial progenitor
becomes neoplastic due to an inherited gene defect or exogenous
carcinogen and proliferates at an increased rate to produce several
genetically variant mutant daughter cells, most of which are elimi-
nated by an immune response or due to their metabolic inferiority.
Eventually, a dominant, immune-resistant metastatic clone of cells
emerges, which divides to form a solid, invasive malignancy, more
genetically variant and unstable with continued proliferation.
Overgrowth of the tumor by such a clone could lead to a
pseudomonoclonal neoplasm from an initial polyclonal lesion.
Studies of clonality in most epithelial cell tumors are difficult to
undertake and give conflicting results. The main techniques used
to study clonality in human and animal epithelial cell tumors are
use of X-chromosome-linked isoenzymes and restriction fragment
length polymorphisms (RFLPs) (although these methods are
restricted to female tissues), karyotypic and chromosomal mark-
ers, aberrant immunoglobulin production, aggregation chimeras
or allophenic tetraparental mice, and single-strand conformation
polymorphism and direct sequencing analysis of mutations of key
genes of tumorigenesis. Early studies of clonality in humans,
using G6PD in females with X-chromosome inactivation as a
marker, implied that most human neoplasms are clonal (Fialkow,
1976), although there is growing evidence that also suggests a
polyclonal origin of epithelial cell tumors.

30.7. FIELD CANCERIZATION
HYPOTHESIS AND PATCH SIZE

In a study of 783 resected head and neck carcinomas by
Slaughter et al. (1953), multiple, synchronous premalignant pri-
mary foci were present in areas outside and overlapping the origi-
nal invasive squamous carcinoma. This led to the field
cancerization hypothesis—that an initial carcinogenic stimulus
induces neoplastic transformation in multiple cells within a tis-
sue. Premalignant regions of epithelium adjacent to the initial
primary tumor are termed field cancerizations and are believed
to progress independently to form second primary tumors, sec-
ondary or recurrent tumors. It is, however, acknowledged that if
these multifocal lesions are monoclonal, they possibly arise from
lateral migration and recurrence of the initial tumor clone. Inves-
tigations of clonal origins of preneoplastic lesions and tumors of
the upper aerodigestive tract and adjacent mucosa have accumu-
lated conflicting evidence that lesions arise both by field cancer-
ization (Gusterson et al., 1991; Yang et al., 1995; Bloching et al.,
2000), and monoclonally (Worsham et al., 1995).

In studies concerning clonality, it is important to consider the
concept of patch size (Schmidt et al., 1990) in which a patch is
defined as the number of contiguous, functional cells of a single

genotype in an area of tissue, derived either from a single clone or
by the coalescence of clones of the same lineage, such as cells of
the same genotype in chimeric animals or with the same X-chro-
mosome inactivation pattern (Fig. 2). Patch size in normal female
human tissues has been suggested to be small, since small pieces
of tissue expressed a mixture of cells with either chromosome
activated (Nesbitt, 1974). However, heterozygous X-inactivation
of the G6PD gene occurs in 17% of Sardinian women, which has
permitted histochemical staining of their colonic mucosa and con-
firmed that patch size in the human colonic mucosa is large, often
exceeding 400 crypts (Novelli et al., 2003). Furthermore, identi-
fication of X-inactivation patches of the HUMARA gene in normal
human aorta indicated a large patch size exceeding 4 mm (Chung
et al., 1998). If a tumor develops from cells restricted to one patch,
it will ultimately be monogenotypic but not necessarily mono-
clonal because it is derived from an unknown number of cells of
the same genotype. Likewise, a polyclonal tumor can only form if
it derives from cells at a single patch boundary, and it is therefore
important to measure patch size within a tissue before undertaking
clonality analysis.

Fig. 2. Patch size. An idealized field of mosaic tissue comprising clear
or stipled cells is shown. Clonal expansion in a small hexagonal area
can lead to a more complicated patch pattern by coalescence with
adjacent clones, which are by chance the same type. The patch size
can be determined by examining the variance in the proportion of cell
types in many uniform small samples in pure tissues. If patch size is
small in relation to the sample size, there will be little variation in the
proportion of the two cell types from sample to sample. If patch size
is large in relation to the sample size, there will be a great deal of
variation from sample to sample. If tumors arise from many cells in
a field of mosaic tissue with a large patch size, then they may appear
to be composed of a single cell type by chance alone. The small size
and geometric complexity of the patches make it unlikely that tumors
arising from large numbers of cells would comprise a single cell type
in either X-chromosome inactivation mosaics or chimeras. (From
Iannaccone et al., 1987, with permission.)

30/Britt/329-344/F 8/26/03, 7:31 AM333

干细胞之家www.stemcell8.cn ←点击进入

Thuy
Rectangle

http://www.stemcell8.cn


334 BRITTAN AND WRIGHT

30.8. ANIMAL MODELS OF CLONALITY
IN EPITHELIAL TUMORS—
IMPORTANT CONSIDERATIONS

Animal models have provided various models of tumorigen-
esis in many tissues, although they obviously cannot be directly
applied to human processes. Chimeric mice can be used to exam-
ine clonality, where the presence of both parental lineages in an
induced neoplasm indicates a nonclonal origin, whereas
restricted expression of either lineage suggests a monoclonal
neoplastic proliferation (Iannaccone et al., 1987). Chimeric mice
heterozygous for expression of a slow-migrating and fast-
migrating electrophoretic variant (A and B, respectively) of the
dimorphic autosomal enzyme glucose phosphate isomerase
(GPI-1) were chemically induced to develop fibrosarcomas.
More than 95% of tumors analyzed displayed only a single vari-
ant of GPI-1 enzyme, compared to the normal chimeric animals,
which displayed equal activity of both enzyme isoforms even in
the smallest tissue samples. However, these tumors were thought
to be contaminated by nontumorous host stromal or inflamma-
tory cells of a separate clonal derivation, or formed from the
coalescence of two primary tumors, and thus likely to be clonal
in origin (Iannaccone et al., 1978). Culturing tissue lysates in
medium specific for survival of only the neoplastic cells elimi-
nates inflammatory cell contamination. Remaining neoplastic
cells display activity exclusive to one isoenzyme when analyzed
at passage 0–2 before selection of cell subpopulations can occur
and, therefore, are monoclonal (Deamant and Iannaccone, 1985).
High doses of 3-methylcholanthrene (MCA) were used to chemi-
cally induce fibrosarcomas in female chimeric mice heterozy-
gous for the X-chromosome-linked alleles Pgk-1a and Pgk-1b

(Pgk-1a/Pgk-1b), which under normal circumstances contain
equal numbers of cells that produce either the PGK-1A or PGK-
1B isoenzymes. Most fibrosarcomas contained a mixture of cells
expressing both enzyme phenotypes, unlikely to be derived from
a single cell with both Pgk-1a and Pgk-1b loci active. Contami-
nation by infiltrating nonneoplastic inflammatory cells was ruled
out by histological examination, and cells with double-enzyme
expression displayed phenotypes characteristic of transformed
cells. The fusion of two cells with different enzyme activity was
deemed unlikely because mixed tumors gave rise to PGK-A- and
PGK-B-type clones. It is not clear whether the multicellular ori-
gin of these fibrosarcomas is a fusion of multiple primary tumors
or if they are polyclonal proliferations, although this evidence
demonstrates that not all chemically induced tumors appear to be
monoclonal growths (Reddy and Fialkow, 1979). A later study
showed that fibrosarcomas induced by MCA in Pgk-1a/Pgk-1b

heterozygotes were clonal growths expressing only one PGK-1
isoform. The discrepancy in results of this study and previous
studies by Reddy and Fialkow (1979) was explained by an unde-
tected coalescence of multiple primary tumors due to late tissue
sampling (Deamant and Iannaccone, 1985).

30.9. TUMORS IN GI TRACT—
MONOCLONAL OR POLYCLONAL IN ORIGIN?

The GI tract undergoes constant self-renewal throughout the
lifetime of its host, with cell proliferation maintaining normal
homeostasis by responding to the increases and decreases in cell
death determined by the health of the tissue. The huge numbers of
daily mitotic events in this complex homeostatic regulation make

the GI tract one of the most common sites of human cancers (Cut-
ler et al., 1974). The life-span of a GI epithelial cell is shorter than
the time taken to genetically induce neoplastic change, with the
exception of the stem cells, which are therefore believed to be the
carcinogen target cells. In normal monoclonally derived struc-
tures, such as the intestinal crypts, it could be presumed that neo-
plasms within this monophenotypic structure would also be
monoclonal or homotypic, deriving from a transformed stem cell.
However, the clonal origin of intestinal epithelial neoplasms is
unresolved, with conflicting data.

RFLPs of inactivations of the X-chromosome-linked PGK
gene were studied in colorectal adenomas and carcinomas from
50 female patients. In adjacent normal epithelia, X-chromosome
inactivation was random and therefore polyclonal, although in the
adenomas and carcinomas, a monoclonal pattern of X-chromo-
some inactivation was observed (Fearon et al., 1987). Conversely,
in female patients with Gardner syndrome, a precancerous bowel
condition in which patients develop multiple adenomas of the GI
mucosa, the adenomas have a multiclonal origin, expressing both
forms of G6PD (Hsu et al., 1983). A CAG trinucleotide repeat
polymorphism adjacent to methylation sites in the X-chromo-
some-linked human androgen receptor gene (HUMARA) is present
in approx 90% of females and provides a means of looking at
tumor clonality by polymerase chain reaction (PCR) amplifica-
tion of a 600-bp DNA fragment encompassing the polymorphic
BstXI and methylation-sensitive HpaII sites. In 15 female GI
tumors, the majority revealed an unequivocal monoclonal origin
with random pattern of X-inactivation in the normal surrounding
mucosa, consistent with Southern blot analysis for PGK and the
M27β probe (DXS255), which detects X-chromosome tandem
repeat polymorphisms in about 90% of females (Kopp et al.,
1997). However, it is important to note that patch size was over-
looked in these studies, and it is possible that the observed
monoclonality may arise by expansion of a preexisting clone of
cells, within a large X-linked patch.

30.9.1. CHEMICALLY INDUCED INTESTINAL TUMOR
FORMATION IN CHIMERIC MICE  Mouse chimeras con-
structed by aggregation of CBA/Ca (CBA) and C57BL/6J (B6)
early embryo strains form colonic epithelial dysplasias and
tumors when treated with azoxymethane. Mosaic patches in these
mice were identified by immunohistochemical staining for H-2
antigens, since CBA mice are of H-2K haplotype and B6 mice are
of H-2B haplotype. In the normal chimeric mice, the intestinal
crypts are monoclonal; therefore, it is not known whether neoplas-
tic foci within a single crypt form from a single cell or many cells
of the same genotype. In 55 dysplastic foci that comprised less
than 10 crypts and overlapped patch boundaries, each expressed
only a single H-2 antigen; therefore, the foci arose exclusively
within a single crypt and expanded by crypt fission, not by recruit-
ment of other independently transformed crypts or the initiation of
transformation of cells in neighboring crypts. In 2 of 17 larger
adenomas, both H-2 antigens were expressed, but these are pro-
posed to be collision tumors. Therefore, chemically induced epi-
thelial dysplastic foci, the precursors of polypoid adenomas that
may develop into invasive carcinomas, form within single crypts,
but not necessarily from a single cell (Ponder and Wilkinson,
1986). In GPDX mice, mentioned previously, tumors induced by
DMH are also of monocryptal origin (Griffiths et al., 1989).

30.9.2. FAP AND MUTATIONS OF THE APC GENE  Loss
of APC gene function is one of the very first, if not the initiating
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step, in colorectal adenoma formation, preceding mutation of RAS
family oncogenes and the p53 tumor suppressor gene (Powell
et al., 1992). APC is mutated in 85% of human sporadic colorectal
tumors, and hundreds of individual mutations of the APC gene
have been identified, the position of the mutation appearing to
dictate the severity and onset of polyposis (Kinzler and Vogelstein,
1996). Patients with FAP have an autosomally dominant inherited
germline mutation of the APC tumor suppressor gene on chromo-
some 5q21 (Bodmer et al., 1987), making them susceptible to
spontaneous development of hundreds to thousands of colorectal
adenomas if the remaining wild-type (WT) APC allele is mutated,
in concordance with the two-hit loss of suppressor gene hypoth-
esis of Knudson (1993). Novelli et al. (1996) studied the clonal
origin of colonic adenomas in an XO/XY patient with FAP con-
firmed by mutational analysis of the APC gene, by NISH using Y-
chromosome-specific probes. Normal intestinal crypts were
exclusively XY or XO and therefore clonal populations, as men-
tioned previously. However, 76% of adenomas greater than one
crypt in size displayed a mixed karyotype of XO and XY cells and
therefore appeared to be polyclonal (Novelli et al., 1996). Alter-
natively, XY/XO adenomas may be XY adenomas that have lost
their Y-chromosome expression, which occurs frequently in other
carcinomas, albeit at later stages (Rau et al., 1992; Kovacs et al.,
1994). This was deemed unlikely because there was no apparent
correlation between the size and stage of tumorigenesis and
polyclonality in the adenomas analyzed, and in normal male FAP
control individuals there was no loss of Y-chromosome. Random
collisions between monoclonal adenomas to produce these mixed-
phenotype adenomas was ruled out by statistical analysis, since
the occurrence of polyclonal adenomas was too high. It is more
conceivable that the adenomas are true polyclonal proliferations
caused by clustering of transformed cells, in accordance with the
field cancerization hypothesis, or that the early adenomas induce
adenomatous growth in neighboring crypts.

Loss of function of the wild-type (WT) APC allele in FAP, or
loss of heterozygosity (LOH), occurs by either a germline muta-
tion or somatic mutation although both cause truncation of the
APC gene product, APC-c (Miyaki et al., 1994). Using an anti-
body specific for APC-c, 29 colorectal adenomas from seven
patients with FAP were shown to express a mixture of APC-c-
positive and APC-c-negative cells, implying that at least one
mutated stem cell and one normal stem cell were present in each
adenoma. This was verified by the discovery that the ratio of
positive to negative cells did not change as the adenomas pro-
gressed and that APC-c-positive and -negative mitoses were seen
throughout the adenomas. Invasive adenocarcinomas contained
only APC-c-negative cells, perhaps due to further genetic trans-
formations in APC-c-negative cells providing a selective growth
advantage over the normal APC-c-positive stem cell populations
(Bjerknes et al., 1997). Approximately 10% of patients with FAP
develop desmoids, local aggressive proliferations of fibroblasts,
which can cause small bowel obstruction and often mortality.
Desmoids behave as neoplastic lesions, although their fibroblas-
tic composition and lack of telomerase expression suggest a
nonneoplastic origin. PCR amplification of X-inactivation
patterns of the HUMARA locus was used to assess clonality in
female FAP-associated desmoids (Middleton et al., 2000), dem-
onstrating that desmoids are monoclonal.

30.9.3. Min MOUSE AND Apc KNOCKOUT MOUSE
MODELS  The multiple intestinal neoplasia (Min) mouse, pro-

duced by chemical mutation with ENU, has a heterozygous
germline mutation of the Apc gene, the murine APC homologe,
and develops intestinal adenomatous polyps, particularly through-
out the small intestine, associated with increased LOH of the Apc
WT allele (Moser et al., 1990). Chimeras of Apcmin/+ that expressed
the ROSA26 β-galactosidase marker were produced with a B6
background (Merritt et al., 1997). Loss of the Apc WT allele was
confirmed by PCR in all adenomas, in contrast to the partial loss
observed in humans by Bjerknes et al. (1997). APC immunohis-
tochemical staining revealed 79% of adenomas with a polyclonal
structure, proposed to arise by fusion of Apc-negative clones,
termed passive polyclonality, which suggests that specific regions
of intestine develop Apc-negative clones, rather than random trans-
formation. Alternatively, it is possible that these clones arise by
initiation of Apc-negative crypts for adenomatous growth by
neighboring adenomas, previously considered by Novelli et al.
(1996). Heterozygous Apc knockout (KO) mice (Apc∆716) are simi-
lar to Min mice but develop three to five times more adenomas
predominantly in the small intestine following LOH of the WT
Apc allele (Oshima et al., 1995).

30.9.4. ABERRANT CRYPT FOCI AND COLONIC CAN-
CER  Aberrant crypt foci (ACF) are microscopic, preneoplastic
lesions in colon tumorigenesis and carcinogenesis of rodents and
humans that present as crypts with a thickened epithelium elevated
above the normal mucosa. ACF formation is initiated by APC
mutation and is believed to be the first step in the adenoma–carci-
noma sequence in humans (Kinzler and Vogelstein, 1996). PCR
amplification of a CAG-repeat methylation site in the HUMARA
(androgen receptor gene) locus of the X-chromosome allowed a
study of X-inactivation patterns in 18 ACF of 12 female patients,
although PCR was only successful in 11 of the 18 ACF. Ten of the
11 ACF showed nonrandom inactivation of the X-chromosome
regardless of the degree of dysplasia in the tissue, implying that
ACF are monoclonal neoplastic precursor lesions of colon cancer
(Siu et al., 1999). ACF induced in distal colons of rats by
azoxymethane injection showed marked increases in cell number
and proliferation rate, demonstrated by incorporation of BrdU
primarily in the lower, proliferative regions of the crypts. Increased
proliferative activity was maintained at a constant rate for 36 wk,
similar to that observed in adenomas and carcinomas, additional
evidence that ACF are precursor lesions of colon carcinogenesis
(Pretlow et al., 1994). Sunter et al. (1978) proposed a mode of
classification of carcinomas in the DMH-treated rat colon. Group
I and II carcinomas progress from adenomas in the classic ACF-
adenoma-carcinoma pathway, whereas group III carcinomas are
poorly differentiated, mucin-secreting carcinomas restricted to the
proximal colon. DMH-induced ACF are restricted to the distal
colon, possibly indicating the first stage of the ACF-adenoma-
carcinoma pathway, but do not occur in the proximal colon, the
location of group III carcinomas, which are proposed to develop
according to a de novo sequence of events lacking intermediate
ACF formation. Thus, ACF is a preneoplastic marker for only a
subset of colon carcinomas, determined by location and carci-
noma histology (Park et al., 1997).

30.9.5. CRYPT FISSION  Crypt fission is the process by which
intestinal crypts replicate, during embryogenesis and following
damage by irradiation or cytotoxic chemicals, wherein a fissure
occurs in the base of the parental crypt, causing crypt bifurcation
and budding that ascends longitudionally to produce a new daugh-
ter crypt, in the crypt cycle. The crypt cycle is believed to occur
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slowly in the normal GI epithelium in mice (Cheng and Bjerknes,
1985) and in humans (Cheng et al., 1986), giving a gradual expan-
sion of the crypt population. Mechanisms that stimulate a crypt to
divide are unknown, although an increased crypt size was initially
postulated (Totafurno et al., 1987); subsequent findings that crypt
fission is stimulated by DMH with no increase in cell proliferation
implies a more complex regulation. In the same study, epidermal
growth factor markedly increased cell proliferation in the crypts
but reduced the crypt fission index (Park et al., 1995). High crypt
fission rates are hypothetically linked with increased stem cell
numbers, where resultant elevated numbers of differentiated prog-
eny create a larger crypt more likely to undergo fission (Totafurno
et al., 1987). As yet circumstantial, stem cells are believed to be
target cells in carcinogenesis of the GI tract, with increased prog-
eny and consequent likelihood to undergo crypt fission, supported
by the finding that aberrant crypts and hence their mutant stem cell
population undergo a faster rate of replication than normal crypts
(Bjerknes, 1996). Crypt fission is therefore a vital component of
the ACF-adenoma-carcinoma pathway, giving replication and
expansion of mutated crypts. This was demonstrated in a scanning
electron microscopic study of DMH-treated rats, showing aber-
rant colonic crypts with widened luminal openings, which appear
to divide by crypt fission, verified by the discovery of dividing
septum between crypts (Fig. 3) (Paulsen et al., 1994), and the
previous finding that ACF branch to produce clusters of related
aberrant crypts in the rat colon (McLellan et al., 1991).

A revealing study by Wasan et al. (1998) determined the effects
of APC germline mutations in numerous colorectal adenomas in
human patients and in the Min mouse on cell proliferation and
crypt fission indices (CFIs). Results showed that in patients with
FAP mutation of an APC WT allele, CFIs in the flat, non-
adenomatous mucosa increased 19-fold compared to normal con-
trols, and of 6291 microadenomatous crypts analyzed, 220 were
undergoing fission although there was no increase in epithelial cell
proliferation or apoptotic counts. Similarly, in Min mice, CFIs
increased 1.75-fold in the colon and 1.61-fold in the small intes-
tine with no alteration of mitotic index or apoptosis, and the sites
of highest CFI were the locations of largest tumors. Approximately
10.9% of nonadenomatous crypts in fission appeared to be under-
going an abnormal, asymmetrical division, which may represent
crypts that have undergone loss of the WT Apc allele. This impli-
cates control of crypt commitment to the crypt cycle by APC,
possibly via the cadherin–catenin cell signaling pathways
described below, likely to occur in the intestinal stem cells, which
are largely thought to regulate crypt fission.

30.9.6. MORPHOLOGICAL DEVELOPMENT OF
COLORECTAL ADENOMAS  As previously mentioned, stem
cells are believed to be the target cells for initial genetic alter-
ations in GI carcinogenesis. Initiation of polyp formation is
believed to be a spontaneous event in both FAP and sporadic
polyps (Bodmer, 1999), and progression from microadenoma to
macroscopic adenoma is essentially random. The severity of
colonic FAP is primarily influenced by microadenoma number
and is independent of the patient’s age or disease progression;
therefore, some APC genotypes are selectively advantageous in
tumor initiation, rather than progression (Crabtree et al., 2001).
The bottom-up theory of spontaneous microadenoma develop-
ment predicts that mutated stem cells within a niche in the base
of the colonic crypts produce neoplastic daughter cells that
progress upward toward the intestinal lumen, creating entire
dysplastic crypts that divide and spread by crypt fission (Bjerknes
and Cheng, 1981). However, neoplastic cells are frequently
observed from midway up the crypt to the luminal surface, and
not within the crypt base. Histological analysis of 35 small spo-
radic human adenomas demonstrated dysplastic epithelium
restricted to superficial regions of the affected crypts of each
specimen, whereas basal crypt regions retained a normal mor-
phology. These dysplastic compartments stained intensely with
Ki-67 antibody and β-catenin, indicating abnormal proliferation
and LOH of APC, respectively. The concept of top-down mor-
phogenesis, in which neoplastic epithelial cells originate from
stem cells near the mucosal surface, possibly in intercryptal
zones, and migrate downward, proliferating to produce dysplas-
tic crypts, emerged from this study (Shih et al., 2001). Interest-
ingly, crypt fission cannot be ruled out as the mode of crypt
expansion in this theory of adenoma development. Normal epi-
thelial cells near the base of the dysplastic crypts may be trans-
formed cells whose phenotype is only apparent at later stages of
progression, or, alternatively, the intercryptal zone in this top-
down morphogenesis could be the site of LOH of the second APC
allelle. Both bottom-up and top-down concepts identify the ini-
tiation of adenomatous growth within a single crypt, thus giving
rise to a clonal adenoma, and it is possible that both management
structures exist in adenoma morphogenesis, although to what
extent is not known (Wright and Poulsom, 2003). However, in
Min mice, adenoma formation appears to occur by an entirely

Fig. 3. Crypt fission in aberrant crypts. A scanning electron micrograph
of two large elongated aberrant crypts undergoing crypt fission in
colonic mucosa from F344 rats treated with DMH is shown. Inside the
left aberrant crypt, below a small mucous fragment, a transverse epithe-
lium septum is observed. The transverse septum of the right aberrant
crypt has fully divided the larger crypt into two new crypts (arrow).
Magnification:×400 (From Paulsen et al., 1994, with permission.)
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different process. Polyps form as initial outpockets of intestinal
epithelium at the crypt–villus boundary and protrude into the
lacteal side of neighboring villi, where they expand, eventually
spreading into adjoining villi. Multiple adenomas within several
crypts fuse to form a multivillous polyp, although throughout
the process the normal villous epithelium remains intact as the
polyps extend into the adjoining villi from the mucosal side
(Fig. 4) (Oshima et al., 1997).

30.9.7. MOLECULAR REGULATION OF TUMORIGEN-
ESIS IN GI TRACT  Advances are being made in understanding
the pathways of molecular regulation of epithelial cell prolifera-
tion and differentiation in the normal GI tract. The APC protein
forms a complex with glycogen synthase kinase-3β (GSK3-β),
and axin (Kinzler and Vogelstein, 1996), to maintain low levels
of β-catenin by phosphorylation, ubiquitination, and proteasomal
degradation. The signaling protein Wnt binds to its receptor
Frizzled to activate the cytoplasmic phosphoprotein Dishevelled
and inhibit the APC/GSK-3β/axin complex, which in turn
increases cytosolic levels of β-catenin. β-Catenin then translo-
cates to the nucleus and combines with members of the T-cell
factor/lymphocyte enhancer factor (Tcf/LEF) DNA-binding pro-
tein family to activate specific genes and increase cell prolifera-
tion (Fig. 5). The apparent downregulation of β-catenin and
control of cell proliferation by APC makes the Min mouse an
exciting paradigm of Wnt signaling pathways in tumorigenesis.
Mutation of APC prevents the destabilization of β-catenin, caus-
ing increased gene transcription by nuclear β-catenin/Tcf/LEF
complexes, believed to lead to intestinal epithelial cell
hyperproliferation, and adenoma formation (Willert and Nusse,
1998; Bienz and Clevers, 2000), although several analyses have
reported no alterations in cell proliferation in FAP flat mucosa
(Nakamura et al., 1993; Wasan et al., 1998).

The inability of mutated APC to downregulate β-catenin is
potentially due to loss of the SAMP repeats (Ser, Ala, Met, Pro),
which provide the axin-binding site, rather than loss of the
β-catenin-binding site (Smits et al., 1999; von Kries et al., 2000).
Mutations of the β-catenin gene (CTNNB1) affect the serine and
threonine residues targeted by GSK-3β, thereby creating a phos-
phorylation-resistant protein that is not degraded in the Wnt sig-
naling pathway. These mutations are present in 48% of colorectal
adenocarcinomas lacking APC gene mutations (Sparks et al.,
1998). In addition to its role in cell signaling, β-catenin plays an
important role in cell adhesion, linking cadherin molecules to the
actin cytoskeleton via α-catenin (Barth et al., 1997). Transgenic
mice expressing an activated mutant form of β-catenin devoid of
GSK-3β and α-catenin-binding sites (∆N131β-catenin) develop
dysplastic lesions in the small intestine with increased cell prolif-
eration and apoptosis, similar to those in the Min mouse, although
they appear focal and relatively sparse and do not occur in the
colons of these mice (Romagnolo et al., 1999). Harada et al. (1999)
report a similar murine model in which the serine/threonine resi-
dues on exon 3 that comprise the binding sites of GSK-3β, but not
the α-catenin-binding sites, were mutated. These mice developed
numerous intestinal tumors, also essentially restricted to the
small intestine, further evidence of the involvement of β-catenin
in intestinal tumorigenesis regulated by Wnt signaling.

Analysis of Wnt gene expression in normal, adenomatous, and
malignant human colorectal tissues showed that Wnt 2 and 5 are
markedly upregulated in colorectal adenomas and carcinomas,
primarily in the surrounding stromal cells. It is possible that

increased β-catenin in APC-mutated cells causes an increase in
cell signaling by E-cadherin between transformed cells and the
surrounding stroma, which consequently increases Wnt 2 tran-
scription (Smith et al., 1999). Interestingly, activation of protein
kinase C (PKC) by the phorbol ester PMA in both normal APC-
expressing and APC-deficient intestinal cells in vitro causes
β-catenin nuclear translocation and gene transcription. This sug-
gests an alternative pathway of β-catenin gene transcription regu-
lated by PKC, independent of APC (Baulida et al., 1999), and a
model of PKC involvement in colonic carcinogenesis has previ-
ously been suggested (Brasitus and Bissonnette, 1998).

Fig. 4. Intestinal polyp formation in Apc∆716 heterozygous mice.
(A) Normal intestinal epithelium. (B,C) Outpocketing pouches
formed at the proliferative zone of the crypt develop into the back side
of the neighboring villi. (D) Double-layer structure of the nascent
polyp that consists of microadenoma tissue attaching inside the nor-
mal villous epithelium. (E,F) Microadenomas growing further inside
single villi form folded layers of the adenoma tissue, which remain
inside the single villi with the villous epithelium remaining intact.
(G) Double-villous polyp in which microadenoma tissue moved from
the original villus into adjoining one. (H) Multivillous polyp consist-
ing of four original villi. The normal villous epithelium remains
almost intact. (from Oshima H et al., 1997 with permission).
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30.9.8. DOWNSTREAM TRANSCRIPTIONAL TARGETS
OF β-CATENIN/Tcf/LEF IN COLON CARCINOGENESIS
Several genes including c-myc (He Tet al., 1988; Peifer , 1997),
cyclin D1 (Tetsu and McCormick, 1999), c-Jun, Fra-1, urokinase-
type plasminogen activator receptor (uPAR) (Mann et al., 1999),
fibronectin (Gradl et al., 1999), CD44 (Wielenga et al., 1999), and
the matrix metalloproteinase matrilysin (Brabletz et al., 1999;
Crawford et al., 1999) have been identified as downstream tran-
scriptional targets of the β-catenin/Tcf/LEF nuclear complex, and
many have recently been shown to have oncogenic potential in the
GI tract. It is well documented that c-myc (Brabletz et al., 2000),
cyclin D1 (Arber et al., 1996), and uPAR, possibly via regulation
by the oncoproteins c-jun and fra-1 (Mann et al., 1999), are
overexpressed in colorectal adenocarcinomas. Differential expres-
sion of prostaglandin endoperoxide H synthase-2 is commonly
reported in colonic adenomas, believed to be a direct result of
increased β-catenin/Tcf/LEF nuclear transcription in Apc-mutated
cells (Mei, et al., 1999). In mice heterozygous for a defective Apc
gene, ensuing ACF, adenomas, and carcinomas strongly
overexpress CD44. In the same study, Tcf-4 heterozygous mutant
mice did not express CD44 in the small intestinal epithelium,

indicating that a failure of β-catenin/Tcf/LEF complex formation
in these mice prevents CD44 transcription, evidence of the role of
CD44 as a target in the intestinal carcinogenesis pathway
(Wielenga et al., 1999).

30.9.9. TGF-β AND Smad4 IN GI TUMORIGENESIS
Under normal circumstances, the TGF-β family inhibits growth of
most epithelial cells, including cells of the GI tract. The TGF-β
signaling pathway involves TGF-β ligand binding to the serine/
threonine TGF-β type II receptor (TβRII), which forms a hetero-
meric complex with and activates the TGF-β type I receptor
(TβRI), which, in turn, phosphorylates the cytoplasmic proteins,
Smad2 and Smad3. Phosphorylated Smad2 and Smad3 form a
heteromeric complex with Smad4 and translocate into the nucleus
to interact with transcriptional activators and coactivators, such as
c-Jun/c-Fos complex and CBP/p300, to give TGF-β target gene
transcription (Miyazono et al., 2000). Disruption of the TGF-β/
SMAD signaling pathway blocks the normal inhibition of epithe-
lial proliferation by TGF-β and can increase cell proliferation,
often leading to tumorigenesis. A study of 11 human colorectal
cancer cell lines provided insight into the frequency of these
deletions in human colorectal carcinomas, identifying that 70%

Fig. 5. Wnt signaling pathway. (A) In the absence of Wnt signaling, Dishevelled is inactive (Dshi) and Drosophila Zeste-white 3 or its
mammalian homolog glycogen synthase kinase-3 (Zw3/GSK-3) is active. β-Catenin (black dumbbells), via association with the APC-Zw3/
GSK-3 complex, undergoes phosphorylation and degradation by the ubiquitin-proteasome pathway. Meanwhile, Tcf is bound to its DNA-
binding site in the nucleus, where it represses the expression of genes such as Siamois in Xenopus. (B) In the presence of a Wnt signal,
Dishevelled is activated (Dsha), leading to inactivation of Zw3/GSK-3 by an unknown mechanism. β-Catenin fails to be phosphorylated and
is no longer targeted into the ubiquitin-proteasome pathway. Instead, it accumulates in the cytoplasm and enters the nucleus by an unknown
pathway where it interacts with Tcf, to alleviate repression of the downstream genes and provide a transcriptional activation domain. (From
Willert and Nusse, 1998, with permission.)

30/Britt/329-344/F 8/26/03, 7:31 AM338

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 30  /  STEM CELL ORIGIN IN GI TRACT 339

of cell lines had a mutation in TβRII (Ijichi et al., 2001). This is in
agreement with previous studies demonstrating TβRII mutations
associated with microsatellite instability in colorectal carcinoma
cell lines (Lu et al., 1995; Markowitz et al., 1995). Inactivation of
Smad2 and Smad4 is frequently reported in human cancers, impli-
cating them as tumor-suppressing genes (Hata et al., 1998;
Massague, 1998).

An immunohistological study of Smad expression in normal
and tumor tissues of the human colon showed an upregulation of
receptor-activated Smads, including Smad2 and Smad3, in
colorectal cancer cells but not in the normal colonic mucosa,
indicating alterations in TGF-β signaling in colorectal carcino-
genesis. Interestingly, the same study demonstrated Smad4
expression in surface epithelial cells of colonic crypts, suggest-
ing a role of Smad4 in the normal terminal differentiation and
apoptosis of these cells (Korchynskyi et al., 1999). However,
heterozygous Smad4 (Dpc4) KO mice showed no obvious phe-
notypic differences from their WT littermates. The same Smad4
mutation, introduced into Apc KO mice (Apc∆716) by meiotic
recombination as both mutations are located on chromosome 18,
showed that the cis-configuration compound heterozygotes (Cis-
Apc∆716[+/–] Dpc4 [+/–]) developed colonic and intestinal pol-
yps owing to LOH of the WT Apc allele. LOH of the remaining
Dpc4 allele also occurs in these mice. Further in vitro analysis
revealed that the whole of chromosome 18 expressing the WT
alleles was inactive in microadenoma cells of the cis-configura-
tion heterozygotes and was replaced by a reduplicated chromo-
some 18 expressing the mutant alleles, thereby producing
homozygous mutants. The cis-compound heterozygotes devel-
oped much larger intestinal lesions with greater proliferation of
stromal cells than those seen in Apc∆716 heterozygote mice. These
adenomas progress into adenocarcinomas with a highly malig-
nant nature, indicating that inactivation of the Dpc4/Smad4 gene
permits the malignant progression of adenomas in the small in-
testine and colon that are initiated by LOH of the Apc gene
(Takaku et al., 1998). This study demonstrates a reciprocal pro-
cess between the Wnt and TGF-β signaling pathways in malig-
nant progression of colonic and intestinal carcinogenesis, since
malignant transformation cannot occur without LOH in genes
from both pathways. It would be interesting to investigate
whether LOH of other genes in the TGF-β signaling pathway,
such as TβRI, TβRII, Smad2, or Smad3, produce the same ma-
lignant phenotype in Apc-mutated polyps.

30.9.10. HOMEOBOX GENES Cdx-1 AND Cdx-2 IN GI
TUMORIGENESIS  The mammalian homeobox genes Cdx-1 and
Cdx-2 are transcriptional regulators that display specific expres-
sion in the small intestine and colon, during embryogenesis and in
the adult, and are potentially influential in GI metaplasia. The
homozygous Tcf-4 KO mouse lacks Cdx-1 expression in the small
intestine, implying that Wnt signaling directly confers Cdx-1 tran-
scription by the β-catenin/Tcf-4 complex during intestinal devel-
opment (Lickert et al., 2000). Cdx1 protein expression is greatest
in nuclei of proliferative epithelial cells of normal intestinal crypts
and decreases with the progression of normal colonic epithelium
to adenomas to adenocarcinomas (Silberg et al., 1997). Therefore,
a regulatory role of stem cell proliferation and differentiation in
normal and neoplastic intestinal epithelium by Cdx-1 is possible,
although Cdx-1 appears to lack tumor-suppressing properties since
colonic tumors were not found in homozygous Cdx-1-deficient
mice (Subramaniam et al., 1995).

In the normal colonic epithelium in humans and rodents,
Cdx-2 expression is less restricted to proliferative cells, occurring in
all crypt cell nuclei in the proximal colon and in cell nuclei in the
upper third of the crypts from the descending colon to the rectum.
Similar to Cdx-1, immunohistochemical analysis of Cdx-2 expres-
sion in human colonic adenoma and carcinoma specimens, and in
rat colon treated with DMH, demonstrated a negative correlation
between the degree of dysplasia and Cdx-2 expression (Ee et al.,
1995). Heterozygous Cdx-2 KO mice (Cdx2+/–), develop multiple
intestinal polyp-like lesions predominantly in the proximal colon,
and occasionally in the small intestine, that contain areas of strati-
fied squamous epithelium histologically similar to that of the fore-
stomach. These lesions were initially believed to be intestinal polyps
and tumors, suggesting a role of Cdx-2 as a tumor suppressor gene
(Chawengsaksophak et al., 1997), but were later shown to be hetero-
typic stomach and small intestinal mucosa; thus, Cdx-2 is vital in
establishing regional differentiation during GI morphogenesis (Beck
et al., 1999).

The colorectal cancer cell line, RKO, does not undergo consti-
tutive β-catenin/Tcf-4-regulated transcription, despite expression
of WT APC, β-catenin, and Tcf-4 genes. This cell line was subse-
quently found to express an inactivating mutant Cdx-2 allele, thus
linking Cdx-2 to the APC tumor suppressor pathway mediated by
Wnt signaling. An increase in Cdx2 RNA was observed in an
HT29 cell line endogenous for mutant APC, stimulated to express
WT APC following zinc induction. It appears that the normal nega-
tive feedback of target genes transcribed by β-catenin/Tcf-4 com-
plexes by APC does not apply to Cdx-2, which is increased by
APC, and therefore works in conjunction with APC to enhance the
tumor-suppressing effects (da Costa et al., 1999).

It is not known if APC mutations alone initiate colon tumori-
genesis, although several subsequent mutations have been identi-
fied that allow progression of adenomatous growth following APC
mutation (Tomlinson et al., 1997). The K-RAS oncogene becomes
activated by a dominant mutation in approx 50% of colorectal
tumors, although the exact role of this mutation in tumorigenesis
is unclear because K-RAS mutations have also been identified in
normal colonic epithelium (Minamoto et al., 1995) and in ACF
(Pretlow, 1995). RAS oncogene activation in colonic cell lines,
Caco-2 and HT-29, produced opposing effects on mRNA expres-
sion of homeobox genes Cdx-1 and Cdx-2, in which Cdx1 is
upregulated via an MEK1-mitogen-activated protein kinase path-
way, and Cdx-2, a known tumor suppressor gene, is downregulated
via a PKC-activated pathway. Although yet to be demonstrated in
vivo, this regulation by RAS implicates a distinct signaling path-
way between an activated RAS oncogene and Cdx-1 and Cdx-2,
which may or may not be linked to mutations in the APC gene
(Lorentz et al., 1999). The tumor suppressor gene p53 becomes
inactivated predominantly at the late adenoma stage, probably
causing reduced capability to detect DNA damage, karyotypic
instability, impaired G1 cell-cycle arrest, and reduced apoptosis
(Tomlinson et al., 1997).

30.10. CONCLUSIONS
Lack of a definitive GI stem cell marker has limited studies of

clonality in the normal and carcinogenic GI tract, and although
continuously vied for, it may be fitting that the postulated primi-
tive, undifferentiated GI stem cell does not express such a marker.
It is generally accepted that the intestinal crypts in the adult
mouse and human, and the gastric glands in the mouse, are mono-
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clonal populations derived from a single multipotent stem cell
located within a mesenchymal niche. The GI stem cell increases
and decreases its proliferation rate in response to the demand
dictated by the health of the tissue to maintain homeostasis within
the GI epithelia. This continual, frequent turnover of epithelial
cells in the gut would ensure that a stem cell daughter cell becom-
ing neoplastic subsequent to differentiation would be shed into
the gut lumen and lost, and, consequently, the stem cell itself is
the proposed target cell in GI carcinogenesis. Clonal analyses
have presented evidence of both monoclonal- and polyclonal-
derived GI tumors, although many experimental inconsistencies
such as patch size have often been overlooked, potentially pro-
viding erroneous data. An understanding of the genetic and
molecular regulatory mechanisms involved in epithelial cell turn-
over and the onset and progression of GI tumorigenesis is rapidly
becoming established, for example, the role of the Wnt/β-catenin
signalling pathway and its downstream components is now well
characterized. It is clear that a second-hit mutation of the APC
gene is one of the initiating events in colorectal adenoma forma-
tion, although the mode of morphological progression is a sub-
ject of ongoing debate. Recent discoveries of GI stem cell
plasticity may provide insight into the cellular mechanisms
involved in GI carcinogenesis and increase the potential for
therapies of diseases and tumors of the GI tract.
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31 Specification of Liver
from Embryonic Endoderm

HIDEYUKI YOSHITOMI, MD, PhD AND KENNETH S. ZARET, PhD

During organogenesis, how do endoderm cells acquire their multipotency, become specified to different cell types, and
give rise to tissue buds? The liver derives from the definitive gut endoderm, which expresses many genes in common with
the visceral endoderm, which give rise to the yolk sac. The gut endoderm forms from epithelial sheets which form the
foregut and hindgut, which elongate and converge at the midsection. During determination, different domains of endoderm
are dependent on different groups of transcription factors, which appear to be controlled partially by preprogramming and
partially by the influence of overlying mesoderm. When progenitor cells become specified, they proliferate more exten-
sively, forming a tissue bud that extends into the surrounding mesenchymal domain. The liver tissue bud interacts with the
adjacent septum transversum mesenchyme between the liver tissue bud and the developing heart (cardiogenic mesoderm).
Coordinate signaling from both the cardiogenic mesoderm and septum transversum mesenchyme is required to induce liver
differentiation in the ventral foregut endoderm. On the other hand, dorsal-posterior mesenchyme inhibits the induction of
liver gene expression in endoderm outside the ventral foregut region. Liver progenitor cells in the ventral foregut also have
the potential to undergo pancreatic differentiation. At the time of hepatic specification, there is a burst of expression of
fibroblast growth factor-1 (FGF-1) and FGF-2 and persistent expression of FGF-8 in the cardiac mesoderm, and the
adjacent ventral foregut expresses FGF receptor genes (FGF-R1 and FGF-R4). Inhibition of this signaling results in failure
of hepatic gene expression; FGF signaling is sufficient to induce a hepatic fate, while suppressing a pancreatic fate. Bone
morphogenetic proteins from the septum transversum, in conjunction with FGF signaling from the cardiogenic mesoderm,
pattern the ventral foregut endoderm into liver and pancreatic cell domains. The induction of expression of liver genes is
tightly coupled to morphological changes in the cells from cuboidal to columnar and increased proliferation resulting in
formation of the liver bud. The bud expands into the surrounding mesenchyme of the septum transversum with subsequent
appearance of endothelial cells that will define the sinusoidal paths. Isolation and culture of uncommitted foregut endoder-
mal cells of the mouse between the 2- and 6-somite stage is described.

31.1. INTRODUCTION
A major issue in the area of organogenesis is the extent to

which tissues develop from progenitor cells that either are lost in
the process of cell differentiation or are from stem cell popula-
tions that are self-renewing. For the endoderm-derived organs,
such as the liver, lung, thyroid, and pancreas, we presently lack
definitive evidence that they arise from self-renewing stem cells
in embryonic development, and there is some evidence to the
contrary. Under normal conditions, only the intestine has a well-
documented, self-renewing stem cell compartment in adults, yet
these cells appear to arise as one of several cell types after the
initial commitment of the endoderm to an intestinal epithelium
(Korinek et al., 1998). Regardless of these distinctions, endoderm
cells, like stem cells, are clearly the progenitors of diverse cell
types. The means by which endoderm cells acquire their

multipotency, by which gut organ cell types are specified, and by
which modulations of cell growth lead to the formation of tissue
buds seem highly likely to have mechanisms in common with
stem cell biology. In addition, such mechanisms could be com-
mon to stemlike cells that become activated in endoderm-derived
organs during chronic tissue damage, regeneration, and carcino-
genesis, as described in other chapters of this book.

In this chapter, we discuss the above issues in relation to early
liver development, as well as provide details on the manipulation
of the embryonic endoderm as an experimental system. We focus
on what has been learned from genetic studies and from isolating
and characterizing the endodermal domain that normally gives
rise to the liver and part of the pancreas, emphasizing tissue iso-
lation and culture techniques that promote endoderm differentia-
tion and growth. At various points of the review, we indicate how
embryological approaches and insights may be useful for under-
standing and controlling the differentiation of stem cells outside
the normal context of liver development.
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31.2. ORIGIN AND INITIAL PATTERNING
OF DEFINITIVE ENDODERM,
A PROGENITOR CELL POPULATION

During gastrulation, an epithelial layer of the embryo called the
epiblast is converted to the definitive gut endoderm and its over-
lying mesoderm. The definitive endoderm is to be distinguished
from the visceral endoderm, the latter being a nonembryonic tissue
that gives rise to the yolk sac. The visceral endoderm expresses
many genes in common with the liver, such as for serum proteins
that help nourish the developing embryo, like the liver does for
adults. It is worth noting that one of the classic protocols for dif-
ferentiating embryonic stem (ES) cells in vitro leads to the cre-
ation of visceral endoderm cells, not hepatocytes (Strickland and
Mahdavi, 1978). Thus, when intending to generate hepatocytes
from ES cells, it is important to distinguish whether in fact visceral
endoderm has been created, although in practice this is hard to do
and investigators more often rely on diagnostic cell morphologies
than marker gene expression. More relevant to the present discus-
sion is the normal means by which the gut endoderm germ layer
gives rise to diverse tissues during embryonic development.

In terms of overall morphogenesis of the endoderm into a gut
tube, around day 8.0 in mouse gestation (embryonic day 8.0
[E8.0]), the epithelial sheets of endoderm at the anteriormost and
posteriormost domains of the embryo fold in to generate the
foregut and hindgut (Fig. 1A). As the elongating foregut and
hindgut converge at the midsection, by E9.0, the embryo turns
from facing outward to facing inward and the gut closes off as a
tube. Prior to gut tube formation, progenitors of the thyroid, lung,
liver, and ventral rudiment of the pancreas are specified in the
ventral foregut endoderm sheet, while progenitors of the dorsal
rudiment of the pancreas and the intestinal tract are specified in
the dorsal mid- and posterior endoderm.

The two major parameters that govern the ability of the endo-
derm to differentiate into various tissue types are the heteroge-
neous pattern of genes expressed in the endoderm itself, across the
anterior–posterior axis of the embryo, and the diverse signals from
mesoderm cells that overlie the endoderm. Regarding the first
parameter, gene inactivation experiments in mice are revealing
that the formation of different domains of endoderm are dependent
on different groups of transcription factors. For example, the gene
for the transcription factor FoxA2 (HNF3β) is essential for the
development of the anterior and midgut endoderm (Dufort et al.,

1998), whereas the genes for the transcription factors Smad2
(Tremblay et al., 2000) and Sox17 (Kanai-Azuma et al., 2002) are
essential for the development of the midgut and hindgut endo-
derm. Since there is heterogeneity in the requirement for transcrip-
tion factors across the gut endoderm, it follows that such
heterogeneity could govern or limit the developmental potential of
different domains of endoderm. This would be an initial
“prepatterning” mechanism to facilitate different tissues being
specified from endodermal progenitor cell populations, across the
anterior–posterior axis of the embryo.

However, recent embryo tissue culture experiments have
shown that any such prepatterning must be limited in extent, and
thus emphasize a second parameter governing endodermal dif-
ferentiation: the influence of overlying mesoderm. When Wells
and Melton (2000) isolated undifferentiated anterior endoderm
from mouse embryos and cultured it with posterior mesoderm, it
induced the expression of posterior endodermal markers in the
anterior endoderm; similarly, anterior mesoderm induced ante-
rior genes in posterior endoderm. These results in the mouse, and
similar studies with Xenopus embryos (Horb and Slack, 2001),
show that the anterior and posterior domains of endoderm are not
irreversibly programmed to one fate or another and that the
mesoderm has a primary role in controlling early endoderm dif-
ferentiation. However, posterior mesoderm was unable to extin-
guish the induction of anterior genes in cocultures of anterior
endoderm, showing that there are limitations to the ability to
reprogram the endoderm in response to mesodermal signals.

After progenitor cells of each tissue are specified, each group
of cells proliferates more extensively, creating a “bud” of tissue
with cells that proliferate into the surrounding mesenchymal
domain. Much effort is under way to understand how different
mesodermal signals along the anterior-posterior axis of the endo-
derm lead to the specification of different tissues and the emer-
gence of tissue buds.

31.3. MESODERMAL CELLS PROMOTE
OR INHIBIT HEPATOGENESIS
IN DIFFERENT DOMAINS OF ENDODERM

Classic developmental studies in the chick identified the spe-
cific mesodermal domain required to initiate liver development in
the ventral foregut endoderm (Le Douarin, 1964; Fukuda-Taira,
1981). In the chick studies, early somite–stage endoderm from the

Fig. 1. Patterning of the endoderm into tissues. (A) Parasagittal section of mouse embryo at approx 8.25 d of gestation, corresponding to the
approx 6-somite stage. Relevant tissue domains and organ derivatives are shown. (B) Magnification of boxed area in (A).
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ventral foregut region was transplanted to the midlateral mesen-
chyme region of a later-stage embryo (Le Douarin, 1964, 1975).
The transplanted endoderm only differentiated into hepatic cells
when it was cotransplanted with adjacent cardiogenic mesoderm.
Further studies with the chick transplant system showed that after
the initial induction of hepatic cells within the endoderm, septum
transversum mesenchyme cells, which are mesodermal in origin,
promote outgrowth of the liver bud (Le Douarin, 1975). Septum
transversum mesenchyme cells surround the developing cardiac
and ventral foregut endoderm regions prior to hepatic induction
and contribute to both the epicardium and the diaphragm (Fig. 1B).
The septum transversum mesenchyme cells apparently elaborate
growth factors that promote morphogenesis of the liver bud (see
below). Taken together, the chick embryo studies showed that
sequential interactions with different mesodermal cell types pro-
moted the earliest stages of differentiation and growth of the liver.

Twenty years later, our laboratory adapted this experimental
framework by establishing conditions whereby the ventral foregut
endoderm could be isolated from mouse embryos and cultured in
vitro with or without different mesodermal components or with
purified signaling molecules and inhibitors (Gualdi et al., 1996;
Jung et al., 1999; Rossi et al., 2001). The details of the experimen-
tal system are presented under Subheading 31.7. and Fig.3. With
this system, both early hepatic differentiation and growth could be
analyzed in detail, allowing a molecular and genetic analysis of
relevant signaling mechanisms.

In all studies described hereafter, the developmental stage of the
embryo is referred to by the number of somites, which are muscu-
loskeletal precursors, rather than by the number of days of gesta-
tion. This provides a far more accurate and reproducible means
for predicting the behavior of embryonic tissues in experiments.
For example, a single harvest of embryos at E8.5 in the mouse
might have a distribution of embryos from the 4- to 8-somite stages,
and we now know that prior to the 6-somite stage, the endo-
derm lacks signs of tissue commitment, whereas by 7–8 somites,
genes for various tissues such as the liver are already induced
(Gualdi et al., 1996). In addition, using somite stages allows better
comparisons between organisms, because the developmental tim-
ing of endodermal organogenesis with that of the somites is re-
markably conserved in vertebrate evolution.

The prior work with the chick compared favorably with new
tissue explant studies in the mouse. Ventral foregut endoderm
isolated from the 2- to 6-somite stages and cultured for 2 d in vitro
was found to be uncommitted for hepatogenesis, since it failed to
express early liver genes (Gualdi et al., 1996). By contrast, when
the ventral endoderm from 2- to 6-somite stages was isolated along
with its associated cardiogenic mesoderm, it would progress in
vitro to express hepatic genes such as for serum albumin and
α-fetoprotein. A convenience of this experimental system is that
the cardiogenic mesoderm progresses to the beating stage during
the culture period; thus, it is easy to identify the cardiac cells from
the surrounding endoderm cells. Furthermore, in the presence of
cardiogenic mesoderm, the endoderm grows much more vigor-
ously in vitro, providing a simple visual assay for growth promo-
tion analogous to that seen in the liver bud in vivo. As a negative
control, when ventral foregut endoderm was cultivated with dor-
sal–posterior mesoderm, which normally interacts with
preintestinal endoderm, it would not induce liver genes in vitro.
These studies show that there is specificity for the cardiogenic
mesoderm to induce hepatogenesis within the endoderm.

While these findings with the mouse would seem to simply
recapitulate those with the chick, the ability to use diverse mouse
molecular markers to characterize cell populations, as well as the
ability to use genetically altered embryos, has provided deeper
perspectives into hepatic specification. For example, molecular
marker analysis showed that ventral foregut endoderm explants
from the mouse, and thus possibly from the chick, were found to
be “contaminated” with mesenchymal cells of the prospective
septum transversum (Rossi et al., 2001). Further studies showed
that while the septum transversum mesenchyme cells alone are
insufficient to induce hepatogenesis in isolated ventral foregut
endoderm, signaling from the septum cells is required for the car-
diac mesoderm to induce liver genes in the ventral endoderm (Rossi
et al., 2001). Thus, the mouse studies showed that coordinate sig-
naling from both the cardiogenic mesoderm and septum
transversum mesenchyme is required to induce the liver in the
ventral foregut endoderm. To restate, these findings illustrate that
the septum transversum mesenchyme cells have an earlier role in
endodermal patterning than was previously appreciated from the
chick transplant studies.

Additional studies with the tissue explant system provided
insight into mesodermal patterning of the endoderm across the
embryo. Specifically, dorsal–posterior mesoderm was not only
found to lack the hepatic-inducing properties seen in the cardio-
genic mesoderm, but it actually inhibited hepatic induction when
juxtaposed to explants of ventral foregut endoderm and cardio-
genic mesoderm (Gualdi et al., 1996). On the other hand, when
dorsal-posterior endoderm, which normally becomes the intes-
tine, was cultured in isolation from dorsal–posterior mesoderm,
the dorsal–posterior endoderm induced some early liver genes.
Taken together, these studies show that early liver genes are
capable of being expressed more or less throughout the endoderm
germ layer, and that the dorsal–posterior mesoderm prevents
these genes from being induced outside the ventral foregut region
(Bossard and Zaret, 1998, 2000). In conclusion, the mesoderm in
the mouse is regionalized to both induce and inhibit cell-specific
genes in the endoderm. This appears to cause tissues of the liver
to emerge at the appropriate position along the anterior–posterior
axis of the embryo. These studies emphasize the multipotency of
the endoderm germ layer as a progenitor cell population and the
importance of mesodermal signals in tissue patterning.

31.4. MULTIPOTENCY OF ENDODERM
PROGENITORS OF LIVER

The multipotency of the endoderm is evident not only across
the anterior–posterior axis of the embryo; it is also seen within
the ventral foregut domain that can give rise to the liver. Initially,
we thought that if ventral foregut endoderm was cultivated in the
absence of cardiogenic mesoderm, we could expand the progeni-
tor cells and study them in detail in their undifferentiated state.
However, when the isolated ventral endoderm was not induced
to undergo a hepatic fate, it was found to assume a pancreatic fate
as a default (Deutsch et al., 2001). Indeed, the liver and the ven-
tral domain of the pancreas normally arise from adjacent seg-
ments of the anteriormost ventral foregut endoderm (Fig. 1B). A
sensitive reverse transcriptase polymerase chain reaction (RT-
PCR) assay showed that the endoderm closest to the cardiogenic
mesoderm, at the 7- to 8-somite stages, expresses serum albumin
mRNA, whereas the endoderm slightly more ventral, extending
distal to the cardiogenic mesoderm, expresses pdx-1 mRNA
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(Deutsch et al., 2001). pdx-1 encodes one of the earliest-acting
homeobox transcription factors in the pancreatic lineage
(Jonsson et al., 1994; Offield et al., 1996). Further studies showed
that in endoderm explants with cardiogenic mesoderm, a pdx-1-
positive domain sometimes emerged, and it was always distal to
the beating cardiac cells in the explant. These findings are con-
sistent with cardiac mesoderm blocking the default pancreatic
program in nearby cells, while it induces the liver program.

Further support for the ventral foregut endoderm consisting
of a bipotential cell population came from studies to determine
whether the cardiogenic mesoderm promotes selective outgrowth
of putative “predetermined” hepatic cells and/or the death of
putative “prepancreatic” cells (Deutsch et al., 2001). No such evi-
dence was found. Although it is necessary to mark individual pro-
genitor cells to determine definitively whether they are bipotential,
the available evidence indicates that the ventral foregut endo-
derm cells can undergo either a hepatic or pancreatic fate. Because
the lung and the thyroid also emerge from slightly more posterior
endoderm, it will be interesting in the future to see how these tis-
sues are patterned with respect to the liver and the pancreas.

The apparent bipotentiality of ventral endoderm cells in
embryos may be recapitulated in adult tissues, because in certain
pathological conditions, pancreatic cells can differentiate into
hepatocytes (Rao et al., 1989; Gu and Sarvetnick, 1993; Dabeva
et al., 1997; Krakowski et al., 1999). In these cases, it is not yet
known whether fully mature exocrine or endocrine cells
“transdifferentiate” into hepatocytes or if bi- or multipotent stem
cells differentiate de novo into hepatocytes. However, a subclone
of a pancreatic exocrine cell line has been shown to
transdifferentiate directly into an albumin-producing hepatic cell
in vitro (Shen et al., 2000; Wang et al., 2001). These studies show
that the developmental relationship of the liver and pancreas in
embryos can impact our understanding of the plasticity of the
differentiated state in adult tissues.

31.5. MOLECULAR MECHANISMS CON-
TROLLING INITIAL SPECIFICATION OF LIVER

The ability to isolate embryonic liver progenitor cells and study
parameters that differentiate them in vitro has provided a power-
ful system with which to analyze the relevant signaling mecha-
nisms. At the time of hepatic specification, there is a burst of
expression of fibroblast growth factor-1 (FGF-1) and FGF-2 and
persistent expression of FGF-8 in the cardiac mesoderm (Crossley
and Martin, 1995; Zhu et al., 1996; Jung et al., 1999). In addition,
the ventral foregut endoderm expresses at least two of the four
FGF receptor genes, FGF-R1 and FGF-R4 (Stark et al., 1991;
Sugi et al., 1995). Mouse homozygous null mutations for these
FGF signaling components either are embryonic lethal prior to
hepatic induction (Yamaguchi et al., 1992; Deng et al., 1994;
Meyers et al., 1998) or have minimal or no phenotype (Dono et al.,
1998; Ortega et al., 1998; Weinstein et al., 1998; Miller et al.,
2000). To address the issues of prior requirements and redun-
dancy, Jung et al. (1999) treated embryonic tissue explants of
cardiogenic mesoderm, ventral foregut endoderm, and septum
transversum mesenchyme with general inhibitors of FGF signal-
ing, which resulted in an inhibition of hepatic gene induction.

Further analysis showed that FGF signaling controls a cell fate
choice in the ventral endoderm. When ventral foregut endoderm
explants, free from cardiac mesoderm, were treated with low doses
of purified FGF-2, the cells initiated the expression of liver genes

instead of pancreatic genes (Jung et al., 1999; Deutsch et al., 2001).
FGF-2 did not appear to affect the selective growth or death of the
cells in the population. Taken together, the explant studies show
that FGF signaling is sufficient to explain the influence of the
cardiogenic mesoderm in inducing a hepatic fate while suppress-
ing a pancreatic fate in the ventral foregut endoderm.

FGF signaling results in the activation of the mitogen-acti-
vated protein kinase pathway, which involves signaling via small
G proteins such as ras (Kouhara et al., 1997; Casci et al., 1999).
Recently, a homozygous null mutation was made in the gene for
the enzyme prenylcysteine carboxymethyltransferase (PCCMT);
this enzyme normally modifies small G proteins so that they sta-
bly associate with the plasma membrane (Bergo et al., 2000; Chen
et al., 2000). The PCCMT null mutation causes a deficiency in ras
association with the plasma membrane, but not a complete block
(Bergo et al., 2000) and almost certainly affects a variety of other
signaling proteins. Interestingly, the PCCMT mutation results in
a failure in liver development (Lin et al., 2002). Detailed studies
revealed a delay in hepatic induction of the endoderm in vivo and
inconsistent induction of hepatic genes in cocultures of cardio-
genic mesoderm, ventral foregut endoderm, and septum
transversum mesenchyme in vitro (Lin et al., 2002). Taken with
the above FGF inhibitor studies, there is emerging evidence that
growth factor signaling pathways inside the endoderm are crucial
to trigger a hepatic fate. Further work is needed to identify the
specific signaling pathway components involved and to under-
stand how the pancreatic fate is excluded in this context.

Additional studies with the explant system identified a signal-
ing role for the septum transversum mesenchyme cells. These
cells are identifiable by their expression of the genes for the
transcription factor Mrg1 (Dunwoodie et al., 1998) and for the
signaling molecule bone morphogenetic protein-4 (BMP-4)
(Winnier et al., 1995). When cocultures of ventral foregut endo-
derm, cardiogenic mesoderm, and septum transversum mesen-
chyme were treated with noggin, an inhibitor of BMP signaling
(Zimmerman et al., 1996), the normal expression of albumin
mRNA in the explants was suppressed and enhanced the expres-
sion of pdx-1 was enhanced (Rossi et al., 2001). When BMP-2 or
BMP-4 was added back to noggin-inhibited explants, albumin
expression was restored, and when other non-BMP factors were
added back, they failed to work well in this regard. In summary,
BMPs from the septum transversum mesenchyme cells, in con-
junction with FGF signaling from the cardiogenic mesoderm,
pattern the ventral foregut endoderm into liver and pancreatic
cell domains. These studies emphasize how multiple signaling
factors working together may be required to modulate stem cells
to desired cell fates.

31.6. MORPHOGENESIS OF LIVER BUD
The initial induction of liver genes within hepatic endoderm is

tightly coupled to changes in cellular morphogenesis and growth.
Specifically, the endodermal epithelial cells first undergo a shape
transition from cuboidal to columnar, while lining the developing
gut tube. Shortly thereafter, by E9.0 in the mouse (approx 15–20
somites), the hepatic endoderm cells start to proliferate more rap-
idly than the nearby gut endoderm cells. Together, the columnar
transition and increased proliferation lead to a thickening of the
endoderm, and thus the initial appearance of the liver bud
(Fig. 2A,B). By E9.5 (approx 21–25 somites), the hepatic cells
then proliferate out of the epithelium and into the surrounding
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mesenchyme of the septum transversum, causing an expansion of
the liver bud (Fig. 2C). Simultaneously, endothelial cells appear
and line spaces in the emerging liver bud that will ultimately
define the sinusoidal paths through which blood will flow
(Matsumoto et al., 2001). The liver is a hematopoietic organ in
mammals, and by E10–10.5 in the mouse, hematopoietic cells
invade the liver bud. By E11.5, the liver is a defined organ and a
primary site of fetal hematopoiesis.

Although there are no genes known whose inactivation leads to
a consistent defect in the induction of hepatic cells in the endo-
derm, there are a variety of genes that are essential for the early
steps of liver bud morphogenesis and thus are embryonic lethal
when inactivated in mice. For example, inactivation of the genes
for the Hex or Prox-1 homeobox-containing transcription factors,
which are expressed in the ventral foregut endoderm, leads to a
block in liver bud emergence after the initial thickening of the
hepatic endoderm (Keng et al., 2000; Martinez-Barbera et al.,
2000; Sosa-Pineda et al., 2000). In both of these nulls, the early
hepatic genes are induced, but there is a block in liver bud growth.
These transcription factors may control the expression of signal
transduction pathway components that transduce growth signals
from nearby mesoderm.

There is also genetic evidence that the septum transversum
mesenchyme is important for morphological outgrowth of the liver
bud. Inactivation of the gene for Hlx, a homeobox-containing tran-
scription factor expressed in the septum transversum mesenchyme,
leads to a block in liver bud growth after hepatic genes are induced
(Hentsch et al., 1996). Hlx therefore appears to control the expres-
sion of a paracrine signaling factor from the septum transversum
mesenchyme to the liver bud.

Explant cultures have been made of ventral foregut endoderm,
cardiogenic mesoderm, and septum transversum mesenchyme
from homozygous null embryos for Hex or Prox-1. In each case,
the hepatic endoderm domain grew substantially in vitro (B. Sosa-
Pineda, R. Bort, and K. Zaret) (unpublished studies). Recall that
these mutations block early liver growth after the initial thicken-
ing of the hepatic endoderm. By contrast, an inhibitor of FGF
signaling markedly prevented the initial outgrowth of ventral
foregut tissue explants in culture, and adding FGF-8 back to such
inhibited cultures restored outgrowth (Jung et al., 1999). In addi-
tion, although a BMP-signaling inhibitor alone failed to affect

ventral foregut tissue outgrowth in culture, when the tissue was
derived from BMP-4 heterozygous or homozygous null embryos,
the inhibitor strongly inhibited outgrowth (Rossi et al., 2001).
Apparently, an endogenous genetic reduction in BMP signaling
was necessary for the exogenous BMP inhibitor to have an effect.
Taken together, these findings indicate that outgrowth of ventral
foregut endoderm cells in the embryo tissue explant assay is
dependent on the same signals that induce a hepatic fate. Such
outgrowth appears to be controlled differently from the morpho-
genetic signals that control the secondary expansion of the liver
bud into an organ.

To test the morphogenetic role of endothelial cells that con-
tribute to the developing liver vasculature, Matsumoto et al.
(2001) used mouse embryos homozygous mutant for the flk-1
gene. flk-1 encodes the vascular endothelial growth factor recep-
tor-2, which is normally expressed in and required for the devel-
opment of endothelial cells (Shalaby et al., 1995); null mutants
exhibit a failure of maturation of angioblasts and they do not
migrate to target sites such as the liver, thus cleanly deleting the
cells from the liver bud. Strikingly, loss of endothelial cells
caused a failure in liver bud growth after the hepatic induction
stage (Matsumoto et al., 2001). Thus, endothelial cells appear to
express normally a paracrine factor that promotes liver bud
growth. The block in hepatic bud growth in the flk-1 null
embryos is prior to hematopoietic cell invasion, and therefore is
not owing to a failure of blood cells, oxygen, or nutrients being
delivered to the local region (Matsumoto et al., 2001).

The mutations discussed in this section cause the earliest known
defects in liver bud growth and may be germane to issues related
to stem cell growth and expansion. Many other mouse mutations
affect liver development at subsequent steps of differentiation and
morphogenesis and are discussed in reviews elsewhere (Duncan,
2000; Zaret, 2002).

31.7. EMBRYO TISSUE EXPLANT CULTURES
THAT RECAPITULATE HEPATOGENESIS

In this section, we describe our methodology for an embryo
tissue culture system that supports the viability, growth, and dif-
ferentiation of ventral foregut endoderm, with or without cardio-
genic mesoderm and septum transversum mesenchyme (Fig.3).
The single most important parameter in developing this culture

Fig. 2. Morphogenesis of the liver bud. Transverse sections of mouse embryos at designated somite stages, corresponding to 8.5–9.5 d of
gestation. The boxed area in (A) (×55 original magnification) is magnified to ×220 original in (B). (C) Same magnification in (B).
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system was the utilization of 10% calf serum in a standard tissue
culture medium. The use of fetal calf sera from any source tested
or serum-free media supplemented with growth factors was
strongly inhibitory to the survival of the endoderm. It is also
critical to assess carefully the somite stage of the isolated
embryos, prior to tissue dissection. As described above, the ven-
tral foregut endoderm in the mouse is uncommitted between the
2- and 6-somite stages and therefore must be isolated during this
period for cell fate studies. A final general point is that it is worth
taking a photograph under the microscope of each embryo,
before and during dissection, and of each explant on all days of
culture. This greatly facilitates retrospective analysis and
troubleshooting.

Explant tissue culture medium consists of Dulbecco’s modi-
fied Eagle’s medium containing 10% calf serum (Hyclone), peni-
cillin (100 U/mL), and streptomycin (100 µg/mL). Place the
embryo tissue explants in individual chambers of glass slides con-
taining eight removable chambers mounted on top (Nunc Lab-
Tek; cat. no. 177402). The glass substrate facilitates microscopic
analysis during the culture period. Prior to use, coat the slides with
collagen by adding to each chamber 200 µL of a solution contain-
ing 50 µg/mL of collagen type 1 (Collaborative Biomedical; cat.
no. 354236) in 0.02 N acetic acid in phosphate-buffered saline

(PBS) at 37°C for 1 h. Then aspirate the solution and wash the
wells twice with PBS and once with medium. Add 400 µL of
medium to each well and equilibrate in an incubator with 5% CO2.

Considering that noon of the day of vaginal plug discovery
is taken to be E0.5, embryos are harvested at approx E8.25 (e.g.,
in the morning) to select embryos prior to hepatic induction, at the
2- to 6-somite stages. Remove the embryos from uteri and transfer
them to dishes containing PBS. Dissect the embryos free of deci-
dual tissues and store in PBS in a 6-cm dish on ice. Transfer an
individual embryo to a few drops of PBS on black dissecting wax
in a dish, under a dissecting microscope. Use electrolytically
etched tungsten needles (Hogan et al., 1986) to carefully remove
the yolk sac. Because the yolk sac is connected to embryonic tissue
at the level of foregut opening, it must be removed near the foregut
endoderm. Cut the embryo just below the opening of the foregut
(Fig. 3A, dashed line) and save the anterior domain for further
dissection (Fig. 3B, left panel).

To isolate the foregut endoderm with cardiac mesoderm, excise
and remove the optic lobes and the dorsal (back) part of the embryo
fragment. Use a micropipetor to transfer the tissue into a slide
chamber well containing medium.

For finer dissection of foregut endoderm free of cardiogenic
mesoderm, expose the anterior portion of the embryo to either

Fig. 3. Isolation of ventral foregut endoderm, including liver progenitor cells, from mouse embryos. (A) Parasagittal view of anterior domain
of mouse embryo at ~8.25 d of gestation, 2–6 somites. The dashed line indicates the area cut to remove the anterior endoderm domain.
(B) Dissection of ventral foregut endoderm (v.f.e.) and outline of procedure. (C,D) Explants grown for 48 h in vitro. The circled area
represents beating cardiac cells, which are present only in the explant in (C). Both images are at the same magnification. (Pictures courtesy
of Dr. Jennifer Rossi.)
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heat or an enzymatic solution to help separate tissue layers. Prior
to dissection, transfer an individual embryo to a dish of PBS on
a heat block at 37°C for about 3 min. This loosens the tissues and
facilitates dissection of the endoderm. Then transfer the tissue to
clean PBS on the dissecting dish and carefully separate the endo-
dermal layer as a sheet from cardiac mesoderm (Fig.3B, right
panel, v.f.e.). It is best to try dissecting without enzymes, but if
necessary, put the embryo or tissue fragment into a solution of
2.5% pancreatin (Sigma, St. Louis, MO), 0.5% polyvinylpyrroli-
done, and 20 mM HEPES (pH 7.4) in PBS for a few minutes at
room temperature. Excessive enzymatic treatment causes a deg-
radation of tissue. Transfer the embryo or tissue carefully into
medium containing 10% serum for 1 min to stop the digestion,
and then transfer to clean PBS and dissect as above. Again, it is
possible to dissect away the endoderm from the cardiogenic
mesoderm without the enzyme treatment, but in this case the
several-minute exposure of the embryo to PBS at 37°C is neces-
sary (see above).

Embryo tissue fragments are usually incubated at 37°C for 2
to 3 d. Cardiogenic mesoderm cells progress to the beating stage
after 8–24 h of culture and thus become easily visible under the
microscope (Fig. 3C, 48 h of growth, beating cardiac area is
circled by red dashed line). In the absence of cardiogenic meso-
derm, the endoderm explants are much smaller and may not
attach to the substrate (Fig. 3D, 48 h of growth). Take instant or
digital photographs of the explants on each day of culture and
carefully circle the beating area of cells in the picture. It is impor-
tant to score for beating cells in explants immediately after they
are removed from the 37°C incubator, because extended periods
at room temperature can cause the cells to stop beating. After
culturing for an optimal period, the explants are subjected to
RNA extraction for RT-PCR, in situ hybridization (ISH), or
immunohistochemistry. For ISH and immunohistochemistry, fix
tissues on the slide in 4% paraformaldehyde in PBS for a few
hours at 4°C, and then dehydrate with a series of methanol (for
ISH) or ethanol (for immunohistochemistry). They can be stored
at –20°C for several months.

31.8. FUTURE PROSPECTS
As discussed at the outset of this chapter, we do not know

the extent to which mechanisms of endoderm tissue specification
relate to those exhibited by bona fide stem cells in adult tissues
in vivo, or by embryonic or adult stem cells that are manipulated
in culture. Nonetheless, it is reasonable to assume that the ways
that nature normally controls the formation of tissues such as the
liver in development are good starting points for thinking about
how stem cells might generate such tissues in other contexts.

Two general points emerge from our detailed discussion above
on embryo explants and genetic studies of liver specification from
the endoderm. The first is that initial cell fate decisions are con-
trolled by multiple, convergent signals from distinct mesodermal
cell domains acting on a particular domain of endoderm. Thus, the
more we know about regulatory factors that impart hepatogenic
competence to the endoderm and signal transduction pathways
triggered therein, the better we should be able to predict the behav-
ior of stem cells in other contexts. The second major point is that
initial cell fate decisions appear to be intimately linked to growth
control; that is, all signaling influences that promote hepatic speci-
fication also promote outgrowth of the cells into a nascent liver
bud. An interesting aspect of this issue is that enhanced growth of

the endoderm occurs when the cells begin to differentiate, which
is in contrast to the conventional view that growth and differentia-
tion oppose one another. Indeed, throughout development, and
perhaps in stem cell biology, signaling molecules that were origi-
nally designated as growth factors typically play critical roles in
controlling cell type differentiation. We anticipate that these gen-
eral points and the specific regulatory molecules discussed here
will be useful when considering how stem cells isolated from
embryos or residing in adult tissues can be induced to become
hepatocytes or other gut organ cell types.
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32 Animal Models for Assessing
the Contribution of Stem Cells
to Liver Development

DOUGLAS C. HIXSON, PhD

A lineage progression from small undifferentiated cells to bipotent cells expressing both biliary and hepatocytic
products to unipotent mature hepatocyte or bile duct cells has been identified by a number of laboratories during liver
development or in response to injury or carcinogenesis. This leads to a multitiered system of cell renewal designed to
provide alternative pathways to liver regeneration that will ensure retention of the reestablishment of liver functionality
even when mature hepatocytes and ductal cells have been severely compromised. Recent experiments indicate that the
small undifferentiated liver progenitor cell (LPC) may actually be bone marrow derived. Selective activation of LPCs
may be accomplished in rodents by combining agents or events that activate proliferation with those that inhibit hepa-
tocyte proliferation. Different injury or carcinogenesis regimens applied to rodents appear to activate the liver lineage
cells at different levels including small intraportal undifferentiated cells, bipotent ductal cells, and small hepatocytes.
Early lineage (oval) cells also are seen in the livers of humans with chronic liver injury or carcinogen exposure and are
a consistent feature of viral hepatocarcinogensis in both animals and humans. Experimental models of chemical
hepatocarcinogenesis also implicate LPCs as the cells of origin of hepatocellular carcinoma. Identification of the poten-
tial of a cell using transplantation into the liver has been complicated by several confounding factors, but it has been
shown that adult hepatocytes have the capacity to replace extensively damaged liver tissue by undergoing a number of
cell divisions. This clearly shows that the mature hepatocyte is capable of sustained symmetric divisions, but the
proliferation capacity of putative LPCs has not been determined in this fashion. Future directions in using proliferation
of endogenous or transplanted stem cells for replacement or gene therapy seem boundless, but much more needs to be
known about the liver stem cell lineage and how to control its potential in vivo.

32.1. INTRODUCTION
The concept of bipotent hepatic progenitor cells residing in

the cholangioles, the smallest ducts that connect the bile canali-
culi to the biliary tree, was postulated nearly 50 yr ago by Wilson
and Leduc (1958). This concept was supported by subsequent
studies demonstrating the activation and proliferation of small
basophilic progenitor cells with ovoid nuclei after physical or
chemical injury, or treatment with hepatocarcinogens (Grisham
and Porta, 1964; Sell and Salman, 1984; Hixson et al., 1992;
Sarraf et al., 1994; Sirica, 1995; Sell, 1998). Because these
so-called oval cells were only activated under extreme condi-
tions, they were designated by Grisham and colleagues as “fac-
ultative stem cells,” a designation suggested by their ability to
undergo hepatocyte or ductal cell differentiation (Grisham,
1980). The importance of hepatic stem cells in normal renewal or
regenerative processes remains an area of controversy, especially
in light of recent studies demonstrating that hepatocytes and bile
ductal epithelial cells have an immense capacity for self-renewal

that is more than sufficient to regenerate and maintain the size
and functional capacity of the liver (Sirica et al., 1994; Overturf
et al., 1999). If stem/progenitor cells are involved, their contri-
bution during regeneration and renewal in a healthy liver appears
to be relatively small, leading many to question the importance
of hepatic stem/progenitor cells since there is no apparent need
for them under normal circumstances.

However, under the “extreme conditions” needed for activa-
tion (Grisham, 1980), hepatic stem/progenitor cells appear to
play an essential role as a fail-safe system that can repair the liver
under conditions in which the proliferative capacity of hepato-
cytes and ductal cells has been compromised. Indeed, recent in-
vestigations suggest that there are three, and possibly four, bi- or
multipotent cell populations coexisting in the normal adult liver.
Primitive periductal progenitors, designated as type 0 by Sell
(1998) and as “blast” or “basal” cells by Novikoff (Novikoff and
Yam, 1998), are the first cells that undergo DNA synthesis and
proliferation following treatment with liver carcinogens
(Bisgaard et al., 1996; Novikoff and Yam, 1998; Sell 2001).
These cells lack lineage markers and reside either in the portal
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mesenchyme in close proximity to bile ductules or sequestered
inside a basal compartment formed by bile duct epithelial cells.
Other bipotent liver progenitors such as those designated type I,
type II (classic oval cells), or type III (transitional hepatocytes
with ductal and hepatocyte features) are viewed by some as “tran-
sit” cells that rapidly proliferate and eventually differentiate into
hepatocytes or ducts (Hixson et al., 1992; Sirica, 1992, 1995;
Sell, 1998). In relating these adult stem cell types to fetal pro-
genitors in the rat, the 12- to 14-d progenitors described by sev-
eral groups (Dabeva et al., 2000; Kubota and Reid, 2000; Yin
et al., 2002) would seem to most closely resemble type 0 progeni-
tors and the OC.10-positive, bipotent, fetal ductal cells isolated
by Simper et al. (2001) from embryonic day (E) 16 fetal livers
and the type II progenitors in adult liver. Gordon et al. (2000),
Chise et al. (Tateno and Yoshizato, 1996; Tateno et al., 2000),
and others have also described what have been called “small
hepatocyte-like progenitor” (SHP) cells. SHPs are present in
normal liver in low numbers but expand rapidly in retrorsine-
treated rats. SHPs would seem to fit the characteristics ascribed
by Sell (1998) to type III progenitors because they initially
express both hepatocyte and bile ductal markers and seem to be
restricted to differentiation along a hepatocyte lineage.

Because hepatocytes and bile ductal epithelial cells appear to
have an immense capacity for proliferation and “self-renewal”
(Fausto, 1997; Overturf et al., 1999), it has been suggested that
they are in reality “unipotent” stem cells (Thorgeirsson, 1996),
a concept that seems at odds with the basic properties assigned
to true stem cells. For example, proliferation of hepatocytes and
bile duct epithelial cells appears to involve symmetric cell divi-
sion. In essence, the two daughter cells are identical to their
parent. True stem cells, by contrast, not only undergo symmetric
cell divisions but also divide asymmetrically. This results in
self-renewal as well as the production of daughter cells that can
undergo further differentiation (Hixson et al., 1992). How
asymmetric division is accomplished is only partly understood
at present. Recent investigations suggest that this process is
mediated by inhibitors or promoters of differentiation that are
retained during division by the parental stem cells or the dif-
ferentiation-committed daughter cell, respectively (Chenn and
McConnell, 1995; Knoblich et al., 1995; Mello et al., 1996).
Herein lies a second distinction between “stem cells” and hepa-
tocytes—the absence of differentiation and lineage progression,
a hallmark of stem cells that is unnecessary for hepatocytes or
mature bile duct epithelial cells. Under conditions in which the
replicative capacity of hepatocytes has not been compromised,
such as restitutive proliferation following partial hepatectomy,
regeneration appears to be a purely replicative process mediated
by mature hepatocytes or ductal cells (Fausto, 1990, 1997). In
addition, true stem cells have a self-renewal capacity that renders
them immortal relative to the normal life-span of the animal.
Hepatocytes, by contrast, have a finite longevity and, over the
course of a year, are completely replaced by “new” hepatocytes
through the normal process(es) of renewal (Steiner et al., 1966).
In this respect, hepatocytes are more akin to progenitor cells, a
bi- or multipotent cell population distinguished from stem cells
by their more limited capacity for self-renewal (Fausto, 1990).

When all of the current information on hepatic progenitor cells
is viewed as a whole, the picture that emerges is a multitiered
system of renewal designed to provide alternative pathways to
liver regeneration that will ensure the retention or reestablishment

of liver functionality even when mature hepatocytes and ductal
cells have been severely compromised. Recent reports document-
ing the ability of hematopoietic stem cells (HSCs) to differentiate
into hepatocytes (Theise, N.D. et al., 2000; Petersen, 2001) indi-
cate that infiltrating HSCs can supplement hepatic stem/progeni-
tor cell–mediated renewal to a currently unknown degree. In this
regard, Van der Kooy and Weiss (2000) have made the intriguing
suggestion that true hepatic stem cells may not even be present
during the initial stages of liver formation but may appear later
during organogenesis and thus may be distinct from fetal stem
cells that create embryonic tissues and organs. Ductal progenitors
corresponding to the type II progenitors of Sell (1998) are consis-
tent with this view because they are not present in the liver primor-
dium but derive from hepatoblasts that enter a ductal lineage
following their contact with and subsequent invasion into the portal
mesenchyme (Van Eyken et al., 1988; Shiojiri et al., 1991). The
same may also be true of hematopoietic progenitors. The yolk sac
hematopoietic progenitors that initially colonize the liver are
thought to give rise primarily to fetal blood cells such as nucleated
red blood cells. Adult HSCs, on the other hand, appear to derive
from HSCs that migrate from the aorta–gonad–mesonephros
region later in liver development (Medvinsky and Dzierzak, 1996).
Adult HSCs may represent yet another stem cell population distin-
guished from fetal HSCs by their greater developmental flexibility
that allows differentiation into hepatocytes, astroglia, and skeletal
muscle cells, a plasticity not displayed by fetal or adult HSCs in the
fetal microenvironment. As suggested by Van der Kooy and Weiss
(2000) the multilineage flexibility permitted by the adult environ-
ment may enhance survival. Moreover, because the fetal liver is
the major site of hematopoiesis during fetal development and
retains sites of hematopoiesis in the adult, it is not surprising that
adult HSCs, which are constantly migrating through the liver,
would take up long-term residence and thus be available to
respond when other front-line systems of renewal and repair have
been compromised.

Because hepatic stem/progenitor cells are few and thus not
usually apparent in the normal adult liver, development of meth-
ods to induce their activation, expansion, and differentiation in a
reproducible fashion are essential for understanding the molecular
events that determine their ultimate fate, particularly during the
course of liver carcinogenesis and chronic disease. In the remain-
der of this review, I discuss a number of the most commonly used
animal models for studying hepatic progenitor cell populations
and strategies used for lineage analysis.

32.2. SELECTIVE ACTIVATION
OF RODENT LIVER PROGENITOR CELLS

In most animal models, activation of progenitor cells requires
treatment with agents that severely compromise the proliferative
capacity of hepatocytes but have little or no effect on progenitor
cells, presumably because progenitors lack the cytochrome p450s
needed to generate mitoinhibitory metabolites. 2-Acetylamino-
fluorene (2-AAF), a liver carcinogen that is effective in blocking
the regenerative capacity of hepatocytes at noncarcinogenic doses,
has been used for this purpose in several oval cell induction pro-
tocols (Sell et al., 1981; Evarts et al., 1989; Petersen et al., 1997).
When coupled with partial hepatectomy (PH) or treatment with
CCl4, 2-AAF induces a moderate oval cell expansion that peaks
between 7 and 9 d after PH/CCl4 (Fig. 1) (Evarts et al., 1996;
Petersen et al., 1997). The reproducibility and short induction
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period have led to wide use of this protocol. A considerably larger
oval cell expansion can be obtained by combining 2-AAF with a
choline-deficient (CD) diet (Sell et al., 1981). With this protocol,
as much as 80% of the liver is occupied by oval cells and atypical
oval cell ducts within 2–4 weeks (Fig. 2). A major drawback to this
system is the high mortality in treated animals (100% by 5 wk), a
figure that does not improve significantly when animals are placed
on a choline-sufficient diet (Sell et al., 1981). It could be that in the
AAF/CD-treated liver, an unfavorable microenvironment short-
ens the life-span or hinders the differentiation of oval cells, the end
result being inadequate liver function due to a failure to regenerate
functional hepatocytes. Whatever the mechanism, the lethality
appears to require the combined effects of 2-AAF and a CD diet.
This conclusion is based on our own studies showing that oval
cells recovered from AAF/CD-treated rats form GGT+ colonies of
hepatocytes when transplanted into rats maintained on a CD diet
(Faris and Hixson, 1989) (Fig. 3).

Fig. 1. Oval cells in liver of Fisher rat 7 d after treatment with 2-AAF
and partial hepatectomy. Oval cells are brightly stained by indirect
immunofluorescence with monoclonal antibody (MAb)  OV6, an
antibody that recognizes oval cells and bile duct epithelial cells.

Fig. 2. Oval cells induced by 2-AAF/CD diet. (A) H&E-stained
frozen section from liver of rat treated with 2-AAF/CD diet for 4 wk.
Large arrows designate oval cell ducts and small arrows, individual
oval cells. (B) Frozen section from same liver stained by a his-
tochemical protocol for γ-glutamyl transpeptidase. Oval cell ducts
(large arrows) are strongly positive whereas scattered oval cells
(small arrows) are only weakly stained.

Fig. 3. Frozen sections containing colonies of hepatocytes formed
in F1 Long Evans (LE) X ACI progeny transplanted with ACI oval
cells isolated from rats maintained on 2-AAF–CD diet for 3 wk.
(A, B) Host rats were maintained on the CD diet 1 wk prior to and
12 wk following transplantation. Sections were stained by indirect
immunofluorescence. Donor cell colonies appear as dark areas
against a background of brightly stained host parenchymal cells.
(Photograph provided by Ronald Faris, Rhode Island Hospital,
Providence, RI.)
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Oval cells can also be induced by placing animals on a CD diet
containing 0.05–0.1% ethionine (Fig. 4), a low-toxicity protocol
with very low mortality (Shinozuka et al., 1978; Sirica and Cihla,
1984; Lenzi et al., 1992; Hixson et al., 1996). Interestingly, a CD
diet with or without ethionine destroys the acinar pancreas. This
causes the activation of ductal progenitor cells that, for unclear
reasons, differentiate into hepatocytes instead of acinar cells
(Fig. 5). Ethionine in a CD diet (CDE) appears to act indirectly to
cause DNA damage (Rushmore et al., 1986) by elevating levels of
reactive lipid peroxidation products, free radicals, and reactive
oxygen species. Ethionine is also known to cause changes in gene
expression by altering DNA methylation patterns (Shivapurkar
et al., 1984), which, in turn, alter differentiation and/or growth
regulatory pathways. In addition, there is evidence that a CDE diet
may decrease growth inhibitors and increase growth stimulators,
a shift that could facilitate oval cell expansion (Lombardi et al.,
1985). As one might expect, combining ethionine with a CD diet
greatly enhances formation of hepatocellulr carcinoma (HCC) and
cholangiocarcinomas  (Lombardi and Shinozuka, 1979; Sells
et al., 1979), relative to CD diet (Lombardi, 1971; Hoffman, 1984;
Counts et al., 1996), which by itself is also carcinogenic in Fischer
rats (Chandar and Lombardi, 1988; Nakae et al., 1992). Studies
from our and other laboratories have shown that many CDE-
induced HCCs express both hepatocyte and oval cell/ductal anti-
gens, a phenotype consistent with a derivation from oval cells
arrested at an intermediate stage in hepatocytic differentiation
(Hixson et al., 1996, 2000).

From a practical standpoint, protocols that avoid the use of
liver carcinogens would be highly desirable, and several of these
have been devised. Intraperitoneal injection of galactosamine
induces extensive liver damage that results in marked oval cell
proliferation beginning within 24 h post injection, peaking at 5 d
(Lemire et al., 1991; Dabeva and Shafritz, 1993) and diminishing
thereafter as oval cells undergo hepatocytic differentiation or
apoptosis. In Long-Evans Cinnamon (LEC) rats, an inbred strain
that carries a defect in the Wilson’s disease gene, oval cell expan-
sion occurs spontaneously in response to the acute hepatitis that
occurs at 20–23 wk of age (Takahashi et al., 1988; Betto et al.,
1996). Survivors of acute hepatitis (the end result of copper accu-
mulation caused by the genetic defect) develop chronic hepatitis
that ultimately leads to the generation of cholangiocarcinomas

and HCCs at a high incidence (Yasui et al., 1997). Yasui et al.
(1997) have demonstrated that LEC oval cells differentiate into
hepatocytes when transplanted into a normal rat liver, suggesting
that at least a portion of HCCs in this model system derive from
oval cell progenitors. Ethanol has also been reported to activate
oval cells, but the time course of activation differs significantly
from CDE or other rapid induction protocols. After 4 wk of treat-
ment with ethanol, oval cells are barely detectable but increase
steadily with time thereafter, multiplying by more than 15-fold
over the next 23 mo (Smith et al., 1996). By comparison, animals
maintained on a CDE diet attain oval cell densities at 4 wk that are
fourfold higher than those induced by ethanol after 2 yr.

Although the rat has been the preferred animal model for
studying oval cell activation, several excellent mouse models are
now available. As in the rat, a number of these take advantage of
the oval cell expansion that occurs following treatment with
chemical carcinogens, pertinent examples being ethionine in a
CD diet (Akhurst et al., 2001), diethylnitrosamine (He et al.,
1994), and N-nitrosodimethylamine in combination with
Heliobacter hepaticus (Diwan et al., 1997). SV40 transgenic
mice offer a model system not only for studying the role of oval
cells in hepatocarcinogenesis but also for examining the factors
that lead to their spontaneous activation around wk 10 after birth
(Bennoun et al., 1993). Oval cell proliferation also occurs in
mouse models of chronic hepatitis induced by infection with
cytomegalovirus (Cassell et al., 1998) or treatment with allyl
alcohol (Lee et al., 1996). Interestingly, the repair process fol-
lowing exposure to allyl alcohol differs significantly from the
rat. For one thing, necrotic areas in the mouse are not restricted
to the periportal zone. In addition, restoration of necrotic areas
is primarily mediated by hepatocytes instead of oval cells, the
major agents of repair in the rat.

Treatment with dipin in combination with partial hepatectomy
is another model system used for mouse oval cell activation,
expan-sion, and differentiation. Of interest is the close resem-
blance between the dipin/PH protocol in mice and the more
recently developed retrorsine/PH regimen used in rats (Laconi
et al., 1998; Gordon et al., 2000). Both dipin and retrorsine are
potent alkylating agents capable of causing irreversible damage to
liver cell DNA that severely inhibits the replicative capacity of
differentiated hepatocytes (Engelhardt al., 1990; Factor et al.,

Fig. 4. Oval cells induced by CDE diet. Frozen sections prepared from the liver of rat maintained on the CDE diet for 4 mo were stained by
indirect immunofluorescence with MAb OV6 (A) or MAb BD.1 (B) OV6-positive oval cell ducts were negative for BD.1, a ductal marker
expressed on fetal and adult bile duct epithelial cells. (Photograph provided by Li Yang, Emery University, Atlanta, GA.)
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1994). This creates a dire situation that leads to the activation of
proliferation-competent, bipotent progenitors capable of
hepatocytic differentiation and restoration of the liver mass. Herein
lies a major difference between the two model systems: the nature
and origin of these bipotent progenitors. Results from both auto-
radiographic and morphological analyses indicate that regenera-
tion in dipin/PH treated mice is mediated by oval cells in the canals
of Hering that express A6 and A7, two antigens common to oval
and biliary epithelial cells, and transitional hepatocytes. By con-
trast, oval cells appear to play a relatively minor role in the
retrorsine/PH model in which reconstitution seems to be mediated
almost entirely by a population of SHPs (Gordon et al., 2000).
Significantly, these progenitors are also present in normal rat liv-
ers, suggesting that they may play a role in normal repair and
renewal processes (Tateno et al., 2000). SHPs are distinguished in
several respects from oval cells, bile duct epithelial cells, and other
liver progenitors. At the time of emergence, SHPs already express
the hepatocyte-specific proteins albumin and transferrin, the latter
a marker not found on oval cells or other liver progenitors (Gordon
et al., 2000b). In addition, early SHPs transiently express the duc-
tal markers OC.2 and OC.5 (Gordon et al., 2000b; Hixson et al.,
2000) and display high levels of the transferrin receptor that is not
detectable by indirect immunoflourescence (IIF) on oval cells or
any other liver epithelial cell types (unpublished observation by
D.C. Hixson). SHPs are also distinguished from oval cells and
oval cell progenitors by their expression of H.4, a hepatocyte-
specific epitope that is never found on oval cells or fetal/adult bile
duct epithelial cells (Gordon et al. 2000).

32.3. HUMAN MODEL SYSTEMS
FOR OVAL CELL ACTIVATION

It is impossible, for obvious reasons, to treat human subjects
with agents that induce oval cell proliferation. Consequently, stud-
ies of human liver have to rely on biopsy specimens; excess tissue
from tumor resections; tissue from liver transplants; or donated
livers that, for logistical or immunological reasons, went unused.
When taken together, results from a number of studies suggest that
progenitor cells arise in the human liver under conditions similar
to those that activate their rodent counterparts. As noted above,
oval cell expansion is a consistent feature of liver tissue taken
from patients infected with hepatitis C virus (HCV) or hepatitis B
virus (HBV) (Hsia et al., 1992; Lowes et al., 1999; Dominguez-
Malagon and Gaytan-Graham, 2001). Hepatic progenitor cells
positive for C-kit and OV6 have been found in liver specimens
from pediatric patients diagnosed with biliary atresia, α1 antit-
rypsin deficiency, or fulminant hepatic failure (Crosby et al., 1998;
Baumann et al., 1999). As in rodents, oval cell activation also
occurs in humans exposed to aflatoxin, a potent human carcinogen
that in mice works synergistically with HBV to produce a more
rapid and extensive oval cell proliferation and a shortened time of
progression to HCC (Sell et al., 1991). The availability of human
liver tissues containing proliferating hepatic progenitors raises
the possibility of using strategies developed in rodent model sys-
tems for isolating these cells and characterizing their growth and
differentiation under both in vivo and in vitro conditions.

32.4. TARGETED LIVER INJURY IN RAT
Hepatotoxins can be valuable tools to amplify rare pathways of

differentiation. Their major drawback is a lack of specificity that
results in varying degrees of collateral damage, which can often

Fig. 5. Hepatocytes in pancreas of rat maintained on CDE diet for
6 mo. Frozen liver section stained by indirect immunoperoxidase
with MAb against OC.2, a cell-surface/cytoplasmic antigen
expressed on pancreatic ductal cells, oval cells, and bile duct epi-
thelial cells. Split arrows show OC.2-positive ductal cells in a duct
that contains three hepatocyes (arrows). The arrowhead designates
a degenerating acinus.

confound the interpretation of results. This is exemplified by
4,4'-methylene dianiline (DAPM), a polycyclic aromatic amine
that produces a time- and dose-dependent ductal necrosis (Kanz
et al., 1992). In rodents, DAPM treatment has been shown
to inhibit carcinogenesis initiated in the liver by ethyl-hydroxy-
ethyl-nitrosamine, 2-AAF, and methyl-dimethyl-amino-azoben-
zene (Fukushima et al., 1981), suggesting that DAPM was
destroying initiated ductal progenitors. Support for this conclu-
sion was provided by Peterson et al. (1997), who reported that
treatment with DAPM prior to PH greatly attenuated oval cell
expansion in response to AAF/PH. In subsequent studies, how-
ever, Chapman-Berry and Hixson (2002) did not see the marked
inhibition of oval cell expansion under several different DAPM
treatment regimens that produced the same time course and
extent of biliary injury observed by Petersen et al. (1997). Taken
together, these two studies suggest that there are unrecognized
variables that influence the effects of DAPM, raising uncertainties
about the usefulness of this biliary toxin for assessing the nature
and origin of biliary progenitors.

Allyl alcohol, another hepatotoxin that induces progenitor cells
is distinguished by its ability to target hepatocytes located in
the periportal region (Yavorkovsky et al., 1995). Intraperitoneal
injection of allyl alcohol initiates the proliferation of intraportal
progenitors lacking both ductal cell and hepatocyte lineage mark-
ers. Following expansion into the region of periportal necrosis,
these hepatic “stem cells” repair the damage by undergoing
hepatocytic differentiation (Yavorkovsky et al., 1995). The
restriction of stem cell–mediated regeneration to the periportal
region is the key advantage offered by this system. Unfortunately,
the marked lobular and intralobular variability in the extent of
damage and stem cell activation is a major limitation that hampers
analysis and complicates the interpretation of results.
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In a series of reports, Sirica and colleagues have shown that
under extreme conditions of liver injury or toxicity in which there
is extensive damage to existing hepatocytes, progenitors other
than oval cells can be activated. These investigators reported that
CCl4 treatment of bile duct–ligated rats produced ductlike struc-
tures composed of ductal cells and hepatocyte-like cells in various
stages of differentiation, suggesting that under these severe con-
ditions, bile duct epithelial cells (BDECs) had undergone
hepatocytic differentiation (Sirica and Williams, 1992; Sirica,
1995). Severely hepatotoxic doses of furan also produced hepato-
cyte-containing ducts resembling the mixed ducts induced by bile
duct ligation (BDL)/CCl4 treatment (Sirica A. E., et al. 1994).
Unfortunately, the high mortality associated with this protocol
severely limits its application for lineage analysis at the molecular
level. However, at lower nonlethal doses of furan, a very different
outcome was observed. Under these conditions, ductal cells in the
right and caudate lobes entered into an intestinal lineage leading
to the appearance of well-developed intestinal glands (Elmore and
Sirica, 1992). Although the mechanism for this dramatic change in
lineage commitment remains unclear, it seems likely that furan
treatment resulted in the activation of multipotent periductular
stem cells. Under the influence of a microenvironment that was
apparently unique to the right and caudate lobes, these multipotent
progenitors entered an intestinal instead of a hepatocytic pathway
of differentiation, a shift similar to that observed with pancreatic
ductal cells following depletion/repletion of copper.

32.5. CARCINOGENESIS PROTOCOLS
PRODUCING PROGENITOR CELL–DERIVED HCC

Recent studies indicate that progenitor cell activation is a con-
stant feature of viral hepatocarcinogenesis. Patients with chronic
HCV and HBV infections often exhibit extensive oval cell prolif-
eration, usually in close proximity to regenerating nodules and
HCC (Hsia et al., 1992; Lowes et al., 1999). Approximately 50%
of the HCCs found in HBV-positive individuals express both oval
cell and hepatocyte markers, a percentage similar to CDE diet–
induced carcinomas in the rat. These observations suggest that
HCCs resulting from viral carcinogenesis arise from oval cell
progenitors. Interestingly, in the woodchuck experimental model
systems for viral hepatocarcinogenesis, oval cells are nonpermis-
sive for virus infection (Hsia et al., 1992; Hixson et al., 1996). This
suggests that, similar to other induction protocols, activation of
progenitors in the woodchuck model results from the ability of the
virus to compromise directly or indirectly the viability/replicative
capacity of hepatocytes. Indeed, based on their studies of the patho-
genesis of HBV in human liver and the livers of mice transgenic
for the HBV surface antigen, Dunsford et al. (1990) suggested that
chronic liver injury and inflammation and the resulting compen-
satory mitogenesis play a central role in the carcinogenic process
by causing mutations in proliferating hepatocytes or in chronically
activated progenitors. A recent report by Lowes et al. (1999) indi-
cates that similar mechanisms are also operative during
hepatocarcinogenesis mediated by HCV.

In the rat, the CDE diet (described above) and the Solt–Farber
protocol have been the most widely used treatments for studying
the progenitor cell origin of HCC. In the Solt–Farber protocol,
initiation is achieved by a single ip injection of diethylnitrosamine
(DENA). The key element in this regimen is the delivery of a
noncarcinogenic dose of 2-AAF to block hepatocyte proliferation
following PH at 2 wk after DENA. This selectively promotes the

growth of initiated cells that have become “resistant” to the
mitoinhibitory activity of 2-AAF (Solt and Farber, 1976; Faris
et al., 1991). Since oval cell proliferation occurs to a similar degree
and with a similar time course as was described for oval cell induc-
tion with 2-AAF followed by PH/CCl4, the initiation with DENA
appears to have little or no effect on the proliferative response of
progenitors. Dumble et al. (2002) have recently described a novel
liver carcinogenesis model utilizing p53 knockout mice. They
showed that oval cells from p53 knockout mice maintained on a
CDE diet progressed to HCC following transplantation into nude
mice, a finding that provided further support for oval cells as pro-
genitors of HCC.

There are many additional hepatocarcinogens that induce oval
cell expansion, but their discussion is beyond the scope of this
review. However, it is interesting that much of what is known
about the process of liver carcinogenesis (e.g., initiation, promo-
tion, and progression) has been acquired using carcinogenesis
protocols that induce minimal activation of progenitor cells and
produce almost exclusively HCC derived from initiated hepato-
cytes (Scherer and Emmelot, 1975; Pitot et al., 1989; Sell and
Dunsford, 1989; Farber, 1992). It is not surprising, therefore,
that for many years, attention centered on hepatocytes, a bias that
diminished the role of hepatic progenitor cells. In reality, how-
ever, both the progenitor cell and hepatocyte models of liver
carcinogenesis may be closely linked if one considers the possi-
bility that initiated oval cell progenitors undergo differentiation
into hepatocytes prior to progression to HCC. This idea is sug-
gested by recent studies demonstrating the ability of transplanted
or endogenous oval cells to differentiate into hepatocytes
(Golding et al., 1995; Dabeva et al., 1997). It also explains the
presence of HCC displaying both hepatocyte and oval cell mark-
ers, a phenotype consistent with the blocked ontogeny model
proposed by Sell and Pierce (1994).

If HCCs produced by treatment with hepatocarcinogens arise
from progenitor cells, it follows necessarily that progenitor cells
must become initiated at some point during exposure to the carci-
nogenic agent. Initiation requires DNA synthesis/cell prolifera-
tion and appropriate enzymes for activating the carcinogen. Farber
and colleagues have argued that oval cells cannot be progenitors
of HCC in the Solt–Farber protocol, because they do not fulfill
either of these requirements (Farber, 1992; Gindi et al., 1994) at
the time of DENA injection. However, at least two studies, one in
rats and one in mice, showed a transient proliferation of oval cells
following treatment with DENA (Smith et al., 1990; He et al.,
1994). Rapid activation of progenitors also occurs following treat-
ment with other liver carcinogens. Significantly, Bisgaard et al.
(1996) and others have shown that oval cells undergo DNA syn-
thesis within 24 h of a noncarcinogenic dose of 2-AAF. There are
also a number of reports indicating that progenitor cells express
cytochrome P450 enzymes (CYPs) needed for activating carcino-
gens (Weisburger, 1989). Small hepatocytes (an immature
stemlike cell population found in retrorsine/PH-treated livers),
transitional cells described by Golding et al. (1995), and bile duct
epithelial cells all express CYPs capable of metabolizing 2-AAF
and DENA, two of the most frequently used liver carcinogens
(Degawa et al., 1995; Hagiwara et al., 1996; Cooper and Porter,
2000; Gordon et al., 2000a). In addition, Yang et al. (1995) and
Ring et al. (1999) have detected expression of CYPs by human
embryonic liver cells at very early stages of gestation, raising the
possibility that immature stemlike cells such as oval cells may also
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have significant levels of CYPs. It is well known that oval cells are
a heterogeneous cell population composed of undifferentiated
periductal/periportal progenitors and bipotent oval cells in differ-
ent stages of ductal differentiation (Hixson and Allison, 1985).
The most primitive oval cells, designated by Sell as type 0 and type
1 progenitors, would seem to be the least likely to undergo initia-
tion because they are sequestered in a protected niche free of con-
tacts with surrounding cells and are most likely lacking the CYPs
needed for carcinogen activation (Novikoff and Yam, 1998; Sell,
1998, 2001). By contrast, their hepatocyte or oval cell progeny, the
type II and III progenitors (Sell, 1998), are more likely to express
the appropriate CYPs. They will also differentiate and integrate
into hepatic cords, a location that will expose them to the promot-
ing agent and hasten their progression to HCC.

Consideration must also be given to the possibility that cells
lacking essential CYPs may become initiated by indirect mecha-
nisms. Previous studies by Novikoff and Yam (1998) have shown
that oval cells can acquire a dual polarity by forming two apical
domains, one with hepatocytes through a shared bile canaliculus
and a second as part of the lumen of an oval cell duct. Since the
canalicular domain is delineated by specialized junctions shared
with hepatocytes, it is conceivable that oval cells lacking appropri-
ate CYPs could be initiated by metabolites produced by their hepa-
tocyte partner. A similar situation may exist between oval cells
and bile duct epithelial cells at the interface between oval cells and
intralobular ducts. It should also be considered that oval cells are
capable of expressing either connexin 43 or connexin 32, the gap
junction proteins found on BDEC and hepatocytes (Zhang and
Thorgeirsson, 1994; Fallon et al., 1995). This raises the possibility
that oval cells may be exposed to carcinogenic metabolites trans-
ferred through gap junctions.

32.6. ANIMAL MODELS FOR LINEAGE ANALYSIS
In the past, the fate of progenitor cells has been determined by

inference using classic histochemical or immunological methods
to identify oval cells and transitional hepatocyte/ductal cells with
both oval cell and hepatocyte characteristics (Hixson and Fowler,
1997). One of the most widely used markers for lineage analysis
has been α-fetoprotein (AFP), a fetal protein expressed at high
levels by oval cells and many HCCs. Since AFP is a secreted
protein, serum levels can be used as a minimally invasive means
to measure appearance and expansion of AFP+ oval cells and the
growth of AFP+ HCC. Labeling with tritiated thymidine or
bromodeoxyuridine (BrdU) has also been used to provide evi-
dence for hepatocytic differentiation of oval cells (Sell et al., 1981;
Allison et al., 1982; Gerlyng et al., 1994; Evarts et al., 1996). In
general, the labeled nucleotide is injected at time points during
oval cell induction when there is minimal hepatocyte prolifera-
tion, thereby restricting labeling to oval cells. This timing is criti-
cal since the appearance of hepatocytes labeled with tritium or
BrdU is the primary evidence in these studies for the differentia-
tion of oval cells into hepatocytes. Significantly, transference of
label from hepatocytes into oval cells or ductal cells has never
been convincingly demonstrated, suggesting that the formation of
CK19 ducts by hepatocytes in primary culture (Michalopoulos
et al., 2001) may be a rare event that occurs with a relatively high
frequency in vitro because of the inability to accurately reproduce
conditions in vivo.

Several new strategies for following cell fates are based on the
creation of subpopulations carrying endogenous or exogenous

markers. Transduction in vivo with adenoviral or retroviral vec-
tors has been used successfully by several investigators to trans-
fer marker genes such as β-gal into hepatocytes, bile duct
epithelial cells, and other nonparenchymal cell types. Yu et al.
(2002) used an adenovirus encoding β-gal to transduce normal
and injured rat livers and found that nonparenchymal cells were
transduced more efficiently than hepatocytes over a range of
adenoviral titers. A major advantage of adenovirus is the high
efficiency of transduction, which can approach 100% in vivo and
in vitro. However, this high infectivity is counterbalanced by the
transient nature of expression (7–14 d) and the possibility of an
immune response against viral structural proteins. The latter prob-
lem can be overcome with a baculoviral vector carrying a reporter
gene driven by a mammalian promoter and viral genes controlled
by insect promoters that are inactive in mammalian cells (Boyce
and Bucher, 1996; Delaney and Isom, 1998). Although somewhat
longer than adenoviral vectors, expression conferred by
baculovirus is still transient in nature.

Retroviral vectors, on the other hand, produce long-term, stable
expression following integration into the host genome. In vivo,
however, there is often extinction or attenuation of the promoter
driving transgene expression (Hafenrichter et al., 1994b), a prob-
lem that can be overcome greatly by using tissue-specific promot-
ers such as the one for transthyretin, which Ponder and colleagues
(Ponder et al., 1991; Ponder, 1996) showed was still driving the
expression of activated ras in HCC 6 mo after transduction (Lin
et al., 1995). To determine whether a retroviral vector could trans-
duce the biliary tree, Cabrera et al. (1996) introduced a Gibbon ape
leukemia virus (GALV) carrying the β-gal gene into the biliary
tree of bile duct–ligated rats 24 h after ligation. Interestingly, their
results showed that at 12 h after infection, most of the β-gal activ-
ity was located in CK19-negative peribiliary cells. Although the
basis for this selectivity remains to be determined, it could be that
Pit 1, a sodium-dependent phosphate transporter that acts as the
GALV viral receptor (Macdonald et al., 2000), is differentially
expressed on hepatic progenitors and hyperplastic bile duct epi-
thelial cells. If so, this would suggest that Pit1 could be used to
identify and isolate hepatic progenitors activated by BDL. In a
report by Bralet et al. (Bralet et al., 1994, 1996), a retroviral β-gal
vector was used to trace cell lineages in rats maintained on a CD
diet containing 0.02% 2-AAF. When transduction was performed
at the onset of oval cell proliferation after d 13–24 on the diet,
clusters of β-gal-positive hepatocytes were readily detected but
labeled oval cells were never observed, leading to the conclusion
that the clusters of labeled hepatocytes were derived directly from
proliferating hepatocytes and not oval cells. However, one of the
limitations of retroviral transduction is the inability of the virus to
pass through the basement membrane that surrounds oval cells and
bile ducts. As noted by Bralet et al. (Bralet et al., 1994, 1996), there
is also the possibility that the expression of the retroviral receptor
is regulated by the microenvironment in vivo or by the stage of
differentiation. Indeed, retroviral binding sites include receptors
for growth factors/cytokines, amino acid transporters, and sodium-
dependent phosphate transporters (Richardson and Bank, 1996).

32.7. LINEAGE ANALYSIS IN CHIMERIC LIVERS
As discussed above, transduction with retro- or adenoviral

vectors can be used to generate what Cardiff has called transgenic
organs, a term originally invented to describe mammary glands
formed in situ by mammary epithelial cells expressing a transgene
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of interest (Cardiff and Aguilar-Cordova, 1988). In the case of the
liver, most strategies produce a mosaic of transgene positive and
negative cells and thus fall short of a completely transgenic organ
(Ponder, 1996). Another approach to producing organ chimeras
that has yielded valuable information regarding organogenesis
and cell lineage relationships has been chimeric mice generated
by implanting a fusion of two, eight-stage embryos into the uterus
of a pseudopregnant female (Iannaccone, 1987). The resulting
offspring have organs composed of cells from each of the two
parental strains, thereby providing a means to identify morpho-
logical features that are clonally derived. Chimeras between
mouse strains with H-2k and H-2b haplotypes, e.g., were used to
show that individual crypts in the large and small intestine were
composed entirely of cells of a single strain, suggesting that crypts
were derived by clonal expansion of a single stem cell
(Iannaccone, 1987). Villi, by contrast, often contained cells of
both haplotypes, indicating that they were formed from progeny
produced by two or more crypts. Khokha et al. (1994) used a
similar approach to analyze liver organogenesis in chimeras gen-
erated from congenic rat strains differing only in their major his-
tocompatibility complex (MHC). Their results suggested that the
liver was fashioned with patches of cells from each strain that
were fractal in nature. For the liver, this meant that the paren-
chyma was generated by repetitive application of a simple cell
division program that required no bias in the spatial arrangement
of daughter cells. The end result was a patchwork of cells from the
two mouse strains arranged in patterns that bore no relationship
to either the lobular or acinar architecture of the liver. This model
of parenchymal organization is thus at odds with both streaming
liver and stem cell–fed maturational models in which hepatocytes
are thought to continually stream from the portal areas to the
hepatic veins, a movement that would require biased siting of
newly formed hepatocytes (Arber et al., 1988; Zajicek et al., 1988;
Grisham, 1994). An even simpler mosaic liver model that avoids
the complexities involved in the formation and implantation of
fused embryos was recently reported by Shiojiri et al. (2001). In
this model, mosaic livers form spontaneously as a result of ran-
dom X-chromosome inactivation in female mice heterozygous
for a wild type (WT) and an inactive OTC gene carrying the
spfash mutation. Under specific immunofluorescence conditions,
cells with WT OTC are intensely fluorescent whereas cells with
mutant OTC remain dark. Using this system, Shiojiri et al. (2001)
confirmed earlier work by Khokha et al. (1994) and showed that
patches of negative or positive cells were connected with each
other, forming cell aggregates with no definite orientations
regarding to portal areas or central veins.

32.8. TRANSPLANTATION ANALYSIS
WITH DONOR CELLS CARRYING ENDOGENOUS
OR EXOGENOUS REPORTER GENES

Transplantation of donor cells that can be distinguished from
host liver cells by endogenous markers or exogeneous reporter
genes is another widely used method for generating chimeric liv-
ers suitable for lineage analysis and cell fate determinations. How-
ever, interpretation of events in chimeric livers generated by
transplantation can be difficult as there are several confounding
variables that can greatly influence the results. One issue is the
stability of marker gene expression. If the marker is an endoge-
nous gene unique to the donor cells, expression will be regulated
in a normal manner. This is usually advantageous but can become

a problem if expression of the marker gene is developmentally
regulated, a characteristic that may preclude the analysis of early
developmental stages. This is exemplified by dipeptidyl peptidase
IV (DPPIV), a surface protein that appears late in fetal develop-
ment (Petell et al., 1990), and is usually not expressed by progeni-
tor cells in vitro. In vivo, expression levels can vary significantly
depending on the origin of the promoter driving the marker gene,
with tissue-specific promoters providing more stable expression
than those of viral origin (CMV, retrovirus LTR).

Assessment of differentiation potential by transplantation also
requires the development of protocols for isolating subpopula-
tions of putative progenitors. Purity thus becomes an important
consideration because the presence of contaminating cells in sig-
nificant concentrations complicates interpretation by raising
questions about the origin of the engrafted donor cells. In a num-
ber of studies, this issue has been resolved by showing that at low
doses, the number of contaminating cells cannot account for all
of the donor-derived colonies. Purified donor cells must also be
able to stably integrate into hepatic cords or ducts, an ability that
seems to be inherent in most liver cell types, both normal and
malignant. The efficiency of engraftment, however, can vary
significantly depending on the origin of the donor cells, the sta-
tus of the host liver, and the mode of transplantation. Transplan-
tation of donor cells into the liver via the spleen, e.g., increases
overall viability relative to portal vein infusion but delivers only
50% of the injected cells to the liver (Rajvanshi et al., 1996).
Analysis in the liver can be further complicated by lobular dif-
ferences in the distribution of donor cells and variation in density
related to the distance from the liver hilum.

In spite of these caveats, transplantation continues to be the
method of choice for analyzing the differentiation capacity of
hepatic progenitor cells. Details of a number of current trans-
plantation models are reviewed in Chapter 36. All of these mod-
els, by necessity, share common features. In most models, the
donor cells express a gene product that distinguishes them from
host cells. Markers used successfully include MHC/alloantigens
(Hunt et al., 1982), Y-chromosome (Theise, N. D. et al., 2000;
Petersen, 2001), α1 antitrypsin (Hafenrichter et al., 1994a), and
DPPIV (Thompson et al., 1991). Models relying on alloantigens,
an approach pioneered by Hunt et al. (1982), utilize F1 progeny
as hosts for donor cells from either of two inbred strains differing
in their MHC haplotypes (ACI and Long-Evans or Wistar Furth
and Fischer F344) (Hunt et al., 1982; Faris and Hixson, 1989).
Donor cells are subsequently identified using alloantisera pro-
duced by immunizing ACI rats or F344 rats with Long-Evans or
Wistar Furth spleen cells, respectively. In the past, we have used
this model system to demonstrate that oval cells induced by
2-AAF and a CD diet formed GGT+ colonies of hepatocytes fol-
lowing transplantation into partially hepatectomized F1 hosts
(Faris and Hixson, 1989) (Fig. 3). One drawback to tracing donor
cell fates using alloantisera is that it is the host cells, not the
donor cells, that show positive staining with the alloantisera.
Consequently, unstained donor cells have to be discerned against
a positive background of host hepatocytes, making it difficult to
detect small, single donor cells or even small donor cell clusters.

In a number of recent studies, the fate of donor cells from male
rats or mice following transplantation into female hosts has been
determined by using flourescent in situ hybridization to detect
cells bearing a Y-chromosome (Petersen, 2001). In studies by
Thiese, N. et al. (2000), this approach was used to demonstrate that
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circulating stem cells, most likely of bone marrow origin, can
integrate into the liver and differentiate into hepatocytes and
cholangiocytes, an observation that challenges current concepts of
differentiation and commitment. However, a recent report sug-
gesting that bone marrow cells can fuse spontaneously with other
cell types and assume their identity (Terada et al., 2002) implies
that the presence of the Y-chromosome in hepatocytes of female
hosts could represent a fusion event rather than differentiation of
bone marrow stem cells into hepatocytes.

Transplantation models with Wt donors and mutant hosts that
lack or express an inactive form of a normal liver protein have been
used extensively for lineage analysis. Transplantation of Wt hepa-
tocytes or progenitors capable of hepatocyte differentiation has
been shown to restore serum albumin levels in Nagase
analbuminemic rats (Oren et al., 1999). Engrafted donor cells were
readily detected in tissue sections by in situ hybridization with
albumin cDNA probes or immunohistochemically with anti–rat
albumin antibodies. One of the advantages of this model system is
the ability to quantitate engraftment efficiency, the extent and rate
of expansion of donor cells, and the duration of engraftment by
measuring changes with time in the serum albumin levels. The
DPPIV transplantation model developed by Thompson et al.
(Thompson, 1991) offers similar advantages. In this case, the
DPPIV-negative Fischer 344 rats used as hosts produce an enzy-
matically inactive form of DPPIV. This allows the localization of
transplanted donor cells from Wt Fischer rats by a simple his-
tochemical procedure for active DPPIV or by immunocytochemi-
cal staining methods with MAbs that recognize only the active
form of DPPIV (Fig. 6). Although DPPIV is a type II transmem-
brane protein, it is susceptible to cleavage by extracellular pro-
teases that release a soluble 200-kDa enzymatically active
fragment into the serum (Shibuya-Saruta et al., 1996). Serum lev-
els of DPPIV can thus be used to measure the same parameters
noted above for albumin (Hanski et al., 1986). One limitation of
the DPPIV model system is the late expression of the enzyme
during fetal development (Petell et al., 1990) and its absence on
most hepatic progenitors, a temporal pattern that limits its useful-
ness for analyzing early time points in liver development or pro-
genitor cell differentiation. This is not an issue for albumin because
it is one of the earliest development markers detected in fetal liver.

There are increasing numbers of excellent transplantation
models that make use of transgenic mice carrying marker genes
as a source of donor cells. These genetically marked cells are
transplanted into hosts treated with chemicals that inhibit the
proliferation of hepatocytes or into transgenic or mutant strains
carrying genetic defects that severely compromise hepatocyte/
ductal cell–mediated regeneration and repair. Mignon et al.
(1998) transplanted donor cells from transgenic mice expressing
human Bcl-2 into immunosuppressed host mice treated with a
nonlethal dose of anti-fas/CD95 antibodies to induce apoptosis.
Since the donor cells were protected from apoptosis by Bcl-2,
they selectively expanded and gradually replaced as much as
16% of the host liver. Rhim et al. (1994, 1995) have used liver
cells from β-gal mice to demonstrate the expansion of hepato-
cytes transplanted into the livers of transgenic mice expressing
the urokinase-type plasminogen activator (uPA) under control of
the albumin promoter. Overex-pression of uPA is cytotoxic to
hepatocytes and greatly compromises their regenerative capac-
ity, giving a large growth advantage to donor β-gal+ hepatocytes
or host hepatocytes that lose the uPA transgene. The end result

is complete clonal repopulation of the host liver by donor hepa-
tocytes. Overturf et al. (1996, 1999) reported similar findings
following transplantation of β-gal-positive mouse liver cells into
host mice lacking the enzyme fumarylacetoacetate hydrolase
(FAH). The lack of this gene produces symptoms similar to those
observed for hereditary tyrosinemia, type 1, a condition that
produces extensive liver damage that accelerates and promotes
repopulation of the liver by Wt β-gal+, FAH+ donor cells.
Another relatively new model system that is currently enjoying
wide use is the retrorsine model of Laconi et al. (1998, 2001). In
this system, DPPIV-negative host rats are pretreated with
retrorsine, a DNA alkylating agent that promotes the selective
expansion of donor liver cells by impairing the ability of host
hepatocytes to proliferate following PH. After several weeks,
donor cells repopulate as much as 80% of the liver. Similar
effects can also be obtained by pretreatment with galactosamine
(Gupta et al., 2000) or radiation, but the degree of repopulation
by donor cells is considerably lower.

An unanswered question in all of these animal models is, Does
the introduction of exogenous genes into donor cells or the abnor-
mal host environment needed to promote donor cell expansion
have any effect on the differentiation capabilities of donor cells?
This may be particularly important for putative progenitor cells,
which are likely to be more sensitive to changes in microenviron-
ment than mature hepatocytes or ductal cells. Introduction of
Bcl2, e.g., may enhance the ability of transplanted cells to survive
genetic changes that would normally induce apoptosis, thereby
creating a population of damaged cells that may be at higher risk
for neoplasia. Wesley et al. (1999) have reported that DPPIV

Fig. 6. Colony of DPPIV-positive hepatocytes in liver of DPPIV-
deficient rat. Frozen liver sections prepared 2  mo after transplanta-
tion of E12–13 fetal liver cells depleted of TuAg1-positive
hepatoblasts were stained histochemically for DPPIV. Shown is a
colony of donor hepatoblasts were stained histochemically for DPPIV.
Shown is a colony of donor hepatocytes strongly positive for DPPIV.
(Photograph provided by Rhonda Simper, Rhode Island Hospital,
Providence, RI.)
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suppresses the malignant behavior of melanoma cells by revers-
ing a block in differentiation and by restoring growth factor–
dependent cell survival, activities mediated by serine proteases.
Although previous investigations by Coburn et al. (1994) led to
the conclusion that DPPIV proteolytic activity was not necessary
for immune competence, more recent studies suggest that DPPIV
enzymatic activity is essential for certain T-cell activation path-
ways and is involved in the inactivation of chemokines (Iwata
and Morimoto, 1999).

32.9. FUTURE DIRECTIONS
In a lecture at the Experimental Biology 2001 meeting in

Orlando, FL, Dr. David Stocum from the University of Indiana
suggested that the ultimate goal for stem cell research should be
to determine ways to induce regeneration by stem cells in situ
rather than by transplantation. The ability to promote regenera-
tion by endogenous progenitors eliminates many of the potential
problems with transplantation therapy: rejection of the trans-
planted cells by the recipient, incomplete differentiation, limited
availability of hepatic progenitors, poor engraftment, and limited
expansion with prior treatment. Transplantation therapy, on the
other hand, offers the possibility of ex vivo gene therapy, whose
success will depend on the engraftment of transgene-bearing
donor cells into a normal liver in sufficient numbers to produce a
beneficial effect. Clearly, development of effective stem cell treat-
ments will require an accurate inventory of genes that promote or
inhibit stem cell expansion and/or commitment regardless of
whether the therapeutic effects are mediated by endogenous or
exogenous stem cells. The ability to commit HSCs to a hepatocyte
lineage prior to transplantation, e.g., could enhance liver coloni-
zation sufficiently to eliminate the need for bone marrow ablation
and donor cell engraftment. Similarly, insight into the mecha-
nisms controlling proliferation during development could lead to
new methods for inducing expansion following integration into
hepatic cords or ducts. It is important, however, not to lose sight
of the fact that an understanding of critical molecular events can-
not by achieved without first gaining insight into the temporal
changes that occur in the developmental potential of progenitor
cells as they progress along a hepatocyte or ductal lineage. Iden-
tifying periods marked by shifts in developmental or proliferative
potential will define time points and cell populations that should
be targeted for detailed molecular analysis by proteomic or gene
array methodologies. The realization of endogenous stem cell
therapy will also require a better understanding of the activators
of hepatic progenitors and the expansion and differentiation of
their offspring.

Another key issue in the future will be the development of
better methods for assessing the extent of differentiation of hepatic
progenitors under in vitro or in vivo conditions. Do hepatocytes
derived from progenitor cells express the full complement of hepa-
tocyte genes or are they only partially differentiated, a status that
could not be discerned by examining a small handful of hepatocyte
or ductal markers that may or may not be appropriately expressed?
Expression of CK19 and OV6, an epitope shared by CK19 and
CK14, e.g., is not always an indicator of a ductal origin, a conclu-
sion suggested by its expression on all of the neoplastic foci and
carcinomas generated by the Solt–Farber protocol, most of which
are of hepatocyte origin (Sell and Dunsford, 1989; Hixson et al.,
1992). The same holds true for albumin and AFP, two early hepa-
tocyte gene products that can also be expressed by immature duc-

tal cells. Functional differentiation is another important consider-
ation. Even if donor cells express a large number of hepatocyte-
specific genes, they may fail to perform critical functions if
proteins needed for important biosynthetic pathways are not
expressed or are expressed inappropriately. It is also essential that
donor cells respond to the microenvironmental cues that regulate
cell growth and death, thus, creating a steady state that maintains
the size and lobular structure of the liver. In this regard, there is
evidence that hepatocyte colonies derived from fetal donor cells
do not require a selective growth advantage such as that conferred
by retrorsine/PH but continue to increase in size even when trans-
planted into a normal liver (Sandhu et al., 2001). This continued
expansion is not observed with mature hepatocytes, suggesting a
defect in the microenvironment or in the programming that pre-
vents fetal progenitors from maintaining a G0 status. Work by
Curran et al. (1993) and Boylan and Gruppuso (1994) suggests a
possible mechanism for this defect. These investigators have found
that around gestation d 20, fetal hepatoblasts stop proliferating as
they transition from a growth factor–independent to a growth fac-
tor–dependent status. Thus, donor fetal liver cells harvested at
gestation d 14 have never undergone this fetal/neonatal transition,
which may involve the acquisition of a key step in growth regula-
tion. This possibility is supported by results reported by Simper
et al. (2001) showing that gestation d 14 fetal hepatoblasts were
composed of two cell types—TuAg1+ hepatoblasts that integrated
but failed to grow in the adult liver and TuAg1– fetal cells that
formed numerous large DPPIV-positive colonies (Fig. 6).

A final issue that needs further study is the ability to distinguish
between phenotypic modulation and true differentiation. As my
laboratory and others have shown, true differentiation involves
the loss or gain of tissue-associated genes in a well-ordered and
invariant temporal process (Haruna et al., 1996; Hixson et al.,
1996). This process has been demonstrated for T-cells; B-cells;
keratinocytes; mammary epithelial cells; and, most recently, bile
duct epithelial cells. Phenotypic modulation, on the other hand,
does not appear to follow well-defined patterns. Wu et al. (1994)
found that when a continuous line of mouse hepatocytes was
maintained in serum-containing medium, hepatocyte-specific
gene expression was rapidly extinguished. After only 24 h in
serum-free medium, however, a well-differentiated hepatocyte
phenotype was restored. These findings suggest that one way to
distinguish between phenotypic modulation and true differentia-
tion is to determine whether the appearance of tissue-specific
markers occurs in a fashion that recapitulates fetal liver ontogeny.
Differentiation in experimental systems must also be defined in
the context of the microenvironment to which the cells of interest
are exposed. This is exemplified by pancreatic ductal cells, which
can switch to a hepatocyte lineage when the acinar pancreas has
been destroyed by copper depletion, thereby exposing ductal cells
to a vastly different microenvironment (Reddy et al., 1991).

All of these concepts are testable using currently available tech-
nologies and the animal models described in this review. Com-
pleteness of differentiation in vitro and in vivo could be tested
using the DPPIV transplantation model. DPPIV-specific antibod-
ies could be used to isolate DPPIV-positive hepatocytes and com-
pare them by proteomic or gene microarray analysis to DPPIV-host
hepatocytes isolated from the same liver. This would be particu-
larly interesting for donor hepatocytes derived from fetal progeni-
tors. The issue of phenotypic modulation vs a temporal process of
differentiation could be analyzed using similar techniques.
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33 Normal Liver Progenitor Cells in Culture

KATHERINE S. KOCH, PhD AND HYAM L. LEFFERT, MD

The stem cell nature of normal liver progenitor cells (LPCs) is addressed by studies of normal LPCs in culture. Several
questions are addressed such as: What are the patterns of proliferation, lineage commitment, differentiated gene expression,
plasticity, and responses to epigenetic and environmental signals? Early studies were interpreted to show that propagable
LPCs were derived from dedifferentiated or retrodifferentiated mature liver cells. The recognition that oval cells seen in
hepatocarcinogenesis models in rats had characteristics of LPCs suggested that these cells might actually be LPCs or
descendants of LPCs. A comparison of more than 30 publications over three decades reporting explants; clonal lines; fresh
isolates or strains of cells from noncarcinogen-exposed normal mouse, rat, pig, and human liver; or embryonic tissues
indicates that small, immature LPCs, which have the plasticity to mature into ductal cells or hepatocytes, can be obtained
from embryonic and fetal tissues, as well as adult liver. A wide variation in the methods of isolation, culture media, feeder
layers, growth factors, and substrata used to study putative LPCs in vitro makes comparisons of results from different
laboratories difficult. Although the liver is endodermally derived, putative coexpression of primitive hematopoietic and
hepatocytic markers is consistent with LPCs in hepatic as well as in blood-forming tissues. In addition to bile duct and
hepatocytic differentiation, LPCs have been reported to express markers of pancreatic and endothelial cells in vitro, and to
differentiate into bile ducts, hepatocytes, pancreatic islet and acinar epithelial cells, intestinal epithelial cells, and cardiac
myocytes after transplantation in vivo. Culture of LPCs on STO embryonic fibroblast feeder layers maintains primitive
phenotypes, but requirements of feeder layers appear not to be absolute and are poorly understood. Emerging trends suggest
HGF, Flt-3 ligand, SCF, EGF, and DMSO promote hepatocyte differentiation of LPCs, and that transforming growth factor-
β, Na+-butyrate, and culture on Matrigel promote biliary differentiation; however, exceptions have been reported. Critical
studies on proliferation kinetics have not convincingly shown self-renewal and asymmetric cell division expected of tissue
stem cells, but long-term doublings (up to 150 generations) without spontaneous transformation suggest considerable
growth potential. The source of LPCs in normal liver remains unknown and controversial. LPCs may be derived from a liver
tissue progenitor cell located in the duct or periductal tissue; from retrodifferentiation of more mature hepatocytes; from
bone marrow–derived cells, which circulate through the liver; or from bone marrow remnants of intrahepatic embryonic
development. Given the lack of well-defined markers for LPCs, incomplete knowledge of their growth characteristics and
regulation signals, their apparent heterogeneity, their apparent plasticity, the possibilities of transdifferentiation or
retrodifferentiation of other cells to LPCs, or fusion of LPCs with other cells, as well as their potential for tumorigenesis,
much research needs to be conducted to understand what LPCs are and how to use them.

33.1. INTRODUCTION
Current views about mammalian stem cells are based on classic

studies of murine hematopoiesis in radiation chimeras. These stud-
ies showed that adult stem cells are sparse; undifferentiated; and,
following asymmetric cell division, capable of self-renewal and
commitment to one or more lineages of cells that proliferate into
differentiated tissue (Till and McCulloch, 1961; Siminovitch
et al., 1963; Till et al., 1963; McCulloch, 2003). Nuclear trans-

plantation and cloning studies have expanded these views (Gurdon
et al., 1975; Campbell et al., 1996), and it now appears that, given
the proper environment, stem cell–like behavior is intrinsic even
to fully differentiated cells from many distinct animal tissues
(Byrne et al., 2002; Hochedlinger and Jaenisch, 2002).

In support of the physiological prevalence and diversity of
stem cells, investigations during the last three decades suggest
that liver stem cells can be obtained not only from primordial
foregut endoderm (Le Douarin, 1975), but also from blastocyst
inner cell mass (ICM) (Jones et al., 2002); fetal, neonatal, and
adult liver (reviewed in Sell, 2001); extrahepatic endodermally
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derived pancreas (Rao et al., 1986; Dabeva et al., 1997; Wang
et al., 2001) and mesodermally derived adult bone marrow
(Petersen et al., 1999; Lagasse et al., 2000; Theise et al., 2000a,
2000b; Avital et al., 2001).

Although liver stem cell systems express hepatic and
nonhepatic markers in vitro and in vivo, rigorous and consistent
evidence of retention of a full complement of stem cell properties
is lacking in most systems. Thus, we refer to extant systems of
liver stem cells as liver progenitor cells (LPCs), and we pose the
following question: Are the patterns of proliferation, lineage
commitment, differentiated gene expression, plasticity, and
responses to epigenetic and environmental signals in LPCs con-
sistent with authentic stem cell behavior? Studies of normal LPCs
in culture are one approach toward solving the authenticity prob-
lem, and they have begun to provide answers to questions regard-
ing this problem.

Normal uncommitted and self-renewing LPCs might have
been cultured inadvertently more than 30 yr ago in attempts to
grow authentic hepatocytes in vitro. These attempts were inten-
sive, because many investigators believed—correctly, in retro-
spect—that growth control studies with normal hepatocytes in
vitro would provide key insights into the physiological control of
liver regeneration in vivo (Leffert and Paul, 1972, 1973; Koch
and Leffert, 1974, 1979, 1994; Leffert, 1974a,1974b; Leffert and
Koch, 1978; Kruijer et al., 1986; Lu et al., 1992).

In one laboratory, e.g., adult rat livers were dissociated with
trypsin, and the surviving cells were plated into plastic tissue cul-
ture dishes using standard media. Clusters of rapidly proliferating
epithelial cells were observed, but the cells did not look or function
like hepatocytes. Instead, they were characterized by small diam-
eters (<10 µm), relatively high nuclear:cytoplasmic ratios, “clear”
cytoplasms, and the inability to express ornithine transcarbamylase
(OTC), an intrahepatic marker of fully differentiated hepatocytes
(unpublished observations). Propagable OTC– cell lines with simi-
lar features and limited hepatocytic functions were reported con-
currently from adult rat (Coon, 1969; Gerschenson et al., 1970;
Iype, 1971; Williams et al., 1971; Chessebeuf et al., 1974; Takaoka
et al., 1975; Grisham et al., 1975) and human liver (Kaighn and
Prince, 1971). Nevertheless, since differentiated primary hepato-
cytes displayed properties of limited proliferation (Leffert and
Paul, 1972, 1973; Koch and Leffert, 1974; Leffert, 1974a, 1974b;
Leffert et al., 1977, 1978b) and retrodifferentiation (Leffert et al.,
1978b; Sirica et al., 1979), most investigators believed that propa-
gable rat liver epithelial cell lines were derived from dedifferen-
tiated or retrodifferentiated adult hepatocytes, not from LPCs
(Bissell, 1976; Herring et al., 1983; Tsao et al., 1984).

This belief was altered by observations that suggested lineal
relationships between hepatic “oval” cells and differentiated hepa-
tocytes. Parallel in vitro cell culture and in vivo physiological
studies of α1-fetoprotein (AFP) production played significant roles
in this paradigm shift. First, it was observed that AFP, an abundant
fetal plasma protein expressed constitutively in the yolk sac and in
most hepatomas (Abelev, 1968), is also expressed in a growth
state–dependent manner in normal hepatocytes. Expression was
repressed in quiescent hepatocytes, constitutive in normal prolif-
erating fetal and neonatal hepatocytes, and reactivated in subpopu-
lations of normal adult hepatocytes during retrodifferentiation
after 70% hepatectomy or proliferative growth transitions in vitro
(Leffert and Sell, 1974; Sell et al., 1975, 1976; Leffert et al., 1978a;
Koch and Leffert, 1979, 1980). Second, elevated plasma AFP lev-

els induced by hepatocarcinogens (Watabe, 1971; Becker and Sell,
1974) were traced immunohistochemically to hepatic AFP+ oval
cells in situ (7–15 µm in diameter), not to hepatocytes or to hepatic
nodule cells (Sell, 1978; Sell et al., 1981b). Third, small periportal
“oval” cells were massively induced in the livers of adult rats fed
choline-deficient (CD) diets supplemented with the hepato-
procarcinogen N-2-acetylaminofluorene (AAF-CD diets). Like
normal differentiated fetal hepatocytes in vitro (Watabe et al.,
1976), the oval cells induced by such dietary regimens proliferated
rapidly and coexpressed AFP and albumin (Sell et al., 1981a,
1981b). They also repopulated damaged liver by extensive migra-
tion through liver sinusoids, they displayed high nuclear : cyto-
plasmic ratios, and they appeared to differentiate into hepatocytic-
and bile duct–like cells.

Taken together, these findings suggested that oval cells
behaved like LPCs or descendants of LPCs. Accordingly, initial
investigations in vitro, motivated by efforts to evaluate cellular
lineages in the pathogenesis of hepatocellular carcinoma, shifted
to attempts to culture nonparenchymal liver “oval” cells. Soon,
authentic oval cells were isolated from the livers of AAF-CD-
treated adult rats and grown in primary culture, where they
expressed AFP and proliferated rapidly (Sell and Leffert, 1982).
Oval-like cells were also cultured from normal adult rat livers
under enzymatic harvesting conditions designed to destroy hepa-
tocytes (Grisham, 1980; Koch and Leffert, 1980; Marceau et al.,
1980; Herring et al., 1983). In fact, one investigator concluded that
oval-like rat liver epithelial cells originated from “hepatic stem
cells” (Grisham, 1980), a speculation unsupported by the avail-
able evidence at the time.

This review focuses on “normal” LPCs in culture. Sixteen dif-
ferent systems of clonal lines and cell strains, and freshly isolated
dispersed cells, cell clusters, or tissue explants are summarized in
Table 1. Except for “small” and “large” adult hepatocytes, and a
genetically engineered system of embryonic stem (ES) cells, we
define normal LPCs as wild-type nonparenchymal liver or extrahe-
patic cells derived from tissues that have not been exposed to known
carcinogens or mutagens before or during cell isolation and cell
plating. More information about liver oval cells or LPCs cultured
from carcinogen- or mutagen-treated animals, or similar cells cul-
tured from the livers of transgenic or knockout mice, is provided
elsewhere (Sell and Leffert, 1982; Tsao et al., 1985; Sirica et al.,
1990; Steinberg et al., 1994; Hixson et al., 1997; Isfort et al., 1997;
Lazaro et al., 1998; Spagnoli et al., 1998; Dumble et al., 2002).

33.2. CELL CULTURE:
SOURCES, SYSTEMS AND METHODS

In this section, we consider the animal and tissue sources of
cultured LPCs, the 16 specific systems reported thus far, and the
methods used to isolate, plate, passage, and store the various cells.

33.2.1. SOURCES
33.2.1.1. Animals  Normal LPCs have been obtained from vari-

ous animals including inbred mice and rats, abattoir pigs, and
humans (see Table 1). To our knowledge, there are no reports to
date of normal LPC cultures from fish, reptiles, amphibians, or birds.

33.2.1.2. Tissues  Normal LPCs have been cultured from
various tissues: blastocyst ICM (ES cells); dispersed cells from
untreated fetal, neonatal, and adult liver, or from chemically
treated adult liver; and suspensions of adult bone marrow.
Embryonic foregut endoderm and fetal liver organ explants have
also been investigated (see Table 1).

33/Koc/367-384/F 8/27/03, 10:02 AM368

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 33  /  NORMAL LIVER PROGENITOR CELLS IN CULTURE 369

Table 1
Normal LPCs in Culture

Initial Species Tissue Reported plasticity pathways

CL, FI, Sa Phenotypic Markers of Origin sources In vitro In vivo

GtarI.114 AFP+, ALB+, Mouse ES cells Hepatocytic To be determined
(CL)1 Transferrin+ (blastocyst ICM)

FI AFP+, ALB+, Mouse E8–E8.5 Hepatoblast To be determined
(explant)2 TTR+ ventral foregut endoderm

HBC-3 AFP+, ALB+ Mouse E9.5 Hepatocytic To be determined
 (CL)3 CK14+ liver diverticulum Bile duct

FI AFP+, ALB+, Mouse E9.5 Hepatocytic To be determined
(explant)4  c-kit+ liver diverticulum Bile duct

FI AFP+, ALB+ Rat E12 Hepatocytic To be determined
(dispersed cells)5  fetal liver Bile duct

FI AFP+, ALB+, Rat E13 Hepatocytic To be determined
(dispersed cells)6 ICAM-1+, OX18low,  fetal liver Bile duct

RT1Al–

H-CFU-H ALB–, CD49f+/LOW, Mouse E13.5 Hepatocytic Hepatocytic
(dispersed clones)7 CD45–, CK19–,  fetal liver Bile duct Bile duct

c-kit–, c-met+, Pancreatic
TER119– Intestinal

FNRL/NRLM AFP–, ALB–, Rat Neonatal liver Hepatocytic Hepatocytic
(CL, S)8 Transferrin–, (  ) (intrasplenic only)

G-6-Pase–, H-4–,
OV-6+

WB-F344 AFP+, ALB+,  Rat Adult liver Hepatocytic Hepatocytic
 (CL)9 DPPIV–, GGTweak+, (  ) (terminal ducts?) Bile duct Cardiac myocyte

G-6-Pase–

LA AFP+, ALB–, Mouse Adult liver Hepatocytic To be determined
  (CL)10 c-kit–, c-met+,

Cx26–, Cx32+,
Cx43+, A6+

NPEC AFP+, ALB+, Pig Adult liver Hepatocytic To be determined
(dispersed clusters)11 CK7+, CK18+, Bile duct

c-met+, OV6+,
Transferrin+

FI ALB+, CK8+ Rat Parenchymal Hepatocytic To be determined
(dispersed cells)12 CK18+, Transferrin+ Adult Liver Bile duct

(small hepatocytes)

FI ALB+, P450 IIB1+ Rat Adult hepatocytes Hepatocytic To be determined
(dispersed cells)13 (large hepatocytes) Bile duct

13-1 ALBweak+, CK14+, Rat D-Galactosamine-treated Hepatocytic To be determined
  (CL)14 OV-6+ adult liver

FI CD34+, c-kit+, Human Adult liver Bile duct To be determined
(dispersed cells)15 OV-6+ Endothelial (?)

FI β2-m–, Thy-1+, Rat Adult bone marrow Hepatocytic Hepatocytic
(dispersed cells)16 IL-3+

aCL, clonal line; FI, fresh isolate; S, Strain(s). The LPC systems described are listed in the order of developmental time scales (embryonic � fetal
� neonatal � adult). The references are as follows: 1Jones et al. (2002); 2Jung et al. (1999), Deutsch et al. (2001), Rossi et al. (2001); 3Rogler (1997);
4Monga et al. (2001), Shiojiri and Mizuno (1993); 5Germain et al. (1988); 6Kubota and Reid (2000); 7Suzuki et al. (2002); 8Herring et al. (1983),
McMahon et al. (1986), Ott et al. (1999); 9Tsao et al. (1984); 10Richards et al. (1997); 11Kano et al. (2000); 12Tateno and Yoshizato (1996a, 1996b),
Mitaka et al. (1999); 13Block et al. (1996); 14Dabeva and Shafritz (1993), Petkov et al. (2000); 15Crosby et al. (1998, 2001); 16Avital et al. (2001).
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33.2.2. SYSTEMS
33.2.2.1. ES Cells  The differentiated fate of cultured murine

ES cells can be followed by trypsinizing undifferentiated ES cells
from solid surfaces and replating them onto bacterial Petri dishes
to induce formation of free-floating embryoid bodies (EBs)
(Rosenthal et al., 1970). Similar experiments were performed with
normal ES cells genetically tagged with I.114, a gene trap vector
insertion element that contains a β-galactosidase (β-gal) reporter
cassette downstream of a consensus splice acceptor site (Jones
et al., 2002). I.114 integrated 3' to an endogenous promoter of the
ankyrin repeat-containing gene, Gtar; in this configuration, it pro-
vided a reporter-based method for the specific detection of early
hepatocyte differentiation in developing embroyonic day (E)
E10.5 liver bud (Watt et al., 2001). AFP and albumin (ALB) mRNA
expression were detected by reverse transcriptase polymerase
chain reaction (RT-PCR) 3 and 8 d, respectively, after the in vitro
induction of EB formation; transferrin was also detected by immu-
nofluorescence at 4 d in β-gal+ hepatocyte-like cells. Bile duct
markers were not reported.

33.2.2.2. Embryonic Explants of Gut Endoderm  Investi-
gations with chicken (Le Douarin, 1975; Parlow et al., 1991) and
mouse embryos (Crossley and Martin, 1995; Zhu et al., 1996)
have shown that liver cells develop from unspecified ventral
foregut endoderm. These observations were extended in vitro
with anterior portions of mouse E8–E8.5 embryo explants. The
endoderm was separated from cardiac mesoderm, transferred to
microwell cultures, and examined for tissue-specific differentia-
tion (Jung et al., 1999). Following treatment with purified
polypeptide growth factors (see Subheading 33.4.2.), three hepa-
tocyte-specific functions were detected by RT-PCR: ALB, AFP,
and transthyretin (TTR). None of these functions were detected
under similar conditions in neural tube, midsection, or head
explants. These experiments suggest that ventral foregut endo-
derm is a source of “hepatoblasts.”

33.2.2.3. Fetal Rodent Liver  Clonal, explant, and dispersed
cell cultures of LPCs have been investigated at different stages
of fetal development. To varying extent, all of these systems
have provided LPCs that generate hepatocytic or bile duct–like
cells in vitro.

For example, surgically dissected explants of mouse E9.5 liver
diverticulum were employed to make a clonal AFP+ ALB+ CK14+

line, HBC-3 (Rogler, 1997). Confluent 3-wk-old HBC-3 cells
cultured on feeder layers displayed ultrastructural and enzymatic
markers of hepatocytes; on Matrigel, bile duct–like structures
were formed.

Similar explants were also investigated en bloc in more com-
plex systems (Shiojiri and Mizuno, 1993) using the marker
PRAJA-I, a RING finger protein restricted to liver expression in
putative AFP+ ALB+ c-kit+ hepatic stem cells (Monga et al., 2001).

Dispersed rat E12 (Germain et al., 1988) or E13 (Kubota and
Reid, 2000) AFP+ ALB+ liver cell systems were investigated
either in mass cultures or following flow cytometry fluorescence-
activated cell sorting (FACS) for cell membrane major histo-
compatibility complex (MHC) class I, ICAM-I, and integrin β1

markers in putative clonal cultures, respectively. In the former
system, parallel in vivo liver marker studies were performed
in situ, suggesting that the in vitro findings were not artifacts of
isolation and culture. In the latter system, which reported LPCs
lacking MHC class I antigens, parallel in situ marker studies
were not performed. Dispersed mouse E13.5 ALB– CK19– liver

cells, separated by FACS for surface markers CD49f+/LOW CD45–

c-kit– c-met+ TER119–, were also examined in clonal cultures,
and the clones obtained (hepatic colony-forming unit in culture
[H-CFU-C]) showed properties of self-renewal (Suzuki et al.,
2002). After 5–21 d in vitro, only a small fraction of
H-CFU-C expressed ALB and/or CK19, whereas most colonies
remained ALB– CK19–. Nevertheless, the in vitro–generated
uncommitted or dedifferentiated clones were capable of differ-
entiating into liver, pancreas, and intestinal epithelial cells fol-
lowing transplantation in vivo (see Subheading 33.3.5.).

33.2.2.4. Neonatal Rodent Liver  Nonparenchymal liver epi-
thelial cells, rederived from 10-d-old neonatal rats (“NRLM”;
McMahon et al., 1986) according to standard procedures (“FNRL”;
Herring et al., 1983), have been shown to express OV-6 (Ott et al.,
1999), a well-known oval cell marker (Dunsford and Sell, 1989).
FNRL cells also expressed restricted hepatocytic markers under
special conditions in vitro (see Subheading 33.4.3.) and in vivo
(see Subheading 33.3.5.).

33.2.2.5. Untreated Adult Rodent Liver
33.2.2.5.1. Nonparenchymal Epithelial Cells  WB-F344, a

clonal line of rat liver epithelial cells, and its oval cell–like
derivatives have been studied systematically for more than 20 yr
in vitro (Grisham, 1980; Lee et al., 1989; Grisham et al., 1993) and
in vivo (Coleman et al., 1993, 1997; Malouf et al., 2001). Initially
characterized by immunocytochemical and histochemical stain-
ing as AFP+ ALB+ GGTweak+ (Tsao et al., 1984), WB-F344 cells
expressed hepatocytic and cardiac myocyte markers following
transplantation (see Subheading 33.3.5.).

Another oval-like cell system, a clonal mouse LPC line desig-
nated LA (or MOCLA1), has also been reported (Richards et al.,
1997). The LA line was developed as a control to study the growth
regulatory behavior of a tetratricopeptide repeat–containing protein
encoded by the liver tumor suppressor gene Tg737 (Richards et al.,
1996; Isfort et al., 1997). LA cells expressed A6, a mouse oval and
erythroid lineage cell marker (Engelhardt et al., 1993), and, as
determined by RT-PCR, AFP, Cx32 and Cx43, and c-met mRNAs.

In a third system, clusters of porcine AFP+ ALB+ OV-6+

nonparenchymal epithelial cells (NPECs) have been harvested
from 6- to 7-mo-old pigs and examined in primary cultures (Kano
et al., 2000). As determined by immunocytochemistry and elec-
tron microscopy, these clusters underwent morphogenetic changes
over 9 d in vitro suggestive of differentiation into hepatocytic and
bile duct–like cells.

33.2.2.5.2. “Small” and “Large” Hepatocytes  Growth con-
trol studies of hepatocytes in primary culture, using serum and
nicotinamide-supplemented arginine-free media, have demon-
strated that fetal hepatocytes are smaller and proliferate faster
than adult hepatocytes, that the expression of hepatocyte-differ-
entiated functions including functional bile canalicular transport
is growth state dependent, that nonparenchymal cell survivors
insinuate themselves underneath and beside parenchymal cells
(unpublished observations), that hepatocyte “scattering” (defined
as the movement of hepatocytes away from monolayer aggre-
gates, along with morphological cellular changes from cuboidal to
flattened structures with ruffled edges) occurs early in the prolif-
erative log phase, and that adult rat hepatocytes display size het-
erogeneity and a capacity to retrodifferentiate (Leffert and Paul,
1972, 1973; Leffert, 1974a; Leffert and Sell, 1974; Sell et al.,
1975; Leffert et al., 1977, 1978a, 1983; Leffert and Koch, 1979,
1980, 1985; Sirica et al., 1979; Sell and Leffert, 1982).
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Recent work in three different laboratories has extended these
findings and suggested that in primary culture “small” and “large-
sized” adult hepatocytes might have properties of LPCs and a
lineal relationship between them. Two systems of “small” hepato-
cytes have been investigated. In one, colonial growth was fol-
lowed in “small” hepatocytes (Tateno and Yoshizato, 1996a,
1996b): Growth state dependence of adult phenotypic markers
was observed, and some hepatocytes coexpressed mature hepato-
cyte (ALB) and biliary markers (CK7 and CK19). In the other
system (Mitaka et al., 1999), in which mass cultures of “small”
and “large” hepatocytes, as well as Kupffer, sinusoidal endothe-
lial, and stellate cells, were examined. About 10% of CK8+ cells
formed colonies of “small” ALB+ CK18+ transferrin+ hepatocytes.
Within 14–21 d, nonparenchymal cells surrounded these colonies,
and markers of immature hepatocytes (AFP, CK7, CK19), includ-
ing glutathione S-transferase placental type (GST-P), and mor-
phological changes in the shapes of the cells in the colonies
were observed. The latter changes were associated with enhanced
expression of ALB, Cx32, and tryptophan 2,3-dioxygenase mes-
senger RNA, and with the formation of duct- or cystlike structures
consisting of differentiated hepatocytes. Although performed in
the presence of dimethylsulfoxide (DMSO), the transitions exhib-
ited by “small” hepatocytes in both systems might reflect a physi-
ological process, since in vivo studies of repair of adult rat liver
injury following 70% hepatectomy and exposure to retrorsine, a
pyrrolizidine alkaloid that blocks the differentiated hepatocyte
cell cycle, also suggest a role for small LPC-like hepatocytes in the
restitution of hepatocytes and bile duct epithelium during liver
regeneration (Laconi et al., 1998; Gordon et al., 2000a, 2000b).
Similar primary culture findings—mature hepatocyte � bile duct
epithelial cell—were reported with “large” hepatocytes (Block
et al., 1996) although no parallel in vivo studies were provided to
support the physiological significance of these observations.

33.2.2.6. Chemically Pretreated Adult Rodent Liver  One
laboratory has investigated a clonal LPC line, 13-1, derived by
standard procedures (see Subheading 33.2.3.) from the livers of
chemically pretreated adult rats. A single dose of the noncarcino-
genic chemical D-galactosamine was injected intraperitoneally to
induce liver injury and periportal oval cell formation, thereby
providing an enriched putative source of normal LPCs (Dabeva
and Shafritz, 1993; Petkov et al., 2000). The ALB+ CK14+ OV-6+

gene expression profile of 13-1 was consistent with an LPC that
differentiates along a hepatocytic pathway (Petkov et al., 2000).

33.2.2.7. Adult Human Liver  Based on prior in vivo obser-
vations (Haruna et al., 1996), putative c-kit+ and CD34+ LPCs
have been identified in or near portal tracts by immunofluores-
cence confocal microscopy and isolated from enzymatically dis-
persed preparations before or after immunodepletion of HEA-125+

bile duct epithelial cells (Crosby et al., 2001). The frequencies of
such LPCs was difficult to estimate, but a lower limit of ~300 of
either type per gram wet weight of tissue was reported. If it is
assumed that each gram of tissue contains 1 × 108 parenchymal
cells, there is ~1 LPC per 3 × 105 hepatocytes. Although the pos-
sibility of bile duct CK19 expression was not eliminated by
immunodepletion at the time of plating, individual primary cul-
tures of both types of normal cells gave rise by d 7 to colonies
expressing CK19 (bile duct) or CD31 (endothelial) cell markers.
Thus, these findings suggest but do not prove the presence of
human LPCs with the capacity to differentiate into bile duct and
endothelial cell lineages.

33.2.2.8. Adult Rodent Bone Marrow from Cholestatic
Rats  Transplantation studies have suggested that normal bone
marrow cells from rats (Petersen et al., 1999), humans (Alison et
al., 2000; Theise et al., 2000a, 2000b), and mice (Lagasse et al.,
2000) can differentiate into hepatocytes in vivo. These observa-
tions were confirmed recently in rats made cholestatic following
complete bile duct ligation. The bone marrow and livers of these
animals were enriched for populations of β2-m–/Thy-1+ cells;
following isolation by a two-step magnetic bead cell-sorting pro-
cedure, these cells were reported to differentiate into mature
hepatocyte-like cells in vitro in cocultures with primary hepato-
cytes in the presence of cholestatic serum (Avital et al., 2001). In
vitro evidence of bone marrow–derived hepatocytic maturation
of these cells consisted of albumin expression (measured by
RT-PCR) and metabolism of ammonia into urea. The frequency
of β2m–/Thy-1+ cells in the adult rat liver, 1 × 10–4, is higher than
that reported for oval-like LPCs in human livers (Crosby et al.,
2001). However, if these results are correct, the frequency of
hepatocyte-like cell formation from cholestatic bone marrow
LPCs is likely to be further reduced.

33.2.3. METHODS
33.2.3.1. Isolation Procedures  Where applicable, a series

of standard steps is usually employed that includes surgery; tis-
sue perfusion and digestion; cell centrifugation and washing;
cell fractionation; and determinations of final cell yields, con-
centrations, and viability. Surgical procedures for isolating
explants of liver diverticulum require microdissection with a
tungsten needle (Jung et al., 1999); in particular, care must be
taken to avoid cross contamination of hepatic and gut endoderm
with unwanted tissue containing cardiac mesoderm and septum
transversum (Rogler, 1997). Owing to access problems, human
liver biopsy tissue often requires lengthy storage, 48 h at 4°C in
Dulbecco’s Modified Eagle’s medium (DMEM) before use
(Crosby et al., 2001). To minimize contamination with microor-
ganisms, aseptic conditions are needed; rat bone marrow cells
are flushed from femurs under laparotomy (Avital et al.,
2001).When possible, owing to hemoglobin and serum toxicity,
and to the inhibition of digestion enzymes by serum components,
blood must be removed from source tissues by perfusion with
physiological salt solutions often supplemented with Ca2+ and/
or Mg2+. The inclusion or exclusion of such divalent cations
depends on the degree of dispersion required and the digestion
enzymes employed. For adult livers, anterograde or retrograde
perfusions are variably used with solutions containing organic
buffers such as HEPES, or with buffers supplemented with glu-
cose, insulin, inosine, and hydrocortisone (Leffert et al., 1977,
1979). Blood is removed from fetal and neonatal livers by rapid
exsanguination.

Uncut or delicately minced source tissues are dispersed with
solutions of one or more enzymes, with or without divalent cation
chelators. Enzyme purity, concentrations, and incubation times, as
well as the speeds of magnetic stirring bars or shakers, can be
critical. Conditions to pretest commercial preparations and opti-
mize these variables should be established. Some of the many
enzymes include pronase (Koch and Leffert, 1980), trypsin
(Grisham, 1980); collagenase and Dispase I (Herring et al., 1983)
plus hyaluronidase (Marceau et al., 1980; Germain et al., 1988);
pancreatin, which is a mixture of trypsin, lipase, and amylase (Jung
et al., 1999); and collagenase (Richards et al., 1997; Crosby et al.,
2001). Collagenase has also been combined with thermolysin
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(a metalloendopeptidase), DNase I, and trypsin-EDTA followed
by sieving with a sterile 30-µm filter (Kubota and Reid, 2000).
Although many commercial preparations of various types of col-
lagenase are available, representing various degrees of substrate
specificity and purity, with widely variable effectiveness of dis-
persal, it remains to be determined whether the effects of this
enzyme are due instead to one or more enzymatic impurities.

Centrifugation speeds employed by different investigators vary
from 100 to 1000g. Unlike primary hepatocyte isolations, which
require low centrifugal forces to minimize hepatocyte breakage
and nonparenchymal cell contamination, centrifugal speed used to
separate LPCs may not be critical. By contrast, washing steps,
which vary by report, may well be critical in order to remove
cytotoxic debris from lysed cells.

Several groups have reported fractionation steps for rat and
mouse liver–derived LPCs using FACS (Kubota and Reid, 2000;
Suzuki et al., 2002), and for rat bone marrow– and human liver–
derived LPCs using immunomagnetic beads and Percoll gradients
(Avital et al., 2001; Crosby et al., 2001). In each case, specific
classes of putative LPCs were enriched significantly. However,
except for bone marrow–derived LPCs, the practical utility of these
procedures is unclear because LPCs have been isolated from rat
and mouse livers without prior fractionation (Table 1).

33.2.3.2. Plating, Passage and Longterm Storage Condi-
tions  Initial plating conditions for culturing LPCs vary consider-
ably among laboratories. Some of these conditions, including
passage and storage protocols, are summarized here along with
reported rationales.

Feeder layers of STO embryonic fibroblasts were originally
used to support the growth of ES cells (Martin and Evans, 1975).
STO cells have also been used in two different LPC systems: the
outgrowth of putative HBC-3 LPCs from initial liver diverticulum
required mitomycin C–treated growth-inhibited STON+ (neoR

STO cells) (Rogler, 1997), and dispersed rat E13 liver cells were
grown on growth-inhibited STO5, a STO cell subclone (Kubota
and Reid, 2000). Rat hepatocytes were also employed as a top
feeder layer for the bottom layer of rat bone marrow–derived LPCs
(Avital et al., 2001). Problems with feeder layers are discussed in
Subheading 33.5.2.

Different solid surfaces and macromolecular coatings have
been employed. Mouse ES cells were cultured on 0.1% gelatin-
coated flasks (Jones et al., 2002); dissected ventral endoderm
explants and NPEC clusters of pig adult liver cells were cultured
on Type I collagen–coated plastic microwells (Jung et al., 1999)
and plastic dishes (Kano et al., 2000), respectively, or en bloc on
nucleopore mixed-ester filters (Monga et al., 2001). Bile duct–like
HBC-3 cells cultured on Matrigel were shifted to uncoated or
coated glass cover slips prior to immunofluorescence studies; simi-
lar shifts were performed with rat E12 liver cells cultured on
fibronectin-coated glass slides (Germain et al., 1988). Laminin- or
Type IV collagen–coated plastic plates were used for fractionated
mouse E13.5 liver cells, with similar results (Suzuki et al., 2002).
In the most complex system reported thus far, dual-chamber
Transwell plastic dishes were used for cocultures of adult rat hepa-
tocytes and bone marrow–derived LPCs: rat tail Type I collagen
was applied underneath the hepatocytes (top layer) and Matrigel
was applied underneath the bottom layer of bone marrow–derived
LPCs (Avital et al., 2001).

Rich nutrient media have generally been employed, such as
supplemented minimal essential medium, DMEM, and Dulbecco

and Vogt’s modified Eagle’s medium. Simple and complex
supplements have been used. Most systems require 5–20% fetal
bovine serum. Leukemia inhibitory factor (LIF) was used to
maintain the growth of ES cells in an undifferentiated state, prior
to induction of differentiation (Jones et al., 2002). HBC-3 was
cultured with β-mercaptoethanol, a glutathione-stabilizing
reagent (Rogler, 1997). The H-CFU-Cs in the mouse E13.5 liver
system required epidermal growth factor (EGF) and hepatocyte
growth factor (HGF) (Suzuki et al., 2002). This system also had
a requirement of conditioned media for clonal expansion from a
single cell: standard media supplemented with 50% CM from d 7
mass fetal liver cell cultures (Suzuki et al., 2000). WB-F344 rat
liver cells were grown in Richter’s improved minimal essential
medium with zinc ± insulin (Tsao et al., 1984). Pig liver cells were
grown in NAIR-1 medium (DMEM/Ham’s F12 [1:1]) supple-
mented with insulin, glucagon, and hydrocortisone (Leffert et al.,
1977, 1979), plus EGF, transferrin, triiodothyronine (T3), sodium
selenate, ascorbic acid, α-tocopherol acetate, and linoleic acid
(Kano et al., 2000). Gibco’s ITX solution (insulin, transferrin,
selenium) was used for rat bone marrow–derived cocultures
(Avital et al., 2001).

Most cultures were incubated at 37°C in humidified air incuba-
tors gassed with 5–10% CO2. Routine passages of cell lines were
performed at weekly frequencies; HBC-3 cells were passaged 1:5
every 3–5 d (Rogler, 1997). The times at which the cells were held
at confluence were critical (see Subheading 33.4.5.). Most cell
lines were frozen in DMSO-supplemented media by standard pro-
cedures and stored in liquid N2.

33.3. PHENOTYPIC PROPERTIES
In this section, we review the morphological; ultrastructural;

and, where known, karyotypic details of normal LPCs in culture.
We also review gene expression profiles of microarray findings
and markers defining primitive and differentiated LPC status, as
well as in vitro plasticity and potential, and the effects of in vivo
microenvironment.

33.3.1. MORPHOLOGY AND ULTRASTRUCTURE  Nine
groups have examined the microscopic properties of undifferen-
tiated or differentiated LPCs by transmission electron micros-
copy. In the mouse ES system, 12-d-old EBs contained cells with
the ultrastructural appearance of cells similar to embryonic hepa-
tocytes; unlike embryonic hepatocytes, some of the induced cells
were polyploid (Jones et al., 2002). After 3 wk without passage,
mouse HBC-3 cells showed spontaneous multilayering of cells
with predominant hepatocytic morphology: bile canaliculi, per-
oxisomes, and glycogen granules (Rogler, 1997). Cultures of
nonparenchymal rat E12 liver cells showed two types of cells: on
day 4, bile duct–like cells were observed with free polysomes,
oval nuclei, and diffuse nucleoli; on d 6, hepatocyte-like cells
were observed with abundant long cisternae, rough endoplasmic
reticulae, round nuclei, large nucleoli, large mitochondria with
long transverse cristae, Golgi apparatuses, and glycogen gran-
ules (Germain et al., 1988). NPEC porcine clusters showed simi-
lar hepatocyte-like structure (Kano et al., 2000). In 21-d-old
cultures of mouse H-CFU-Cs, derived from E13.5 sorted, cloned,
and resorted and recloned progeny, tight junctional complexes,
well-developed ovoid mitochondria, and ductlike structures with
cells containing high nuclear:cytoplasmic ratios and luminal
microvilli were reported (Suzuki et al., 2002). FNRL cells
showed numerous mitochondria, tight junctions, and occasional
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lipid droplets (Herring et al., 1983). Polygonal rat WB-F344
cells contained numerous intercellular desmosomes and nexus
junctions; few lysosomes; abundant free ribosomes; sparse
smooth endoplasmic reticulum and Golgi membranes; micro-
bodies; and small, pleomorphic mitochondria; no glycogen par-
ticles were seen (Tsao et al., 1984). Small hepatocyte LPCs also
displayed typical hepatocyte ultrastructure (Tateno and
Yoshizato, 1996a). Rat bone marrow–derived LPCs were report-
edly present in the liver, where they were clustered periportally;
they displayed blastlike morphologies with simple ultrastruc-
ture, small diameters (5–8 µm), and high nuclear:cytoplasmic
ratios (Avital et al., 2001).

33.3.2. KARYOTYPE  Rat WB-F344 and FNRL cells were
reported to be diploid (2N = 42) following weekly subcultures
through passage 12 and, as determined by flow microfluorimetry
(FMF), through passage 20 (Tsao et al., 1984), and through pas-
sage 25 (Herring et al., 1983), respectively. Mouse HBC-3 cells
remained euploid (2N = 40) through passage 40 (Rogler, 1997).
However, FMF cannot directly detect ploidy status, nor can it
detect chromosome changes, such as the chromosome 1 trisomy
that appeared in WB-F344 cells at passage 16 (Tsao et al., 1987),
or cell fusion. Karyotypes for human (2N = 46) or pig (2N = 38)
LPCs have not been reported to date.

33.3.3. GENE EXPRESSION PROFILES
33.3.3.1. Microrarray Studies  Two reports have appeared:

mouse HBC-3 cells (Plescia et al., 2001) and rat LPC line 13-1
(Petkov et al., 2000). HBC-3 cells were cultured for 7 d in the
presence of DMSO in order to augment the induction of differen-
tiation toward a hepatocyte lineage (see Subheading 33.4.3.). Ini-
tially, undifferentiated cells expressed muscle, neuron, myeloid,
and lymphoid-specific genes; this pattern attenuated over time
along with cell proliferation. Biphasic bursts of gene regulation
occurred on d 1 and 7, and several groups of genes showed com-
plex changes. Downregulated genes included the Wnt/β-catenin
pathway, T-cell transcription factor family target genes, cellular
receptors for fibronectin and laminin, and other extracellular
matrix molecules, and, as expected from studies of adult rat liver
regeneration (Lu et al., 1992) and in vitro hepatocyte growth con-
trol (Koch et al., 1994), the cell-cyle proteins cyclin B1 and cyclin
D. Upregulation was observed for growth inhibitory genes encod-
ing cyclin I and p18, and, as expected from in vitro studies of
hepatocyte growth control (Leffert and Sell, 1974; Leffert et al.,
1978b,a; Lad et al, 1982), differentiated functions such as
apolipoprotein C-IV, phosphoenolpyruvate carboxykinase, alco-
hol dehydrogenase, and asialoglycoprotein receptor, and transcrip-
tional regulators including Twist, Snail, HNF1a, and GATA-6.
The physiological significance of these findings is unclear,
because parallel studies without DMSO were not reported.

Studies with 13-1 cells suggest that 13 unknown genes are
highly expressed in vitro. These conclusions were obtained
using differentially expressed cDNA clones from fetal rat liver
isolated using suppression subtractive hybridization. Four
categories of genes were defined by the subtracted clones, as
expressed by (1) hepatoblasts; (2) hematopoietic cells; (3) hepa-
toblasts, hematopoietic cells, and other tissues at varying levels;
and (4) fetal liver (in abundance), activated LPCs, and other
epithelial progenitor cell lines. Among the unknown genes
expressed by 13-1, one DNA clone (1A10) was expressed exclu-
sively in fetal liver, and five or eight clones were expressed in
fetal liver, spleen, and bone marrow, or fetal liver, respectively,

with various expression patterns in other organs and cell lines.
One DNA clone, 43\22, a mesodermal gene of unknown function
(GenBank accession no. NM_008590), was the most abundantly
expressed DNA clone observed. Interpretation of these findings
would have been aided by information regarding the growth state
of the cultures studied.

33.3.3.2. Protein and Antigenic Markers Defining Primi-
tive and Differentiated LPC Status  Primitive liver- specific
markers were expressed by most but not all LPC systems. Primi-
tive markers usually disappeared as the expression of differenti-
ated functions emerged. In general, these time intervals ranged
between 4 and 21 d in vitro.

More than half of the systems expressed AFP+ ALB+, markers
of embryonic hepatoblasts and oval cells, but several did not
(Table 1). Other oval cell–associated markers, including c-kit+,
as well as A6+ and OV-6+ (mouse and rat cytoskeletal antigens,
respectively, localized to oval cells and bile duct epithelial cells
[Dunsford and Sell, 1989; Engelhardt et al., 1993]), were also
observed (Dabeva and Shafritz, 1993; Richards et al., 1997; Ott
et al., 1999; Kano et al., 2000; Crosby et al., 2001; Monga et al.,
2001). In some investigations, c-kit expression was absent
(Richards et al., 1997; Suzuki et al., 2002), suggesting a more
primitive but not a dysfunctional state. For example, two systems
of c-kit– phenotypes (Richards et al., 1997; Suzuki et al., 2002)
differentiated along one or more hepatic lineage pathways, and
one displayed bipotential capabilities (Suzuki et al., 2002). Three
systems expressed no primitive liver-specific markers (adult rat
bone marrow, human liver, and mouse E13.5 fetal liver), as sum-
marized in Table 1 (Avital et al., 2001; Crosby et al., 2001; Suzuki
et al., 2002), yet mouse H-CFU-H cells displayed pluripotential-
ity in vivo (see Subheading 33.3.5.). Clearly, the presence or
absence of known markers examined to date is not necessarily
predictive of progenitor cell capacity.

Most LPCs in culture are presumably known to be of endoder-
mal origin, yet mesodermal markers have been localized inside
some of them. For example, vimentin, localized previously in
human fetal liver ductal plate and biliary epithelial cells, but not
in hepatoblasts or hepatocytes in vivo (Haruna et al., 1996), was
also observed in hepatic NPECs in vitro (Kano et al., 2000). Of
particular interest and possible significance, a surface antigen
associated with hematopoietic stem cells (HSCs) such as A6
(Engelhardt et al., 1993), was found on hepatic LPCs derived from
adult mouse (Richards et al., 1997). Cultures of mouse E13.5
H-CFU-Hs also expressed CD34 and thy-1 (Suzuki et al., 2002).
In vitro findings of HSC antigens in liver-derived LPCs are pro-
vocative, because they suggest that resident or recruited adult
liver-derived bone marrow cells, or primitive liver-derived epi-
thelial cells with bone marrow–like properties, may serve as LPCs.

The capacity for differentiation along one or more hepatic lin-
eages was revealed by the expression of many common markers
used to define hepatocytic and bile duct pathways (see Table 1).
For example, hepatocytic pathways were frequently monitored by
expression of AFP, ALB, and transferrin, whereas bile duct path-
ways were monitored by expression of CK19 (Block et al., 1996;
Kano et al., 2000; Kubota and Reid, 2000; Crosby et al., 2001;
Suzuki et al., 2002) and γ-glutamyl-transpeptidose (GGT) (Tsao
et al., 1984). In one system, AFP+ and ALB+ expression in
WB-F344 cells was reported to be higher in log than in stationary
phase (Tsao et al., 1984). This anomalous behavior might have
been an artifact of immunostaining commonly caused by antibody
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crossreactions with adherent or pinocytosed serum proteins. The
coexpression and growth dependence of some of these markers
were also examined in cultures of “small” adult hepatocyte LPCs;
some cells displayed only hepatocytic markers (CK8 and CK18)
whereas others expressed dual phenotypes (ALB, and the biliary
markers CK7 and CK19), and still other cells were identified as
biliary-like, since they ceased to express ALB and in turn became
positive for CK19 or CK7 (Tateno and Yoshizato, 1996a; Mitaka
et al., 1999). Adult bone marrow–derived rat LPCs did not express
GGT (Avital et al., 2001).

Prominent but less commonly investigated markers have also
been reported. For example, H-CFU-C cells were characterized
extensively by RT-PCR (Suzuki et al., 2002), and a variety of
hepatocyte (GST, glucose-6-phosphatase [G-6-Pase], dipeptidyl
peptidase IV [DPPIV]) and bile duct markers were detected (thy-
mosin β4, biliary glycoprotein, GGT, vinculin). In the NPEC
LPC pig liver system, hepatocytic and bile duct–like pathways
were suggested by α1-antitrypsin and GGT expression, respec-
tively; weak GGT expression was reported in WB-F344 cells as
well (Tsao et al., 1984). Hepatocytic pathways were also sug-
gested in AFP– “large” adult hepatocyte LPCs that expressed
cytochrome P450IIB1 (Table 1), and in 7-d-old cultures of bone
marrow–derived LPCs that expressed CK8, CK18, and metabo-
lized urea (Avital et al., 2001). In addition, human LPCs differ-
entiated along endothelial pathways, as suggested by CD31+

expression (Crosby et al., 2001).
33.3.4. PLASTICITY AND POTENTIAL IN VITRO  The

demonstrated plasticity pathways of normal LPCs are summa-
rized in Table 1. All of the systems displayed hepatocytic plas-
ticity, except human LPCs, which displayed only bile duct and
endothelial cell plasticity (Crosby et al., 2001). Regardless of the
times of harvest from in vivo sources, half of the LPCs displayed
both hepatocytic and bile duct plasticity. Included in this group
are cloned mouse HBC-3 cells, mouse E9.5 explants; dispersed
cells from rat E12 and E13, and mouse E13.5 fetal liver; adult
NPEC clusters; small and large primary adult rat hepatocytes;
adult bone marrow–derived cells; and cloned adult WB-F344
cells. Further studies with human systems, and with explant sys-
tems maintained for longer periods in vitro might reveal much
broader plasticity.

Three LPC categories of varying potential were revealed. Two
included cultures of unipotential (ES, FNRL, LA, 13-1, and rat
bone marrow–derived LPCs) and bipotential capacity (ventral
foregut endoderm and mouse E9.5 explant, HBC-3, dispersed rat
E12 and E13 liver, H-CFU-H, WB-F344, NPEC, “small” and
“large” adult primary hepatocytes, and adult human liver LPCs).
The third was defined by adult bone marrow–derived LPCs, which
appeared capable of transdifferentiation (Avital et al., 2001). Fur-
ther work is needed to identify the culture conditions that best
facilitate, stabilize, and simulate in vivo behavior. Efforts along
these lines are discussed in Subheadings 33.3.3 and 33.4.

33.3.5. EFFECTS OF MICROENVIRONMENT IN VIVO
Several groups have investigated the plasticity of cultured LPCs
following transplantation in vivo. One demonstrated pluripotential
effects following intrasplenic injections of E13.5 mouse H-CFU-
H cells into 4-wk-old Balb/cA mice (Suzuki et al., 2002). The cells
migrated into the livers and, within 38 d, differentiated into hepa-
tocytes (in animals pretreated with CCl4 to induce centrolobular
hepatocyte regeneration) or cholangiocytes (in animals pretreated
with 4,4'methylene dianiline [4,4'-diaminodiphenylmethane] to

induce bile duct regeneration). Following administration into the
common bile duct (to deliver cells retrograde into the pancreas) or
by direct injection into the duodenal wall, the cells differentiated
into pancreatic ductal and acinar epithelium, and intestinal epithe-
lial cells, respectively. Thus, H-CFU-H cells were bipotential in
vitro but pluripotential in vivo.

One group has studied clones of different liver-derived epi-
thelial LPCs under various conditions in vivo. A derivative line
of WB-F344 genetically engineered to express Escherichia coli
β-gal and neoR reporter genes differentiated into β-gal+ hepato-
cytes between 1 and 17 wk post-intrahepatic or intrasplenic
transplantation. Attempts to recover and culture transplanted β-
gal+ hepatocytes were inconclusive although propagable β-gal+

colonies were isolated that contained neoR sequences (Coleman
et al., 1993; Grisham et al., 1993). To rule out possible effects
of the integrated reporter genes, the genetically DPPIV+ paren-
tal line (which did not express DPPIV in vitro) was injected into
genetically deficient German Fischer DPPIV– adult rats. Within
1 to 2 mo post-transplantation, the injected cells integrated into
hepatic plates and differentiated into hepatocyte-like cells that
expressed ALB (and purportedly transferrin and α1-antitrypsin
[the data of which were not shown]) and were morphologically
and functionally indistinguishable from mature hepatocytes
(Coleman et al., 1997). Thus, it would appear that cloned LPCs
can survive and differentiate into mature hepatocytes in quies-
cent microenvironments of normal liver. However, WB-F344
cells have not yet been shown to differentiate into bile duct cells
in vivo.

Two groups have reported transdifferentiation of LPCs. In one
case, following intraventricular injections into the cardiac
muscles of adult  nude mice, β-gal+  WB-F344 cells were
reported to form cardiac myocytes within 6 wk after transplanta-
tion (Malouf et al., 2001). The donor cells were identified in situ
by three assays: by the presence of a rat Y-chromosome-specific
DNA sequence in β-gal+ myocytes (using PCR and fluorescence
in situ hybridization); by immunohistochemical expression of
cardiac troponin T; and by ultrastructural analysis, which con-
firmed a cardiac myocyte phenotype of the LPC-derived
myocytes. In the other case, MHC C3– bone marrow LPCs iso-
lated from cholestatic inbred  Lewis rats and injected into the
portal veins of MHC C3+ D’Agouti  rat livers transplanted into
Lewis inbred  MHC C3+ recipients gave rise to mature hepato-
cytes that integrated in liver plates, as revealed by light-level
microscopy (Avital et al., 2001). Results of the latter study are
difficult to evaluate because the times of hepatocyte formation
were not stated, and, in both cases, the possibilities of fusion
artifacts were not eliminated (see Subheading 33.5.2.).

Paradoxical expression has been observed in vivo in one sys-
tem: FNRL cells expressed G-6-Pase intrasplenically but not
intrahepatically (Ott et al., 1999). The mechanisms of ectopic
G-6-Pase expression are unknown.

33.4. GROWTH REGULATORY
CONDITIONS IN VITRO

In this section, we review experimental evidence of the regula-
tory properties of feeder layers, growth factors, chemicals, and
substrata on the growth patterns, function, and mortality of normal
LPCs in culture. Little is known about genes involved in normal
LPC growth control, but inferences can be made from preliminary
work with mutant systems.
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33.4.1. FEEDER LAYERS   Two groups have employed
growth-inhibited mouse embryonic STO, STON+, or STO5
fibroblasts to culture mouse HBC-3 (Rogler, 1997) and dis-
persed E13 fetal rat liver cells (Kubota and Reid, 2000). STO
cells were considered essential in the first system, particularly
during the isolation process, and they sustained primitive
expression and delayed or attenuated differentiation of
hepatocytic or bile duct lineages until the LPCs were subcul-
tured without the feeder layers. However, strict dependence on
such feeder cells remains to be demonstrated, and the precise
role of the feeder cells remains unclear. Neither cell-cell con-
tact, nor cell-cell fusion, nor the production of positive or nega-
tively acting conditioning factors were eliminated. The latter
possibility was supported by a report of a role for embryonic
fibroblast conditioned medium on the growth and survival of
H-CFU-Hs (Suzuki et al., 2000), but no conditioning factors
have been identified thus far. A third group employed adult
rat hepatocytes from cholestatic animals as an essential top-
layer feeder system for bone marrow–derived LPCs (see Sub-
heading 33.2.2.8.). The role of hepatocyte top feeder layers and
potential artifacts resulting from such configurations requires
further investigation (see Subheading 33.5.2.).

33.4.2. GROWTH FACTORS  Knowledge of growth factor
effects can provide working hypotheses of signal transduction
pathways involved in the mechanisms of commitment and pro-
liferation of LPCs. For example, in growth control studies of
primary fetal and adult rat hepatocytes in serum-free media,
complex sets of growth factors—including type I (EGF, trans-
forming growth factor-α [TGF-α], TGF-β, fibroblast growth
factor-2 [FGF-2]) and type II polypeptides (insulin, insulin-like
growth factor-1 [IGF-1], IGF-2, glucagon), lipophilic hormones
(hydrocortisone), lipids, lipoproteins, nutrients (inosine, argin-
ine, ornithine), and conditioning factors—interact in dose–
dependent, time duration–dependent, and time interval of
action–dependent ways to regulate the initiation of DNA synthe-
sis and mitosis (Koch and Leffert, 1974, 1979, 1980; Leffert and
Weinstein, 1976; Leffert and Koch, 1977, 1980, 1982a, 1982b;
Koch et al., 1982; reviewed in Leffert et al., 1988, and Koch
et al., 1990). Not surprisingly, many of these and other known
polypeptide growth factors regulate proliferation and gene
expression of normal LPCs in vitro. This kind of information has
been reported in 11 systems, including cells from early embryos,
midphase fetal liver, postnatal liver, and adult bone marrow.
However, direct genetic evidence of molecular mechanisms and
delineation of cellular responses is limited.

Two groups have described findings in early embryonic LPC
systems: ES cells and explants of mouse E8–E8.5 ventral foregut
endoderm. In the ES system, LIF removal was essential for EB
formation (Jones et al., 2002), but molecular signals freed
from the inhibitory effects of LIF remain to be elucidated. In the
explant system, four different FGF receptor ligands and one or
more bone morphogenetic proteins (BMPs) appear to be involved
in “liver organogenesis” in vitro. In the proposed sequence of
events, exogenously added FGF-1 and FGF-2, putatively sup-
plied in vivo by cardiac mesoderm, together commit ventral
foregut endoderm, which constitutively produces FGF-1 and
FGF-4, toward a hepatic lineage (Jung et al., 1999). Apart from
the apparent redundant requirement of FGF-1, the commitment
events were explained partly by the induction of sonic hedgehog
(Shh) and GATA-4 transcription factor gene expression by car-

diac mesoderm FGF-2 and septum transversum mesenchyme
BMPs; together, these growth factors concertedly diverted the
default fate of ventral foregut endoderm from pancreas to liver
(Deutsch et al., 2001; Rossi et al., 2001). These events were
followed by morphogenetic outgrowth of the hepatic-specified
endoderm that was stimulated by exogenously added FGF-8
(Jung et al., 1999). It is unclear if these events describe the “first”
specifying signals, because unspecified endoderm constitutively
expressed FGF-1-stabilized TTR, a hepatocyte marker, sug-
gesting that still earlier signals preactivated the explants prior
to culture.

In studies of LPCs derived from midphase fetal liver tissues,
HGF, Flt-3 ligand, and stem cell factor (SCF) increased the
frequencies of hepatocytic cells in explants of mouse E9.5 liver
diverticulum; in the same system, TGF-β increased the fre-
quency of bile duct–like cells, and dexamethasone increased the
frequencies of both lineages (Monga et al., 2001). HGF and EGF
regulated differentiation in both rat E13 liver (Kubota and Reid,
2000) and mouse E13.5 H-CFU-H cell systems (Suzuki et al.,
2002). In the former system, EGF was required for hepatocyte-
like differentiation but not for bile duct–like expression (it was
unclear if dexamethasone was required in both instances); in the
latter system, distinct for its lack of expression of any specific
hepatic markers in its uninduced state, addition of EGF
and HGF led to H-CFU-C formation 21 d later. In primary cul-
tures of dispersed rat E12 liver (Germain et al., 1988), LPC
formation was not induced by FBS, insulin, and dexamethasone,
yet all of these factors were required for induction of different
lineages by chemicals in the presence of dexamethasone (see
Subheading 33.4.3.)

Observations with LPC systems derived from postnatal liver
have been reported by three groups, but most have tended to be
phenomenological in nature. Tsao et al. (1986) investigated
WB-F344 cells in detail. They reported that EGF affected growth-
state dependence of expression of several glycolytic enzymes,
by increasing the activities of NADH-diaphorase, pyruvate
kinase, glucose-6 phosphate dehydrogenase, GGT, and lactate
dehydrogenase, and by decreasing the activity of alkaline phos-
phatase (Tsao et al., 1986). In addition, TGF-β reversibly inhib-
ited the proliferation of early passage cells, whereas at higher
passages the cells became progressively less sensitive to its
inhibitory effects (Lin et al., 1987). Late-passage WB-F344 cells
were also trisomic for chromosome 1, and the insensitivity to the
inhibitory effects of TGF-β was explained by constitutive pro-
duction of TGF-β and IGF-2 in serum-free improved minimal
essential medium with zinc option (IMEMZO) medium supple-
mented with iron-free transferrin. The effects of EGF were
attributed to its potentiation of the growth-stimulatory effects of
transferrin (Tsao et al., 1987), via stimulation of phospho-
inositide hydrolysis and EGF receptor protein synthesis and
mRNA levels (Earp et al., 1988).

Another group has surveyed the effects of more than 12 fami-
lies of growth factors on LA cells (Isfort et al., 1998). Mitogenic
stimulation and inhibition were defined by enhanced (≥50%) or
attenuated (≤70%) rates of [3H]dT uptake in treated cultures com-
pared with cultures in serum-free media. Using these assays,
growth stimulation was observed following treatments with
interleukins (interleukin-4 [IL-4], IL-9, and IL-13), chemokines
(macrophage inflammatory protein-1α [MIP-1α] and MIP-1β,
MCP-1/MCAF, GRO/MGSA, RANTES, IL-8), stem cell factors
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(NGF), EGF (EGF, TGF-α, AR, BC, HB-EGF), FGF (FGF-1, FGF-2,
and FGF-4; βECGF, keratinocyte growth factor), platelet-
derived growth factor (PDGF) (PDGF A/A, A/B, and B/B), the
insulin family (insulin, IGF-1 and IGF-2), angiotensin II and III,
erythropoietin, β-estradiol, glucagon, HGF, hydrocortisone,
progesterone, retanol acetate, T3, and vasopressin. Growth inhi-
bition was observed with stem cell factors (ciliary neurotrophic
factor, pleotropin), the FGF family (FGF-5 and FGF-6), TGF-β
(TGF-β1, TGF-β2, and TGF-β3), vascular endothelial growth
factor (placental growth factor), granulocyte macrophage
colony-stimulating factor, and platelet-derived endothelial cell
growth factor. While some of these trends are consistent with
findings in other systems, the data are difficult to evaluate
because thymidine incorporation assays are subject to artifacts
of transport and alterations in intracellular pool sizes, as well as
to cell density dependence (Paul et al., 1972), parameters that
were not investigated in these assays.

In studies reminiscent of retrodifferentiation and redifferen-
tiation of adult hepatocytes (Leffert et al., 1978a; Sirica et al.,
1979), a third group studied colonial growth of “large adult hepa-
tocytes” (Block et al., 1996). These cells were stimulated by
HGF/SF (scatter factor); EGF; and, as reported earlier (Brenner
et al., 1989), TGF-α. As expected, the proliferating hepatocytes
lost expression of a differentiated function like ALB, and a non-
tissue-specific function like P450IIB1 (Srivastava et al., 1989);
when the cells were blocked from redifferentiating by virtue of
the substratum employed (see Subheading 33.4.4.), they
expressed markers of bile duct epithelium (CK19), produced
TGF-α and FGF-1, and assumed a simple ultrastructural pheno-
type. During this dedifferentiating transition, the expression of
transcription factors HNFI, HNF3, and HNF4 remained constant,
while reciprocal changes occurred in the ratio of transcription
factors C/EBP-α to C/EBP-β (which decreased) and the levels
of transcription factors AP1 and nuclear factor-κB (which
increased).

Finally, culture media supplemented with cholestatic serum,
insulin, transferrin, and selenium stimulated the transdiffer-
entiation of rat bone marrow cells into hepatocytes in cocultures
with adult hepatocytes (Avital et al., 2001). This transition, which
peaked 7 d after plating, was monitored by morphological changes
and by urea production. Although no arginine was added to the
serum-free medium used during the 8-h ureogenesis assay period,
the bone marrow–derived cells had previously been cultured in
media containing nondialyzed sera, a potential source of signifi-
cant amounts of intracellular free arginine. Thus, intracellular
arginine from such cells may have been exported and available as
a substrate for urea-synthesizing macrophages in the cultures
(Avital et al., 2001).

33.4.3. CHEMICALS The ubiquitous differentiation-inducing
effects of DMSO and Na+-butyrate have been studied extensively,
with varying results from different laboratories. Four qualitative
categories have emerged. In category I, DMSO � hepatocytic, and
Na+-butyrate � bile duct–like lineages. Two systems behaved
precisely this way. In explants of mouse E9.5 liver diverticulum,
DMSO augmented hepatocytic development, and Na+-butyrate
augmented ductular expression (Monga et al., 2001). In primary
cultures of rat E12 liver cells plated in serum-, insulin-, and dex-
amethasone-supplemented media, DMSO and Na+-butyrate stimu-
lated HES6

+ and BDS7
+ expression, respectively (Germain et al.,

1988; Blouin et al., 1995).

In category II, DMSO � hepatocytic lineage. This trend was
observed in HBC-3 cells. In the presence of DMSO, the cells
stopped growing, ALB expression was maintained, G-6-Pase
expression appeared, and AFP and CK14 expression disappeared
(Rogler, 1997).

In category III, Na+-butyrate � hepatocytic lineages. Two
systems exemplified this trend. Na+-butyrate inhibited WB-F344
cell growth reversibly and facilitated dexamethasone induction
of tyrosine aminotransferase activity in cells between passage
numbers 7 and 12 (Coleman et al., 1994). In addition, Na+-
butyrate induced AFP and ALB mRNA expression in FNRL cells,
as revealed by assays of run-on transcription, as well as c-fos and
histone H3 expression (Ott et al., 1999).

In category IV, DMSO � both lineages. This was seen in
cultures of “small hepatocytes,” in which DMSO was required
for LPC-like differentiation in cells expressing hepatocytic
(ALB, CPS-I, CK8 and CK18, transferrin) and bile duct–like
properties (Tateno and Yoshizato, 1996a; Mitaka et al., 1999).
No reports have appeared thus far of systems in which Na+-
butyrate � both lineages.

The mechanisms by which these chemicals exerted their effects
in these different culture systems are poorly understood. Roles for
changes in patterns of methylation, acetylation, or other enzymatic
and covalent modifications of DNA and chromatin might be pos-
tulated, but no available evidence yet supports such speculation.

33.4.4. SUBSTRATA  The phenomenological effects of vari-
ous substrata have been investigated in LPCs in culture. In the ES
system, gelatin-coated plastic appeared to replace the require-
ment of feeder cells (Jones et al., 2002).

Matrigel, a commercially available basement membrane ma-
trix preparation derived from Engelbreth-Holm-Swarm tumor
cell culture fluids has been examined in two systems. On
Matrigel-coated plastic, HBC-3 cells formed ductular structures
that contained AFP+, GGT+, weak CK14+, and CK19+ cells
(Rogler, 1997). In the “large hepatocyte” system, after popula-
tion expansion and clonal growth, Matrigel stimulated prolifer-
ating hepatocytes to reexpress mature hepatocyte phenotypes,
defined by ultrastructure and ALB+ expression (Block et al.,
1996).

Collagen and laminin have been investigated in H-CFU-Hs,
and in “small” and “large” primary hepatocyte systems. In the
former (Suzuki et al., 2002), the colonies were cultured on
laminin- or type IV collagen–coated surfaces, but no significant
differences were reported (and Matrigel was not needed). In the
“small” hepatocyte system (Tateno and Yoshizato, 1996a,
1996b), nonparenchymal cells migrated into and around the hepa-
tocyte clusters and, as suggested by additional observations
(Mitaka et al., 1999), gradually deposited type I and type IV
collagen, and laminin; this was followed by morphological
changes in the “small” hepatocytes from relatively flat to cuboi-
dal or rectangular shapes, expression of ALB, Cx32, and TO
mRNAs, and the formation of duct- or cystlike structures con-
sisting of hepatocytes. In the “large” hepatocyte system (Block
et al., 1996), the cultures were also induced in the presence of
HGF/SF and type I collagen gels to form acinar/ductular
structures akin to bile ductules, transformations that reportedly
affected the entire hepatocyte population even when DNA syn-
thesis was inhibited.

Current interpretation of these results is difficult. On the one
hand, purified materials were not always used. For example,
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Matrigel is a complex mixture of collagens, laminins, proteogly-
cans, polypeptide growth factors, and matrix metalloproteinases
(Mackay et al., 1993). In addition, the constitutive production of
substrata macromolecules by the LPCs, such as the constitutive
production of fibronectin by WB-F344 cells (Tsao et al., 1984),
is difficult to monitor in real time and can be further complicated
by the mixed populations in the cultures.

33.4.5. PROLIFERATION AND PROLIFERATIVE KINET-
ICS  The proliferative behavior of LPCs is one of the most impor-
tant yet least studied aspects of the biology of these systems.
Properties of “self-renewal” have been observed in mouse E13.5
H-CFU-C cells (Suzuki et al., 2002), but no quantitative evi-
dence of asymmetric cell division was reported.

The proliferation and differentiation of all normal LPCs in
culture appear to require anchorage dependence. The population
doubling times were ~24 h in early passage WB-F344 cultures,
but the doubling times fell ~50% and colony-forming efficiency
increased with increasing passage number (Tsao et al., 1984).
These changes may be related to age-dependent attenuation of
G2 checkpoint function as WB-F344 cells age (Kaufmann et al.,
2001). After frequent passage, WB-F344 cells became spontane-
ously tumorigenic after 8–10 cycles of what was termed selective
growth (3 wk at “confluence arrest” between weekly passages);
this behavior was attributed to the slower growth of diploid or
pseudo-diploid cells during prolonged confluence, following
unstable periods of aneuploidy, as measured by FMF (Lee et al.,
1989; Hooth et al., 1998). Alternatively, confluent cells might be
more susceptible to accumulated genetic damage than growing
cells (Rubin, 2001).

33.4.6. MORTALITY AND AGING  Sustained prolifera-
tion and limited aging are key attributes of stem cells. These
attributes were difficult to evaluate in complex LPC explant
systems, the survival of which was limited to 7 d in vitro
(Shiojiri and Mizuno, 1993); they have received little attention
except for studies with WB-F344 and HBC-3 cells. Cells from
both lines exceeded the Hayflick 75–80 population doubling
limit: HBC-3 > 150 doublings (Rogler, 1997), and WB-F344 ≤
90 doublings, with no evidence of spontaneous transformation
as assayed by growth in soft agar or FMF analysis if the cells
were transferred immediately on reaching confluence (Tsao
et al., 1984; Lee et al., 1989). Telomeres and telomerase have
been studied during aging in WB-F344 cultures (Golubovskaya
et al., 1999). Telomere length declined with passage num-
ber; however, at passage numbers ≤13, 14–40 and >104, low,
repressed, and reexpressed levels of telomerase activity were
observed, respectively.

33.4.7. MORPHOGENESIS  Little information is available
on morphogenetic changes in normal LPC cultures. ES cells form
EBs (see Subheading 33.2.2.1.). Mouse HBC-3 and H-CFU-Cs
form hepatocyte-like plates and aggregates (Rogler, 1997;
Suzuki et al., 2002); both of these systems, as well as “small” and
“large” hepatocytes, form bile duct–like cords.

Mixed colonies of aggregated cells and ductlike structures
(DLSs) have been reported for NPEC clusters (Kano et al., 2000).
The process appeared to start with cell scattering, which was
suggested to be a good predictor of DLS formation. Expression
of hepatocyte markers was observed at the periphery of the colo-
nies but was lost in DLSs that acquired bile epithelial markers.
In cells surrounded by DLSs, mixed expression of both markers
was found. These findings are difficult to interpret because the

possibility of clonal generation of such structures was not distin-
guished from the possibility of generation from cell aggregates
during isolation or postplating.

33.4.8. GENES  Apart from the phenotypic characterization
of gene expression by microarray profiling (see Subheading
33.3.3.1.) and checkpoint studies with WB-F344 cells (Kaufmann
et al., 2001), which, as expected from prior studies of normal rat
liver regeneration (Lu et al., 1992), suggested growth regulatory
roles of cyclin, cyclin-dependent kinase, and cyclin-dependent
kinase inhibitor genes, little is known about genes that regulate
the growth and function of normal LPCs in culture. Direct evi-
dence from studies of mutant mouse and oval cells has implicated
growth-controlling roles for the type 1 tumor necrosis factor-α
(TNF-α) receptor gene (Knight et al., 2000), p53 (Dumble et al.,
2002), c-met (Spagnoli et al., 1998), and the tumor suppressor
Tg737 gene (Richards et al., 1996, 1997; Isfort et al., 1997). Find-
ings of genetic regulation of LPC proliferation by ubiquitous p53
and the HGF/SF receptor, c-met, are consistent with growth regu-
latory studies thus far (see Subheading 33.4.2.). However, the
requirement of the type 1 TNF-α receptor for the emergence of
proliferation-competent oval cells in mice is difficult to under-
stand given the lack of a mitogenic response in mouse LA cells
exposed to TNF-α (Isfort et al., 1997). No mechanism studies of
the potential role of the Tg737 gene were reported.

33.5. CONCEPTUAL AND EXPERIMENTAL ISSUES
In this final section, we discuss key issues associated with the

origins, isolation and culture, proliferation patterns, phenotypic
and genotypic diversity, plasticity, and potential clinical applica-
tions of cultured LPCs.

33.5.1. LPC ORIGINS  All cultured LPCs are derived from
solid tissues or semisolid suspensions such as bone marrow. The
complex cellular composition of these sites changes throughout
life with respect to time, microenvironmental conditions, vascu-
larization, and lymphatic drainage. Given these dynamics, it is
reasonable to ask from where precisely do experimentally isolated
LPCs come? Are they native inhabitants of liver, and/or nonresi-
dent immigrants transiently moving into and out of the organ? Or,
are they activated or recruited only from extrahepatic sites during
extreme situations of environmental hepatocellular stress?

The available evidence is inconclusive. It is confounded by the
cellular anatomy of the liver, the capacity of hepatocytes for
retrodifferentiation, the putative transdifferentiation of bone
marrow cells into hepatocytes (see Subheadings 33.5.2. and
33.5.6.), and the normal physiology of fetal liver hematopoiesis.
For example, morphological and marker studies have suggested
that oval cell–like LPCs are constitutively located in periportal
spaces and terminal bile ducts (reviewed in Sell and Ilic, 1997,
and Sell, 2001). Although it is likely that several ALB+, AFP+,
and/or OV-6+ LPC lines (FNRL, WB-F344, and 13-1) were
derived from these sites, no direct evidence supports this conclu-
sion. The ancestral origins of cells at both sites is also unclear, and
it is possible that these cells were mesenchymal or hepatic rem-
nants from early development. Uncertainty of microanatomical
origin also applies to systems of dispersed nonparenchymal
LPCs (Table 1), although in some cases hematopoietic cells were
excluded intentionally during fractionation procedures (Kubota
and Reid, 2000; Suzuki et al., 2002).

In retrodifferentiating primary adult hepatocyte cultures,
mature differentiated functions are transiently lost and fetal func-
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tions are reexpressed as hepatocytes emerge from monolayer
aggregates and proliferate; as scattered proliferating cells
become quiescent or when they are induced to differentiate, the
hepatocytes reexpress mature functions (Leffert et al., 1978a;
Sirica et al., 1979; Block et al., 1996). If retrodifferentiation is
interrupted by blocking redifferentiation, dedifferentiation
occurs instead and the hepatocytes express biliary markers and
less complex ultrastructure (Block et al., 1996). Thus, in some
instances, owing to the fact that liver oval cell formation occurs in
response to hepatotoxins that do not block hepatocyte prolifera-
tion, the possibility that some cultured LPC lines were
derived from dedifferentiated hepatocytes expressing oval cell
markers cannot be eliminated (see Subheading 33.5.4.).

The reports of transdifferentiation of bone marrow cells into
hepatocytes (see Subheading 33.2.2.8.) suggest that a cultured
LPC line such as LA, which displays the bone marrow stem cell
marker A6+, might be derived from intrahepatic bone marrow
“contaminants” (Taniguchi et al., 1996). Such contaminants might
be blood-borne but they might also be remnants of normal fetal
hematopoiesis. These observations seem paradoxical: on the one
hand, there is no developmental evidence that fetal bone marrow
cells are direct LPC participants during liver organogenesis; on the
other, in several experimental models transplanted adult bone
marrow cells migrate into physiologically stressed livers of recipi-
ent animals and differentiate into hepatocytes. Thus, either
transdifferentiation events are either incompatible within fetal
liver microenvironments, or stressed mature livers facilitate them.
In all cases, the cellular and humoral signaling mechanisms that
control these events (or artifacts) are poorly understood and war-
rant further investigation.

33.5.2. POSSIBLE ARTIFACTS OF LPC ISOLATION AND
CULTURE  Several unresolved problems deserve attention in
further studies of normal LPCs in culture. First, although in situ
phenotypes of putative rat and human oval cell–like LPCs have
been reported (Sell, 2001; Crosby et al., 2001), further work is
needed to identify potential losses or alterations of physiological
markers and functional attributes of LPCs during and after isola-
tion procedures, including the possibilities of subsequent selec-
tion of variants and aging during the growth and subculture of
such cells. In one system, e.g., parallel in situ marker studies were
not performed prior to isolation of cells that gave rise to putative
clonal cultures (Kubota and Reid, 2000), yet the fractionated cells
contained LPCs lacking MHC class I antigens, raising the possi-
bility of selective destruction of these surface markers during the
isolation procedure.

Second, the presence of mixed cell types in a single system
complicates interpretations of cellular and biochemical changes
intrinsic to the LPCs. For example, it is difficult to eliminate or
determine the short- or long-term effects of interactions between
cell types in a coculture system such as HBC-3 with growth-inhib-
ited feeder layers. In addition, the possibility of inadvertent con-
tamination or selection of STO feeder layer cells that have escaped
growth inhibition by mitomycin C treatment or γ-irradiation must
be examined before and after purification of LPCs from feeder
cells (Zhang et al., 2003).

Third, explant LPC systems are also examples of mixed popu-
lations in which it is difficult to identify precisely the mecha-
nisms of growth factor actions that have been reported in these
systems. Moreover, it is not yet clear that in vitro explants can be
kept alive and intact long enough, with outgrowth prevented and

three-dimensional structure maintained, in order to produce
mature hepatocytes and bile duct epithelium.

Fourth, claims of colony-forming and clonogenic assays
(Kubota and Reid, 2000) should be rigorously founded on time-
lapse or real-time photomicroscopy as in the single cell mouse
ED13.5 system (Suzuki et al., 2002). Such studies alone can
eliminate the possibilities of in situ contamination, as a result of
random or directed migration, aggregation, or diffusion of other
plated cells into the developing colony, and alone can ensure
that bipotentiality is the property of one cell type. The claims of
colonial growth of “small” and “large” primary hepatocytes are
subject to similar problems of interpretation (Block et al., 1996;
Tateno and Yoshizato, 1996a, 1996b; Mitaka et al., 1999). Thus,
“bipotentiality” in such systems may be owing not to one but to
two different cell types initially present in the “clones.”

Fifth, primary cultures of mouse cells are subject to crisis
under conditions of repeated subculture (Rubin, 2001). The
events surrounding crisis involve multiple genetic and abnormal
chromosomal changes, and they often lead to transformation and
malignant properties in the clones that survive it. The mouse
LPC line LA was derived following crisis (Richards et al., 1997).
Therefore, this cell line might be abnormal, and its biological
properties might not simulate normal physiology. This might
explain why the TNF-α type 1 receptor was necessary for oval
cell proliferation in vivo, whereas LA cell mitogenesis was non-
responsive to exposure to TNF-α in vitro. By contrast, rat cells
do not undergo crisis, and no reports of significant aneuploidy
have been reported for early or late passage cultures of WB-F344
cells if they are subcultured at or before reaching confluence.

Finally, apart from the origin issues raised in Subheading
33.5.1., it is possible that the transdifferentiation of adult “liver-
derived” WB-F344 and bone marrow–derived stem cells into
cardiac myocytes (Malouf et al., 2001) and mature hepatocytes
(Avital et al., 2001), respectively, is caused by artifacts of in
vitro culture or in vivo engraftment (Subheading 33.5.6). Similar
artifacts might apply to observations of plasticity in several LPC
coculture systems. These doubts were raised by recent findings
of spontaneous fusions between pluripotent embryonic feeder
layer cells and neuronal (Ying et al., 2002) or bone marrow stem
cells (Terada et al., 2002), which suggested that induced plastic-
ity changes or transdetermination resulting from cell fusion might
underlie many observations attributed to the intrinsic plasticities
of LPCs. These problems are unlikely to have accounted for the
in vitro plasticity of HBC-3 cells in cocultures, given the karyo-
typic findings suggestive of diploidy in this LPC system. How-
ever, until definitive karyotypic observations are made on cells
cloned off feeder layers, this conclusion must remain tentative.
The in vitro transdifferentiation claim of bone marrow � liver
also seems problematic, since autologous hepatocytes (top feeder
layer) were cocultured with a bottom layer of autologous bone
marrow cells (Avital et al., 2001). Under these conditions, the
possibility was not eliminated that feeder layer hepatocytes
migrated or fell through the pores of the proprietary filter, situ-
ated in the top layer of the dual chamber system (the pore sizes
were not stated in the report but are known to range between 0.1
and 12 µm), and settled onto the bottom surface layer, where the
fallen cells would have masqueraded as transdifferentiated
ureogenesis-competent hepatocytes.

33.5.3. PATTERNS OF LPC PROLIFERATION  With the
exception of WB-F344 cells, no growth curves or defined studies
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of proliferative kinetics of LPCs have been reported thus far. WB-
F344 cells exhibited logarithmic growth curves with gradual rises
to stationary phase, but the data were limited to cell counts alone.
H-CFU-Cs proliferated to confluency, but kinetic patterns were
not analyzed. Thus, there is no evidence of asymmetric cell divi-
sion in normal LPC cultures, and other modes of kinetic behavior
remain possible. Growth control studies in defined media, DNA
synthesis initiation assays in quiescent systems (if LPCs can
assume such states), quantification of cell-cycle interval times,
and real-time microcinematography studies should together pro-
vide answers to this long-standing problem.

33.5.4. PHENOTYPIC DIVERSITY  Normal LPCs in culture
expressed many phenotypes after initial isolation and plating
(Table 1). Some of these phenotypic patterns depended on the
times of in vivo LPC isolation with respect to in vivo develop-
ment; they ranged from the expected familiar patterns of markers
of oval cells (Sell and Leffert, 1982), early embryonic layers, and
fetal liver (Hixon and Allison, 1985; Hixson et al., 1997; Sell and
Ilic, 1997; Ott et al., 1999), to the unexpected yet typical patterns
of surface antigens associated with HSCs (Petersen et al., 1998;
Crosby et al., 2001). However, despite such common patterns
and time-dependent trends (see Subheading 33.3.3.2.), there are
as yet no definitive biological or mechanistic explanations of this
variability (Table 1).

Clearly, species and animal strain differences, in addition to
artifacts of measurement and isolation (see Subheading 33.5.2.)
might be involved. For example, different markers were dis-
played by rat bone marrow–derived LPCs (β2-m– Thy-1+) com-
pared to their mouse counterparts (c-kit+ Lin– Sca-1+).
Immunofluorescence or Western blot assays of cellular markers
abundantly present in serum-supplemented culture media, such
as ALB and AFP, are also vulnerable to crossreactions with ad-
herent serum proteins. Furthermore, no parallel measurements
of cellular immunofluorescence and studies of biosynthesis and
secretion of such proteins have been reported. RT-PCR studies
employed by some investigators would tend to eliminate immu-
nofluorescence false positives but would not prove directly that
such a protein (or proteins) was synthesized and secreted by
LPCs. Since considerable variability exists among hepatoblast,
oval cell, and HSC markers (including c-kit and Thy-1), it would
appear that none of these explanations would account fully for
phenotypic diversity. It seems more plausible, therefore, that,
barring artifact, such phenotypic variation is intrinsic to LPCs.

If this conclusion is correct, is such variation predetermined
genetically? Or, does it depend on the in vivo microenviron-
ments in which the LPCs were situated before they were iso-
lated? These kinds of questions were recently addressed by
transplantation studies with normal differentiated adult hepato-
cytes in different models of periportal and centrolobular liver
injury. The results suggested a major role for in situ position and
microenvironment as determinants of phenotypic expression
patterns (Gupta et al., 1999). These results have significant im-
plications for studies of normal LPCs in culture, particularly for
systems of propagable normal cell lines such as WB-F344, and
its derivatives. One corollary is that phenotypes of normal LPCs
in vitro may initially reflect in vivo states; unless in vitro condi-
tions are provided to stabilize these states, such phenotypes may
dissipate with time and cell division in vitro. Similar problems
were encountered in early studies of primary fetal hepatocytes,
in which maintenance of differentiated functions in vitro

depended on low rates of hepatocyte proliferation and selection
against the overgrowth of faster-growing nonhepatocytes
(Leffert and Paul, 1972). Notably, these transplantation studies
did not consider the outcomes of engrafted clonal populations,
compared to the engraftment of mass populations. Thus, fluctua-
tion analyses and other direct experiments will be needed to dis-
tinguish the roles of environment and prior differentiation states
on phenotypic diversity of LPCs in vitro.

33.5.5. REGULATION OF COMMITMENT AND STABI-
LIZATION OF DIFFERENTIATION  Comparative work in vivo
and in vitro is needed to understand when and how genetic and
epigenetic changes required of lineage commitment and stabili-
zation of differentiation occur in normal LPCs in situ, and whether
or not these changes are perturbed during isolation, culture, and
confluent states. These studies are needed not only to understand
the physiological roles of LPCs in development and fulminant
liver injury, but also the potential roles of normal LPCs in thera-
peutic stem cell cloning (Rideout et al., 2002) and tumorigenesis
(Sell and Leffert, 1982). The availability of normal cultures of
LPCs provides an opportunity to investigate directly the hypoth-
esis that liver-derived LPCs are progenitors of hepatocellular
carcinoma (see Fig. 1).

33.5.6. PLASTICITY OF TRANSPLANTED CULTURED
LPCS  Four LPC culture systems have been transplanted into rats
or mice: three were derived from liver and were reported to dif-
ferentiate along hepatocytic, biliary, pancreatic, intestinal, and
cardiac lineages; one was derived from bone marrow and was
reported to generate hepatocytes (see Subheading 33.3.5.). Fur-
ther work is needed to better quantify the efficiencies of engraft-
ment in these various systems, particularly for bone marrow cells
(Avital et al., 2001), as well as the extrahepatic fates of intra-
splenically injected donor cells. Although adult hepatocytes are
capable of phagocytosis (Seglen, 1997), this process is unlikely
to explain the in vivo development of the injected LPCs into
various hepatic lineages; its possible role at other homing sites is
unknown.

A more troublesome issue concerns the potential of donor
cell fusion with recipient host cells (see Subheading 33.5.2.) or
in vitro feeder layer cells, or the activation of endogenous tissue
stem cells by insertion of the transplanted cells at or near such
endogenous sites. The latter possibility was suggested recently
in two different studies: first, although it had been reported that
transplanted bone marrow cells generated new endothelium in
models of transplant arteriosclerosis, it was shown subsequently
that such endothelial cells were actually derived from extant
endothelium (Hillebrands et al., 2002); second, it was shown
directly that previously assumed muscle-derived HSCs were
actually derived from bone marrow stem cell contaminants in
muscle, and not from extant myogenic stem cells (McKinney-
Freeman et al., 2002). Past and future transplantation studies
with cultured LPCs must consider these artifacts.

Little is known about individual LPC potentials for lineage
commitments. Do all cells have equal probabilities of producing
differentiated cells of one kind or another? Or do prior culture
conditions or tissue microenvironments select for individual cells
with such properties? Similar questions apply to the possibility
that the nuclei of LPCs are totipotential; plasticity of this kind has
not been demonstrated and awaits anticipated reports of the clon-
ing of an LPC nucleus. In each case, fluctuation analyses should
help to answer these fundamental questions.
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Fig. 1. Carcinogenic lineage model: a role for liver stem or liver progenitor cells. Hepatomas might develop from mono- (pathway [1]) or
binucleated (pathways [1a] or [1b]) mature hepatocytes, or from preneoplastic nodules derived from hepatocytes (pathway [1c]), or from
intrahepatic stem cells directly (pathway [2a]) or indirectly (pathway [2]) from “oval” or “null” cell intermediates (pathway [2b]) formed from
such stem cells. Hepatomas might also develop from “large” mononucleated hepatocytes derived from oval or null cells (pathway [2c]) or
directly from intrahepatic stem cells (pathway [2d]); or from “small hepatocytes” (pathway [3]) derived from intrahepatic stem cells (pathway
[3a]), oval or null cells (pathway [3b]), mono- (pathway [3c]) or binucleated (pathway [3d]) hepatocytes, or extrahepatic stem cells (pathways
[3e], [4] or [4a–4c]). The red arrows indicate likely oval cell � hepatoma lineages ([2b] and [3b]).
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34 Permanent Lines of Stem Cells
from the Liver

HÉLÈNE STRICK-MARCHAND, PhD AND MARY C. WEISS, PhD

The origins and properties of putative liver stem cell lines, sometimes designated LPC or liver progenitor cells, are
discussed. Stem cells are considered to be clonogenic, self-renewing, and to have more than one pathway of differentiation.
Cells lines that were among the first to be isolated, such as WB-F334, LE/2, LE/6, and OC/CDE are presented, as well as
more recently isolated IPFLS, HBC-3, MMH, BMEL, and p53–/–  lines. Each appears to have at least some properties of
liver progenitor or oval cells. If obtained from a carcinogen-treated animal or transformed in vitro, most of these cell lines
produce tumors on transplantation. Pancreatic oval cells from copper-treated rats also have LPC properties.  A number of
the lines discussed are bipotential and can form bile ducts or hepatocytes.

34.1. INTRODUCTION
This chapter deals with liver cell lines mainly from rodent

species, and in particular those cases in which the cells have
been shown to demonstrate properties of stem cells. Here we use
the term stem cell to mean cells that are clonogenic, are self-
renewing, and have the capacity to follow more than one path-
way of differentiation.

Taking into account the embryonic and adult organism, the
liver is thought to contain four cell types of endodermal origin. In
the developing liver, there are three endodermal cell types: hepa-
toblasts, defined as cells that express α-fetoprotein (AFP) and
albumin and are recognizable in the mouse embryo at embryonic
day (E) 10, and their derivatives hepatocytes and bile duct cells
(cholangiocytes), which begin to emerge at E14. In the adult liver,
a cell type designated “the oval cell” is distinguished. Since oval
cells can give rise to both hepatocytes and bile duct cells, their
filiation within the endodermal compartment is presumed (see
below for references). However, it has recently been found that
hematopoietic stem cells (HSCs) may contribute to several highly
differentiated tissues, including the liver (Petersen et al., 1999),
Theise et al., 2000). Indeed, such a possibility of destiny switching
(transdifferentiation) of cells derived from dissimilar embryonic
germ layers has reinforced the importance of clarification of he-
patic lineages.

It is not known how long hepatoblasts remain in the liver, nor
whether they give rise to oval cells. Indeed, the hepatoblast popu-
lation could disappear entirely during development as its progeny

differentiate into hepatocytes or bile duct cells. Alternatively,
hepatoblasts could remain in the liver, being recognized as oval
cells in the adult. An alternative view of the origin of oval cells
comes from their localization, in proximity to the canals of Hering,
where hepatocytes and bile duct cells are contiguous. Conse-
quently, it can be argued that oval cells arise from the neighboring
bile duct cells, from nearby hepatocytes, or even from a transi-
tional cell that is not yet committed.

Some of the work on liver-derived cell lines has been under-
taken to clarify these questions of lineage relations among hepatic
cells. One of the difficulties in identifying cell types of the liver
resides in the fact that some of them possess few if any diagnostic
markers (Table 1). This problem does not concern the hepatocyte
for which markers are numerous, including liver-enriched tran-
scription factors (LETFs), serum proteins, specialized enzymes
of metabolism of sugars, lipids, and amino acids, and surface
receptors. However, the situation is less simple for hepatoblasts,
bile duct cells, and oval cells. In particular, few studies address
directly the question of markers of hepatoblasts. In addition, oval
cells are known to be variable in the markers that they express,
such that they are often referred to as comprising a “heteroge-
neous cell compartment.” Bile duct cells are identified by a com-
bination of morphological features and the markers that are
expressed, but most of the latter are shared with oval cells. It is
clear from Table 1 that distinction between hepatoblasts and oval
cells is difficult, and that both cell types share many markers in
common with bile duct cells.

It should also be stressed that subtle differences in the prop-
erties of cell lines could be related to the species of origin. For
example, it is well known that primary cultures of hepatocytes
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Table 1
Markers for Identification of Liver Cells

Markers Hepatoblast Hepatocyte Bile duct cell  Oval cell References

Oval
Thy-1 NF – – + Petersen et al. (1998)

Bile duct/oval
GGT IV + – + + Shiojiri et al. (1991), Petersen et al. (1998), Holic et al. (2000)
CD34 NF – + + Omori et al. (1997)
c-kit NF – + + Fujio et al. (1996), Omori et al. (1997)
IB 4 – – + + Couvelard et al. (1998)
CX 43 NF – + + Zhang and Thorgeirsson (1994)
CK 7 and 19 – – + + Germain et al. (1988), Shiojiri et al. (1991), Petersen et al. (1998)
OC.2, OC.4, OC.5, OC.10* + – + + Hixson et al. (2000)
OV6* – – + + Yang et al. (1993), Hixson et al. (1997)
BD1* – – + – Yang et al. (1993)

Bile duct/hepatocyte
HNF6 + + + NF Landry et al. (1997), Rausa et al. (1997), Clotman et al. (2002)
HNF1β + + + + Ott et al. (1991), Nagy et al. (1994), Barbacci et al. (1999), Coffinier et al. (1999, 2002)
CK 8 and 18 + + + + Germain et al. (1988), Shiojiri et al. (1991)

LETF
HNF1α + + – + Ott et al. (1991), Nagy et al. (1994)
HNF3 α, β, γ + + – + Ang et al. (1993), Nagy et al. (1994), Rausa et al. (1999)
HNF4 + + – + Duncan et al. (1994), Nagy et al. (1994)
C/EBP α, β NF + – + Kuo et al. (1990) Nagy et al. (1994)

Hepatocyte
AFP + + – + Shiojiri et al. (1991), Rogler (1997), Petersen et al. (1998)
Albumin + + – + Germain et al. (1988), Shiojiri et al. (1991), Rogler (1997)
Apo AIV NF + – NF Glickman and Sabesin (1994)
ADH NF + – NF Weiner et al. (1994), Tietjen et al. (1994), Vonesch et al. (1994)
Apo B NF + – NF Glickman and Sabesin (1994)
Aldolase B NF + – NF Guikkouzo et al. (1981), Numazaki et al. (1984), Seifter and Englard (1994)

NF, not found in the literature; –, not expressed; +, expressed, *, rat-specific marker.
Identification of marker expression by hepatoblasts and oval cells is delicate because only individual cell analysis procedures (immunocytochemistry, immunohistochemistry, and in situ hybridization)

are conclusive. Indeed, these two cell types are often minority and are surrounded by other cell types. If conclusive evidence of expression (or absence thereof) was not found, NF is used.
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from the rat are more resistant to short-term culture than those of
the mouse. Rat cells grow more vigorously and clone more easily
than mouse cells, and mouse cells are more tractable than pri-
mate and human cells. In addition, diploid cell lines are more
frequently isolated from rat than from mouse tissues. There may
also be differences in the stringency of regulation of specific
genes in cultured cells from different species, and even differ-
ences in the morphological aspects of cultures from rat, mouse
and human. For all of these reasons, we cite the species used by
different investigators.

Early attempts to isolate liver cell lines were almost exclu-
sively biased to obtaining well-differentiated hepatocytes in cul-
ture. The lines that fulfilled this criterion were mainly derived
from hepatomas (Darlington, 1987). Those from normal liver,
whether fetal or adult, were frequently of poorly differentiated
cells, some of them now recognized as being stem cells. The
interest in liver stem cells was generated mainly from the cancer
research community, because oval cells were thought by many to
be the target cell of hepatic carcinogenesis (Fausto, 1994, and
references therein).

A few investigators used immortalization directed by onco-
genic viruses, including temperature-sensitive mutants, to obtain
hepatocyte cell lines. A new generation of attempts to obtain more
normal differentiated hepatocyte lines emerged with the technol-
ogy of transgenic mice. Investigators used overexpression of
growth factors or receptors relevant for the liver, or of immortal-
izing transgenes whose expression was directed by hepatocyte-
specific promoters, to obtain immortalized hepatocytes.

In recent years, there has been a more concerted effort to make
lines of undifferentiated (stem?) liver cells and to use manipulation
of growth media and culture conditions to obtain differentiation.
Some of these attempts have led to the description of bipotential
and even pleuripotential lines. Although this chapter focuses on
bipotential hepatic cell lines, work on hepatocyte lines that has
contributed to development of the arsenal of techniques presently
available to the liver research community are also considered.

34.2. RAT LIVER EPITHELIAL
STEM-LIKE CELLS: WB-F344

The pioneering work of Coon (1968) established that epithelial
cell colonies can be cloned from low-density cultures inoculated
with collagenase-digested suspensions of rat liver. This work was
then extended by J. W. Grisham and coworkers, who have contrib-
uted an exhaustive characterization of WB-F344 rat epithelial cells
from adult liver. This section provides an overview of this work as
a preamble to discussing other cell lines.

In 1980, Grisham suggested that long-term propagable hepatic
cells were derived from a facultative stem cell residing in the
terminal bile ductules. Parenchymal and nonparenchymal cell
fractions of adult rat liver were plated and only the nonparen-
chymal fraction led to colonies of surviving cells; no clones sur-
vived from the hepatocyte fraction (Grisham, 1980). The
WB-F344 cell line isolated from an adult rat is diploid and
nontransformed, expressing AFP, albumin, aldolase A and C,
pyruvate kinase L, alkaline phosphatase, lactate dehydrogenase,
and weakly γ-glutamyl-transpeptidase (GGT) (Tsao et al., 1984).
Although originally the WB-F344 cells were nontransformed,
Hooth et al. (1998) showed that maintaining the cells at confluence
in culture with infrequent passages led to selective enhancement
of spontaneous transformation.

WB-F344 cells that had been transformed in vitro were
injected subcutaneously and shown to give rise to hepatocellular
carcinomas (HCCs), adenocarcinomas of biliary or intestinal
type, and hepatoblastomas, thus showing the pleuripotency of
the cells (Tsao and Grisham, 1987). In addition, WB-F344 cells
tagged with β-galactosidase (β-gal) and a Neo selection cassette
(BAG2-WB cells) were transplanted into the liver and shown to
integrate into the liver plate, forming clusters of hepatocytes,
which express albumin, transferrin, α1-antitrypsin, and tyrosine
amino transferase (TAT) (Coleman et al., 1993; Grisham et al.,
1993). Transplantation of WB cells into dipeptidyl  peptidase IV
(DPPIV) deficient rats showed that WB cells integrated into
hepatic plates and differentiated into mature hepatocytes with
functional bile canaliculi (Coleman et al., 1997). However, no
transplanted cells were seen in bile ductules. BAG2-WB cells
that were retrieved from the transplanted livers and replated in
culture resembled the original WB cells rather than mature hepa-
tocytes, implying that they dedifferentiate to their original phe-
notype when grown in culture (Grisham et al., 1993). It is still
possible that a fraction of the BAG2-WB cells remained undif-
ferentiated in the liver, and that it was this population that pro-
liferated upon inoculation in culture.

In conclusion, in vivo transplanted WB cells differentiate as
mature hepatocytes, and chemically transformed WB cells differ-
entiate into multiple carcinomas: hepatocytic, bile ductular,
hepatoblastic, and intestinal.

34.3. OVAL CELL LINES
34.3.1. OVAL CELL PROLIFERATION IN VIVO  Oval cells

are induced to proliferate in the adult liver when parenchymal
damage has occurred and hepatocyte proliferation is inhibited.
Numerous experimental protocols in rats induce oval cell prolif-
eration, which eventually leads to hepatocarcinogenesis (Sell,
2001). Proliferation of oval cells is observed at the junctions
between hepatocytes and bile ducts, an area known as the canal
of Hering or the terminal bile ductule. Furthermore, the origin of
oval cells was confirmed by the observation that bile ductular
damage, induced by 4,4'-methylene dianiline exposure, inhib-
ited oval cell proliferation (Petersen et al., 1997). Oval cells
proliferate, invade the parenchyma, and differentiate as mature
hepatocytes, fully replacing the damaged parenchyma. However,
the embryonic origin of the oval cell compartment remains a
matter of debate, because there are no markers unique to oval
cells (Table 1).

Proliferation of oval cells in vivo is accompanied by the onset
or upregulation of hepatocyte-specific gene expression in the ter-
minal bile ductules. It has been shown, by in situ hybridization,
that the LETFs HNF1α and HNF1β, HNF3γ, HNF4, and C/EBPβ,
as well as the serum proteins AFP and albumin, display increased
expression during oval cell proliferation (Nagy et al., 1994;
Bisgaard et al., 1996). Bile duct ligation induces the proliferation
of bile duct cells, but not of oval cells: indeed, no induction of the
LETFs or of serum proteins is observed (Bisgaard et al., 1996).
The overexpression of LETFs and serum proteins in oval cells is
accompanied by the increased expression of the growth factors:
hepatocyte growth factor (HGF), acidic fibroblast growth factor
(aFGF), transforming growth factor-α (TGF-α), and interferon-γ
receptor complex and its secondary response genes (Evarts et al.,
1993; Alison, 1998; Bisgaard et al., 1999). However, the signals
that induce the onset of oval cell proliferation are unknown.
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34.3.2. BIPOTENTIAL OVAL CELL LINES
DERIVED FROM ADULT RAT LIVERS

3.2.1. LE Cell Lines  Adult rats were fed a choline-deficient
(CD) diet containing ethionine, which induces oval cell prolif-
eration, and two oval cell lines LE/2 and LE/6 were isolated
following centrifugal elutriation (Braun et al., 1987). In basal
culture conditions, these cells express AFP, aldolase A, lactate
dehydrogenase, but not GGT. The early passage cell lines are not
transformed, yet at later passages (over 50) the cells become
transformed. As with the WB-F344 cells, LE cells grown at con-
fluence with infrequent passages become transformed. The trans-
formed cells constitutively express c-myc but not p53 mRNA
(Braun et al., 1989).

LE cells were transformed by transfection with the ras oncogene
and injected into nude mice, where they formed trabecular HCCs.
Tumor cell lines derived from the nude mice expressed AFP and
GGT, suggesting that LE cells are bipotential (Braun et al., 1987).

To determine whether the LE cells could differentiate in vitro
along both the hepatic and biliary pathways, they were cocultured
with mesenchymal feeder cells (NIH3T3) in three-dimensional
collagen gels. The LE cells morphologically resembled mature
hepatocytes and expressed albumins, CK8 and CK18 (Lazaro
et al., 1998). LE/2 cells cultured in a collagen gel with HGF
formed arborizing branching structures that resembled bile duct
tubules (Lazaro et al., 1998). However, no expression of the bile
duct–specific markers GGT or CK19 was detected, suggesting
incomplete differentiation into bile duct epithelial cells.

34.3.2.2. OC/CDE Cell Lines  The OC/CDE oval cell lines
were established from rats fed a CD diet with ethionine after 6, 14,
or 22 wk of treatment (Pack et al., 1993). In basal culture condi-
tions, the cells express CKs 8 and 18 but not AFP, albumin, GGT,
or CKs 7 and 19. OC/CDE cells can be induced to differentiate as
immature hepatocytes and as bile duct epithelial cells by culture
with dimethylsulfoxide (DMSO) or with sodium butyrate, which
induces expression of albumin, GGT, glucose-6-phosphatase, and
alkaline phosphatase. As for the previously described cell lines,
the OC/CDE cells became transformed after maintenance for
extended periods of time in culture at confluency with occasional
transfers (Radaeva and Steinberg, 1995).

34. 3.2.3. LPC Cell Lines  These cell lines were derived from
rats treated with allyl alcohol, which induces periportal injury and
oval cell proliferation. Eleven liver progenitor cell (LPC) lines
were isolated, characterized, and shown to express the embryonic
hepatocyte markers AFP, albumin, and CK14, as well as the HSC/
oval cell markers c-kit, Thy-1, and CD34 (Yin et al., 2002). LPC
cells were shown to be bipotential: culture with basic FGF (bFGF)
induced expression of hepatocyte markers H4 and CYPIAII,
whereas culture in Matrigel-induced formation of bile duct–like
structures and expression of the bile duct cell marker BD1.

34.3. 3. BIPOTENTIAL OVAL CELL LINES DERIVED FROM
ADULT MICE  The TgN737 gene was identified by a transgene-
induced insertional mutation in the mouse (Moyer et al., 1994). In
humans, mutation in the gene causes liver abnormalities and a
syndrome similar to autosomal recessive polycystic kidney dis-
ease (Yoder et al., 1995). The TgN737Rpw mouse develops bil-
iary hyperplasia, associated with proliferation of cells that
morphologically and immunologically resemble oval cells, which
then give rise to ductular structures (Richards et al., 1996). This
model is particularly interesting in that it induces oval cell prolif-
eration without damaging the parenchyma.

Hepatic cell lines derived from TgN737Rpw mice express
albumin, AFP, and c-Met (Richards et al., 1997). Immunoreac-
tivity of the cell lines to the A6 antibody confirmed that they
were oval cells. To test for bipotentiality, the cells were injected
into interscapular fat pads of isogeneic mice and it was found that
they developed ductular structures with columnar epithelial cells
surrounding a central lumen.

Dumble et al. (2002) have isolated oval cell lines from p53–

/– adult mice that had been subjected to a CD-ethionine-supple-
mented diet. Oval cells were purified by centrifugal elutriation
of collagenase-perfused liver cell suspensions. Cells were first
inoculated into serum-containing medium, but after 24 h they
were switched to chemically defined medium without serum.
Two of the five lines came from pure cultures of oval cells
whereas three emerged from mixed hepatocyte–oval cell cul-
tures. All five lines were characterized for hepatic functions and
for tumorigenicity. The phenotypes of the lines were relatively
homogeneous: the hepatocytic markers albumin, AFP, transfer-
rin, aldolase B, and phenylalanine hydroxylase were expressed.
In addition, the oval cell marker antigen A6 was expressed in at
least some of the cells of each population. Three of the five lines
formed tumors in nude mice.

Although each oval cell line is unique in its gene expression
pattern, these cell lines share a number of common traits, including
oval shaped nuclei, scant cytoplasm, expression of fetal hepato-
cyte genes, formation of bile ductular structures, and progressive
transformation in culture.

34.3.4. ROLE OF HSCs IN OVAL CELL PROLIFERATION
During embryogenesis, hematopoiesis originates in the extraem-
bryonic yolk sac and subsequently in the fetal liver. The HSCs
rapidly proliferate in the liver, then undergo maturation and differ-
entiation leading to erythropoiesis, myelopoiesis, B and T lym-
phopoiesis, and production of megakaryocytes. Thereafter, the
bone marrow replaces the fetal liver as the primary site of hema-
topoiesis. Oval cells and HSCs share several common markers—
CD34, Thy1, c-kit, and flt-3 receptor—suggesting that HSCs could
be a parental cell of the oval cell compartment.

In 1999, Petersen et al. showed, by several approaches using
genetic markers, that bone marrow–derived cells could differen-
tiate as mature hepatocytes in vivo. In 2000, Lagasse et al. refined
these studies by isolating a specific population of HSCs by fluo-
rescence-activated cell sorting (FACS) that were then shown to
engraft and proliferate in the liver of fumarylacetoacetate hydro-
lase–deficient mice.

Taken together, these studies show the competence of HSCs to
contribute to liver regeneration, yet the degree to which these cells
participate in a “normal” context of liver regrowth is not known.
Furthermore, there has not yet been proof of filiation between the
HSCs and oval cells.

34.3.5. TRANSDIFFERENTIATION OF PANCREAS TO
HEPATIC CELLS: OVAL CELL COMPARTMENT IN PAN-
CREAS  An intriguing observation is the presence of oval cells in
the pancreas after acinar cell injury. A copper depletion–repletion
diet induces severe acinar cell necrosis as well as ductular epithe-
lial and oval cell proliferation (Rao and Reddy, 1995). The
remaining acinar cells do not proliferate to reconstitute the loss;
rather, oval cells proliferate and differentiate as mature hepato-
cytes in the pancreas. Repletion of copper to the diet eventually
leads to the disappearance of oval cells in the pancreas (Dabeva
et al., 1995). Along with pancreatic oval cell proliferation,
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C/EBPα, C/EBPβ, C/EBPδ, HNF3β, stem cell factor (c-kit
ligand), and albumin become expressed (Rao et al., 1996). A
comparaison of oval cell proliferation in the liver and the pan-
creas showed that AFP and albumin expression, which are absent
in the pancreas, increase during hepatic and pancreatic oval cell
proliferation and decrease when oval cells cease to proliferate
(Dabeva et al., 1995).

Pancreatic oval cell lines isolated from adult rats show differ-
ent degrees of hepatic differentiation. None of the cells differen-
tiate into acinar or islet cells. One line, when cultivated in collagen
gels, formed ductlike structures with tubules and expressed albu-
min (Ide et al., 1993). Another cell line derived from the pancreas
of a carcinogen-treated rat was injected subcutaneously and shown
to differentiate as hepatocytes, expressing albumin, AFP, transfer-
rin, TAT, and aldolase B, and formed bile duct–like structures
(Chen et al., 1995). Finally, a pancreatic oval cell line isolated
from a copper depletion–repletion-treated rat was transplanted into
a DPPIV-deficient rat liver and shown to differentiate as mature
hepatocytes with functional bile canaliculi (Dabeva et al., 1997).

In addition, the pancreatic acinar cell line AR42J, as well as
organ cultures of pancreatic buds, were shown to transdifferentiate
to hepatocytes by treatment with dexamethasone, this
transdifferentiation being dependent on C/EBPβ (Shen et al.,
2000). However, to date there is no evidence to suggest that hepa-
tocytes can transdifferentiate to pancreatic cells.

The role of pancreatic oval cells, which do not differentiate as
acinar cells and thus cannot regenerate the pancreas after acinar
cell necrosis, remains unclear. The oval cells that differentiate as
hepatocytes do not produce the same enzymes as acinar cells, and
their function in vivo is unknown.

The properties of the oval cell population in the liver, and the
cell lines that have been derived from them, provoke questions
regarding their embryonic origin, the pathways that lead to differ-
entiation into either hepatocytes or bile duct epithelial cells, their
possible filiation to HSCs, their role in the pancreas, and the sig-
nals and events that lead to transformation.

34.4. AN IMMORTALIZED BIPOTENTIAL
CELL LINE FROM PRIMATE EMBRYO

Bipotential hepatic cell lines from primates or humans had not
been described due to the difficulty in obtaining immortalized
cells. Recently, however, hepatic cell cultures were established
from primate embryos perfused through the umbilical vein (Allain
et al., 2002). These cultures were transduced with two retroviral
vectors, the first containing simian virus 40 large T antigen for
immortalization, and the second containing LacZ for tracing. Of
the 1.8 × 107 cells plated, one clone survived after 1 yr in culture
and is considered an immortal cell line: immortalized primate fetal
liver stem (IPFLS) cells. Interestingly, the IPFLS cells express
nuclear p53 (which is undetectable in normal cells) and high
telomerase activity (which is presumed to be low in normal cells).

In vitro the cells expressed AFPs, albumin, and CKs 7, 8, 18,
and 19. Some cells coexpressed albumin and CK19, thus imply-
ing that IPFLS cells are bipotential. The IPFLS cells were
injected into nude mice and did not form tumors. To determine
whether these cells could contribute to the liver in vivo, they
were injected into nude mice through the portal vein, and liver
biopsies were taken after 7 and 21 d. The cells were shown to
have engrafted into the liver parenchyma—some were
binucleated, others expressed albumin and AFP, but none were

found in bile ducts or expressed CK19. Thus in vivo the IPFLS
cells, as all the rodent cell lines previously described, differen-
tiate into the hepatocyte lineage, yet are restricted from the bile
duct cell lineage.

The isolation of IPFLS cells illustrates the difficulty of obtain-
ing hepatic cell lines from primates and is a first indication of
the problems that could lie ahead for isolating human bipotential
hepatic cell lines.

34.5. HEPATOCYTE CELL LINES
Although strictly hepatocyte cell lines do not fall within the

scope of this chapter, it is necessary to mention some of them
briefly, for their study has led to techniques and approaches that
would later be useful for the appreciation of bipotential cell lines.
Indeed, many of the hepatocyte lines, especially the less well-
differentiated ones and/or those whose differentiation is condi-
tional, may be bipotential without this having been realized when
the work was performed. Since the focus was on hepatocyte differ-
entiation, the search for expression of markers of cholangiocytes
was often not carried out.

34.5.1. CONDITIONAL DIFFERENTIATION OF HEPA-
TOCYTE CELL LINES  While the isolation of oval cell lines proved
straightforward, obtaining well-differentiated lines that were cer-
tifiably from hepatoctyes proved to be more difficult. Several
innovative strategies were attempted, based on the notion of con-
ditional transformation. For example, in 1981, Chou and Schlegel-
Haueter used a temperature-sensitive mutant of SV40 (ts SV40)
to obtain rat hepatocyte lines. The reasoning was that at the
temperature permissive for expression of viral functions the trans-
formed cells should grow progressively, while at the nonpermis-
sive temperature viral functions would be shut down, resulting in
the inhibition of growth coupled with expression of differentiated
functions. Indeed, this prediction proved to be accurate, including
for albumin, AFP, and transferrin. A slightly different strategy
was emplolyed by Stutenkemper et al. (1992), using a retrovirus
expressing large T of SV40, they obtained hepatocyte lines from
E18–20 mouse fetal liver cells and used serum withdrawal to
induce the cells to undergo differentiation.

A particularly informative article concerning the differentia-
tion of hepatocyte lines in culture is by DiPersio et al. (1991), who
employed ts SV40 to derive a line of mouse hepatocytes. They
showed by transient expression assays that transcription directed
by the albumin enhancer was dependent on culture conditions.
When cells were cultivated on a gel, albumin expression was aug-
mented; the effect depended on the upstream albumin enhancer,
presumably mediated by enhanced expression of HNF3, provid-
ing a first indication of a mechanism underlying the observation
that substrate modification can influence gene expression.

More recently, Fiorino et al. (1998) used ts SV40 large T to
obtain E14 mouse liver lines. Selecting the most epithelial clone
for study, they went on to show that a shift to the nonpermissive
temperature provoked a more differentiated hepatocytic pheno-
type, leading to morphological change and glucocorticoid-depen-
dent regulation of a series of hepatocyte functions.

34.5.2. TRANGENIC MICE AS A SOURCE OF HEPATIC
CELL LINES  The success of conditional transformation/differ-
entiation led investigators to extrapolate this strategy to mice
expressing a cytokine that is mitogenic for the liver, or a trans-
forming transgene whose transcription is directed by a hepato-
cyte-specific promoter. In these cases, it was reasoned that even
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if the immortalizing transgene tends to provoke transformation
and consequently dedifferentiation, the transgene would be
expressed only by the cells that initiate transcription from the
promoter employed (Antoine et al., 1992).

Jhappan et al. (1990) employed the metallothionein 1 promoter
to direct the expression of TGF-α; the resulting transgenic mice
showed increased hepatocyte proliferation, liver hypertrophy and
were prone to the development of liver tumors. Wu et al. (1994b)
describe the derivation of two lines from adult mice, AML 12 and
14, both well differentiated to start with; one retained these char-
acteristics, and the other evolved with continuous passage to a
less well-differentiated phenotype. Both lines showed enhanced
expression of hepatocyte functions when passaged in serum-free
medium, and neither expressed the traits of transformed cells:
growth in soft agar or the ability to form tumors.

In a further study, Wu et al. (1994a) derived hepatocyte cell
lines from both TGF-α transgenic and wild-type (WT) adult mice
using serum-free medium supplemented with growth factors and
hormones. Cell lines from both types of mice expressed serum
proteins and the hepatocyte connexins, but not the bile duct
connexin 43. Interestingly, the generation time of the transgenic
cells was shorter than that of the WT cells, and the two types of
lines also differed in karyotype, with only the WT cells retaining
a near-diploid rather than hypotetraploid chromosome number.
Finally, cells from both WT and transgenic mice formed colonies
in soft agar (with a very low efficiency), but only the transgenic
cells were tumorigenic in vivo. The investigators speculate that
growth in serum-free medium may contribute to the selection of
transformed lines, by comparison with the nontransformed lines
from the same transgenic mice (Wu et al., 1994b).

Among the hepatocyte lines isolated from transgenic mice
expressing a transforming gene under control of a liver-specific
promoter, examples can be found in Perraud et al. (1991), Antoine
et al. (1992), Levrat et al. (1993) and Courjault-Gautier et al.
(1997). In this work, the emphasis is on obtaining the most highly
differentiated hepatocytes.

34.6. SPONTANEOUS IMMORTALIZATION
OF EMBRYONIC RAT LIVER CELLS
IN SERUM-FREE MEDIUM

Kubota and Reid (2000) have derived E15 rat embryonic liver
cell lines on collagen- or laminin-coated plates in hormonally
defined medium containing a large cocktail of growth factors and
other additives plus 0.2% bovine serum albumin. After several
weeks of growth, the cells were switched to culture on feeder
layers. Three lines were derived from three different preparations
of embryonic liver cells. Characterization of the three lines per-
mitted them to conclude that the one that (1) gave rise to the high-
est frequency of colonies on feeder layers and (2) showed
homogeneous intense expression of albumin and AFP produced
only colonies of morphology designated “packed or aggregated”
in opposition to “flattened” monolayers. They then went on to
show that cells of this rhel4321 line are deficient in expression of
classic major histocompatibility complex class I (MHC I) anti-
gens. Going back to fresh liver suspensions, these investigators
separated by FACS those cells that were negative for expression
of MHC I antigens combined with enhanced granularity and were
able to enrich in “clonogenic” normal cells. These gave rise to
colonies of cells expressing albumin or CK19, used as diagnostic
markers for hepatocytes and cholangiocytes, respectively. Hence,

Kubota and Reid concluded that they had identified normal
bipotential precursor cells from liver tissue.

34.7. A CELL LINE FROM LIVER DIVERTICULUM
A deliberate attempt to isolate a line of liver progenitor

hepatoblast cells has been described by Rogler (1997). She dis-
sected E9.5 mouse liver diverticuli and treated them as was for-
merly done to obtain embryonic stem cells: dissociation and
growth on fibroblast feeder layers. Colonies of polygonal cells,
judged to be hepatoblasts, were selected for study. Only one
retained this morphology and was able to grow at low density.
Cells of this HBC-3 line presented a euploid karyotype. Several
methods were employed to elicit the differentiation of the cells:
long-term (several weeks) culture on feeders, growth in the pres-
ence of sodium butyrate or DMSO, or growth in Matrigel. Aged
cultures were positive for albumin, GGT, CK14, and AFP. In
addition, electron microscopy revealed the presence of bile
canalicular structures, of bodies resembling peroxisomes and
rare glycogen granules. The chemical inducers provoked loss of
AFP and GGT expression, the retention of albumin synthesis,
and the activation of glucose-6-phosphatase expression. Finally,
in Matrigel, ductular structures that showed GGT activity were
observed. These results leave no doubt that the HBC-3 cells iso-
lated by Rogler (1997) are indeed bipotential LPCs. In addition,
in her articles, she attempts to define the culture conditions
adequate to elicit the differentiation of progenitor cells.

Recently, Plescia et al. (2001) have used HBC-3 cells induced
by DMSO to differentiate for a kinetic analysis using micro-
arrays for nearly 9000 cDNAs, including both identified genes
and expressed sequence tags. They observed changes in gene
expression profiles during the first few hours of induction, and
again after several days. Globally, after differentiation the gene
expression profile of HBC-3 cells resembled much more closely
adult liver than before. An attempt was made to identify genes
more highly expressed in HBC-3 cells than in the liver and whose
downregulation during differentiation would make them candi-
dates for maintenance of the stem cell phenotype. Since DMSO
treatment blocks cell proliferation, it is satisfying to observe that
genes whose up- or downregulation is anticipated do indeed fol-
low the predicted behavior, including cyclins and cyclin-depen-
dent kinases. A careful analysis of transcription factor expression
and of molecules implicated in signaling pathways indicated that
downregulation of the wnt pathway may be critical for liver dif-
ferentiation, just as had been found to be the case for epidermal
and intestinal cell differentiation.

34.8. BIPOTENTIAL HEPATIC CELL
LINES FROM TRANSGENIC MICE

Amicone et al. (1995, 1997) have established lines of trans-
genic mice that express a truncated constitutively active form of
human c-Met, the receptor for HGF. The cDNA was placed within
the transcription unit of the human α1-antitrypsin gene to ensure
its expression in the liver. These transgenic mice did not form
liver tumors but, instead, proved to have a discrete phenotype:
their livers were more resistant than controls to induction of
apoptosis by antibody binding of the fas receptor. Furthermore,
primary cultures of liver cells from embryonic or newborn
transgenic mice were able to give rise reproducibly to immortal-
ized hepatic cell lines. When tested for the expression of hepatic
functions, cells of the Met Murine Hepatocyte (MMH) lines were

34/Wei/385-396/F 8/20/03, 1:53 PM390

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 34  /  LIVER STEM CELL LINES 391

found to express LETFs as well as some liver functions. In addi-
tion, they were nontransformed.

Unexpectedly, cloning of the MMH lines revealed that they
harbored two cell types: the anticipated epithelial cells that form
colonies with smooth borders; and a second cell type, designated
palmate to describe its fibroblast-like form (Fig. 1). The epithe-
lial cells expressed LETFs and were competent to express hepatic
functions when induced by chemical inducers or substrate modi-
fication. Palmate cells, which, like the epithelial cells, express
hepatic CKs 8, 18, and 19, were deficient in the expression of
liver functions and of some of the LETFs such as HNF4α and
HNF1α. In addition, they were shown to be bipotential precursor
cells. When grown in Matrigel, palmate cells formed spheroids
from which emerged branching tubules composed of a circular
monolayer of cells interconnected by tight junctions and sur-
rounding a lumen decorated by microvilli, closely resembling
bile duct tubules (Fig. 1). In addition, palmate cells were shown
by serial cloning to give rise to epithelial cells expressing the
LETFs and competent to express liver functions when induced
(Spagnoli et al., 1998).

Although palmate cells can give rise to epithelial cells, the
reverse was not observed. A partial transition of epithelial to pal-

mate morphology was obtained when epithelial cells were treated
with low concentrations of TGF-β, accompanied by downregula-
tion of HNF4α and HNF1α. However, the phenotype was entirely
reversible. This is in contrast to the consequences of treatment
with aFGF, whose differentiation-promoting activity had a heri-
table effect on the epithelial cells, inhibiting the effects of TGF-β
(Spagnoli et al., 2000).

These bipotential hepatic precursor cells have already proved
to be useful as feeder layers for hematopoietic cell differentiation
(Aiuti et al., 1998), for dissecting the pathways of epithelial-mes-
enchymal transition (Gotzmann et al., 2002); and for definition of
the factors that influence their differentiation, via modulation of
expression of transcription factors (Spagnoli et al., 2000).

34.9. BIPOTENTIAL HEPATIC CELL LINES
FROM MICE OF MULTIPLE GENOTYPES

The cell lines described above originated from transgenic
mice. However, the role of the transgene in cell line emergence
was unknown. Recently, we were able to isolate similar cell lines
from nontransgenic mouse embryos (Strick-Marchand and Weiss,
2002). The technique is simple, easily reproducible with mice of
any genetic background, and thus widely applicable. Embryonic

Fig .1. BMEL and MMH cell lines display different morphologies due to culture conditions. Monolayer cultures show the mixed morphology
of BMEL cell lines containing palmate-like and epithelial cells, whereas MMH palmate cell lines are of homogeneous morphology. Cells
cultured in bacteriological dishes form aggregates (5 d of culture). BMEL cells cultured in Matrigel form bile duct units, and MMH cells form
branching bile duct tubules (10 d of culture). All  magnifications are 100× except the upper left (200×).
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livers are dissociated and plated, and one waits until proliferat-
ing colonies of epithelial cells appear 6–12 wk later; the method
is called Plate and Wait. These cell lines are of two types, desig-
nated epithelial or mixed morphology, the former containing only
epithelial cells and the latter displaying epithelial cells and pal-
mate-like cells (Fig. 1). All of the cell lines analyzed express
HNF1α, HNF3α,β, and HNF4α, GATA-4, CKs 8, 18, and 19 and
AFP, yet only cell lines of epithelial morphology express ApoB
and albumin. Although these cells express the hematopoietic
stem and oval cell marker CD34, the lack of expression of c-kit
and Thy-1 distinguishes them from oval cells (Table 1). Karyo-
type analysis of the cells showed two populations: near diploid
and quasi-tetraploid. The cell lines do not grow in soft agar and
are not transformed.

The undifferentiated phenotype of cell lines of mixed mor-
phology prompted us to determine whether differentiated prog-
eny could arise from these cells. Numerous culture conditions
were tested: growth on gelatin, without serum, or in the presence
of aFGF, dexamethasone (DEX), DEX + cyclic adenosine mono-
phosphate, or, oncostatin M. The most efficient inducer of hepatic
differentiation was found to be aggregation (Fig. 1). Reverse tran-
scriptase polymerase chain reaction (RT-PCR) analysis of cells
cultured as aggregates for 5 d revealed an impressive upregulation
of AFP and aldolase B and induction of albumin, Apo B, Apo
AIV, and alcohol dehydrogenase (ADH) expression. Concomi-
tant with the induction of hepatocyte-specific genes, the bile duct/
oval cell markers integrin B4 (IB4), CD34, and Cx43 were
downregulated.

Differentiation of cell lines of mixed morphology along the bile
duct lineage was obtained by culture in Matrigel. The cells formed
doughnut-like structures with a central lumen surrounded by a
columnar epithelium (Fig. 1), similar to primary cultures of bile
duct units (Mennone et al., 1995; Cho et al., 2001). RT-PCR analy-
sis of 10-d cultures showed an induction of HNF6, GGTIV, c-kit,
and Thy-1, all markers of bile duct epithelial cells. Thus, the
bipotential mouse embryonic liver (BMEL) cell lines isolated from
WT mice are similar to stem cells: self-renewing, nontransformed,
and bipotential.

Furthermore, we were able to reverse the differentiation of
cells cultured in aggregates or in Matrigel by simply replating
them in their basal culture conditions. In cultures of replated
aggregates, cells cease to express albumin, Apo AIV, and ADH,
and downregulate expression of aldolase B. Furthermore, the
bile duct/oval cell markers IB4, CD34, c-kit, and connexin 43
(Cx43) return to their basal expression levels, confirming the
return to an undifferentiated state. Cells from replated Matrigel
cultures downregulate HNF6 and extinguish GGTIV expression
(Strick-Marchand and Weiss, 2002).

The reversible differentiation of these cell lines demonstrates
that a stem cell can be induced to differentiate or dedifferentiate at
will, without commitment to a differentiated state. This idea has
been proposed by Potten and Loeffler in their concept of the transit
stem cell: a stem cell that differentiates to a transit state where it
is capable of self-maintenance, or differentiation and maturation,
or renewal/rejuvenation to an undifferentiated stem cell. Such tran-
sit stem cells have been described in the crypts of the small intes-
tine (Potten and Loeffler, 1990) but had not yet been described in
the liver. We propose that the BMEL cell lines originate from a
transit stem cell population in the embryonic liver that is most
probably the hepatoblast (Strick-Marchand and Weiss, 2003).

Alternatively, E14 mouse embryonic liver cells are endowed with
differentiation plasticity.

34.10. CONCLUSION
34.10.1. IDENTITY OF THE TARGET CELL FOR IMMOR-

TALIZATION AND ITS DIFFFERENTIATION POTENTIAL  In
most cases, the identity of the target cell for immortalization can-
not be affirmed. There are a few exceptions. In the cases of
transgenic mice in which a mitogenic factor for the hepatocyte is
overexpressed, or in which an immortalizing transgene is under
control of a hepatocyte-specific promoter, the properties of the
cells obtained as well as the rationale of the experimental system
make it likely that a mature hepatocyte is the target cell. A second
situation in which identification of the target cell can be assumed
concerns cell lines obtained from animals that had been treated to
obtain oval cell proliferation. Finally, the cell line obtained by
Rogler from dissected liver buds is almost certainly derived from
a hepatoblast (the only endodermal cell type present at the relevant
stage). In essentially all other cases, the cell of origin of the line can
only be argued on the basis of the properties of the cells. However,
simply removing the cells from their in vivo environment leads to
phenotypic changes, which makes it even more difficult to define
the cell of origin. Furthermore, as mentioned above, there are few
diagnostic markers for hepatoblasts, oval cells and bile duct cells.
Among the papers cited above, a few give careful descriptions of
the derivation of cell lines and the properties of the cultures from
an early stage; see in particular Wu et al. (1994b) and Kubota and
Reid (2000).

Are HSCs at the origin of any of the cell lines mentioned? The
answer to this question is likely to be no, although careful inves-
tigation of possible contributions of such cells to the liver is only
beginning to be undertaken (Alison et al., 2000). The possible
participation of HSCs in pathological circumstances, such as oval
cell proliferation, merits further investigation. Nevertheless, un-
der most circumstances, the bulk of the liver cells most likely
descend in linear fashion from the endodermal liver bud.

34.10.2. IS THE BIPOTENTIALITY OF HEPATIC CELLS
LIMITED TO HEPATOBLASTS AND OVAL CELLS  While the
bipotentiality of oval cells and hepatoblasts is well established, to
our knowledge, careful tests of the possible capacity of adult hepa-
tocytes to form bile ducts or to express bile duct markers have not
been carried out. While systematic searches for the expression of
markers of hepatocyte differentiation are usual for the literature of
the last 20 yr, analysis of bile duct cell markers is more recent.
Hence, many cell lines that have not been recognized as bipotential
may turn out to be so when carefully investigated.

Other cell types in the liver such as endothelial cells, Kupffer
cells, and Ito cells (assumed to descend from mesenchymal cells)
could participate in the maintenance of a stem cell population in
vivo. The isolation of stem cell lines could perhaps be enhanced by
the presence of these cell types in culture. Cocultures of different
cell types have been shown to enhance the differentiation potential
of some cells in vitro (Lazaro et al., 1998; Avital et al., 2001;
Michalopoulos et al., 2001).

34.10.3. INFLUENCE OF SERUM-CONTAINING VS
CHEMICALLY DEFINED MEDIUM  Some investigators avoid
medium-containing serum because this incompletely defined and
variable supplement can inhibit the expression of differentiation
of hepatic cells (Stutenkemper et al., 1992; Wu et al., 1994a).
While most hepatic cell lines were initially isolated in medium-
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containing serum, a few have been derived in defined medium
containing a varied cocktail of supplements and growth factors
(e.g., see Wu et al., 1994a; Groen de et al., 1998; Kubota and Reid,
2000; Dumble et al., 2002). Does the condition in which the cell
lines are isolated influence their differentiation potential? In most
cases, the answer seems to be no. However, it is interesting in this
regard to recall the conclusion of Wu et al. (1994a) that derivation
of cell lines in serum-free medium may result in additional stress,
the final effect of which is to select for cells having undergone
transformation. An additional consideration concerns human cell
lines that might ultimately be used in medical treatments; here, it
is clear that serum should be avoided if possible.

34.11. CHALLENGES FOR FUTURE RESEARCH
34.11.1. IMPROVING MARKERS AVAILABLE FOR MEA-

SURING THE DIFFERENTIATION STATE OF HEPATIC
CELLS  As can be seen from Table 1, there is a real problem of
markers permitting the classification of cells, particulary among
hepatoblasts, bile duct-cells, and oval cells. Judging from the
careful analysis of Plescia et al. (2001), microarrays will come
into increasing use for the definition of gene expression patterns
of hepatic cell lines and their differentiated derivatives. Once the
gene expression pattern determined for cell lines can be checked
on developing, adult, and pathological liver, the spectrum of
markers for classifying cells into one category or another should
be greatly enlarged. In addition, while some progress has been
made (Kubota and Reid, 2000; Suzuki et al., 2000, 2002), the
attempt to define cell-surface markers that will permit FACS of
cell populations of different growth and differentiation potential
remains a constant challenge.

34.11.2. DEFINITION OF CONDITIONS FOR OBTAIN-
ING OPTIMAL DIFFERENTIATION OF HEPATIC CELLS  The
problem of defining culture conditions for optimal differentia-
tion of hepatic cells is a fairly recent endeavor that can be con-
sidered to be in its infancy. Chemical inducers have been used,
as well as growth factors, hormones, and culture substrates (e.g.,
see Rogler, 1997; Lazaro et al., 1998; Spagnoli et al., 1998; Auth
et al., 2001; Yin et al., 2002; Strick-Marchand and Weiss, 2003).
Rapid and striking advances can be anticipated here.

34.11.3. LINEAGE ANALYSIS WITHIN THE LIVER COM-
PARTMENT  Lineage analysis implies genetic marking. In the
adult, this can be achieved by retroviral marking, as was done by
Bralet et al. (1994), to disprove the model of hepatocyte streaming.
In the embryo, the task is more difficult, and the logical approach
is to use a reporter transgene whose expression is directed by a
promoter active from the moment of derivation of the cell type of
interest, and in all descendants thereafter. An additional level of
sophistication is added by the use of a reporter transgene carrying
an internal duplication that results in an inactive protein; in this
case active β-gal is synthesized only by the rare cell (and its prog-
eny) in which an event of intragenic homologous recombination
has deleted the duplication (Eloy-Trinquet et al., 1999). For lin-
eage analysis, the crippled transgene is under control of a tissue-
specific promoter; hence, the event of recombination is sufficiently
rare that a maximum of one “clone” per embryo is obtained within
the territory where the promoter is active. For analysis of the liver
lineages, expression of the transgene could be directed by any
promoter that is active in all endodermal derivatives.

Clarification of lineage relationships among liver cells, both
in situ and in culture, will resolve many of the ongoing disagree-

ments among researchers in the field. It is only after the lineage
issue is resolved that satisfactory experiments can be designed to
determine the target cell of permanent lines, the target cell for
different regimens of hepatocarcinogenesis, and at what stages
liver cells become irreversibly committed to undergo one and not
an alternative differentiation.
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35 Biology of Human Liver Stem Cells

ALASTAIR J. STRAIN, PhD, SARBJIT S. NIJJAR, PhD,
AND HEATHER A. CROSBY, PhD

Although until recently the existence of the liver stem cell was questioned, now the race is on to obtain and characterize
the human liver stem cell for clinical therapeutic use for gene replacement, liver repopulation, drug development, and
bioartificial liver support systems. Experimental models have identified cells at different stages in the hepatocyte lineage,
including mature hepatocytes, bipotential ductular cells (so-called oval cells), as well as blood-derived periductular cells,
as possible liver progenitor cells (LPCs). In the human liver, many cholestatic diseases, associated with loss of bile ducts
and proliferation of “ductular proliferative cells” with an appearance similar to oval cells, are seen. The origin of these cells
is not clear; possibilities considered are canals of Hering, mature bile duct cells, metaplasia of hepatocytes, and blood-borne
stem cells that locate in the liver. Specific markers for these cells have not been identified, but OV-6, a marker identified
by a monoclonal antibody to a cytokeratin in rat oval cells and bile ducts, has been shown to identify a presumptive human
LPC. Other markers seen on human oval cells are CD34 and c-kit, markers shared by hematopoietic stem cells, and indeed,
after bone marrow transplantation, donor cells can be found in the recipient liver, albeit rarely. Cells from injured or normal
human liver expressing c-kit have been selected, cultured in vitro, and shown to express biliary phenotype; cells expressing
CD34 have been shown to give rise to hepatic epithelial cell phenotype; and cells expressing endothelial phenotype have
also been identified. In addition, a CD34–, c-kit– mesenchymal cell from the bone marrow (so-called multipotential adult
progenitor cell) can differentiate into hepatocytes. Human fetal hepatoblasts may also serve as a source for LPCs. A number
of different factors may control differentiation of liver precursor cells, including Jagged/Notch signaling. Much further
work is required before the potential of the therapeutic use of liver stem cells can be realized.

35.1. INTRODUCTION
For years the very existence of the liver stem cell was ques-

tioned (Sell, 1990). However, the concept has now become firmly
established in the literature, and the race is on to characterize
liver stem cells and to exploit their potential for clincal therapeu-
tic uses. If successful, such a cell could be of use clinically in
treating patients, e.g., cell transplantation for gene replacement
therapy or liver repopulation in efforts to accelerate liver repair
in the critical time period following acute liver failure (Strom et
al., 1999). Additionally, hepatic stem cells would potentially
prove a valuable source from which to generate human hepato-
cytes for drug development (Guillouzo et al., 1997) or use in
bioartificial liver support systems (Strain and Neuberger, 2002).
Clinical initiatives such as primary hepatocyte transplantation
and bioartificial liver systems have had only limited success due
to the severe constraints imposed by the shortfall of quality pri-
mary human hepatocytes. In addition, drug development is highly
dependent on direct toxicological and pharmacokinetic data from

human cells, as opposed to rodent-based in vivo and in vitro
studies relied so heavily on in the past.

35.1.1. LIVER REGENERATION  The ability of the liver to
regenerate fully is a unique feature of what is a structurally and
functionally highly complex organ (Bucher and Farmer, 1998).
Regeneration begins with growth activation of the primary hepa-
tocyte population. Hepatocytes in the adult are fully differentiated
and normally quiescent, and yet retain this remarkable capacity to
enter the growth cycle on demand (Fausto, 2001). Subsequently,
they return to a quiescent, fully functional state. The other cell
types in the liver, including biliary epithelium, sinusoidal endot-
helium, stellate cells, and Kupffer cells, also proliferate, but with
a lag period that in the rat is approx 24 h (Grisham, 1962), but is
less well defined in humans. The process is precisely regulated
resulting, under normal conditions, in full restoration of tissue
mass and cellular architecture. Thus, not only has it served as a
good model of liver cell growth control, but as a means to inves-
tigate the control of tissue-specific cellular morphogenesis—cell
polarization and three-dimensional organisation (Bucher and
Farmer, 1998; Fausto, 2001).
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The primary hepatocyte has been included as a contributor to
the liver stem cell pool by some investigators (Alison, 1998)
although this does not fit with the normally accepted definition
of a stem cell—a cell that can self-renew and is multipotential
(Watt and Hogan, 2000). Hepatocytes are unipotential, and
although during the pathogenesis of liver disease there is some
evidence of metaplasia of hepatocytes giving rise to ductular
epithelium (Sirica, 1995), this is not thought to be of major sig-
nificance in normal cellular replacement mechanisms that occur
in the liver. If in the experimental animal the liver is subjected to
repeated rounds of partial hepatectomy, hepatocytes demonstrate
the capacity for continual replacement of differentiated cells
(Simpson and Finkh, 1963). This is not to say, however, that they
form a continual cycling cell population as in other tissues in
which there are recognizable stem cell compartments such as
skin, bone marrow, or gastrointestinal tract. Following a two-
thirds partial hepatectomy, each remaining hepatocyte need only
divide at most twice to replenish liver mass. Under normal con-
ditions, therefore, liver regeneration occurs from primary hepa-
tocytes and the other existing liver cell types without the need to
invoke a stem cell compartment (Fausto, 2001).

35.2. OVAL CELLS
Stem cells do, however, fulfill an important role when liver

damage is severe and parenchymal hepatocytes are effectively
eradicated or, for some reason, are prevented from growth initia-
tion. This has been studied extensively in a wide variety of experi-
mental animal models and occurs following treatment with
numerous liver toxins or carcinogens (reviewed in Sell, 2001, and
in Chapters 32 and 33). This work has culminated in the clear
consensus view that, under certain specific circumstances, liver
stem cells do indeed fulfill an important cellular replacement role
in the liver. A major problem over the years, however, has been
identifying the cellular origin and location of hepatic stem cells.

Farber (1956) was the first to describe the cellular response in
the rat liver to toxins such as acetylaminofluorene (AAF) or
diethylnitrosamine, and to coin the term oval cell. These cells are
small, characterized by oval nuclei and scant cytoplasm, and are
suggested to arise from a stem cell pool (Fausto et al., 1993;
Thorgeirsson, 1996). Following activation and growth expansion,
they migrate from the margins of the portal tracts into the paren-
chyma, where they differentiate into hepatocytes. They can also
differentiate into BEC or abnormal ductular proliferative cells
(Germain et al., 1988; Sirica et al., 1990; Lenzi et al., 1992; Dabeva
and Shafritz, 1993; Golding et al., 1995) The indication, therefore,
is that oval cells represent the ‘activated ‘ progeny of the stem cell.

However, despite years of effort to resolve the problem, the
origin of oval cells remains contentious, the overriding problem
being that oval cells or their stem cell precursors cannot readily
be identified in normal liver. Various investigators have pro-
posed that they are derived from the cells lining the terminal bile
ductules (the canals of Hering) and in close proximity to peripor-
tal hepatocytes (Paku et al., 2001; Sell, 2001). There is no doubt
that the pattern following activation and appearance of oval cells
in injured liver and their expansion and subsequent migration
into the parenchyma are compatible with this proposal. Others
suggest they arise not just from the canals of Hering but that all
mature biliary cells (Thung, 1990; Alison et al., 1996) have the
capability to dedifferentiate into oval cells and hence hepato-
cytes. The evidence for this, however, is less established. A third

mechanism, that of metaplasia of hepatocytes, is also a possibil-
ity, and there is some documented evidence in rodents (Vander-
steenhoven et al., 1990; Sirica 1995).

35.3. HEMATOPOIETIC STEM CELLS
With the now widely recognized plasticity of hematopoietic

stem cells (HSCs), clearly indicating their ability to give rise to
cell types of all three primordial germ cell layers (Anderson et al.,
2001), the possibility that hepatic oval cells are actually derived
from bone marrow–derived stem cells has introduced further
speculation. In rodents, Petersen et al. (1999) first demonstrated
that transplanted bone marrow stem cells traffic to the liver of
animals lethally irradiated and whose livers had received treat-
ments (e.g., AAF) designed to cause oval cell activation. By fol-
lowing the fate of sex mismatched cells (Y-chromosome analysis
of donor cells transplanted into a female recipient), they found
evidence of oval cells, hepatocytes, and some ductal cells, which
were thought to be derived from transplanted bone marrow cells
(Petersen et al., 1999). This work was soon confirmed by Theise
et al. (2000a) also in bone marrow–transplanted mice but using a
regimen that did not induce any apparent degree of liver damage.

Further confirmation of the principle quickly followed.
Lagasse et al. (2000), using an experimental mouse model of
hereditary tyrosinemia, showed that whole bone marrow and
even purified HSCs could rescue animals from the fatal meta-
bolic disease. Although in this model massive liver repopulation
took place, the investigators indicated that the number of initiat-
ing cells may in fact be quite low, but that in the presence of a
selective growth advantage, such as is the case here in animals
with serious liver damage, cell expansion occurred albeit over a
relatively long time scale (Lagasse et al., 2000).

In a recent elegant study, Mallet et al. (2002) have reported
similar transplantation experiments using Bcl-2 transgenic
mice with a hepatocyte-specific promoter that gives cells a pro-
tective effect against fas-mediated apoptosis. Bone marrow from
the transgenic animals was transplanted into normal mice that
subsequently were treated with anti-Fas antibodies. Livers of
such animals were shown to have bone marrow–derived clusters
of Bcl-2 positive hepatocytes. They conclude that transdifferen-
tiation of bone marrow cells into mature hepatocytes is a very
rare event, but that by genetically modifying bone marrow cells
it is possible to selectively expand their hepatocyte progeny from
this stem cell pool (Mallet et al., 2002). Thus, although their
study indicated that the process was a very inefficient one under
physiological conditions, it may be possible to exploit this tech-
nology and transplant genetically modified bone marrow cells
with a selective growth advantage.

35.4. HUMAN LIVER STEM CELLS
35.4.1. HISTOLOGICAL OBSERVATIONS  It is against this

background that the question of whether there is an equivalent
liver stem cell population in humans arises. In response to many
cholestatic liver disorders in humans, often but not always associ-
ated with loss of the bile ducts, a classic histological cellular reac-
tion occurs (Fig. 1). First reported more than 40 yr ago, and
commonly called ductular proliferation (Masuko et al., 1964),
these cells arise in the portal and periportal spaces, express mark-
ers of biliary phenotype, but form disorganized cords, aggregates,
and individual groups of cells. Because they consistently fail to
form lumenal polarized ducts, they do not serve to drain bile from

35/Stra/397-408/F 8/20/03, 2:03 PM398

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 35  /  HUMAN LIVER STEM CELLS 399

the liver, with the consequence of cholestasis and the secondary
damage that ensues, leading to fibrosis and cirrhosis. These cells
can be distiguished from lumenal duct cells by their aberrant
morphology and expression of markers not seen on intact ducts
(see below).

A wide array of terms and nomenclature has been used to
describe these cells (Sell, 2001). One of the most commonly
used—ductular proliferative cells (Van Eyken et al., 1989;
Thung, 1990)—can be somewhat misleading because it tends to
be interpreted to suggest that all the cells in question are in a state
of active proliferation. Although the cells clearly increase in
number, attempts to correlate with proliferation markers such as
Ki-67 indicate that at any one time only a small number are
actively proliferating (Fabris et al., 2000). In most cases, even
within histological or ostensibly well-recognized diagnostic cat-
egories of liver disease, often a wide range of morphologies is
encountered. Other terms used to describe the cellular histologi-
cal pattern seen include ductular reaction (De Vos and Desmet,
1992); ductular hepatocytes, (Vandersteenhoven et al., 1990;
Gerber et al., 1995); neocholangioles or atypical ductular cells
(Sell, 1998); and type I, II, or III cells (Popper, 1990).

This confusion in terminology has in turn led to a lack of clarity
in determining the origin of such cells. In human hepatic pathol-
ogy, speculation is equally strong in the debate on the possible
origin or location of these cells: (1) cells residing in the canals of
Hering (Theise et al., 1999), (2) proliferation of mature bile duct
cells themselves (Slott et al., 1990; Alison et al., 1996), or (3)
metaplasia of hepatocytes (Van Eyken et al., 1989; Fabris et al.,
2000). More recently, of course, a fourth source of stem cells with
human hepatic potential is the bone marrow–derived cell compart-

ment as described in relation to the observations made in numer-
ous experimental animal transplant models already described.

Oval-like stem cells have been described in human liver in
numerous reports by either light or electron microscopic studies
(Thung, 1990; De Vos and Desmet, 1992; Ruck et al., 1996).
However, morphology alone is insufficient to determine the prop-
erties or phenotype of such cells. Therefore, immunohistochem-
istry has been utilized more recently in an effort to more precisely
define the origin of the various disparate cell populations. Con-
sequently, a number of different antigenic determinants includ-
ing CK19 (Van Eyken et al., 1989; Hsia et al., 1992; Crosby
et al., 1998a), NCAM (Roskams et al., 1990; Fabris et a, 2000;
Van den Heuvel et al., 2001), PthrP (Roskams et al., 1993), and
M2PK(Lowes et al., 1999) have been used to identify human
oval-type cells. While often useful indicators of cell lineage
potential—for example, oval cell expression of a specific
isozyme of M2PK has been reported to correlate with the sever-
ity of disease (Lowes et al., 1999)—none of these determinants
are, of course, stem cell specific.

Even in experimental animal studies, there are few definitive
stem cell–specific markers. To date, one of the most widely used
is the mouse monoclonal antibody OV-6. This was originally
raised against nodular hepatocytes isolated from the livers of rats
treated with diethylnitrosamine (Dunsford and Sell, 1989). It is
one of the best rat liver oval cell markers but notably also reacts
with normal bile duct epithelium in the rat (Dunsford and Sell,
1989) and therefore cannot be considered stem cell specific.
OV-6 recognizes an epitope shared on cytokeratins (CKs) 19 and
14 ( Bisgaard et al., 1993). In humans, it has also proven widely
useful, recognizing oval-like cells in a number of adult and

Fig. 1. Immunohistochemical analysis of diseased human liver tissue. Sections were immunostained using the biliary-specific marker HEA
125. Tissue was from end-stage livers removed at the time of orthotopic transplantation from patients with (A) α1-Anti-trypsin deficiency, (B)
biliary atresia, and (C) primary biliary cirrhosis. Note the presence of aberrant ductular proliferative cells in each case (arrows) with differing
morphological features.
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pediatric chronic viral and cholestatic liver diseases (Fig. 2A)
(Van Eyken et al., 1988; Crosby et al., 1998a, 1998b; Roskams
et al 1998a). The antigen recognized in human liver by OV-6 has
not been determined, although the immunostaining pattern dif-
fers markedly from CK19 (Crosby et al., 1998a, 1998b). Addi-
tionally, there is some debate as to whether OV-6 recognizes
normal bile duct epithelium in humans (Crosby et al., 1998a;
Roskams et al., 1998a). Nevertheless, careful immunohistochem-
istry reveals that cells positive for OV-6 with either hepatocyte
or biliary phenotype also have led investigators to conclude that
these oval-like cells can and do differentiate in pathological
human liver conditions. Indeed, cells that coexpress OV-6 and
mature biliary markers can be found integrated into intact polar-
ized lumenal ducts (Crosby et al., 1998a) (Fig. 2B).

35.4.2. HUMAN HSCs  Other markers of particular relevance
are c-kit, the stem cell factor (SCF) receptor, and CD34, which are
bone marrow–derived stem cell markers (Andrews et al., 1989;
Hassan and Zander, 1996). Both are upregulated on oval cells
during the activation process following liver damage or carcino-
gen treatment regimes used in experimental rodent studies (Fujio
et al., 1994; Omori et al., 1997). In human liver, although c-kit is

expressed on, e.g., mast cells, the close proximity of c-kit+ cells
to surviving bile ducts in diseased liver (Baumann et al., 1999)
(Fig. 3A) and even colocalization with cells expressing mature
biliary epithelial markers integrated into bile ducts (Baumann
et al., 1999) (Fig. 3B) led us to speculate that these cells may be
acting as liver stem cells. Additionally, CD34-positive cells can
also be found adjacent to bile ducts and in the periportal margins
(Crosby et al., 2001). Together with the ability to separate these
cells out and induce their differentiation in vitro into biliary phe-
notype (Crosby et al., 2001) (see below), this provided compel-
ling evidence that this is a potentially important additional
population of stem cells with hepatic potential.

That HSCs are found in human liver has been recognized for
some time (Taniguchi et al., 1996; Crosbie et al., 1999). Clearly,
this can form part of the normal trafficking of immune cells
throughout tissues. What has now been convincingly shown,
however, is that as initially determined in rodents, transdifferen-
tiation of bone marrow cells into hepatic epithelium also occurs
in humans, in both liver and bone marrow transplant recipients
(Alison et al., 2000; Theise et al., 2000b; Korbling et al., 2002).
One might speculate that (stem) cells that encounter a specific

Fig. 3. Human diseased liver tissue sections immunostained with an antibody against the SCF receptor c-kit. (A) Individual oval-like c-kit-
positive cells (arrows) can be seen scattered throughout the portal tracts of a liver section from a patient with biliary atresia. (B) Bile duct from
a patient with acute liver failure showing a cell integrated into the duct that coexpresses c-kit and the mature biliary marker CK19 (white).
(Reproduced with permission from Baumann et al. 1999.)

Fig. 2. Human primary biliary cirrhosis liver tissue sections immunostained with antibody OV-6. (A) Oval-like OV-6-positive cells (arrows)
are found in the periportal margins adjacent to hepatocyte lobules. (B) Intact bile duct showing cells mature integrated biliary cells that
coexpress OV-6 and the biliary marker HEA 125. (Reproduced with permission from Crosby et al. 1998b.)
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microenvironment respond to the signals found there (growth
factor, cytokine, or even matrix derived), by differentiation down
a certain lineage pathway. There is currently considerable debate
concerning the extent to which the this process occurs clinically
or experimentally. Indeed, as indicated, many investigators now
believe that the number of cells that do undergo the transition
from bone marrow stem cells to hepatic, neural, or other tissues
(Lagasse et al., 2000; Hillebrands et al., 2002; Mallet et al., 2002;
Morshead et al., 2002) or the other direction (i.e., neural to blood)
(Anderson et al., 2001) is actually quite small and repopulation
is relatively slow. Therefore, physiologically, in vivo they may
well be relatively rare events and there is doubt that the phenom-
ena, although clearly demonstrable in vivo, play any significant
role in the response of the human liver to tissue injury. Neverthe-
less, the principles of transdifferentiation are now established
and subsequently may well prove to be of clinical importance.

Several major questions arise from these recent observations
and are the subject of intensive investigation: Do all hepatic stem
cells, and therefore oval cells, derive from HSCs? If so, have these
cells migrated into the liver from the circulation, as is the case
when leukocytes traffic in and out of tissues (Lalor and Adams,
1999)? Or, alternatively, are these HSCs with hepatic potential
perhaps dormant in the liver? As yet there is no final answer, but
it seems likely that in the adult, at least, cells capable of giving rise
to hepatic epithelial cell phenotype derive from more than one
source: resident liver stem cells that give rise to oval cells and their
differentiated progeny; and, under some circumstances, cells de-
rived from the bone marrow and present in the circulation.

35.5. HUMAN HEPATIC STEM CELLS IN VITRO
One of the approaches to resolve the question of the physi-

ological relevance and clinical potential of hepatic stem cells is
to develop in vitro strategies that can be used to investigate the
molecular mechanisms and regulatory events leading to stem
cell expansion and differentiation. The central aim of many labo-
ratories now is to attempt to exploit the potential of these stem
cells and use them to generate populations of differentiated
hepatic epithelium, especially hepatocytes, which continue to be
in great demand but in short supply.

35.5.1. c-kit and CD34-POSITIVE CELLS  Cells expressing
OV-6 cannot be isolated readily because this antibody recognizes
an intracellular antigen (Crosby et al., 2001). Cells expressing
c-kit, however, can be immunoselected using magnetic bead tech-
nology or fluorescence-activated cell sorting (FACS) and when
maintained in culture, differentiation into cells expressing biliary
phenotype in vitro can be observed (Crosby et al., 2001). Initially,
single cells (approx 10% of those isolated) attach to culture plates
and form small discrete colonies. If allowed to proliferate, they
can give rise to colonies of cells with mixed morphologies (Fig. 4).
These colonies when rigorously phenotyped demonstrate that dis-
crete cell populations express either biliary (CK19 and CK18) or
endothelial phenotype (see below) and are negative for hepato-
cyte, or mesenchymal markers. In parallel, remarkably, CD34+

cells selected from a similar variety of normal and diseased human
liver were also found to give rise to hepatic epithelial cell pheno-
type (Crosby et al., 2001).

Another striking finding from the in vitro model studies is the
presence of CD31+ cells (endothelial cell phenotype) in c-kit-
derived cultures (Crosby et al., 2001), raising the possibility, as
discussed above, that the cells targeted also have hemangioblast
(Choi et al., 1998; Gehling et al., 2000) (endothelial precursor)
potential. This is postulated to be an early progenitor cell in the bone
marrow during embryogenesis in several species including mice,
with the capability of giving rise to either endothelial lineage or cells
of the hematopoietic system. Since CD34 is also expressed on endo-
thelial cells, it is not surprising that CD31+ cells can also be found
in culture (Crosby et al., 2001). However, following depletion with
CD31 and further positive selection with CD34, endothelial cells
were still detected in subsequent cultures (not shown), adding weight
to the hypothesis that cells with hemangioblast properties were being
targeted. Using FACS analysis, the number of cells coexpressing
c-kit and CD34 is quite small (<0.2% of liver-derived mononuclear
cells), and, therefore, it is still unclear as to whether this represents
a highly specialized population of cells or whether all cells have the
potential to differentiate into different cell types, perhaps influenced
by their microenvironment.

It is noteworthy that these c-kit and CD34 cells with hepatic
stemlike properties can be isolated from liver of patients with an

Fig.4. Cell colonies derived from individual c-kit immunoisolated liver-derived cells. (A) Phase-contrast micrograph of c-kit+ cells following
culture in media containing 10% Fetal calf serum and 10 ng/mL  of hepatocyte growth factor (HGF) for 7 d showing a discrete colony formed
comprising cells with two distinct morphologies; (B) colony fixed and immunostained with biliary marker CK19 showing one population of
cells strongly positive and a second cell population negative; (C) similar culture immunostained with endothelial cell marker CD31.
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extensive range of disease pathology. This includes patients trans-
planted for acute liver failure, alcoholic liver disease, primary
biliary cirrhosis, α1 antitrypsin deficiency, and biliary atresia
(Table 1) and from normal human liver from a wide age range (2–
65 yr). Furthermore, it is interesting to note that cells isolated from
adult normal tissue grow less successfully. It is likely that this is
because they have different growth requirements not met by the
current tissue culture regimen. It is also possible that cells from
younger donors have a greater inherent propensity to proliferate
and/or differentiate.

The observation that cells with this differentiation potential
are present not only in multiple types of diseased liver tissue with
widely differing etiologies, but also in normal liver is significant
because it suggests that it reflects a general property—the plas-
ticity of cells. This may reflect the maturity of the organ, which
continues to grow and develop in the younger donor age range,
and that these cellular properties reemerge during disease patho-
genesis. As with other stem cell approaches, means to allow
clonal expansion of these cells without spontaneous differentia-
tion occurring must be determined.

Recently, Avital et al. (2001) isolated a population of β2-
microglobulin–, Thy1+ cells from human (and rat) bone marrow
with the potential to differentiate into mature hepatocytes. Inter-
estingly, these cells appeared to be negative for both CD34 and
c-kit. Since these investigators did not report any differentiation
into cells of biliary phenotype, it is likely that the cells represent
a population of hematopoietic-derived cells that differ from those
that can be isolated from normal and diseased human liver.
Although not described as such (Avital et al., 2001), CD44–, class
HLA–, and β2-microglobulin–, are characteristics of classic mes-
enchymal stem cells (Bianco et al., 2001; Pittenger et al., 1999).

Recent extensive work with another cell population, distinct
from the hematopoietic lineage but present in human bone mar-
row, with diverse stem cell potential, has become the focus of
attention—mesenchymal (or stromal-derived) stem cells. These
cells have been known to be progenitors of skeletal tissue compo-
nents such as bone, cartilage, the hematopoietic-supporting
stroma, and adipocytes (Bianco et al., 2001). Now, Verfaillie has
extensively characterized a population of cells given the name
multipotential adult progenitor cells (MAPCs) generated by
depleting bone marrow of all glycophorin-expressing cells (eryth-
rocytic lineage) and of all CD45 (leukocyte common antigen) and
therefore hematopoietic lineage–expressing cells (Reyes et al.,
2001). Again, these cells are also CD34– and, c-kit– and therefore

differ from the primitive hematopoietic progenitors described
earlier (Crosby et al., 2001).

These MAPCs have remarkable multipotential characteristics.
When cultured under carefully defined conditions, they appear to
differentiate into functional, mature hepatocytes (Schwartz et al.,
2002). This differentiation response requires a complex set of
conditions and growth factor and media additions, but principally
the presence of HGF and Fibroblast growth factor-4 (FGF-4).
Significantly, also, it was dependent on matrix-derived signals, as
the investigators used Matrigel to support the clonal expansion
and subsequent differentiation (Schwartz et al., 2002). Although
the chief constituents of Matrigel incorporate the three main base-
ment membrane components—laminin, heparan sulfate proteo-
glycan, and collagen IV (Bissell et al., 1987)—it is also known to
contain significant levels of contaminating growth factor cytokines
and other macromolecules. Thus, the differentiation signals clearly
are complex.

Even more striking is the observation that the same MAPC
population, when exposed to a different set of conditions, in par-
ticular in response to vascular endothelial growth factor, acts as
endothelial cell progenitors (Reyes et al., 2002). Verfaillie there-
fore has additionally categorized them as angioblasts. Para-
doxically, however, they are reported to be AC133+ (Reyes et al.,
2002), a marker previously described as marking a subset of
hematopoietic CD34-positive stem cells, which leaves some con-
fusion as to their true lineage and origin.

35.5.2. HUMAN FETAL HEPATOBLASTS  During develop-
ment, the ventral foregut endoderm gives rise to the early hepatic
epithelium, through differentiation signals from the cardiac meso-
derm and from cells of the septum transversum (Zaret, 2000;
Duncan and Watt, 2001). The emerging hepatoblasts are consid-
ered at least bipotential liver progenitor cells since they differen-
tiate into mature hepatocytes or those in contact with the portal
mesenchyme, into biliary epithelium (Roskams et al., 1998b).
Hepatoblasts there represent a potentially highly valuable source
of human liver stem cells.

Experimental animal studies have generated useful models on
which the more difficult human hepatoblast work can be built.
Working with mouse embryonic hepatoblasts, Rogler et al (1997)
succeeded in establishing a bipotent cell line. Subsequently, two
groups used positive selection to purify what they described as
fetal rat or mouse progenitor cells. That these are also from the
hepatoblast compartment is clear because they were selected
using epithelial markers including antibodies against histocom-
patibility antigens and integrins and, conversely, negatively
selected out all hematopoietic-expressing cells (Kubota and Reid,
2000; Suzuki et al., 2000).

Human fetal tissue is much more difficult to work with and,
consequently less is known about the potential of human fetal
liver cells. In a purely morphological immunohistochemical
study, Gerber was the first to describe the characteristics of hu-
man fetal hepatoblasts and their lineage potential using markers
including CK14, CK19, vimentin, and Hepar1 (Haruna et al.,
1996). While we know that human fetal hepatoblasts can be iso-
lated and grown in culture (Strain et al., 1987), it is only very
recently that their true clonal and differentiation capacity has
been recognized. Mahli et al. (2002) have reported that following
transplantation into severe combined immunodeficiency disease
mice, human fetal hepatoblasts have the ability to give rise to
fully mature hepatocytes and in vitro can be expanded exten-

Table 1
Comparison of Growth of Cells Isolated

Using C-kit or HEA125

Age range Growth from

Tissue a  (yr) Isolation c-kit(%) HEA125 (%)

Adult PBC  39–60 7 100 100
Adult ALD  47–61 4 100 100
Pediatric normal 1.5–14 8 87 100
Adult normal  18–51 4 0 100
Pediatric EHBA 0.2–2 10 20 40

a PBC, primary biliary cirrhosis; ALD, alcoholic liver disease; EHBA,
extra hepatic biliary artresua.
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sively. Theirs is an important study that confirms, at least experi-
mentally, the consistent behavior in vivo of human fetal liver
cells and opens the way for further assessment of their potential
for clinical transplantation therapies.

An interesting question and one that has not been addressed,
from the current human (or rodent-based) fetal liver work, is, does
the hematopoietic cell compartment, which forms a bulk of the
tissue at the gestational ages under investigation, harbor cells with
the same plasticity as has been shown with their adult bone mar-
row–derived counterparts? Although this is an interesting intel-
lectual challenge, the difficulty associated with regular tissue
supply of human fetal liver precludes a rigorous systematic inves-
tigation of this question, which is more readily addressed with
cells from bone marrow or umbilical cord blood.

35.6. MOLECULAR CONTROL OF HUMAN LIVER
STEM CELL GROWTH AND DIFFERENTIATION

Several families of cytokines and growth factors are poten-
tially important in regulation of liver stem cell responses. In a
series of comprehensive studies from Thorgeirsson’s laboratory,
a number of receptor ligand families were reported to be
upregulated during activation or progression of rat oval cell
growth and differentiation. These include FGFs, leukaemia
inhibitory factor, SCF, transforming growth factor-α (reviewed
in Grisham and Thorgeirsson, 1997). Important clues also come
from studies of hepatic development during embryogenesis
(see Chapter 31) highlighting the involvement of, e.g., members
of the FGF (Zaret, 2000) and bone morphogenetic protein fami-
lies (Duncan and Watt, 2001).

Although much is known about the individual growth require-
ments of human hepatocytes and BEC (Strain et al., 1991; Blanc
et al., 1992; Joplin et al., 1992; Matsumoto et al., 1994; Yokomuro
et al., 2000), relatively few studies to determine the factors impor-
tant in the control of growth and differentiation of human liver
stem cells have been undertaken. As described, since cells isolated
using the antibody c-kit lose expression of this protein shortly
thereafter, SCF is not a significant player in the current in vitro
strategy to expand these cells. Other factors of likely relevance
include members of the Gp130 receptor family such as OSM,
which is known to regulate maturation of fetal hepatoblasts into
hepatocytes during development (Kamiya et al., 1999). Interest-
ingly, it is the fetal hematopoietic cell population that produces
OSM, underlining the importance of local cell and tissue paracrine
regulatory mechanisms.

35.6.1. NOTCH PATHWAY  One of the molecular signaling
pathways of special interest is that of the Notch ligand/receptor
system. This is an important pathway during embryogenesis (first
described in Drosophila) (Artavanis-Tsakonas et al., 1999) that
regulates cell fate determination during development. In eukary-
otes their properties are still being defined, but it is increasingly
clear that they occupy a central position in biological control
processes in mammalian biology (Mumm and Kopan, 2000).
Mutations in the Jagged 1 gene are associated with the condition
Alagille syndrome (Oda et al., 1999), a congenital condition lead-
ing to severe developmental abnormalities of the heart, muscu-
loskeletal system, liver, and eyes (Spinner et al., 2001). The liver
manifestations of the disease are loss of bile ducts leading to
cholestasis, liver fibrosis, and cirrhosis and thereby requiring liver
transplantation to alleviate the life-threatening consequences of
liver dysfunction.

There are four Notch receptors in humans and several ligands
with widespread distribution. Both receptor and ligand family
members are large molecular weight membrane-spanning proteins,
indicating that biological activation is restricted to cells in imme-
diate contact with one another. It is known that they act as key
players in, e.g., the regulation of early mammalian hematopoiesis
(Karunu et al., 2001a) and angiogenesis (Krebs et al., 2000). Our
current hypothesis is that Jagged/Notch signaling may be impor-
tant in hepatic cell responses seen during disease pathogenesis and
in some of the early events in hepatic stem cell activation.

Jagged 1 is expressed ubiquitously in human liver in multiple
cell types (Nijjar et al., 2001, 2002). However, we now know that
the recently characterized ligand Delta-4, as well as the Notch
receptors, are expressed with greater selectivity in human liver
cell isolates (Fig. 5) (Nijjar et al., 2001, 2002). BEC and endothe-
lial cells are capable of post–Notch receptor signaling through the
transcription factors Deltex and Hes-1 and, interestingly, may also
self-regulate bioactivity of Notches through expression of extra-
cellular mediator proteins called Fringe proteins (Nijjar et al.,
2002). Because the isolation technique used to separate endothe-
lial cells (using CD31) cannot differentiate between vascular and
sinusoidal endothelium, we cannot be sure which cells in particu-
lar are expressing Delta-4 (Fig. 5), although the immunohis-
tochemistry with J1/CD31 colocalization indicated expression was
on neo-vessels in the portal tracts (Nijjar et al., 2002). At the time
of the study, antibodies against Delta-4 were unavailable.

In view of the cellular patterns of expression determined in
vitro and the interesting coexpression patterns in tissue sections,
we have postulated that Notch signaling plays a role in epithelial
cell responses and in controlling hepatic neovascularization dur-
ing adult liver disease pathogenesis (Nijjar et al., 2001, 2002).
We have demonstrated colocalization of J1 on ductular prolifera-
tive cells and on endothelial cells in portal tract fibrous septa
where neovessel formation occurs. Although the two pathoge-
netic cellular responses are distinct, these observations indicate
that they may be linked mechanistically and that one of the con-
trolling elements may be through the Jagged Notch pathway.

The expression of Notch receptors by hematopoietic bone
marrow–derived stem cells has been well documented (Varnum-
Finney et al., 2002; Karanu et al., 2001b) Furthermore, freshly
isolated liver-derived stem cells do express Notch receptors
(Fig. 6). If Notch-expressing cells migrate into the liver and come
into contact with cells in the liver microenvironment that express
Jagged 1 or Delta-4 (Nijjar et al 2002), then the consequence could
be a switch to epithelial and/or endothelial lineage. Since the c-kit-
and CD34-isolated cells clearly have the potential to differentiate
to either lineage apparently ‘spontaneously’ in vitro (Crosby et al.,
2001), it is reasonable to speculate that these cell responses under
investigation are under Notch receptor control.

Further strength is added to the hypothesis with recently
reported exciting knockout (KO) mouse technology. Although
Jagged 1 homozygous KO mice die during embryogenesis, and
heterozygous mice display eye defects, they have little other
phenotype (McCright et al., 2002). However, doubly heterozy-
gous mice created by mating the J1 KO with a mouse carrying a
Notch 2 mutant allele display many of the features of Alagille
syndrome including bile duct defects and cholestasis. This adds
strength to the hypothesis that this pathway is important in mam-
malian biliary tree morphogenesis (McCright et al., 2002; Nijjar
et al., 2002).
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While the relationship of HSCs (with hepatic potential) to
oval cells remains to be clarified, it is apparent that adult tissue–
derived stem cells have enormous potential as multipotent cells.
Currently, relatively little is known about the specific factors
that might regulate their expansion and/or differentiation, but
the Jagged/Notch pathway is likely to play a central role. If the
microenvironment of the liver (or any other organ/tissue of
choice) in vivo can be defined and mimicked in vitro, this will
facilitate the ability to induce the differentiation of stem cells
into the appropriate phenotype.

35.7. CELL FUSION
OR TRANSDIFFERENTIATION?

Recently, the transdifferentiation debate has been thrown
open with the observations that chromosome transfer (and there-
fore Y-chromosome positivity in the nucleus of female cells) can
arise as a result of fusion of cells rather than transdifferentiation,
as has been assumed and frequently reported. This evidence
comes from experiments in two independent laboratories and is
based on observations made in vitro. Mouse embryonic stem
cells were cocultured with either neurospheres (Terada et al.,
2002) or bone marrow–derived cells (Ying et al., 2002), and
using clearly distinct genetic markers, in both cases apparently
spontaneous fusion led to the establishment of hybrid cell colo-
nies. It must be emphasized that there is as yet no indication that
this phenomenon occurs in vivo, and it is not yet certain how this
would translate into the likelihood of such an event in vivo.
However, the presence in, e.g., the livers of female bone marrow
transplant recipients receiving male-derived donor bone marrow

Fig. 5. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of Notch receptor and ligand mRNA expression in human liver cell
isolates. cDNA was prepared from human liver cells isolated from normal liver (NL), primary biliary cirrhosis (PBC), primary sclerosing
cholangitis (PSC), alcoholic liver disease (ALD), and autoimmune hepatitis (AIH). Specific primer sets were used against human Jagged 1,
Delta-4, and Notch 1–4. (Reproduced with permission from Nijjar et al. 2001, 2002.)

Fig. 6. RT-PCR analysis of Notch receptor expression in liver-
derived c-kit+ cells immediately following isolation. cDNA was pre-
pared from purified cells immediately following immunoisolation
using c-kit antibodies. PBC, primary biliary cirrhosis.

of hepatocytes with Y-chromosome signals could in theory arise
as a result of cell fusion. This clearly requires careful scrutiny
and indicates that genotyping of cells suggested to have
transdifferentiated may be the only way to exclude cell fusion as
an entity and indeed before any final conclusions can be drawn
on the extent of cell fusion ves transdifferentiation phenomena.
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35.8. FUTURE CLINICAL USE
OF HUMAN LIVER STEM CELLS

At present, the general feeling is that with the now widely rec-
ognized plasticity of adult stem cells, the goal of using them as a
therapeutic tool to treat liver disease is a little closer. Primary
human hepatocytes have been used, with some partial measure of
success (Strom et al., 1999), for single enzyme replacement
therapy, as in Crigler–Najjar syndrome. These patients suffer from
hyperbilirubinemia due to the congenital deficiency of the liver
enzyme responsible for the conjugation and therefore excretion of
bilirubin, UDP-glucuronyl transferase. In a single case report, a
young woman was given a single bolus transplantation of 109 pri-
mary human hepatocytes, which led in subsequent weeks to a sig-
nificant (>50%) reduction in serum bilirubin levels (Fox et al.,
1998). Unfortunately this clinical benefit was relatively short-
lived, although it did indicate that the transplanted hepatocytes
were functional for at least some time.

The prospect, however, of directly transplanting stem cells
themselves, in the hope that they will find a niche and differentiate
into the desired cell phenotype in vivo, is a little more distant, since
some means of controlling the cellular responses must be sought.
Nevertheless, the future for cell/gene therapy is very much brighter
than even only a few years ago.

NOTE ADDED IN PROOF
Evidence for fusion in vivo of donor bone marrow-derived

hematopoietic stem cells to recipient hepatocytes has recently been
reported in mice (Wang et al., 2003).
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36 Transplantation of Hepatic Stem Cells
and Potential Applications for Cell Therapy

SANJEEV GUPTA, MBBS, MD, FACP, FRCP AND JAE-JIN CHO, DVM, PhD

Transplantation of liver stem/progenitor cells offers a new approach for treating genetic diseases or liver failure.
Transplantation of mature liver cells or whole liver is limited by severe shortages of donor organs. Extensive studies indicate
that optimal function of transplanted cells may require cell transplantation into the liver itself rather than into ectopic sites.
Cells may be transplanted into the liver by intraportal or intrasplenic injection, which leads to the entry of transplanted cells
in liver sinusoids, and eventually transplanted cells become incorporated in the liver parenchyma. During this process,
transplanted cells disrupt sinusoidal endothelial cells to enter the liver plate and reestablish plasma membrane structures
by joining with native liver cells. Some liver progenitor cells (LPCs) are less able to integrate and may remain within the
vascular spaces. Approximately 1 to 2% of the normal liver can be repopulated in animals when a somewhat larger cell
number is transplanted. However, donor hepatocytes can eventually replace virtually the entire liver of animals, if trans-
planted cells are spared from disease processes that threaten the survival of native hepatocytes. In fact, in FAH mice with
chronic liver injury owing to extensive tyrosinemia, normal adult hepatocytes have been demonstrated to divide more than
seven times each, as they repopulate the liver. Extensive repopulation will also occur in recipient animals treated with
hepatotoxic chemicals, such as retrorsine in rats, which damages and inhibits proliferation of native hepatocytes. Putative
LPCs in the form of oval cells produced following some types of liver injury may differentiate into hepatocytes after
transplantation. Similarly, putative oval cell lines and a hepatoblast cell line derived from the embryonic mouse liver may
differentiate into hepatocytes and additional cell types. Primary cells isolated from the fetal rat liver and the fetal human
liver can differentiate into mature hepatocytes in animals. Finally, cells from even other organs, especially the bone marrow,
can differentiate into hepatocytes after transplantation into animals. Liver cell transplantation has been used to correct a
number of metabolic diseases in experimental animals and cell therapy shows enormous potential. Use of liver stem/
progenitor cells will thus be applicable for cell therapy in multiple human diseases, and further efforts in this area will
certainly be worthwhile.

36.1. INTRODUCTION
In vivo analysis of hepatic stem/progenitor cells is required for

defining the fate of specific cell populations. Moreover, if stem
cells are to be utilized for cell therapy, it is essential to demonstrate
mechanisms concerning cell engraftment, proliferation, and func-
tion, similar to studies with primary hepatocytes (Gupta et al.,
1999b). The correction of diseases in specific animal models fol-
lowing stem cell transplantation will constitute an important step
in developing cell therapy applications.

Liver-directed cell therapy is of much interest for several rea-
sons (Malhi and Gupta, 2001). Numerous genetic diseases are
amenable to cell therapy. These conditions include situations in
which the liver itself is affected by disease, such as, copper toxi-
cosis in Wilson’s disease characterized by ATP7B gene muta-
tions, which impair hepatic excretion of copper into bile. In other

situations, the liver itself may not be affected by disease but
hepatic gene expression is necessary for preventing disease in
nonhepatic organs, such as disorders of bilirubin conjugation with
bilirubin toxicity in the brain. Furthermore, expression of some
genes in the liver can prevent or ameliorate disease in additional
nonhepatic target organs, such as, familial hypercholesterolemia,
in which extensive cardiovascular disease occurs in people due to
mutations in the low-density lipoprotein receptor. In addition,
extraordinarily large numbers of people carry the burden of
acquired liver disease, such as, chronic viral hepatitis, which
afflicts some 350 million people worldwide. In principle, these
patients could benefit from cell therapy, especially if hepatitis
virus infection and subsequent cytotoxicity could be prevented in
transplanted cells, the so-called “disease-resistance cell” model.

Orthotopic liver transplantation (OLT), which indicates replac-
ing the native liver with a donor liver, is quite effective in curing
many genetic and acquired diseases and provides rationale for
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undertaking cell therapy for many such conditions. However, OLT
has been greatly hampered by organ shortages. For instance, only
approx 5000 donor livers become available in the United States
annually, whereas the number of people on waiting lists for OLT
is three to four times greater. And these numbers do not include
many people who would be suitable for OLT if patient selection
criteria for OLT were broadened. Additional strategies, such as
living-related liver transplantation, have not made a significant
impact in decreasing waiting lists for OLT. Therefore, it is obvi-
ously imperative to develop alternative strategies, such as cell
therapy. Although mature hepatocytes can be isolated from donor
livers that either are not transplanted timely or are considered
unsuitable for OLT, the supply of these organs is again limited. As
reviewed elsewhere here, isolation of stem/progenitor cells from
the liver itself, or from nonhepatic organs, and differentiation of
embryonic stem (ES) cells or their derivatives into hepatocytes,
constitute increasingly viable options for further consideration.

This discussion focuses on how issues in liver stem cell biol-
ogy may be approached by intact animal systems. Although ani-
mal models were initially established for studying the fate of
mature hepatocytes, the systems are applicable to stem cells,
especially where cell differentiation into hepatocytes is con-
cerned. On the other hand, while hepatocytes are the most abun-
dant liver cell type (approx 60%), other cell types include biliary
epithelial cells; hepatic stellate cells (found in the space of Disse,
juxtaposed between hepatocytes and liver sinusoids); endothe-
lial cells lining sinusoids; fibroblasts; pit cells; and littoral cells,
including Kupffer cells. Excellent systems are available to ana-
lyze cell differentiation along hepatocyte lineages, although
animal models to analyze differentiation along other hepatic lin-
eages, such as bile ducts, are not well established (also see dis-
cussion in Chapter 32).

36.2. ANIMAL MODELS
FOR DEMONSTRATING CELL ENGRAFTMENT,
FUNCTION, AND PROLIFERATION

It should be noteworthy that liver cells display major histocom-
patibility complex (MHC) antigens, and mismatched cells are
rejected with first-order kinetics in adult animals (Bumgardner
et al., 2000; Reddy et al., 2001). On the other hand, during fetal
development prior to thymic maturation, allogeneic cells (MHC
incompatible from same species) or even xenogeneic cells (MHC
incompatible from another species) are tolerated, as shown by
studies in fetal sheep and rats (Ouyang et al., 2001; Porada et al.,
2002). In other situations, this consideration implies that cells
must be transplanted into either MHC-compatible or immunode-
ficient animals, especially for human cells, such as mice in the
background of defective recombination activating genes (Rag) or
severe combined immunodeficiency disease (SCID) due to T- and
B-lymphocyte deficiency (Brown et al., 2000; Dandri et al., 2001;
Mercer et al., 2001). Whether stem cells will be rejected less well
is presently unknown, although MHC antigens are not as well
expressed in stem/progenitor cells (Kubota and Reid, 2000).

36.2.1. ECTOPIC SITES FOR CELL TRANSPLANTATION
Stem cells may potentially be transplanted into a variety of
extrahepatic locations where liver cells survive. In early studies,
the fate of transplanted hepatocytes could be examined in only
ectopic locations because distinction between transplanted and
native cells in the liver required genetic markers, which were not
then available.

The spleen, interscapular or dorsal fat pad, and peritoneal cav-
ity were especially supportive of transplanted liver cells (Gupta
et al., 1996a). Survival of mature hepatocytes in the splenic pulp
was shown 20 yr ago (Kusano and Mito, 1982). Further work
established that unique features of the splenic architecture and
extracellular matrix (ECM) components were likely contributors
in this process (Darby et al., 1986). For example, the rat and human
spleens display venous spaces and sinuses in the red pulp, which
are absent in the mouse spleen. Consequently, significant numbers
of transplanted hepatocytes become entrapped in these vascular
spaces, and cells proliferate over several months in the rat spleen,
but not in the mouse spleen. Nonetheless, transplantation of pro-
genitor cells in the spleen has been associated with differentiation
of cells into mature hepatocytes (Sigal et al., 1995a). Transplan-
tation of cells in the interscapular fat pad has been effective in
analyzing cell differentiation along hepatocytic as well as biliary
lineages (Jirtle et al., 1980; Germain et al., 1985). Large numbers
of cells may be transplanted into the peritoneal cavity (Demetriou
et al., 1986; Selden et al., 1995). However, survival of hepatocytes
in the peritoneal cavity requires microcarriers or additional liver
cell types that presumably provide ECM components, growth fac-
tors, and other types of support. Similarly, hepatocyte transplan-
tation under the kidney capsule has shown some efficacy, although
cotransplantation of pancreatic islets, which secrete hepatotrophic
hormones, such as insulin and glucagon, promotes hepatocyte
survival (Ohashi et al., 2000).

Nonetheless, despite the simplicity of transplanting cells into sc
sites, concerns have arisen about the potential of these sites in sup-
porting hepatic differentiation. In one type of study, hepatic func-
tion was determined in mature mouse hepatocytes in the spleen,
liver, peritoneal cavity, and dorsal fat pad (Gupta et al., 1994). These
studies showed that liver gene expression was superior in the liver
and spleen compared with that ineither peritoneal cavity or dorsal fat
pad. In another type of study, progenitor rat liver epithelial cells
containing a reporter transgene were transplanted into various
ectopic sites (Ott et al., 1999a). These studies showed selective
extinction of transgene expression in the peritoneal cavity or dorsal
fat pad, whereas the transgene was expressed in the liver. Interest-
ingly, transgene expression was restored when cells were removed
from these nonpermissive sites. Further analysis elucidated that
cytokine-mediated regulation of transgene expression was respon-
sible for this difference. In addition, the abundance of both positive
and negative transcriptional regulators in progenitor cells may
determine whether specific genes will or will not be expressed
(Aragona et al., 1996; Ott et al., 1999a). These findings are in agree-
ment with varying differentiation potential in the WB344 rat epithe-
lial liver cell line (see Chapter 32) following transplantation into the
liver or ectopic sites (Hooth et al., 1998; Malouf et al., 2001). Simi-
larly, pancreatic ductal cells have been found to exhibit differences
in their differentiation potential into hepatocytes in the liver vs in
nonhepatic sites (Dabeva et al., 1997). These studies imply that
analysis of stem cell differentiation should take into consideration
the site of cell transplantation, and that induction of hepatic differ-
entiation should be optimally achieved in the liver itself.

36.2.2. CELL TRANSPLANTATION IN THE LIVER  An
advantage of injecting cells into the splenic pulp concerns imme-
diate deposition of large numbers of cells in liver sinusoids
(Gupta et al., 1999c). This makes it quite convenient for trans-
planting cells in small animals. Although cells can be deposited
in liver sinusoids following injection into the portal vein or one
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of its tributaries, intrasplenic injection of cells lends itself to
superior hemostasis and far less mortality in small animals. In-
jection of cells into arterial circulations, including splenic artery,
hepatic artery or pulmonary artery, does not produce significant
transplanted cell survival.

Several animal models are now available to demonstrate sur-
vival of transplanted cells in the liver (see review by Gupta and
Rogler, 1999). The essential approach concerns marking of trans-
planted cells with genetic reporters. The earliest models utilized
inbred transgenic mice, in which unique foreign genes were
expressed. In one system, mouse hepatocytes containing hepatitis
B virus surface antigen (HBsAg) gene were transplanted into
recipient congeneic mice (Gupta et al., 1990). In another system,
transplanted cells contained either human α1 antitrypsin (hAAT)
gene or Escherichia coli β-galactosidase (LacZ) gene (Ponder
et al., 1991). Transplanted cells could then be identified in various
organs by localizing transgene expression by molecular methods,
including in situ hybridization (ISH), or by demonstrating
transgene products by histochemistry in tissues or by various
assays in the peripheral blood. The success of this approach for cell
marking led to additional strategies, in which transplanted cells
contained other reporters, such as green fluorescent protein, sex
chromosome markers, or unique proteins deficient in recipient
animals. In the case of human cells, the most appropriate strategies

are likely to involve the use of either sex-chromosome markers
(for localizing transplanted cells in people) or additional chromo-
somal probes for localizing cells in immunodeficient animals
(Zahler et al., 2000; Malhi et al., 2002) (Fig. 1).

 An alternative strategy for cell localization has concerned
the use of inbred Fischer 344 rats exhibiting a spontaneous muta-
tion in the dipeptidyl peptidase IV (DPPIV) gene (Thompson
et al., 1991). The DPPIV– rat was initially utilized for analyzing
the oncogenic potential of cells and has been extensively applied
subsequently for numerous studies concerning transplanted cell
biology. DPPIV is an ectopeptidase with expression in cells
throughout the body, although the precise role of this enzyme
is unclear, and DPPIV– animals lack specific phenotype. DPPIV
is expressed particularly abundantly in the bile canalicular
domain of hepatocytes and on the cell membrane of some bile
duct cells, which provides convenient assays for demonstrating
integration of transplanted cells in the liver parenchyma (Gupta
et al., 1995). The power of this system will be extended further
by the recent availability of DPPIV– mice, in which the DPPIV
gene has been inactivated by homologous recombination. These
mice are currently being crossed into immunodeficient back-
grounds to generate universal recipients, and these efforts will
provide especially useful tools to undertake studies of stem cells
derived from human material.

Fig. 1. Localization of transplanted human hepatocytes in liver of NOD-SCID mice with ISH. A pancentromeric probe binding to each of
the 23 centromeres in diploid cells was digoxigenin labeled. Color visualization after ISH and antidigoxigenin binding utilized the
diaminobenzidine peroxidase substrate. (A) Human liver showing multiple signals in nuclei (arrow). (B) Negative control mouse tissue
showed no signal. (C) Two hours after intrasplenic transplantation, several human hepatocytes (arrows) are located within a portal vein and
in periportal sinusoids. (D) Human hepatocytes (arrows) were present in the liver plates several days following transplantation. The inset
in (D) shows ISH signals in transplanted cells at higher magnification. (A) (C) and (D) were lightly counterstained with toluidine blue to
visualize cell nuclei. Pa, portal area. Original magnification: ×1000.
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Our present understanding of how transplanted cells engraft in
the liver is largely obtained from studies in the DPPIV– rat (Gupta
et al., 1999b). Subsequent to the deposition of cells in liver sinu-
soids, transplanted hepatocytes enter the liver plate with disrup-
tion of sinusoidal endothelial cells (Gupta et al., 1999c). It is
noteworthy that transplanted cells are deposited predominantly in
the periportal areas of the liver and require several days to become
fully integrated in the liver parenchyma. However, the process of
cell integration involves reconstitution of plasma membrane
structures, including development of conjoint structures, such as
bile canaliculi and gap junctions, with adjacent hepatocytes
(Gupta et al., 1995, 1999c). Additionally, transplanted hepato-
cytes exhibit physiologically regulated gene expression patterns
and become responsive to mitogenic stimuli present in the liver
microenvironment, albeit after completing the integration pro-
cess in the liver parenchyma (Gupta et al., 1999c, 2000). Studies
with liver progenitor cells (LPCs) demonstrate similar mecha-
nisms, although many LPCs might stay within vascular spaces,
without entering the liver plate, and some LPCs might integrate
in portal areas proximal to the limiting plate, with biliary gene
expression (Sigal et al., 1995a, Dabeva et al., 2000).

With respect to cell proliferation, note that transplanted cells do
not proliferate in the normal rat or mouse liver (Gupta et al., 1991;
Ponder et al., 1991; Sokhi et al., 2000). Exceptions to this rule exist
in the developing rat liver, where transplanted cells exhibit some
proliferation, which ceases when the liver matures, and the aged
F344 rat liver, where transplanted cells exhibit spontaneous pro-
liferative activity, which is presumably related to the propensity of
F344 rats to develop hepatic hyperplasia and biliary proliferation
in old age (Sokhi et al., 2000).

After transplantation of 20 million cells in the rat or 2 million
cells in the mouse liver, approx 0.5–1% of the normal adult liver
can be repopulated, and transplanted cells survive the entire life-
span of these animals (Sokhi et al., 2000). On the other hand,
transplanted cells begin to proliferate in the liver when exposed
to mitogenic activity, as may be induced with chemicals, such as
carbon tetrachloride, that selectively injure native hepatocytes
and spare transplanted hepatocytes (Gupta et al., 1996b, 2000).
This concept of selective hepatic injury was dramatically estab-
lished in transgenic mice expressing the urokinase-type plasmi-
nogen activator under control of the albumin promoter (alb-uPA
mouse) (Rhim et al., 1994). In this situation, normal hepatocytes,
which were unaffected by the toxic alb-uPA transgene, showed
extensive proliferation with virtually complete replacement of
the liver. These mice have been useful for xenotransplantation,
including human hepatocytes, with the establishment of permis-
sive hepatitis B and C virus infections (Brown et al., 2000; Dandri
et al., 2001; Mercer et al., 2001). Another mutant, the FAH mouse,
which constitutes a model of hereditary tyrosinemia type 1, shows
extensive liver disease, such that transplantation of normal hepa-
tocytes leads to near-total liver repopulation (Overturf et al.,
1996). In mice deficient in the ABCB4 gene (adenosine triphos-
phatase–binding cassette B4 gene/multidrug resistance [mdr]
2 gene/P-glycoprotein 2 gene), which impairs biliary phopholipid
excretion with hepatobiliary injury, especially following addition
of toxic bile salts to the diet, normal hepatocytes proliferate exten-
sively (De Vree et al., 2000). Depending on the extent of liver
injury in additional situations, either limited or more extensive
transplanted cell proliferation can be induced. Examples of these
approaches include expression of a prodrug activating herpes

simplex virus thymidine kinase transgene, adenoviral expression
of the cell-cycle regulator Mad1 gene, and induction of apoptosis
in native hepatocytes by the Fas ligand (Mignon et al., 1998;
Braun et al., 2000; Gagandeep et al., 2000). Obviously, models
that can be applied to stem cells, in which genetic manipulation
of transplanted cells is unnecessary, would be most desirable for
avoiding confounding due to the regulation of transgene expres-
sion or unscheduled differentiation following activation of
manipulation-induced additional events.

In the rat liver, use of DNA-damaging agents has been helpful
for inducing liver repopulation with transplanted cells. Obvi-
ously, such liver injury should be insidious without precipitating
acute liver failure. Use of the pyrollizidine alkaloid retrorsine,
which alkylates DNA and inhibits proliferation in native hepato-
cytes, has been extraordinarily effective for liver repopulation in
the DPPIV– rat (Laconi et al., 1998). It is noteworthy that
retrorsine induces extensive polyploidy in the rat liver, which is
also induced by two-thirds partial hepatectomy and the thyroid
hormone triiodothyronine (T3) (Sigal et al., 1999; Torres et al.,
1999). Polyploid hepatocytes exhibit DNA damage with evidence
for the activation of cell-aging events, increased apoptosis, and
decreased proliferation capacity in vitro, as well as in vivo after
transplantation into DPPIV– rats (Sigal et al., 1999; Gorla et al.,
2001). Therefore, it should not be surprising that the combination
of either partial hepatectomy or T3 with retrorsine served syner-
gistic roles in inducing hepatic polyploidy and liver repopulation
with normal transplanted cells (Oren et al., 1999). This system
offers yet another animal model to analyze the fate of transplanted
stem cells. Use of retrorsine served synergistic roles in the Long-
Evans Cinnamon (LEC) rat, in which liver disease occurs due
to copper toxicosis following mutation in the atp7b gene and
impairment in biliary excretion of copper (Irani et al., 2001). A
characteristic feature of copper-induced liver disease concerns
oxidative damage in the liver, which in the presence of retrorsine
and partial hepatectomy-induced perturbations leads to exten-
sive proliferation of transplanted hepatocytes and correction of
the disease. Because of species-specific differences in xenobiotic
metabolism, retrorsine is not very effective in promoting trans-
planted cell proliferation in mice. However, additional ways to
induce liver injury in rodents for developing further models are
under active investigation in several laboratories. In this respect,
use of ionizing radiation to induce hepatic DNA damage has been
as effective as retrorsine in repopulating the rat liver (Guha et al.,
1999). Again, radiation of the liver becomes highly effective
when combined with partial hepatectomy.

36.3. TRANSPLANTATION ANALYSIS OF
REPRESENTATIVE TYPES OF LIVER STEM CELLS

Several types of stem cell populations can obviously be tested
to determine their differentiation potential. While the issue of
stem cell plasticity has engaged significant attention lately, it is
worth commencing this discussion with the consideration of
extensive proliferation capacity exhibited by hepatocytes them-
selves. The Hayflick limit should predict attenuation of prolif-
eration capacity in mature hepatocytes after a certain number of
cell divisions. However, when Grompe and colleagues serially
transplanted normal hepatocytes in the FAH mouse, transplanted
cells proliferated indefinitely, repopulating the liver of recipient
animals down more than seven generations (Overturf et al.,
1997). Even conservative estimates of the number of divisions
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each transplanted hepatocyte underwent during this period sug-
gested >80 cell divisions, without exhaustion of the replication
potential, which was considerably beyond the suggested Hayflick
limit, and led to considering this behavior of hepatocytes as “stem
cell-like.” However, it was unclear whether these cell prepara-
tions could have included specific hepatocyte subpopulations
with greater proliferation capacity. As already indicated, highly
polyploid rat hepatocytes were found to have attenuation of pro-
liferative capacity (Sigal et al., 1999; Gorla et al., 2001). How-
ever, analysis of diploid vs tetraploid mouse hepatocytes
indicated that the proliferation capacity in these hepatocyte sub-
sets was similar (Overturf et al., 1999; Weglarz et al., 2000).
Transplanted hepatocytes were not observed to generate bile duct
cells in any of these studies, presumably because the injury in
mice affected only the hepatocyte compartment, without stimu-
lating biliary proliferation.

Transplantation of hepatic “oval cells,” which originally re-
ferred to poorly differentiated cholangiolar cells following carci-
nogenic induction (Farber, 1956), has been under investigation as
a potentially useful progenitor cell type. Oval cells arise during
liver regeneration induced by chemicals, such as carbon tetrachlo-
ride and D-galactosamine (GalN), as well as following acute liver
failure in humans (Sell, 2001). As reviewed elsewhere, oval cells
exhibit a variety of hepatocytic and biliary markers, including
albumin, (-fetoprotein (AFP), glycogen, glucose-6-phosphatase,
and hybrid isoenzymes. Various studies have shown that primary
oval cells isolated from the normal rat liver, as well as the diseased
liver of LEC rats with copper toxicosis, can differentiate into
mature hepatocytes (Yasui et al., 1997; Hooth et al., 1998; Ott
et al., 1999a; Malouf et al., 2001). Similarly, isolation of oval cell–
like ductular cells from the pancreas of rats subjected to a regimen
of copper depletion and repletion was associated with the devel-
opment of mature hepatocytes in the DPPIV– rat liver, although
the overall frequency of this event in the normal rat liver was
relatively limited (Dabeva et al., 1997). Oval cells isolated from
the mouse pancreas have also been shown to generate hepatocytes
(Wang et al., 2001), indicating some degree of cellular plasticity,
although liver and pancreas share a common embryological origin
from the primitive foregut, with retention of multiple transcrip-
tional regulators even subsequently.

Similarly, transplantation of an F344 rat liver–derived oval
cell line, designated FNRL, led to the production of hepatocytes
following transplantation into the liver, although far more trans-
planted cells appeared either to show incomplete lineage matu-
ration into hepatocytes or not to differentiate into hepatocytes at
all (Ott et al., 1999b). In this respect, it was noteworthy that
differentiation of transplanted cells into hepatocytes was pro-
moted by the liver microenvironment, whereas transplantation
of cells into extrahepatic sites, such as spleen and peritoneal
cavity, was less effective in inducing hepatic differentiation.
Another highly studied epithelial nonparenchymal liver cell line
from the F344 rat, designated WB344 cells, shows progenitor
cell properties, including differentiation into hepatocytes, as well
as into other cell types, depending on the microenvironmental
context (Hooth et al., 1998; Malouf et al., 2001). Obviously, the
precise signals regulating cell differentiation are unknown at
present and this area requires further study.

Another area of active investigation concerns isolation of cells
from the fetal liver. In contrast to the adult liver, where progeni-
tor cells are encountered rarely, the fetal liver contains large

numbers of hepatoblasts (Sigal et al., 1995b; Dabeva et al., 2000;
Malhi et al., 2002). The fetal human liver arises at 4 wk of ges-
tation and matures rapidly with bile formation by 12 wk and
establishment of lobular architecture shortly thereafter. Studies
of the rat liver showed that fetal cells are predominantly diploid,
whereas with increasing age hepatocytes mature and acquire
cytoplasmic complexity, ploidy, specialized gene expression
profiles, and so on (Sigal et al., 1995b, 1999). Cell lines have
occasionally been derived from the fetal liver, e.g., HBC-3 cells
from the 9.5d embryonic mouse liver with the capacity to differ-
entiate along biliary and hepatocyte lineages (Ott et al., 1999b).
Similarly, hepatic progenitor cell populations have been enriched
and characterized from the fetal rat liver (Sigal et al., 1995a;
Dabeva et al., 2000). Cells isolated from the fetal rat liver differ-
entiate into hepatocytes after transplantation into DPPIV– rats.
In other studies, fetal hepatocytes completed differentiation pro-
grams after transplantation into animals, with acquisition of
cytochrome P450 activity, which reflects advanced hepatic dif-
ferentiation (Kato et al., 1996). Fetal rat hepatoblasts can be
readily isolated from mid- to late-term gestation livers, and these
cells generate mature hepatocytes and (sometimes) bile duct cells
in DPPIV– rats, along with greater replication in the intact liver
compared with mature hepatocytes (Sandhu et al., 2001).

These considerations reinforced our investigations of the
potential of fetal human hepatocytes (Malhi et al., 2002). A spe-
cific advantage of using the fetal human liver as a source of clini-
cally useful cells concerns lack of interference with OLT programs,
e.g., by further encroaching on the already limited supplies of
donor livers. Unlike the somewhat unresolved ethical debate con-
cerning the derivation of human ES cells, fetal tissues are from
cadaveric material designated for discarding as medical waste.
Initial studies have shown that the fetal human liver cells can be
isolated quite reproducibly. Epithelial cells isolated from fetal
human liver in the second trimester showed expression of several
oval cell markers, including AFP, γ-glutamyl transpeptidase, plas-
minogen activator inhibitor type-1, and various cytokeratins, capa-
city to proliferate extensively in cell culture; and excellent recovery
following cryopreservation. Moreover, when transplanted in SCID
mice, fetal cells engrafted in the liver parenchyma and produced
mature hepatocytes. These findings suggest that yet another type
of progenitor cell could be useful for cell therapy.

Finally, the issue of hematopoietic stem cells (HSCs) derived
from the bone marrow or peripheral blood has generated consid-
erable interest. Of course, the fetal liver is a major site of extra-
medullary hematopoiesis (Petersen et al., 1999; Alison et al., 2000;
Lagasse et al., 2000; Theise et al., 2000a, 2000b; Korbling et al.,
2002). By using the DPPIV– rat, Petersen et al. initially demon-
strated that HSCs derived from the bone marrow differentiated
into hepatocytes. This finding has been extended in the mouse, as
well as humans, where several groups have now established the
presence of liver cells originating from donor-derived HSCs
(Alison et al., 2000; Lagasse et al., 2000; Theise et al., 2000a,
2000b; Korbling et al., 2002). Particularly convincing evidence of
such properties of HSCs is found in studies in the FAH mouse
(Lagasse et al., 2000). Here, transplantation of specific subsets of
HSCs that are characterized by c-kit and sca-1 antigen expression
with low expression of Thy-1 antigen leads to extensive liver
repopulation with mature hepatocytes and correction of the
tyrosinemic metabolic abnormalities. Taken together, these recent
findings of cell transplantation in animals suggest that a variety of
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candidate stem/progenitor cells will be suitable for cell therapy
applications in humans. Of course, progress in the area of ES cell
differentiation into hepatobiliary cells is eagerly awaited.

36.4. ANIMAL MODELS AVAILABLE
FOR ASSESSING THERAPEUTIC
POTENTIAL OF STEM CELLS

Hepatocyte transplantation can potentially correct or amelio-
rate many disorders (Table 1). These conditions extend from
genetic deficiency states to metabolic and acquired liver dis-
eases. As discussed earlier, liver may be the primary target of
injury. On the other hand, liver may be entirely normal but injury
in distant organs may arise from either inactivation of a toxic
protein, such as unconjugated bilirubin (brain injury), or produc-
tion of toxin, such as oxalosis (renal injury). Yet, other disorders
may be corrected by hepatocyte transplantation, such as coagu-
lation disorders or hypercholesterolemia, in which manifesta-
tions arise from systemic perturbations.

To develop appropriate clinical strategies, it is necessary to
demonstrate the magnitude of liver repopulation necessary for
correcting specific diseases, as well as to understand the kinetics
of such disease correction. Several animal models have been espe-
cially helpful in such analyses with hepatocyte transplantation

(Table 2) (Gupta and Rogler, 1999). These models should be simi-
larly effective in defining the potential of stem cell transplanta-
tion. If the goal is to correct genetically determined metabolic
disorders, transplantation of normal hepatocytes will be required.
Alternatively, one could modify autologous stem cells in vitro and
transplant corrected cells (ex vivo gene therapy). Treatment of
acquired disorders, such as chronic viral hepatitis, requires trans-
plantation of hepatocytes resistant to hepatitis virus infection. By
contrast, patients with acute liver failure could be treated with
healthy cells from any source.

Detailed discussion of how specific diseases are reproduced in
various animal models listed and others not listed in Table 2 is
beyond the scope here, and the reader is referred to specialized
texts. Changes in the host liver microenvironment, especially in
the presence of circulating toxins, could affect initial cell engraft-
ment and subsequent proliferation. In many instances, animals
are inbred and normal donors exist in the same genetic back-
ground, which permits cell transplantation without rejection.
Examples include the Gunn rat (Wistar-RHA rats are normal
syngeneic donors), the LEC rat (LEA rats are normal syngeneic
donors), and mice created by homologous recombination in esta-
blished inbred lines. In other circumstances, animals are outbred
and will reject cells from one another, such as NAR and WHHL

Table 2
Animal Models Particularly Useful for Establishing the Value of Liver Cell Therapy

Nature of animal model Animal designation Animal origin or manipulation Disease reproduced

Genetically determined Nagase analbuminemic rat (NAR) Spontaneous mutation Analbuminemia
FAH mouse Gene knockout Tyrosinemia, type 1
Gunn rat Spontaneous mutation Crigler–Najjar syndrome
LEC rat Spontaneous mutation Wilson disease
P-glycoprotein (mdr) 2 mouse Gene knockout Bile phospholipid transport defect
Watanabe heritable hyperlipidemic Spontaneous mutation Familial hypercholesterolemia

rabbit (WHHL)

Iatrogenically produced Various mice, rats, rabbits Acetaminophen, carbon Acute liver failure
tetrachloride, D-galactosamine,
other chemicals, subtotal
partial hepatectomy

Various rats Repeated carbon tetrachloride Liver cirrhosis

Table 1
Selected Conditions Amenable to Liver-Directed Cell Therapy

Liver is primary target of disease Other organs are targets of disease

Metabolic diseases Metabolic deficiency states
Wilson disease Congenital hyperbilirubinemia, e.g., Crigler-Najjar syndrome
α1 antitrypsin deficiency Familial hypercholesterolemia
Erythropoietic protoporphyria Hyperammonemia syndromes
Lipidoses, e.g., Gaucher disease, Niemann-Pick disease Defects of carbohydrate metabolism
Tyrosinemia, type 1 Oxalosis

Chronic viral hepatitis, cirrhosis, and liver failure Coagulation disorders
Hemophilia
Factor IX deficiency

Fulminant liver failure owing to viral hepatitis, drug toxicity, Immune disorders
and so on. Hereditary angioedema
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rabbits, which necessitates use of either immunosuppression to
prevent cell rejection or autologous cell transplants following
introduction of reporter genes. In some animal models, such as
NAR rats, Gunn rats, LEC rats, and WHHL rabbits, outcomes of
cell therapy can be monitored by measuring changes in specific
serum proteins (albumin, bilirubin, ceruloplasmin, and total cho-
lesterol, respectively). In other situations, animals must be sacri-
ficed to localize transplanted cells in the liver and to analyze
histological improvement following cell therapy. Assessment of
improved outcomes in manifestations of liver disease, such as
encephalopathy, coagulopathy, and jaundice, requires appropri-
ate physiological parameters or mortality. Nonetheless, the avail-
ability of excellent animal models indicates that exciting progress
can be made in this area.

36.5. CONCLUSION

The availability of excellent animal models of human disease
and insights into how transplanted cells engraft, function, and
proliferate in the rodent liver offers unique opportunities to ana-
lyze stem cell biology. Advances in isolating stem/progenitor cells
by reproducible and convenient ways further facilitate insights
into this area. The ability to work with enriched or highly purified
populations of human stem/progenitor cells will help translate this
area into exciting clinical applications.
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37 Plasticity of Adult-Derived
Pancreatic Stem Cells

AMMON B. PECK, PhD AND VIJAYAKUMAR K. RAMIYA, PhD

The pancreas develops from fusion of dorsal and ventral evaginations from the primitive gut. Active notch signaling
leads to expression of transcription factors for exocrine cells, and lack of notch to expression of factors for endocrine
cells. The islets of Langerhans develop from a pool of undifferentiated precursor cells associated with the ductal
epithelium that have the capacity to produce progeny that differentiate into each of the four islet-associated endocrine
cells: glucagon producing α-cells, insulin-producing β-cells, somatostatin-producing δ-cells, and pancreatic polypep-
tide–producing γ-cells. Islets are formed by migration of the islet progenitor cells into the surrounding exocrine tissue
associated with angiogenesis to provide a rich arteriolar blood supply. In the adult, the pancreatic ducts contain precursor
cells, which are able to self-renew and differentiate into functional islets; exocrine cells; and, under certain conditions,
hepatocytes. The isolation, culture, and transplantation of the progeny of these precursor cells for treatment of experi-
mental diabetes are described and prospects for human use are discussed.

37.1. INTRODUCTION
Ductal structures of the adult pancreas contain multipotent

stem cells that, under controlled in vitro conditions, are able to
self-renew and differentiate into functional islets of Langerhans.
In vitro–generated islets exhibit temporal changes in mRNA tran-
scripts similar to islet-associated markers observed during fetal
pancreatic organogenesis, as well as regulated insulin responses
following glucose challenge. In experiments in which in vitro–
generated mouse islets have been implanted into diabetic mice,
the implanted islets reversed insulin-dependent diabetes without
invoking the autoimmune response. The possibility of growing
functional islets from adult stem cells provides new opportuni-
ties to produce large numbers of islets, even autologous islets,
for use as implants.

37.2. IN VIVO DIFFERENTIATION
OF PANCREATIC STEM CELLS
TO ISLETS OF LANGERHANS

Islets of Langerhans are compact clusters of endocrine hor-
mone–producing cells that, for most vertebrate species, are
embedded within the acinar tissue of the pancreas (Fig. 1A). These
clusters have evolved a cellular organization that optimizes rapid
and highly regulated responses to elevated blood glucose levels.
During embryogenesis, the pancreas forms from a fusion of the
dorsal and ventral primordia. These two primitive glands, which

appear as evaginations from the gut, develop independently, then
merge during midgestation. The region of the gut epithelium fated
to form the dorsal pancreatic bud is initially in direct contact with
the notochord. Notochord-derived factors such as activin-β B and
fibroblast growth factor-2 (FGF-2) have been implicated in the
initial repression of sonic hedgehog (Shh) expression in the pre-
sumptive dorsal pancreatic endoderm (Wessels and Cohen, 1967;
Kim et al., 1997). By contrast, the ventral gut epithelium does not
contact notochord, and ventral exclusion of Shh and Ihh expres-
sion is achieved by a notochord-independent mechanism. Repres-
sion of the hedgehog genes induces homeobox transcription factor
Pdx1 that, along with transcription factor Hblx9, determines pan-
creas commitment (Harrison et al., 1994), which occurs in mice
at embryonic day (E) 9.5.

Factors inducing morphogenesis and differentiation of the ven-
tral pancreatic bud are less known. The mesenchyme surrounding
the dorsal pancreatic bud can be distinguished from that surround-
ing the ventral bud by the selective expression of the LIM-home-
odomain gene Isl1 (Ahlgren et al., 1997). Pancreas differentiation
begins in epithelial cells expressing Hnf6, Hlxb9, Hnf3β, and
Pdx1. Hnf6 is required to induce Hnf3β and Ngn3. Hnf3β is an
important regulator of the Pdx1 gene (Wu et al., 1997). After
this early developmental period, a group of transcription factors
appears, including Isl1, Pax6, Nkx2.2, β2/NeuroD, and Ngn3. Isl1
expression is critical for both exocrine and endocrine develop-
ment. While Pax6 expression is distributed in all endocrine cell
types, Pax4 is a key factor in the differentiation of β cells. Ngn3
induces β2/NeuroD, a transcription factor implicated in both
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insulin gene expression and islet cell differentiation (Naya et al.,
1997). Exocrine cells are seen in the mouse at d E14.5, a stage at
which endocrine cells are already found as cell clusters around
pancreatic ducts. Apparently, notch signaling controls the choice
between endocrine and exocrine fates during pancreatic cell dif-
ferentiation. Lack of notch signaling results in Ngn3 expression
that promotes an endocrine fate. By contrast, active notch signal-
ing leads to expression of Hes1 and p48-Ptf1, two factors critical
for the generation of exocrine cells (Jensen et al., 2000). These
regulatory events are detailed in Fig. 2.

Development of the islets of Langerhans per se within the
pancreas is initiated from a pool of undifferentiated precursor
cells associated with the pancreatic ductal epithelium (Pictet and
Rutter, 1972; Hellerstrom, 1984; Weir and Bonner-Weir, 1990;
Peters et al., 2000). These precursor cells, in turn, appear to be
derived from stem cells, and these stem cells possess the capacity
to differentiate into each of the four islet-associated endocrine
cell populations: glucagon-producing α-cells, insulin-produc-
ing β-cells, somatostatin-producing δ-cells, and pancreatic
polypeptide-producing γ-cells (Teitelman et al., 1993). Whether
all four differentiated cell populations arise from a single stem
cell or from multiple stem cell populations is still questioned.
During differentiation of endocrine tissue the progenitor cells
are programmed to coexpress multiple hormones prior to final
maturation into cells expressing a single hormone. Once islets
have formed from the proliferating precursor cell populations,
the islets migrate short distances into the surrounding exocrine
tissue. Angiogenesis results in vascularization that leads to
direct arteriolar blood flow to mature islets, which also has the
effect of increasing further the number of β-cells, probably since

blood glucose can stimulate β-cell mass expansion. Finally,
neurogenesis leads to the innervation of the islets with sympa-
thetic, parasympathetic, and peptidergic neurons (Bonner-Weir
and Orci, 1982; Menger et al., 1994; Teitelman et al., 1998),
however, the role of neural innervation in the function of the
islets, if any, remains unknown.

In individuals genetically predisposed to type 1 (or autoim-
mune) diabetes, the organization and function of the islet clusters
is disrupted due to the specific destruction of the βcell population
by a progressive and relentless attack from the body’s own
immune system (Fig. 1B). Since pancreatic β-cells per se have a
limited capacity to proliferate after post-fetal development of the
islets of Langerhans, the β-cell mass is rapidly lost despite com-
prising more than 60% of the total islet mass. Once the autoim-
mune attack is completed, the inflammatory cells exit the islet,
leaving islet remnants containing only the non-β-cell populations
(Fig. 1C). It is interesting to speculate that an increased need for
insulin in a type 1 diabetic patient undergoing an autoimmune
response promotes β-cell proliferation by the hyperglycemia,
thereby promoting the autoimmune response and ensuring the
complete loss of β-cell function. The result is that most diabetic
patients today require lifelong insulin therapy. While insulin
therapy offers a means to achieve normoglycemia, only ecto-
pancreas transplants or islet implants represent a real “cure” for
the insulin-dependent diabetic patient. Unfortunately, availabil-
ity of donor pancreata for transplantation or as a source of islets
for implantation is acutely limited. Furthermore, because any
transplanted tissue will be, in all likelihood, allogeneic (non-self),
the transplanted recipient may have to take immunosuppressive
drugs for the life of the transplant.

Fig. 1. Destruction of β-cell mass within the islets of Langerhans by invading autoimmune response. Photomicrographs show the developmental
stages in the insulitis lesion of the pancreatic islets of Langerhans in nonobese diabetic (NOD)/Uf mice. (A) Normal islet of prediabetic 4-wk-
old NOD mouse devoid of leukocytic infiltrates. (B) At 5 wk of age, the early stages of the autoimmune attack are evident, showing mostly
periislet leukocyte infiltrates that progress to an advanced stage of autoimmune attack showing increased numbers of intraislet leukocyte
infiltrates and β-cell destruction. (C) Once all β-cells have been destroyed, the leukocyte infiltrates disappear, leaving an islet containing only
α-, γ-, and/or δ-cells. Each histological section was first stained with hematoxylin and eosin (H&E) dye, then counterstained with antiinsulin
antibody and avidin-biotin.
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37.3. PRESENCE OF PANCREATIC STEM CELLS
In recent years, there has been an increasing interest in the

possible use of cell implants derived from stem cells to treat a
variety of diseases (see Vogel et al., 2000). Stem cells are currently
defined as cells that are capable of self-renewal and differentiation
into a defined set of progeny. Pluripotent epidermal, hematopoi-
etic, pancreatic islet, and mesenchymal stem cell populations have
all been shown to possess the capacity for both self-renewal and
differentiation along multiple cell lineages. In addition, these prop-
erties have been described as well for embryonic, fetal, and adult
pancreatic stem cells. More recently, the functional plasticity of
stem cells has become more apparent. For instance, neural stem
cells may transdifferentiate into blood (Bjorson et al., 1999), or
muscle cells (Vescovi, 2000) or different germ layer–derivative
cells (Clarke et al., 2000). However, both plasticity and
transdifferentiation of stem cells have to be proven under stringent
conditions in vitro (Morshead et al., 2002) and the extent of occur-
rence of these phenomena in vivo. Nevertheless, use of epithelial
skin grafts (Navsaria et al., 1995) and hematopoietic cell trans-
plants (Siena et al., 2000) are already well-established clinical
procedures, thus showing the utility of stem cell therapies.

Because the mature pancreatic β-cell is considered, for the
most part, to be a differentiated end-stage cell, it is believed that
the body has a limited capacity to regenerate new β-cells once the

β-cell mass is destroyed, as in the case of type 1 diabetes (Lieter
et al., 1987). However, in adults, islet cells have been shown to
replicate and respond to stimuli known to initiate neonatal islet
cell growth, such as glucose, growth hormone, several peptide
growth factors, and especially hepatocyte growth factor (HGF)
(Swenne, 1992; Hayek et al., 1995). These observations suggest
that normal β-cell growth in the adult can accommodate func-
tional demand. Furthermore, conditions such as obesity and preg-
nancy result in reversible increase in β-cell mass (Marynissen
et al., 1983; Bonner-Weir et al., 1989; Brelje et al., 1993). There
is also evidence for a slow turnover of adult cells through stem
cell differentiation as demonstrated by a number of experimental
models: cellophane wrapping and partial duct obstruction
(Rosenberg and Vinik, 1992), alloxan treatment (Korcakova,
1971), streptozotocin (STZ) treatment (Cantenys et al., 1981),
partial pancreatectomy (Bonner-Weir et al., 1993), steroid injec-
tion (Kern and Logothetopoulos, 1970), insulin antibody injec-
tion (Logothetapoulos and Bell, 1966), copper deficiency
condition (Rao et al., 1989), overexpression of interferon-γ
(Gu and Sarvetnick, 1993), soybean trypsin inhibitor treatment
(Weaver et al., 1985), and specific growth factor treatments
(Otonkoski et al., 1994). Furthermore, in normal conditions,
nearly 15% of all β-cells that are smaller compared with mature
islet β-cells were located in or along ductules in human adult

Fig. 2. Sequential expressions of transcription factors controlling pancreas organogenesis and potentially adult stem cell differentiation to
endocrine pancreas. Pancreatic buds are formed by repression of Shh in the foregut destined to become pancreas. Entry into the pancreatic
pathway is committed by expression of Pdx-1 and Hlxb9. Active notch signaling promotes exocrine pancreas through activation of Hes-1, Isl-
1, and PTF-48. Inactive notch signaling promotes endocrine pancreas. Ngn-3 and Pax-6 expression favor α-cell differentiation; Pdx-1, Ngn-
3, Pax-4, and Nkx-6.1 expression favors δ-cell differentiation, while Nkx2.2 and Pdx-1 expression favors β-cell differentiation.
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pancreata in immunohistochemical analysis, indicating the pres-
ence of numerous sites with a potential for β-cell neogenesis
(Bouwens and Pipeleers, 1998). A number of groups, including
us, have reported isolation and differentiation of stem cells de-
rived from adult pancreatic ductal structures (Peck and Cornelius,
1995; Cornelius et al., 1997; Bonner-Weir et al., 2000; Ramiya
et al., 2000) that express endocrine hormones. These observa-
tions would suggest the existence of adult pancreatic stem cells.

All three major cellular compartments of the adult pancreas
contain either stem cells or cell populations capable of
transdifferentiating or dedifferentiating into cells that have the
potential to become endocrine cells. For instance, purified rat
acinar cells can transdifferentiate into ductlike cells expressing
cytokeratin 20 (CK20), CK7, and fetal liver kinase (Flk-1) recep-
tors. During this process, exocrine transcription factor (PTF-P48)
remains detectable, pancreatic duodenal homeobox–containing
transcription factor PDX-1 is induced, while the acinar phenotype
is gradually lost (Rooman et al., 2000). These ductlike cells appear
identical to precursor cells of β-cell neogenesis. Similar conver-
sion of human exocrine tissue into CK19- and CK7-expressing
ductal cells has also been reported (Gmyr et al., 2001). In a rat
model of copper deficiency, endocrine α- and β-cells were shown
to appear from exocrine and ductular compartments of the pan-
creas (Al-Abdullah et al., 2000). Hamster islets, with in vitro cul-
turing, gave rise to ductal and acinar cells, eventually resulting in
exocrine cells that were negative for PDX-1, Nkx6.1, Pax-6, and
β2/NeuroD (Schmied et al., 2000). Such transdifferentiation of
human islets into exocrine cells has also been documented
(Schmied et al., 2001). Recently, both rat and human islets were
shown to contain cells expressing nestin (a neural cell marker).
These islet stem cells expressed an extended proliferative capacity
when cultured in vitro and could be cloned repeatedly. After reach-
ing confluent growth, they were able to differentiate into cells that
expressed liver and exocrine pancreas markers, yet displayed duc-
tal and endocrine phenotype with expression of CK19, insulin,
glucagons, and PDX-1 (Zulewski et al., 2001). It is not clear
whether these islet stem cells are the same as those reported in
STZ-induced diabetic mice in which STZ-mediated elimination of
existing insulin and PDX-positive cells induces the appearance of
special precursor cells expressing somatostatin, PDX, and insulin
(Fernandes et al., 1997).

37.4. IN VITRO ORGANOGENESIS
OF ISLETS OF LANGERHANS FROM STEM CELLS

As early as 1995, Peck and coworkers (Cornelius et al., 1997;
Ramiya et al., 2000) reported the successful generation of func-
tional islets within long-term cultures of islet-producing stem cells
(IPSCs) initiated from ductal epithelial cells of digested pancre-
atic tissue freshly explanted from either human organ donors or
prediabetic NOD/Uf mice. The protocol that proved successful
required several sequential steps that permitted successive growth,
differentiation, and maturation of the cultured cell populations.
Today, this process has been divided into four major steps, as
summarized in Table 1. First, ductal epithelial cells, isolated from
digested pancreas, are cultured in a growth-restrictive medium to
enrich for an epithelial cell subpopulation that can form monolay-
ers with a neuroendocrine cell phenotype. Second, islet progenitor
cells (IPCs) are induced to bud from the epithelial-like monolay-
ers, and these IPCs provide a favorable growth medium that per-
mits proliferation into spheroid structures. Third, cells of the

spheroid structures are stimulated with high concentrations of
glucose, forcing the development of well-organized islet-like
structures containing differentiated cells, the vast majority of
which stain weakly for insulin plus glucagon. Fourth, the islet-like
structures are implanted into an in vivo environment to promote
final maturation of the β-cells expressing insulin.

The growth of islet cell clusters from the ductal epithelial
monolayer representative of the four differentiation stages of
IPSC growth into immature (preimplanted) islets is presented in
Fig. 3 for mouse, pig and human tissues. The immature islets
maintain their structural integrity anywhere from a few days to
several weeks but can easily be dissociated into single-cell sus-
pensions that, if cultured, start the process again. Thus, the clus-
ters contain cells retaining the IPSC/IPC phenotype, including
the capacity for self-renewal. Interestingly, the IPCs bud from
the epithelial cells and proliferate into three-dimensional (3D)
cell clusters (Fig. 4). We have maintained mouse IPSC cultures
nearly 3 yr with constant expansion via repeated serial transfers.
Each subculture exhibited the ability to produce increasing num-
bers of islet-like structures provided that culture expansion was
not pushed too rapidly. Based on the number of islets produced
within the secondary cultures, more than 10,000 pancreas equiva-
lents were produced within the 3 yr of growth from five pancreata
used for the starting tissue preparation.

During differentiation of ductal epithelial stem cells to islet-
like clusters, the IPSC- and IPC-derived cells temporally express
various endocrine hormones and islet cell–associated factors,
listed in Table 2. These include insulin-I and -II, insulin receptor,
HGF and its receptor c-MET, glucagon, somatostatin, GLUT-2
receptor, and insulin-like growth factors 1 and 2 (Bonner-Weir
et al., 2000; Ramiya et al., 2000) In addition, genes related to
development and differentiation were also detected, including
those for REG-1, PDX-1, β-galactosidase, tyrosine hydroxylase,
and β2/neuroD. Despite expression of these islet-associated
genes, the cells within the islet structures remain mostly imma-
ture. The fact that islets generated in vitro fail to achieve full
maturation prior to implantation into an in vivo environment is
supported by the observations that (1) many of the cells continue
to express during the culture phases more than a single endocrine
hormone, and (2) insulin secretion in response to glucose chal-
lenge remains minimal. When nicotinamide, a reagent known to
enhance proliferation and maturation of mouse β-cells, is added
to differentiating cultures of mouse IPSCs, the number of islets
increases (Fig. 5), and the islet cells exhibit increased insulin

Table 1
Protocol for Production of Functional Islets of Langerhans

from Pancreatic Ductal Epithelial Stem Cells

Step Procedure

1 Isolation of pancreatic ducts from partially digested
pancreas and growth of stem cells in cultures of serum-
free EHAA medium

2 Induction of IPCs from established stem cell cultures by
addition of serum from diabetic individuals

3 Enhancement of cell proliferation and differentiation,
especially β-cells, by addition of glucose

4 Implantation to an in vivo environment to complete β-cell
maturation
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Fig. 3. Differentiation of human ductal epithelial stem cells into immature, functional islet-like structures. Single-cell suspensions of adult
(A) mouse, (B) pig, and (C) human pancreatic ducts were cultured in glucose-reduced medium until primary cultures were established (left
panels). After foci of epithelioid cells appeared (IPSCs), the cells were induced into production of small rounded IPCs (arrows), the
progenitors of islet formation, that underwent rapid proliferation to form organized clusters of cells (center panels). The cell clusters
expanded to form tightly grouped glucagon-, insulin-, and somatostatin-producing cells, but the β-cells remained immature (right panels).

Fig. 4. Ultrastructure of stem cell–derived, in vitro–grown islets. (A) A scanning electron micrograph of an in vitro–grown islet cell
cluster shows its development as a 3D structure above the adherent stromal epithelial monolayer. (B) Higher magnification reveals the
complex structure.
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synthesis (Fig. 6) and respond with increased insulin secretion
following glucose challenge (Table 3). Whether other factors,
such as islet neogenesis-associated protein (INGAP) (Rafaeloff
et al., 1997), might prove efficacious in promoting enhanced
proliferation and differentiation of β-cells in vitro would be of
interest. To date, however, only combinations of epidermal
growth factor (EGF) plus FGF appear to enhance growth, mostly
proliferation and not differentiation.

37.5. FUNCTIONAL EFFICACY OF STEM CELL–
DERIVED, IN VITRO–GENERATED ISLETS

One potential drawback has been the inability to identify a
culture condition that permits full differentiation of the immature
β-cells within the islet clusters to mature cells. This has required
exposure to an in vivo environment, indicating that we still need
to identify factors present in the in vivo environment permitting
the last differentiation step. The functional capacity of in vitro–
grown, stem cell–derived mouse islets has been investigated in a
set of implantation experiments (Ramiya et al., 2000). In the first
set of experiments, female diabetic NOD mice that had been main-
tained on daily insulin injections for >3 wk were each implanted
with 300 IPSC-derived islets into the subcapsular region of the left
kidney and then weaned from their insulin injections. In addition,
other mice received implants to other sites, including the spleen
and leg muscle. Within 1 wk, mice implanted with islets to the
kidney or spleen exhibited stable blood glucose levels of 180–220
mg/dL and remained insulin-independent until euthanized for
analysis of the implants. Diabetic mice that had islets implanted
into the muscle or had not received any islet implants exhibited
severe wasting syndrome when weaned from their insulin and had
to be euthanized.

In a second experiment, female diabetic NOD mice main-
tained on insulin for 4 wk were implanted subcutaneously with
1000 in vitro–grown, stem cell–derived mouse islets with similar
results, except that the blood glucose stabilized at more normal
levels (100–150 mg/dL). Islets placed subcutaneously required
about 2–4 wk to achieve a homeostatic state with the recipient.
We have speculated (Ramiya et al., 2000) that this might be the
time required for the islets to become fully vascularized and
establish the necessary glucose-sensing machinery for rapid and
regulated insulin responses.

Fig. 5. Increased islet cell cluster formation in presence of nicotinamide. IPSC/IPC cultures were established. (A) Under normal conditions,
differentiation led to 50–75 islets/mm2. An increase in islet formation occurred in the presence of 10 ng/mL of EGF, 10 ng/mL of HGF, and
nicotinamide at 5 (B) or 10 mM (C). Reprinted with permission of Nature Publishing Group.

Fig. 6. Synthesis of insulin by cells present in in vitro–generated
islets. Islets isolated from (A) untreated or (B) nicotinamide-treated
in vitro cultures were collected, the clustered cells dispersed by
gentle pipeting, and the dispersed cells cytocentrifuged onto glass
slides. The slides were then stained with fluorescein isothiocyanate
(FITC)-conjugated antiinsulin antibody. A marked increase in
fluoresence staining occurred within cells cultured in the presence
of nicotinamide.
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One of the more interesting observations from the implant
studies has been the fact that none of the implants of the in vitro–
grown islets reactivated the autoimmune response, as evidenced
by a lack of immune cells in histological examinations of implant
sites at the time of euthanization (Fig. 7). We have speculated
that this may be due to a loss of expression of the β-cell auto-
antigen(s) as the result of in vitro culturing, development of
peripheral tolerance following the restimulation of the autoim-

mune response by the newly implanted islets, an insufficient
time allowed for the reactivation of an autoimmune response, or
implant site specificity. In addition, lack of reactivation of the
autoimmune response in the implanted diabetic mice might be
related to the derivation of the islets (i.e., ductal epithelial stem
cells). Regardless, understanding why the autoimmune response
is not reactivated in this system could prove valuable for islet
transplantation, in general.

Table 3
Increased Synthesis and Release of Insulin Following Treatment

of In Vitro–Generated Islets with Nicotinamide

Treatment Insulin Synthesis a Increase (%) Insulin Secretiona Increase (%)

No treatment 42 ± 2 —  8.7 ± 6 —
Nicotinamide (10 mM) b 146 ± 60 248 152 ± 57 1647
Arginine (10 mM) c 52 ± 2   23   62 ± 3   613
GLP-1 (1 mM) c 53 ± 2   26   65 ± 2   647

a Cells stimulated with 17.5 mM glucose; insulin measured by enzyme-linked immunosorbent assay (pgm/300 islets)
b IPC-derived cells were incubated for 5 d with or without nicotinamide.
c IPC-derived cells were incubated for 3 h with the secretagogue.

Fig. 7. Histological characteristic of intrarenal implant site. A diabetic mouse was implanted with 300 in vitro–grown islets in the subcap-
sular region of the kidney, and then taken off daily insulin injections. At 55 d postimplantation, the mouse was euthanized. The implanted
kidney was explanted (A), fixed in formalin, embedded in paraffin, and sectioned (0.4 µ). Each section was stained with antiinsulin antibody
and then counterstained with H&E dye. Although the islets lost their structure, forming a more continuous mass, there was intense staining
with antiinsulin antibody (B). The implant site showed no signs of leukocytic infiltrates (B,C). Reprinted with permission of Nature
Publishing Group.

Table 2
Gene Expression During Differentiation of IPSC- and IPC-Derived Islets of Langerhans in Long-Term Cultures

Endocrine pancreas development and differentiation markers Endocrine hormones and islet cell–associated factors

Reg-1, IPF-1 (PDX-1), tyrosine hydroxylase, Isl-1, β-galactosidase, Insulin-I, insulin-2, glucagon, somatostatin,insulin receptor,
Pax-4, Pax-6, Nkx6.1, β2/neuroD-factor GLUT-2, HGF, c-MET
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37.6. STEM CELL-DERIVED ISLETS
AND INTERVENTION THERAPY

Over the past several years, we have presented evidence indi-
cating that immature, yet functional islet cell clusters can be
grown in vitro from stem cells isolated from the pancreatic ducts
presumed to contain the epithelial stem cells from which islets of
Langerhans are derived during embryogenesis. Using the NOD
mouse as a model for human type 1 diabetes, we have shown the
feasibility of obtaining such stem cells from prediabetic,
postdiabetic, or normal adult mice; the potential for establishing
stem cell cultures for the growth of immature functional islet-
like structures; and the efficacy of the in vitro–generated islets to
reverse insulin-dependent diabetes when implanted into the dia-
betic animals. In addition, these stem cell–derived in vitro–grown
islet cell clusters exhibit a cellular organization similar to natural
islets of Langerhans. These results may circumvent the need for
artificially regulating insulin responses in engineered surrogate
cell populations. Although our ability to control the growth and
differentiation of islet stem cells potentially provides an abun-
dant source for β-cell reconstitution in type 1 and specific forms
of type 2 diabetes, obtaining pancreatic tissue for autologous
implants poses additional and interesting challenges, especially
for the physician.

Despite the high profile of type 1 diabetes and the implemen-
tation of new genetic screening programs for families and new-
borns to identify “high-risk” individuals, the incidence of type 1
diabetes is increasing worldwide. Type 1 diabetes is an espe-
cially insidious disease with clinical symptoms usually not being
detected until after the patient’s own immune system has
destroyed >90% of the total insulin-producing β-cells of the
endocrine pancreas (Eisenbarth, 1986; Harris, 1999). Although
routine insulin injections can provide diabetic patients with their
daily insulin requirements, blood glucose excursions are com-
mon, resulting in hyperglycemic episodes. Hyperglycemia rep-
resents the major health problem for the diabetic patient,
especially long term. When inadequately controlled, chronic
hyperglycemia can lead to microvascular complications (e.g.,
retinopathy and blindness, nephropathy and renal failure, neur-
opathy, foot ulcers, and amputation), and macrovascular compli-
cations (e.g., atherosclerotic cardiovascular, peripheral vascular,
and cerebrovascular disease). Both the Diabetes Control and
Complications Trial (DCCT) and UK Prospective Diabetes Study
(UKPDS) demonstrated a strong relationship between good
metabolic control and the rate/progression of complications
(DCCT Research Group, 1993; UKPDS Group, 1998). Unfortu-
nately, adequate control of hyperglycemic excursions cannot be
attained by most patients and attempts at maintaining euglycemia
through intensive insulin treatment lead to increased incidences
of hypoglycemia.

A “cure” for type 1 diabetes relies on replacement of the
β-cell mass. Currently, this is accomplished by either ectopan-
creas or islets of Langerhans transplantation (Kendall and
Robertson, 1997; Silverstein and Rosenbloom, 2000). Pancreas
organ transplantation often results in normalization of fasting
and postprandial blood glucose levels, normalization of HbA1C,
as well as secretion of insulin and C-peptide in response to glu-
cose. However, this procedure requires long-term immunosup-
pression, thereby restricting it to patients who have end-stage
renal disease listed to receive a kidney transplant, or to those
with long-standing type 1 diabetes who have failed insulin

therapy due to extremely poor compliance (Lanza and Chick,
1997). Islet implantation, although historically less efficacious,
possesses several notable advantages over pancreatic organ
transplantation: First, the islets can be isolated and delivered by
percutaneous catheterization of the portal vein under local anes-
thesia, thus relieving the patient from undergoing general anes-
thesia. Second, genetically, islets can be manipulated in vitro to
resist immune attack—either by reducing potential islet immu-
nogens or by expressing immunomodulators. Third, the islets
can be encapsulated in order to be protected, theoretically, from
the immune system, but still release insulin (Scharp et al., 1994;
Hering et al., 1996; Sutherland et al., 1996; Lanza and Chick,
1997; Drachenberg et al., 1999). Drawbacks to islet cell trans-
plantation have included the inability to obtain sufficient viable
numbers of islets and the need for immunosuppressive agents
(Hering et al., 1996; Carel et al., 1997; Drachenberg et al., 1999;
Hering and Ricordi, 1999; Ricordi and Hering, 1999). Recent
success in islet implantation protocols has brought this interven-
tion to the forefront; however, such success portends to an even
greater shortage of implantable islets.

The possibility that stem cell–derived, in vitro–generated
islets may soon be an alternative to cadaver-derived islets for
treating diabetic patients is gaining credibility, now that others
have started to reproduce this work. For example, Bonner-Weir
et al. (2000) have now shown that adult human ductal tissue can
be expanded and differentiated in-vitro to form islet clusters. The
ability of this group to achieve differentiation of ductal cells to
endocrine pancreas also appears to be dependent on the sequen-
tial stimulation of growth and differentiation through the use of
specific media, growth factors (e.g., keratinocyte growth factor),
and a Matrigel environment. Although insulin, glucagon, pan-
creatic polypeptide, and somatostatin were expressed and the
islets were responsive to glucose challenge, CK19, pancyto-
keratin, and islet-promotor factor (IPF-1) expression remained.
Insulin-positive cells were widely scattered within the islet struc-
tures, and IPF-1-positive cells without insulin staining were
present, while some cells double-stained for insulin and non-β-
cell hormones. Pattou and coworkers (Kerr-Conte et al., 1996;
Gmyr et al., 2000) previously reported similar results. Consid-
ered together, these studies confirm the fact that in vitro–grown
islets only achieve an immature β-cell phenotype, indicating that
much more work is essential to understand fully the differentia-
tion process.

Although the presence of stem cells associated with the pan-
creatic ducts has been known in both healthy and diabetic indi-
viduals, the ability to stimulate these stem cells in vitro into
functional islets represents a major breakthrough that has unlim-
ited potential for the therapeutic intervention of type 1 diabetes.
However, results from a number of laboratories indicate that
although we are able to initiate expansion and differentiation of
such stem cells, we still lack the basic understanding to fully
control the process. Identification of temporal gene expressions
during the developmental stages of islets may provide the infor-
mation necessary to sequentially stimulate stem cells to mature
to end-stage islets using cocktails of appropriate growth factors.
Alternatively, the immature islets may represent the ideal
reagent for implantation since they appear to have the potential
to respond to the in vivo environment, thereby establishing
homeostasis with the recipient through vascularization, expan-
sion of the β-cell mass, and differentiation to insulin-secreting
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cells. Understanding fully each of these stages will require fur-
ther investigations.

A recurrent question is, How and when can diabetic patients
expect to benefit from this new stem cell technology? Except for
ethical issues, implantation of in vitro–grown allogeneic islets
derived from cadaveric donors could be performed now. While the
use of allogeneic islets is most expedient, autologous islets, if
available, would no doubt be preferred by the patient over either
allogeneic or xenogeneic islets. Thus, the ideal situation will be to
isolate the recipient’s own stem cells and grow autologous islets
in order to provide autologous implants. With the advent of new
technology, such as transesophageal endosonographically moni-
tored fine-needle tissue sampling of the pancreas (Bhutani, 1999),
it may someday be possible to grow autologous islets from overtly
diabetic patients (Fig. 8). In addition, genetic modification of the
isolated endocrine pancreas stem cells may allow the opportunity
to build even healthier and stronger islets. Thus, although several
major hurdles remain before stem cell therapy will be a routine
procedure, we are rapidly nearing that goal.

37.7. FUTURE DIRECTIONS
Stem cells present in the pancreatic ducts of both healthy and

diabetic individuals capable of being stimulated in vitro into
functioning, although immature, islets represent a major break-
through that has unlimited potential for therapeutic intervention
in type 1 diabetes. However, results from a number of laborato-
ries indicate that while we are able to initiate expansion and
differentiation of such stem cells, we still lack the basic under-
standing to fully control the process (Kerr-Conte et al., 1996;
Cornelius et al., 1997; Fernandes et al., 1997; Al-Abdullah et al.,
2000; Bonner-Weir et al., 2000; Gmyr et al., 2000, 2001; Ramiya
et al., 2000; Rooman et al., 2000; Schmied et al., 2000; Zulewski
et al., 2001). Identification of temporal gene expressions during
the developmental stages of islets may provide the information
necessary to sequentially stimulate stem cells to mature to end-
stage islets. Alternatively, the immature, yet functional islets
achievable in culture may represent the ideal reagent for implan-
tation since the immature islets appear to have the potential to
respond to the in vivo environment, expanding β-cell mass and
establishing homeostasis with the recipient. These are areas that
require further understanding. In light of a recent report (Yang
et al., 2002) that liver oval cells can be pushed to transdifferen-
tiate to endocrine cells, is it possible to push pancreatic stem cells
to liver cells?

The second aspect of concern is the use of autologous or allo-
geneic islets. Although syngeneic islets generated in vitro may be
masked from the autoimmune response, allogeneic islets are defi-
nitely rejected by the T-cell-mediated allogeneic response. This
would mean that the recipient of allogeneic stem cell–derived
implants would still require immunosuppression or the implant
would have to be isolated via encapsulation. Thus, the ideal situ-
ation would be to isolate the recipient’s own stem cells in order to
provide autologous implants. This will require new approaches to
access the pancreas by a minimally invasive procedure (e.g.,
transesophageal endoscopically monitored fine-needle sampling
of the pancreas). This may allow the growth of autologous islets
from severely diabetic patients and subsequent transplantation of
these islets in the future. However, it is crucial to resolve most, if
not all, important aspects of the in vitro differentiation process
before approaching the possibility of autologous islet derivation.

Thus, major hurdles remain before stem cell therapy will be a
routine procedure, but researchers continue to be optimistic of its
potential and believe it will soon occur.
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38 Islet Cells
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A common progenitor cell for liver and pancreas gives rise to progeny, which become determined transit-amplifying
cells in different mesenchymal microenvironments. They can become primitive ducts that bud to form hepatocytes in the
liver, or exocrine or endocrine pancreas. The differentiation of pancreatic progenitor cells is determined by controlled
expression of specific transcription factors. The extracellular factors that regulate this expression are beginning to be
unraveled. Injury or surgical removal of part of the adult pancreas may be followed by proliferation of ductal cells, which
may lead to partial regeneration of the lost tissues. Stem cells in the ducts of adult animals may be inferred from the
reexpression of some embryonic markers during repair of injury. However, transdifferentiation of exocrine cells has also
been described and is considered to be equally likely to be responsible for restoration of islet cells. The appearance of
hepatocytes in the pancreas during repair of some injury models raises the possibility of a common hepatopancreatic stem
cell in the adult pancreas that reflects the common precursor cell for liver and pancreas during embryonic life. However,
transdifferentiation of exocrine cells to hepatocytes has also been described. Culture of ductal pancreatic stem cells or
selection of embryonic stem cells may lead to effective treatment for diabetes, but much work needs to be done to achieve
this goal.

38.1. HISTOLOGY OF PANCREAS
The mammalian pancreas is composed of six epithelial cell

types that can be discriminated on the basis of phenotypic and
functional characteristics: the two types of exocrine cells, acinar
and ductal cells, and four types of endocrine cells, α, β, δ, and
PP-cells. These cell types can be recognized by their major secre-
tory products, which are the digestive proenzymes in the case of
acinar cells (e.g., amylase, trypsin, chymotrypsin, lipase, ribo-
nuclease), and the hormones glucagon, insulin, somatostatin, and
pancreatic polypeptide for the four types of endocrine cells.
Ductal cells form the single-layered lining of the ductules and
ducts leading the exocrine secretory products to the duodenum.
They can be identified by the expression of cytokeratin (CK)
proteins that form their intermediate filaments, such as CK7,
CK19, and CK20, depending on the species (Bouwens et al.,
1994, 1995; Bouwens and Pipeleers, 1998). Ductal cells contain
more intermediate filaments, probably because they are required
for the mechanical strength of the ductal lining. In addition,
ductal cells secrete bicarbonate and other ions, and water, mak-
ing them recognizable by their expression of carbonic anhydrase
enzyme and the CFTR chloride pump (Githens, 1988). Another
marker of duct cells is the carbohydrate antigen CA-19.9 or

syalyl-Lewis-a antigen (Bouwens and Pipeleers, 1998). More
than 90% of the pancreatic volume is occupied by exocrine tis-
sue. Exocrine tissue is arranged in acini interconnected by
centroacinar cells to small ducts, or ductules, which branch from
larger ducts. Centroacinar cells express markers similar to
ductular cells. The endocrine tissue is organized in islets of
Langerhans interspersed within the exocrine tissue (Fig. 1). The
endocrine islets are all in close contact with both acini and ducts.
Especially in human pancreas, there are also many endocrine
cells that are not located within islets but occur as single cells
(Bouwens and Pipeleers, 1998). Islet cells secrete their hormones
directly into fenestrated islet capillaries to regulate glucose
homeostasis. Both in terms of cell number and of pathophysiol-
ogy, the insulin-producing β-cells represent the major endocrine
cell type in the pancreas.

38.2. DIABETES
Diabetes is the most common disease of the pancreas. It afflicts

120 million people worldwide, and the World Health Organiza-
tion estimates that the number will rise to 300 million by 2025.
Type 1 diabetes, also known as juvenile diabetes, is an autoim-
mune disease characterized by the gradual destruction of the
β-cell mass. Type 2 diabetes, also known as adult-onset diabetes,
is the most common form of diabetes (≥90% of cases). It is char-
acterized by insufficient insulin production and reduced sensitiv-
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ity to insulin by the responding tissues. All patients with type 1
must take insulin to live, and many patients with type 2 benefit
from treatment with insulin. However, insulin treatment does not
cure any type of diabetes nor prevent the possibility of its eventual
and devastating effects: kidney failure, blindness, nerve damage,
amputation, heart attack, and stroke.

Since the 1990s, clinical trials have been set up to treat type 1
diabetes by transfer of islet cells isolated from allogeneic organ
donors in order to replace the endogenous insulin-producing cell
mass of the patient. There have been some recent breakthroughs in
this field (Keymeulen et al., 1998; Ryan et al., 2001; Bertuzzi
et al., 2002) indicating β-cell transfer to represent a very promis-
ing therapy for diabetes. Two major obstacles still hamper a large-
scale application of this form of therapy—the need for continuous
immunosuppression and the serious shortage in donor organs. To
solve these problems, several approaches are being investigated,
including the genetic modification of pancreatic cells or cell lines,
or the stimulation of in vivo or ex vivo growth of the β-cell mass.
Because human β-cells have a very limited, if any, mitotic poten-
tial (Bouwens et al., 1997; Bouwens and Pipeleers, 1998) there is
now much interest in the possibility of generating β-cells from
stem cells to overcome the problem of organ shortage.

38.3. ONTOGENY OF PANCREAS
All the epithelial cell types of the pancreas, from both the

exocrine and endocrine tissue, originate from a common pool of
endodermal progenitor cells during embryogenesis (Slack, 1995;
Percival and Slack, 1999). Recently, a common pool of progeni-
tor cells was demonstrated for liver and ventral pancreas, which
become determined by a gradient of morphogen (fibroblast
growth factor [FGF]) derived from the cardiac mesoderm
(Deutsch et al., 2001). Starting at embryonic d (E) 9 in rodents, or
after about 35 d in humans, first the dorsal pancreatic bud and
later the ventral bud are formed from the embryonic foregut and
eventually fuse (Slack, 1995). The endodermal cells in these buds
soon organize into ductal structures that become surrounded by

abundant mesenchymal tissue. Immature acinar structures as well
as endocrine cell groups bud off from the fetal ducts. Mesenchy-
mal factors have been shown to regulate the epithelial morpho-
genesis. Mesenchymally derived FGF-10 (Bhushan et al., 2001),
and epidermal growth factor (Cras-Meneur et al., 2001), promote
the proliferation of undifferentiated progenitor cells. FGF signal-
ing via the FGF-2b receptor promotes exocrine differentiation
(Miralles et al., 1999). Stimulation of the proliferation of pancre-
atic progenitors in these experiments was accompanied by a
reduced endocrine differentiation.

Recent studies have started uncovering the “master switch”
genes that encode for transcription factors regulating cell differ-
entiation in the embryonic pancreas (reviewed in Sander and
German, 1997; Edlund, 1998). The first and major pancreatic
gene is Pdx-1 (synonyms: Ipf-1, Stf-1), which belongs to the
family of homeobox-containing genes and which transactivates
the insulin gene (Ohlsson et al., 1993). In the early pancreatic
buds, all epithelial cells express Pdx-1. Later in development,
Pdx-1 expression is downregulated in most cells, but a high
level of expression is retained in all β-cells and a small subset
of δ-cells. In adult human pancreas, however, Pdx-1 is still
expressed in ductal cells but shows a different pattern of activa-
tion and DNA binding compared with β-cells (Heimberg et al.,
2000). Another major pancreatic gene is p48/Ptf-1, a helix-
basic-helix loop type of gene that is initially expressed by all
pancreatic epithelial cells but later becomes restricted to exo-
crine cells (Krapp et al., 1996). In the case of both Pdx-1 and p48,
targeted ablation of the gene leads to pancreatic agenesis, which
indicates the importance of both transcription factors for pancre-
atic cell differentiation (Jonsson et al., 1994; Krapp et al., 1998).

Lateral inhibition seems to be involved in the specification of
cells toward either an endocrine postmitotic cell population or an
exocrine/progenitor cell population. Similarly to the develop-
ment of the neural system, this lateral specification involves
expression of the Delta-Notch system. In a pool of undifferenti-
ated progenitor cells, lateral inhibition is initiated by the expres-
sion of the Delta ligand by a differentiating cell. Ligation of
Notch, the receptor for Delta, on a neighboring progenitor cell
leads to activation of the HES genes that encode for basic helix-
loop-helix (bHLH) transcription factors. HES proteins repress
pro-endocrine genes and thus prevent endocrine cell differentia-
tion but promote maintenance of a pool of undifferentiated pro-
genitor cells. Ngn-3, another bHLH protein, is thought to
represent the major proendocrine gene that is directly antago-
nized by the Delta-Notch system (Apelqvist et al., 1999;
Gradwohl et al., 2000; Jensen et al., 2000; Schwitzgebel et al.,
2000). Based on this model, it has been proposed that the direct
progenitors of islet cells are Pdx-1+, p48–, Ngn-3+, Hes-1– cells
(Jensen et al., 2000). Pdx-1+, p48+ Ngn-3–, Hes-1+ cells would
represent exocrine or not-yet-committed progenitor cells. If these
phenotypes were observed in cells located in the adult pancreas,
one might speak of “undifferentiated” pancreatic stem cells, but
this has not been the case yet. The proendocrine gene Ngn-3 is
never expressed in mature endocrine (i.e., hormone-positive)
cells, and its expression stops at about E17 in mouse pancreas. It
apparently cannot serve as an adult islet stem cell marker. By
contrast, in the intestinal crypts, the proliferating progenitor cells
remain Ngn3 positive (Gradwohl, G., personal communication).
Transcription factors as yet have not permitted researchers to
prospectively identify putative stem cells in the adult pancreas.

Fig. 1. Histological picture of normal pancreas, immunostained for
insulin. A small islet of Langerhans is seen in the middle of a sea of
exocrine acini. Original magnification: ×250.
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38.4. ARE ADULT STEM CELLS
LOCATED IN PANCREATIC DUCTS?

Where could the pancreatic stem cells be located in the adult
organ? Most investigators have been looking for islet progenitor
cells (IPCs) in the pancreatic ducts, based on several arguments:

1. The ducts are reminiscent of the early embryonic stage
wherein pancreatic endodermal cells are organized in ducts
or ductlike structures, at a time when there are not yet islets
or acini.

2. Both in the fetal pancreas and in islet regeneration models,
islet cells are seen to bud from the ductal lining into the
periductal tissue, and in some cases even into the duct
lumen (see below).

3. Cellular markers of fetal and adult ducts, such as CK19 and
CK7 (human) or CK20 (rat), are transiently expressed in
immature islet cells, both in the fetal period (Bouwens et
al., 1994, 1996, 1997) and during tissue regeneration
(Wang et al., 1995).

An additional argument may be that most human pancreatic
tumors (carcinomas) have a ductal phenotype (Luttges and
Kloppel, 2001). In general, duct cells are considered poorly differ-
entiated, because they produce fewer secretory products than the
other exocrine cells and endocrine cells. However, this view is
misleading because duct cells are differentiated cells and express
particular sets of genes to fulfill their secretory and transducing
functions (Githens, 1988). A putative stem cell subset residing in
the duct lining may theoretically be identifiable by the lack of
functional characteristics (e.g., no expression of carbonic anhy-
drase?), a more loose embedding in the lining (and lower content
of CK filaments?), or the retention of fetal characteristics (i.e., less
differentiated phenotype). Such a discrete subpopulation of cells
that could qualify as stem cells has not yet been observed in adult
pancreatic ducts. There may be no direct evidence for the presence
of stem cells in the pancreatic ducts of adults, but this may be
because appropriate cellular markers for this purpose have not yet
been discovered. On the other hand, some embryonic markers
have been demonstrated to become reexpressed in duct cells dur-
ing conditions of tissue injury and regeneration; this is dealt with
in the next section.

38.5. MECHANISMS OF PANCREAS REGENERATION:
CAN MATURE CELLS TRANSDIFFERENTIATE?

Regeneration of pancreatic tissue, and especially of islets, has
been studied using several experimental rodent models. In gen-
eral, it can be said that pancreas does not seem to possess as
impressive a regenerative potential as, e.g., liver. Nevertheless,
chemically or mechanically caused injury is followed by at least
a partial regeneration in rodents. When massive acinar cell
necrosis is induced by administration of agents such as ethionin
or caerulein, acute pancreatitis is induced. Numerous acinar cells
die but proliferation of surviving acinar cells results in the res-
toration of normal histology and function (reviewed in Varricchio
et al., 1977; Webster et al., 1977; Willemer et al., 1992). Acinar
and ductal exocrine cells are normally slowly dividing cells, but
in conditions of tissue damage they can revert to independently
proliferating cells.

Chemical ablation of islet β-cells by selectively cytotoxic drugs
such as streptozotocin (STZ) or alloxan is followed only by a
partial restoration of the β-cell mass, depending on the dose of the

toxic agent. At high doses, the β-cell mass is nearly completely
destroyed and does not regenerate, leading to overt diabetes. At
lower doses, there may be some regeneration of β-cells, depending
on the species used; for instance, mice are more resistant to these
toxic agents than rats. In rats, significant (but yet incomplete)
regeneration takes place only when the injury is caused immedi-
ately after birth, but not in older rats (Portha et al., 1989; Wang
et al., 1994, 1996). It has been suggested that adult mouse islets
contain progenitor cells that can replace β-cells destroyed by STZ
(Fernandes et al., 1997). The IPCs that proliferate following islet
injury were characterized as a population of hormone-negative
cells expressing the Glut-2 glucose transporter normally found in
β-cells, and as a second population of islet cells expressing soma-
tostatin (Guz et al., 2001). In this model, both the glucagon-pro-
ducing α-cells and the somatostatin-producing δ-cells of the islets
appeared to revert to an immature phenotype which has also been
observed in fetal pancreas. It is not clear from these studies whether
non-β islet cells can still transdifferentiate to β-cells, or whether
islets retain a small population of endocrine progenitor cells that
could be considered as immature or undifferentiated.

Another pancreas regeneration model consists of surgical
removal of part of the gland. Subtotal (90%) pancreatectomy is
followed by proliferation in the remaining ducts. These form
new ductules, acini, and islets (Bonner-Weir et al., 1993). It was
proposed that differentiated duct cells can act as facultative or
functional stem cells (Sharma et al., 1999), i.e., mature func-
tional cells that retain the facultative capacity to function as or be
a source of multipotential stem cells. This hypothesis was ini-
tially proposed in the case of hepatocytes (Block et al., 1996;
Thorgeirsson, 1996).

With the use of transgenesis, interesting models have been
introduced such as mice that produce interferon-γ under control
of the insulin promotor. In these transgenic mice, lymphocytic
infiltration of the islets (i.e., where interferon is produced) leads
to β-cell destruction. This is compensated, however, by a con-
tinuous regeneration of β-cells that appear in or alongside the
lining of ducts, and even within the duct lumen (Gu and
Sarvetnick, 1993). In these mice, “transitional cells” were
observed that coexpressed amylase and insulin, markers of aci-
nar and β-cells, respectively (Gu et al., 1994, 1997). In this model,
there also seems to be damage to the exocrine tissue, and tissue
remodeling is observed that may be very similar to what is
observed in other models of major pancreatic tissue injury, such
as partial pancreatectomy. This remodeling involves the exo-
crine tissue which undergoes profound changes, namely, the for-
mation of “ductal complexes” (see below).

Another experimental model of pancreas regeneration consists
of the complete obstruction, by ligation, of a part of the exocrine
ductal system. A ligature is placed whereby the exocrine secretion
products cannot be evacuated from part of the gland. In the
unligated (or downstream) part of the gland, the tissue remains
unaffected. In the ligated part there occurs an impressive tissue
remodeling whereby the normally predominantly acinar tissue is
converted into ductal complexes (also termed pseudoductal, or
tubular complexes) (Figs. 2 and 3). This conversion is also com-
monly observed in pathological conditions and has been referred
to as “acinoductal metaplasia.” The switch from acinar to ductal
organization of the exocrine cells is caused by three mechanisms:
(1) transdifferentiation of acinar cells to ductlike cells, (2) prolif-
eration of the latter and of the original duct cells, and (3) apoptotic
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death of part of the acinar cells. This conversion is accomplished
within 5 d postligation and remains for about 2 wk, after which the
original histology becomes gradually restored. Although islets do
not seem to be injured by this treatment, an important increase in
the number of islet β-cells occurs between 4 and 7 d after ligation
(Wang et al., 1995). Since β-cells only have a very limited mitotic
activity, the oberved increase is due to neogenesis of β-cells from
progenitor cells. New β-cells are seen in and around duct cells of
the ductal complexes. Transitional cells coexpressing a ductal
marker (CK20) and insulin were also observed and taken as evi-
dence for a ductlike phenotype of the β-progenitor cells.

In the same model of ductligation, but at earlier time points,
others have observed transitional cells coexpressing the acinar
marker α-amylase and insulin (Bertelli and Bendayan, 1997).
This would indicate a transition from acinar to β-cells. In this
respect, it is important to note that purified acinar cells have been
shown to transdifferentiate into ductlike cells in vitro, and in a
time frame of 5 d, which is completely consistent with the in vivo
observations of the duct-ligation model (Rooman et al., 2000).
Thus, the observation of transitional cells that coexpress β-cell
characteristics (insulin) and ductal characteristics (CK20) do not
preclude the possibility that the β-cell precursors were originally
acinar cells that first transdifferentiated to a ductal phenotype
and then to β-cells.

Interestingly, the ductal cells of the metaplastic complexes in
ligated pancreas start to express some proteins, such as the neu-
roendocrine marker PGP9.5 and the CCK-B receptor for gastrin,
which are not expressed in the unligated part or in the normal
adult pancreas. The same “fetal” proteins are also expressed by
acinar cells that transdifferentiate in vitro. In vitro, furthermore,
it was shown that the transdifferentiating acinar cells start to
express the Pdx-1 (pancreas and duodenum homeobox) transcrip-
tion factor (Rooman et al., 2000). Pdx-1 is involved as a master
switch gene in embryonic pancreas differentiation and targeted

ablation of the Pdx-1 gene results in pancreatic agenesis, but it is
also a transactivator of the insulin gene (Ohlsson et al., 1993;
Jonsson et al., 1994; Sander and German, 1997; Edlund, 1998).
In adult pancreas it is expressed in all β-cells and in a subset of
somatostatin cells, but in the embryonic pancreas all
“protodifferentiated” epithelial cells express it. Thus, expres-
sion of Pdx-1, and of several other fetal markers, indicates that
dedifferentiation of mature exocrine cells to fetal-like cells may
be involved in the general process of transdifferentiation and
tissue regeneration (Rooman et al., 2000).

One of the fetal proteins that is reexpressed during pancreas
regeneration is the CCK-B receptor. Gastrin hormone and its CCK-
B high-affinity receptor are normally expressed in the stomach but
are first expressed in fetal pancreas (when there is still no gastrin
production in the stomach) and also in regenerating pancreas after
duct ligation (Wang et al., 1997; Rooman et al., 2001). Thus, dur-
ing the transdifferentiation process occurring in injured tissue, the
metaplastic exocrine cells become responsive to the endocrine and
auto- or paracrine action of gastrin. It was also shown that gastrin
is mitogenic for the CCK-B-positive transdifferentiated/metaplas-
tic exocrine cells both in vivo and in vitro (Rooman et al., 2001).
Furthermore, gastrin administration in duct-ligated rats stimulates
β-cell neogenesis from the metaplastic ductal complexes (Rooman
et al., 2002). In the unligated tissue, gastrin shows no effect at all.
These observations indicate not only that gastrin is an important
regulator of islet progenitor activity, but also that the progenitors
are not normally responsive to this action. First they must alter
their pattern of gene expression (i.e., dedifferentiate), and start to
express gastrin receptor.

These data are consistent with the hypothesis that transdiffer-
entiation may be operating during conditions of tissue remodeling
and regeneration in the adult pancreas (Bouwens, 1998). Accord-

Fig. 3. Histological picture of regenerating pancreas, 7 d after duct
ligation, immunostained for ductal cell marker CK20 and prolifera-
tion marker bromodeoxyuridine. A ductal complex is seen with
several proliferating cells (labeled with a dark nucleus). It is from
these metaplastic ductal structures that new islet cells are budding
(see Fig. 2). Original magnification: ×500.

Fig. 2. Histological picture of regenerating pancreas, 7 d after duct
ligation, immunostained for insulin. Several single, extraislet, insu-
lin-positive cells are seen within a “metaplastic” ductal complex.
Original magnification: ×500.
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ing to this hypothesis, mature differentiated cells (possibly a sub-
population) can act as tissue progenitors. This means that tissue
injury can induce their transdifferentiation or phenotypic switch
or, in other words, that mature cells can become reprogrammed
depending on the needs (e.g., from acinar to β-cell phenotype). In
this context, it is interesting that the immortalized acinar cell line
AR42-J can be induced to transdifferentiate to a β-cell phenotype
by the addition of certain growth factors in the culture medium
(Mashima et al., 1996a, 1996b; Zhou et al., 1999).

We can conclude this section by stating that a subpopulation
of (ductal) cells that could qualify as stem cells has not been
identified in pancreas regeneration models. At the least, the ques-
tion of whether differentiated acinar and/or duct cells retain the
potential to revert into pancreatic progenitor cells should be taken
as seriously as the question of whether pancreas tissue contains
a population of adult stem cells (Bouwens, 1998). This question
is similar to the long-standing question of whether epithelial
cancers in general arise either from dedifferentiated cells gain-
ing proliferative potential or from stem cells with arrested differ-
entiation (Sell and Pierce, 1994).

38.6. IS THERE A COMMON HEPATO-
PANCREATIC STEM CELL IN PANCREAS?

Probably the most remarkable kind of differentiation plastic-
ity in adult pancreas is the formation of pancreatic hepatocytes.
When rats or hamsters are subjected to treatments that cause
chronic injury to the exocrine pancreas, the development of foci
of hepatocytes has been observed in the pancreas (Reddy et al.,
1984; Rao et al., 1989; Makino et al., 1990). Transgenic
overexpression of keratinocyte growth factor in the mouse pan-
creas also leads to the appearance of pancreatic hepatocytes
(Krakowski et al., 1999). Transplantation of pancreatic cells was
shown to lead to liver repopulation and restoration of metabolic
liver defects in the recipients (Wang et al., 2001). Although ini-
tially it was thought that acinar exocrine cells were the precursor
cells for pancreatic hepatocytes (Reddy et al., 1984), later stud-
ies proposed that duct cells or “periductal” cells, or “oval” cells
might be the precursors (Rao et al., 1989; Makino et al., 1990).
A population of “bipotential” stem cells was demonstrated in a
region of mouse ventral foregut endoderm that can differentiate
to either liver or pancreas, depending on a gradient of FGFs
released from the cardiac mesoderm (Deutsch et al., 2001). Thus,
a common hepatopancreatic stem cell may be retained in the
embryonic pancreas, but it is not known whether such a stem cell
still resides in postnatal pancreas.

It is difficult to establish conclusively the progenitor/precur-
sor cell type of the hepatocytes from whole-animal experiments.
Do the pancreatic hepatocytes emerge due to transdifferentiation
of pancreatic exocrine, acinar, and/or duct cells, or to the alter-
native specification of an as yet undefined stem cell population?
An in vitro model to investigate the origin of hepatocytes from
adult pancreas should be developed. Recently, the glucocorti-
coid dexamethasone was shown to induce hepatocyte differen-
tiation in mouse dorsal pancreatic buds in vitro and in the
AR42-J pancreatic acinar cell line (Shen et al., 2000). When the
AR42-J pancreatic cell line is cultured in the presence of dexam-
ethasone and oncostatin M, the cells develop hepatocyte charac-
teristics such as expression of albumin, α-fetoprotein, and several
hepatocyte enzymes. The same cell line was previously shown to
develop characteristics of insulin-producing islet cells when

cultured in the presence of growth factors such as activin,
hepatocyte growth factor (HGF), or glucagon-like peptide-1
(Mashima et al., 1996a, 1996b; Zhou et al., 1999). The AR42-J
cell line is derived from an acinar exocrine tumor, and these
observations thus seem to support the notion of acinar cells hav-
ing multipotential transdifferentiation capacity.

38.7. ARE THERE CLONOGENIC ISLET STEM CELLS?
An important characteristic of stem cells is their clonogenic

potential. Long-term cultures of epithelial cells have been
derived from normal pancreas of adult rats, and these cells
expressed ductal and acinar characteristics (Tsao and Duguid,
1987). Human duct tissue obtained from donor pancreas can be
stimulated to proliferate and expand by the addition of growth
factors such as HGF (Lefebvre et al., 1998). Furthermore, it was
reported that human expanding duct cell cultures could generate
a limited amount of new islet cells in the presence of extracellu-
lar matrix (Kerr-Conte et al., 1996; Bonner-Weir et al., 2000).
Still, these in vitro studies could not establish whether ductal cell
were undergoing dedifferentiation to become islet cell precur-
sors or whether a subset of islet stem-like cells was present and
activated in these cultures.

Starting from a whole enzymatic digest of pancreatic tissue
obtained from prediabetic NOD mice, a recent study reported that
long-term cultures (>3 yr) of epithelial cells could be obtained in
which islet-like cell clusters could be formed (Ramiya et al., 2000).
Islet differentiation was stimulated by low glucose, low serum,
nicotinamide, and several growth factors. When these in vitro–
generated islet cells were transplanted into diabetic mice, the dia-
betes was reversed. This study by Ramiya et al (2000) demonstrates
that normal epithelial cells from adult pancreas can be controlled
to grow and form differentiated islet cells in vitro. However, the
exact nature of these epithelial progenitor cells still needs to be
determined. Can these cells be prospectively identified, isolated,
and purified? In what numbers are they present in the normal pan-
creas, if they are? Do they arise from dedifferentiation, or from
true adult stem cells present in pancreatic tissue?

It has also been reported that pancreatic tissue contains nestin-
expressing cells (Hunziker and Stein, 2000; Zulewski et al.,
2001). In one study, these nestin-positive cells were shown to be
clonogenic, and within the expanded cultures, endocrine and
other cell markers were detected by reverse transcriptase poly-
merase chain reaction (Zulewski et al., 2001). It remains to be
determined whether these nestin-positive cells were induced to
show a low level of expression for the genes that were considered
or whether they can really undergo complete differentiation to
islet or other cell types. Nestin is generally considered a marker
of neural stem cells (Lendahl et al., 1990), but one should be
cautious with the interpretation that all nestin-positive cells
would be stem cells. There are also other cell types that can
express nestin, such as hepatic stellate cells (Niki et al., 1999).
Stellate cells are mesenchymal cells that are also present in pan-
creas tissue, and they are clonogenic cells that can be easily
expanded in vitro (Apte et al., 1998; Bachem et al., 1998).

38.8. EMBRYONIC STEM CELLS
Another potential source for cell therapy in diabetic patients is

the establishment of pluripotent human embryonic stem (ES) cells.
A recent success along this line has been the production of glu-
cose-sensitive insulin-secreting cells from mouse ES cells, which
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were able to restore normal glycemia in diabetic mice (Soria et al.,
2000). In that study, a gene trap strategy was applied to isolate
insulin-secreting cells from ES cells. More recently, culture con-
ditions and cellular markers were found that allowed selective
expansion of IPCs from undifferentiated mouse ES cells
(Lumelsky et al., 2001). The different islet endocrine cell types
differentiated and became associated with the typical islet organi-
zation which is also found in vivo, but they produced only small
amounts of insulin, indicating an incomplete differentiation.
β-Cell differentiation was also recently observed in human ES cell
cultures, but their glucose responsiveness was not tested (Assady
et al., 2001).

The available data thus indicate that ES-based cell therapy
may be feasible and, in fact, that diabetes could be among the first
applications of stem cell therapy. However, several important
issues remain to be solved. The procedures to obtain, select, and
stimulate maturation of functional β-cells need improvement to
obtain pure populations of cells with the desired phenotype and
degree of maturation (current protocols give mixed populations
that are not suitable for transplantation). The exact nature of the
signals that regulate ES cell differentiation, and those that regu-
late β-cell maturation, are not known. It seems that gene expres-
sion under in vitro conditions does not follow the strict and
regulated schedule observed during in vivo development (which
is regulated by intercellular interactions). It is not evident whether
information gathered from studies with ES cells will be directly
relevant to our understanding of embryonic developmental
mechanisms or physiological repair mechanisms and the cells
involved therein. For instance, clonal analysis of differentiating
ES cells revealed a common progenitor to neural and insulin-
producing cells (Lumelsky et al., 2001). This is surprising in
view of the neuroectodermal vs endodermal origins of neurons
and islet cells, respectively. These progenitors also expressed
nestin, a marker that is expressed in neural stem cells (Lendahl
et al., 1990) but that so far has not been reported in embryonic
pancreas. Nevertheless, the results indicate that coaxing (human)
ES cells into functioning β-cells may soon become possible and
might find applications in replacement therapy for diabetes.

38.9. CONCLUSION
It is clear that islets of Langerhans can regenerate in the adult

mammalian pancreas, most probably also in humans. This means

that therapeutic applications are in reach, such as to regenerate or
expand the islet mass in diabetic patients, or to provide adequate
numbers of islet cells for transplantation. However, the mecha-
nisms of regeneration are still poorly understood so that it is not
yet feasible to control at will the expansion of islet cells in vivo
or in vitro. It is still unclear whether IPCs remain present in the
pancreas (or elsewhere in the body) under the form of classic
tissue stem cells, or if only differentiated pancreatic cells can
revert to a multipotential (and clonogenic) state (Fig. 4). These
two types of stem cells, which could be termed actual stem cells
and facultative/functional stem cells, respectively, are not mutu-
ally exclusive. So far there is much, mostly indirect, evidence for
transdifferentiation (“facultative/functional stem cells”). How-
ever, there still is no way to identify a putative population of adult
stem cells in the pancreas.

As far as ES cells are concerned, it is clear that these stem cells
have the potential to differentiate, at least partly, to an islet pheno-
type in vitro. It remains to be elucidated which inductive condi-
tions are necessary to direct this type of cell differentiation and to
generate functional islet cells.

REFERENCES
Apelqvist, A., Li, H., Sommer, L., et al. (1999) Notch signalling controls

pancreatic cell differentiation. Nature 400:877–881.
Apte, M. V., Haber, P. S., Applegate, T. L., et al. (1998) Periacinar stellate

shaped cells in rat pancreas: identification, isolation, and culture. Gut
43:128–133.

Assady, S., Maor, G., Amit, M., Itskovitz-Eldor, J., Skorecki, K. L.,
Tzukerman, M. (2001) Insulin production by human embryonic stem
cells. Diabetes 50:1691–1697.

Bachem, M. G., Schneider, E., Gross, H., et al. (1998) Identification,
culture, and characterization of pancreatic stellate cells in rats and
humans. Gastroenterology 115:421–432.

Bertelli, E. and Bendayan, M.(1997) Intermediate endocrine-acinar
pancreatic cells in duct ligation conditions. Am. J. Physiol. 273:
C1641–C16419.

Bertuzzi, F., Grohovaz, F., Maffi, P., et al. (2002) Succesful transplan-
tation of human islets in recipients bearing a kidney graft.
Diabetologia 45:77–84.

Bhushan, A., Itoh, N., Kato, S., et al. (2001) Fgf10 is essential for main-
taining the proliferative capacity of epithelial progenitor cells dur-
ing early pancreatic organogenesis. Development 128:5109–5117.

Block, G. D., Locker, J., Bowen, W. C., et al. (1996) Population expan-
sion, clonal growth, and specific differentiation patterns in primary
cultures of hepatocytes induced by HGF/SF, EGF and TGF alpha in
a chemically defined (HGM) medium. J. Cell Biol. 132:1133–1149.

Bonner-Weir, S., Baxter, L. A., Schuppin, G. T., and Smith, F. E. (1993)
A second pathway for regeneration of adult exocrine and endocrine
pancreas. A possible recapitulation of embryonic development. Dia-
betes 42:1715–1720.

Bonner-Weir, S., Taneja, M., Weir, G. C., et al. (2000) In vitro cultivation
of human islets from expanded ductal tissue. Proc. Natl. Acad. Sci.
USA 97:7999–8004.

Bouwens, L. (1998) Transdifferentiation versus stem cell hypothesis
for the regeneration of islet beta-cells in the pancreas. Microsc. Res.
Tech. 43:332–336.

Bouwens, L. and De Blay, E. (1996) Islet morphogenesis and stem cell
markers in rat pancreas. J. Histochem. Cytochem. 44:947–951.

Bouwens, L. and Pipeleers, D. G. (1998) Extra-insular beta-cells asso-
ciated with ductules are frequent in adult human pancreas.
Diabetologia 41:629–633.

Bouwens, L., Wang, R. N., De Blay, E., Pipeleers, D. G., and Kloppel,
G. (1994) Cytokeratins as markers of ductal cell differentiation and
islet neogenesis in the neonatal rat pancreas. Diabetes 43:1279–1283.

Bouwens, L., Braet, F., and Heimberg, H. (1995) Identification of rat
pancreatic duct cells by their expression of cytokeratins 7, 19 and 20

Fig. 4. Schematic representation of two hypotheses concerning islet
cell neogenesis: transdifferentiation from dedifferentiated exocrine
cells, and putative adult stem cells.

38/Bou/429-436/F 8/20/03, 2:39 PM434

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 38  /  ISLET CELLS 435

in vivo and after isolation and culture. J. Histochem. Cytochem. 43:
245–253.

Bouwens, L., Lu, W. G., and De Krijger, R. (1997) Proliferation and differen-
tiation in the human fetal endocrine pancreas. Diabetologia 40:398–404.

Cras-Meneur, C., Elghazi, L., Czernichow, P., and Scharfmann, R.
(2001) Epidermal growth factor increases undifferentiated pancre-
atic embryonic cells in vitro: a balance between proliferation and
differentiation. Diabetes 50(7):1571–1579.

Deutsch, G., Jung, J., Zheng, M., Lora, J., and Zaret, K. S. (2001 ) A
bipotential precursor population for pancreas and liver within the
embryonic endoderm. Development 128:871–881.

Edlund, H. (1998) Transcribing pancreas. Diabetes 47:1817–1823.
Githens, S. (1988) The pancreatic duct cell: proliferative capabilities,

specific characteristics, metaplasia, isolation, and culture. J. Pediatr.
Gastroenterol. Nutr. 7:486–506.

Gradwohl, G., Dierich, A., LeMeur, M., and Guillemot, F. (2000)
Neurogenin3 is required for the development of the four endocrine cell
lineages of the pancreas. Proc. Natl. Acad. Sci. USA 97:1607–1611.

Gu, D. and Sarvetnick, N. (1993) Epithelial cell proliferation and islet
neogenesis in IFN-g transgenic mice. Development 118(1):33–46.

Gu, D., Lee, M. S., Krahl, T., and Sarvetnick, N. (1994) Transitional cells
in the regenerating pancreas. Development 120:1873–1881.

Gu, D., Arnush, M., and Sarvetnick, N. (1997) Endocrine/exocrine inter-
mediate cells in streptozotocin-treated Ins-IFN-gamma transgenic
mice. Pancreas 15:246–250.

Guz, Y., Nasir, I., and Teitelman, G. (2001) Regeneration of pancreatic
beta cells from intra-islet precursor cells in an experimental model of
diabetes. Endocrinology 142(11):4956–4968.

Fernandes A, King LC, Guz Y, Stein R, Wright CV, Teitelman G. (1997)
Differentiation of new insulin-producing cells is induced by injury in
adult pancreatic islets. Endocrinology 138:1750–1762.

Heimberg, H., Bouwens, L., Heremans, Y., Van De Casteele, M.,
Lefebvre, V., and Pipeleers, D. (2000) Adult human pancreatic duct
and islet cells exhibit similarities in expression and differences in
phosphorylation and complex formation of the homeodomain protein
Ipf-1. Diabetes 49:571–579.

Hunziker, E. and Stein, M. (2000) Nestin-expressing cells in the pancreatic
islets of Langerhans. Biochem. Biophys. Res. Commun. 271:116–119.

Jensen, J., Heller, R. S., Funder-Nielsen, T. Et al. (2000) Independent
development of pacreatic alpha- and beta-cells from neurogenin3-
expressing precursors. A role for the Notch pathway in repression of
premature differentiation. Diabetes 49:163–176.

Jonsson, J., Carlsson, L., Edlund, T., and Edlund, H. (1994) Insulin-pro-
moter-factor 1 is required for pancreas development in mice. Nature
371:606–609.

Kerr-Conte, J., Pattou, F., Lecomte-Houcke, M., et al. (1996) Ductal cyst
formation in collagen-embedded adult human islet preparations: a
means to the reproduction of nesidioblastosis in vitro. Diabetes 45:
1108–1114.

Keymeulen, B., Ling, Z., Gorus, F. K., et al. (1998) Implantation of stan-
dardized beta-cell grafts in a liver segment of IDDM patients: graft
and recipient characteristics in two cases of insulin-independence
under maintenance immunosuppression for prior kidney graft.
Diabetologia 41:451–459

Krakowski, M. L., Kritzik, M. R., Jones, E. M., et al. (1999) Pancreatic
expression of keratinocyte growth factor leads to differentiation of
islet hepatocytes and proliferation of duct cells. Am. J. Pathol.
154:683–691.

Krapp, A., Knofler, M., Frutiger, S., Hughes, G. J., Hagenbuchle, O., and
Wellauer, P. K. (1996) The p48 DNA-binding subunit of transcription
factor PTF1 is a new exocrine pancreas-specific basic helix-loop-
helix protein. EMBO J. 15:4317–4329

Krapp, A., Knofler, M., Ledermann, B., et al. (1998) The bHLH protein
PTF1-p48 is essential for the formation of the exocrine and the correct
spatial organization of the endocrine pancreas. Genes Dev. 12(23):
3752–3763.

Lefebvre, V. H., Otonkoski, T., Ustinov, J., Huotari, M. A., Pipeleers, D.
G., and Bouwens, L. (1998) Culture of adult human islet preparations
with hepatocyte growth factor and 804G matrix is mitogenic for duct
cells but not for beta-cells. Diabetes 47:134–137.

Lendahl, U., Zimmerman, L. B., and McKay, R. D. (1990) CNS stem cells
express a new class of intermediate filament protein. Cell 60:585–595.

Lumelsky, N., Blondel, O., Laeng, P., Velasco, I., Ravin, R., and McKay,
R. (2001) Differentiation of embryonic stem cells to insulin-secreting
structures similar to pancreatic islets. Science 292:1389–1394.

Luttges, J. and Kloppel, G. (2001) Update on the pathology and genetics
of exocrine pancreatic tumors with ductal phenotype: precursor
lesions and new tumor entities. Dig. Dis. 19:15–23.

Makino, T., Usuda, N., Rao, S., Reddy, J. K., and Scarpelli, D. G. (1990)
Transdifferentiation of ductular cells into hepatocytes in regenerating
pancreas. Lab. Invest. 62:552–561.

Mashima, H., Ohnishi, H., Wakabayashi, K., et al. (1996a) Betacellulin
and activin A coordinately convert amylase-secreting pancreatic
AR42J cells into insulin-secreting cells. J. Clin. Invest. 97:1647–1654,

Mashima, H., Shibata, H., Mine, T., and Kojima, I. (1996b) Formation of
insulin-producing cells from pancreatic acinar AR42J cells by hepa-
tocyte growth factor. Endocrinology 137:3969–3976.

Miralles, F., Czernichow, P., Ozaki, K., Itoh, N., and Scharfmann, R. (1999)
Signaling through fibroblast growth factor receptor 2b plays a key role
in the development of the exocrine pancreas. Proc. Natl. Acad. Sci. USA
96:6267–6272.

Niki, T., Pekny, M., Hellemans, K., et al. (1999) Class VI intermediate
filament protein nestin is induced during activation of rat hepatic stel-
late cells. Hepatology 29:520–527.

Ohlsson, H., Karlsson, K., and Edlund, T. (1993) IPF1, a homeodomain-
containing transactivator of the insulin gene. EMBO J. 12:4251–4259.

Percival, A. C. and Slack, J. M. (1999) Analysis of pancreatic develop-
ment using a cell lineage label. Exp. Cell Res. 247:123–132.

Portha, B., Blondel, O., Serradas, P., et al. (1989) The rat models of non-
insulin dependent diabetes induced by neonatal streptozotocin. Dia-
betes Metab. 15:61–75.

Ramiya, V. K., Maraist, M., Arfors, K. E., Schatz, D. A., Peck, A. B., and
Cornelius, J. G. (2000) Reversal of insulin-dependent diabetes using
islets generated in vitro from pancreatic stem cells. Nat. Med. 6:278–282.

Rao, M. S., Dwivedi, R. S., Yeldandi, A. V., et al. (1989) Role of periductal
and ductular epithelial cells of the adult rat pancreas in pancreatic
hepatocyte lineage. A change in the differentiation commitment. Am.
J. Pathol. 134:1069–1086.

Reddy, J. K., Rao, M. S., Qureshi, S. A., Reddy, M. K., Scarpelli, D. G.,
and Lalwani, N. D. (1984) Induction and origin of hepatocytes in rat
pancreas. J. Cell Biol. 98:2082–2090.

Rooman, I., Heremans, Y., Heimberg, H., and Bouwens, L. (2000) Modu-
lation of rat pancreatic acinoductal transdifferentiation and expres-
sion of PDX-1 in vitro. Diabetologia 43:907–914.

Rooman, I., Lardon, J., Flamez, D., Schuit, F., and Bouwens, L. (2001)
Mitogenic effect of gastrin and expression of gastrin receptors in duct-
like cells of rat pancreas. Gastroenterology 121:940–949.

Rooman, I., Lardon, J., and Bouwens, L. (2002) gastrin stimulates beta-
cell neogenesis and increases islet mass from transdifferentiated but
not from normal exocrine pancreas tissue. Diabetes 51:686–690.

Ryan, E. A., Lakey, J. R. T., Rajotte, R. V., et al. (2001) Clinical outcomes
and insulin secretion after islet transplantation with the Edmonton
protocol. Diabetes 50:710–719.

Sander, M. and German, M. S. (1997) The beta cell transcription factors
and development of the pancreas. J. Mol. Med. 75:327–340.

Schwitzgebel, V. M., Scheel, D. W., Conners, J. R., et al.( 2000) Expres-
sion of neurogenin3 reveals an islet cell precursor population in the
pancreas. Development 127:3533–3542.

Sell, S. and Pierce, G. B. (1994) Maturation arrest of stem cell differen-
tiation is a common pathway for the cellular origin of teratocarcino-
mas and epithelial cancers. Lab. Invest. 70:6–22.

Sharma, A., Zangen, D. H., Reitz, P., et al. (1999) The homeodomain
protein IDX-1 increases after an early burst of proliferation during
pancreatic regeneration. Diabetes 48:507–513.

Shen, C. N., Slack, J. M. W., and Tosh, D. (2000) Molecular basis of
transdifferentiation of pancreas to liver. Nat. Cell Biol. 2:879–887

Slack, J. M. (1995) Developmental biology of the pancreas. Development
121:1569–1580.

Soria, B., Roche, E., Berna, G., Leon-Quinto, T., Reig, J. A., Martin, F.
(2000) Insulin-secreting cells derived from embryonic stem cells

38/Bou/429-436/F 8/20/03, 2:39 PM435

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


436 BOUWENS

normalize glycemia in streptozotocin-induced diabetic mice. Diabe-
tes 49:157–162.

Thorgeirsson, S. S. (1996) Hepatic stem cells in liver regeneration. FASEB
J. 10:1249–1256.

Tsao, M.-S. and Duguid, W. P. (1987) Establishment of propagable epi-
thelial cell lines from normal adult rat pancreas. Exp. Cell Res. 168:
365–375.

Varricchio, F., Mabogunje, O., Kim, D., Fortner, J. G., and Fitzgerald, P.
J. (1977) Pancreas acinar cell regeneration and histone (H1 and H10)
modifications after partial pancreatectomy or after a protein-free
ethionine regimen. Cancer Res. 37:3964–3969.

Wang, R. N., Bouwens, L., and Kloppel, G. (1994) Beta-cell proliferation
in normal and streptozotocin-treated newborn rats: site, dynamics and
capacity. Diabetologia 37:1088–1096.

Wang, R. N., Kloppel, G., and Bouwens, L. (1995) Duct- to islet-cell
differentiation and islet growth in the pancreas of duct-ligated adult
rats. Diabetologia 38:1405–1411.

Wang, R. N., Bouwens, L., and Kloppel, G. (1996) Beta-cell growth in
adolescent and adult rats treated with streptozotocin during the neo-
natal period. Diabetologia 39:548–557.

Wang, R. N., Rehfeld, J. F., Nielsen, F. C., and Kloppel, G. (1997)
Expression of gastrin and transforming growth factor-alpha during
duct to islet cell differentiation in the pancreas of duct-ligated adult
rats. Diabetologia 40:887–893.

Wang, X., Al-Dhalimy, M., Lagasse, E., Finegold, M., and Grompe, M.
(2001) Liver repopulation and correction of metabolic liver disease
by transplanted adult mouse pancreatic cells. Am. J. Pathol. 158:
571–579.

Webster, P. D., 3 rd, Black, O., Jr, Mainz, D. L., and Singh, M. (1977)
Pancreatic acinar cell metabolism and function. Gastroenterology 73:
1434–1449 .

Willemer, S., Elsasser, H. P., and Adler, G. (1992) Hormone-induced
pancreatitis. Eur. Surg. Res. 24 (Suppl. 1):29–39.

Zhou, J., Wang, X., Pineyro, M. A., and Egan, J. M. (1999) Glucagon-like
peptide 1 and exendin-4 convert pancreatic AR42J cells into gluca-
gon-and insulin-producing cells. Diabetes 48:2358–2366.

Zulewski, H., Abraham, E. J., Gerlach, M. J., et al. (2001) Multipotential
nestin-positive stem cells isolated from adult pancreatic islets differ-
entiate ex vivo into pancreatic endocrine, exocrine, and hepatic phe-
notypes. Diabetes 50:521–533.

38/Bou/429-436/F 8/20/03, 2:39 PM436

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 39  /  MAMMARY EPITHELIAL STEM CELLS 437

437

From: Stem Cells Handbook
Edited by: S. Sell © Humana Press Inc., Totowa, NJ

39 Mammary Epithelial Stem Cells

GILBERT H. SMITH, PhD

A major interest in mammary stem cells relates to their potential role in the development of mammary cancer. The role
of stem cells in development of premalignant and malignant lesions is exemplified by the study of the lesions, that develop
in the mammary glands of mice infected with mouse mammary tumor virus. In addition, fragments or dispersed cells from
the mammary glands of old or young mice possess equivalent ability to repopulate a cleared mammary fat pad through serial
passages before reaching growth senescence. Limiting dilution experiments reveal lobule-limited and duct-limited progeni-
tor cells in the cell mixtures, and both of these arise from a common mammary epithelial stem cell. Human mammary
epithelial cells may be separated into myoepithelial (CALLA+) and luminal (MUC+). The luminal population is able to give
rise to both populations, whereas the myoepithelial population only gives rise to myoepithelial cells. The luminal cell
population contains pale- or light-staining cells that appear to have stem cell properties. By electron microscopy, five
populations of mammary epithelial cells are identified: primitive small light cells (SLCs), undifferentiated large light cells
(ULLCs), very differentiated large light cells, classic cytologically differentiated luminal cells, and the myoepithelial cell.
The SLC represent only 3% of the total cells from puberty through postlactation, but these and ULLCs are absent from
growth-senescent mammary cell transplants. Mammary epithelial cell progenitors have been tentatively identified by
expression of stem cell antigen-1. Mammary cancer appears to arise from clonal expansion of a stem cell–derived cell
population through progression from premalignant lesions. The reduction of breast cancer risk associated with early
pregnancy appears to be related to an absence of a proliferative response of parous epithelium to environmental carcinogens,
suggesting that parity produces a new cell population that is committed to the secretory fate, perhaps owing to expansion
of a committed transit-amplifying population of cells. Little is known about the signaling that is responsible for the
maintenance and control of the mammary stem cell population in the normal gland or in “immortalized” premalignant
lesions, and this may be critical for preventing or controlling breast cancer.

39.1. INTRODUCTION
The mammary gland has often been considered a relatively

dispensable organ except during the period of pregnancy and lac-
tation. Despite this, a long history of scientific interest is associ-
ated with this organ because of its seminal role in infant nutrition
and well-being and because it is often afflicted by cancer develop-
ment. In fact, before the beginning of the twentieth century, there
were already more than 10,000 scientific references to published
articles relating to mammary biology (Lyons, 1958). It was an
interest in cancer and cancer development in the breast that brought
about the first series of experiments that led to our current concept
of tissue-specific mammary epithelial stem cells and their impor-
tant role in tissue renewal and in the development of breast cancer.

Interest in premalignant lesions of the breast led DeOme and
his colleagues (DeOme, J. et al., 1959) to develop a biological

system to recognize, characterize, and study hyperplastic nodules
in the mammary glands of mouse mammary tumor virus (MMTV)–
infected mice. In the quest for a means to demonstrate that these
structures were precursors to frank mammary adenocarcinoma,
these investigators developed a method for removing the endoge-
nous mammary epithelium from a mammary fat pad. Subse-
quently, the “cleared” pad was used as a site of implantation where
suspected premalignant lesions could be placed and their subse-
quent growth and development could be observed. Using this
approach, they were able to show that both premalignant and nor-
mal mammary implants could grow and fill the empty fat pad
within several weeks. During this growth period, the premalignant
implants recapitulated their hyperplastic phenotype, whereas nor-
mal implants produced normal branching mammary ducts. Serial
transplantation of normal and premalignant outgrowths demon-
strated that while normal gland invariably showed growth senes-
cence after several generations, hyperplastic outgrowths did not.
It soon became apparent that any portion of the normal mammary
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parenchyma could regenerate a complete mammary tree over
several transplant generations suggesting the existence of cells
capable of reproducing new mammary epithelium through several
rounds of self-renewal. However, it was some time later before
this property was recognized as representative of the presence of
mammary epithelial stem cells (Williams and Daniel, 1983; Smith
and Medina, 1988).

39.2. BIOLOGY
The discovery that all portions of the mouse mammary gland

appeared competent to regenerate an entire new gland on trans-
plantation triggered a series of articles relating to the reproductive
lifetime of mammary cells (Daniel et al., 1968; Daniel and Young,
1971; Young et al., 1971). It was determined that no difference
existed in the regenerative ability of mammary tissue taken from
very old mice vs that taken from very young mice during serial
transplantation. In addition, neither reproductive history nor
developmental state had a significant impact on the reproductive
longevity of mammary tissue implants. The ability of grafts from
old donors to proliferate equivalently to those from young in young
hosts suggested that the life-span of mammary cells is primarily
affected by the number of mitotic divisions rather than by the
passage of chronological or metabolic time. The authors in a
series of experiments tested this, where mammary implants were
serially transplanted. In one series, fragments were taken from the
periphery of the outgrowth for subsequent transplantation, and in
the other the fragments for transplant were removed from the
center. The supposition was that the cells at the periphery had
undergone more mitotic events than those in the center, and, there-
fore, peripheral tissue should show growth senescence more
quickly than tissue near the center. This was shown to be the case
(Daniel and Young 1971). The authors concluded that growth
senescence in transplanted mammary epithelium was related pri-
marily to the number of cell divisions. On the other hand, mouse
mammary epithelial cells could be transformed to unlimited divi-
sion potential either spontaneously, by MMTV infection, or by
treatment with carcinogens (Daniel et al., 1968, 1975). At the
time, this observation was taken to signify that “immortalization”
(i.e., attainment of unlimited division potential) was an important
early step in malignant transformation.

To what extent do these observations extend to the glands of
other mammals? With respect to transplantation of mammary frag-
ments to epithelium-free fat, extensive studies indicate that rat
mammary epithelium shows clonogenic activity similar to that of
the mouse. In fact, rat mammary implants grow extensively to
complete glandular structures within the mouse mammary fat pads
(Welsch et al., 1987). Human mammary fragments were main-
tained and could be stimulated to functional differentiation in
mouse mammary fat pads but did not grow extensively (Sheffield
and Welsch, 1988).

39.3. CULTURE
Dispersed mouse mammary epithelial cells have been shown

to be able to recombine and grow to form a new gland within the
epithelium-free mammary fat pad (Daniel, 1965; DeOme et al.,
1978a, 1978b; Medina et al., 1986). In these experiments, both
normal and transformed mammary outgrowths were developed,
indicating that both normal and abnormal mammary cells could
exist within any given apparently normal glandular population.
Alternative interpretations included the acquisition of an abnor-

mal developmental phenotype as a result of the in vitro culture
conditions. More recently, irradiated feeder cells have been
employed to propagate primary cultures of mouse mammary epi-
thelium. Under these conditions, the cells were maintained for
nine passages and produced normal mammary outgrowths on
introduction into cleared mammary fat pads (Ehmann et al.,
1987). The number of dispersed mammary cells required to pro-
duce a positive take (i.e., form a glandular structure within the fat
pad) increased with increasing passage number. This observa-
tion applies to all mouse mammary epithelial cell lines that have
been developed in vitro and maintained through serial passages.
Eventually, with passage, as with the fragment implants, either
no growth is attained or neoplastic development is achieved when
the cells are placed in cleared fat pads (Kittrell et al., 1992).
Some mouse mammary cell lines that were grown for various
periods in culture demonstrated an extended reproductive life-
span when reintroduced into cleared mammary fat pads and trans-
planted serially. The resulting outgrowths appeared in every way
to be normal and did not exhibit hyperplastic or tumorigenic
growth (Medina and Kittrell, 1993). It was concluded that the
immortalization phenotype could be dissociated from the
preneoplastic phenotype, and it was suggested that these mam-
mary cell lines may represent an early stage, perhaps the earliest,
in progression to mammary tumorigenesis.

During the last decade, a number of researchers have investi-
gated the end point of the clonogenic capacity of dispersed rodent
mammary epithelial cells in limiting dilution transplantation
experiments (Smith, 1996; Kamiya et al., 1998, 1999; Kordon
and Smith, 1998). Both in the mouse and in the rat, 1000–2000
mammary epithelial cells represent the smallest number required
for the establishment of epithelial growth in a fat pad. Earlier it
was shown that genes could be introduced into primary mammary
epithelial cell cultures with retroviral vectors. Subsequently, the
genetically modified epithelial cells were reintroduced into
cleared mammary fat pads for evaluation, in vivo (Smith et al.,
1991). Although stable transduction of gene expression could be
achieved in a high percentage of mammary cells in culture, recov-
ery of these retroviral-marked cells in regenerated glandular struc-
tures was only possible when virtually 100% of the implanted
cells were stably modified. It was determined that this resulted
from the fact that only a very small proportion of the primary
epithelial cells inoculated was capable of contributing to tissue
renewal in vivo. This was the first indication that only a subset
of the mammary epithelial population possessed the capacity to
regenerate mammary tissue on transplantation. From this fol-
lowed the possibility that this cellular subset represented the
mammary epithelial stem cell compartment.

For two entirely different purposes, dispersed rat and mouse
mammary cells were tested for their ability to form epithelial struc-
tures in empty fat pads at limiting dilution. This author investi-
gated the possibility that lobule and ductal-lineage-limited cells
existed among the mouse mammary epithelial population based
on the common observation that lobular development could be
suppressed in transgenic mouse models when ductal branching
morphogenesis was unaffected. The results of this study provided
evidence for distinct lobule-limited and ductal-limited progeni-
tors in the mouse mammary gland (Smith, 1996). In an effort to
establish the total number of clonogenic cells in the rat mammary
gland as a measure of radiogenic susceptibility to cancer induc-
tion, Kamiya (1998, 1999) conducted similar experiments. They
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found that, like the mouse, rat mammary glands possessed distinct
lobule-committed and duct-committed progenitors. In the mouse,
it was shown in clonal-dominant mammary populations that both
of these progenitors arose from a common antecedent, i.e., a pri-
mary mammary epithelial stem cell (Kordon and Smith, 1998).

39.4. GROWTH AND DIFFERENTIATION IN VITRO
As described above, efforts to propagate mammary epithelial

cells in continuous culture and subsequently demonstrate their
ability to reconstitute the mammary gland in vivo have met with
limited success. A different approach to understanding mammary
epithelial cell lineage was applied by using cell-surface markers to
distinguish basal (myoepithelial) from luminal (secretory) epithe-
lial cells. Using fluorescence-activated cell sorting (FACS), Stingl
et al. (1998, 2000) separated human mammary epithelial cells into
myoepithelial (CALLA-positive) and luminal (MUC-positive)
populations and evaluated for their respective capacity to produce
mixed colonies in cloning assays. They reported that individual
epithelial cells bearing luminal markers alone or both luminal and
myoepithelial surface markers could give rise to colonies with a
mixed lineage phenotype. Cells bearing only the CALLA marker
(basal/myoepithelial) were only able to produce like epithelial
progeny. Using a similar approach, Pechoux et al. (1999) demon-
strated that CALLA-positive (myoepithelial) and MUC-1-posi-
tive (luminal) mammary epithelial cells could be purified to
essentially homogeneous populations and maintained as such
under certain specific culture conditions in vitro. Expression of
distinctive keratin gene patterns and other genetic markers also
characterized these disparate cellular populations. It was further
demonstrated that only the luminal epithelial cell population was
able to produce both luminal and myoepithelial cell progeny in
vitro, providing further evidence that the multipotent cellular sub-
set in mammary epithelial cells resided among the luminal rather
than the myoepithelial lineage. More recently, this same group has
shown that unlike myoepithelial cells from normal glands, tumor-
derived myoepithelial cells were unable to support three-dimen-
sional growth when combined with normal luminal cells in vitro
(Gudjonsson et al. 2002b). This deficiency was shown to be the
inability of the tumor myoepithelial cells to express a specific
laminin gene (LAM1) product.

Mouse mammary epithelial cells have been FACS separated
according to their luminal or myoepithelial surface markers. Sub-
sequent study of these different populations in vitro provided
results that agree with those reported for human cells. The cells
capable of giving rise to mixed colonies in cloning studies were
only found among the cells bearing luminal epithelial cell mark-
ers (Smalley et al., 1999).

39.5. MAMMARY STEM CELL MARKERS
Several recent studies have demonstrated that the multipotent

cells in mammary epithelium reside within the luminal cell popu-
lation in human and mouse (Pechoux et al., 1999; Smalley et al.,
1999). However, no specific molecular signature for mammary
epithelial stem cells was revealed. Smith and Medina (1988) pre-
sented an earlier marker that held promise for identifying mam-
mary stem cells in the ultrastructural description of mitotic cells in
mammary epithelial explants. These investigators noticed that
mouse mammary explants, like mammary epithelium in situ, con-
tained pale or light-staining cells, and that only these cells entered
mitosis when mammary explants were cultured.

Chepko and Smith (1997) analyzed light cells in the electron
microscope utilizing their ultrastructural features to distinguish
them from other mammary epithelial cells. The following basic
features expected of stem cells were applied in the ultrastructural
evaluation: division-competence (presence of mitotic chromo-
somes) and an undifferentiated cytology (Fig. 1). The pale-stain-
ing (stem) cells are therefore of distinctive morphology; their
appearance in side-by-side pairs or in one-above-the-other pairs
(relative to the basement membrane) was interpreted as the result
of a recent symmetric mitosis. In addition to pairs, other informa-
tive images would be of juxtaposed cells that were morphologi-
cally intermediate between a primitive and differentiated
morphology based on the number, type, and development of cyto-
plasmic organelles. Cells were evaluated for cytological differen-
tiation with respect to their organelle content and distribution; for
example, cells differentiated toward a secretory function might
contain specific secretory products, such as milk protein granules
or micelles, which have been ultrastructurally and immunologi-
cally defined (Hogan and Smith, 1982). In addition, the presence

Fig. 1. Electron micrograph depicting a small light cell (SLC) in
basal location near basement membrane (Bm) of secretory acinus in
lactating mouse mammary gland. The SLC is in the process of divid-
ing and contains condensed mitotic chromosomes seen as dense
regions within the cell. No nuclear envelope is present. Bordering
the dividing SLC are portions of two differentiated secretory cells
(DSCs), whose cytoplasm contains abundant profiles of RER, an
active Golgi apparatus (golgi), casein secretory granules (csn), and
milk fat globules (mfg). The lumen (Lu) of the acinus is at left and
contains numerous secretory elements. Bar = 1.0 µm.
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The characteristics used to develop a standardized description
of five mammary epithelial cellular morphotypes were staining of
nuclear and cytoplasmic matrix, cell size, cell shape, nuclear
morphology, amount and size of cytoplasmic organelles, location
within the epithelium, cell number, and grouping relative to each
other and to other morphotypes. These characteristics were used to
perform differential cell counts and morphometric analysis of the
cell populations in rat mammary epithelium (Chepko and Smith,
1997). Figure 3 illustrates that each population can be used on both
the light and electron levels to help form a search image for rec-
ognizing them in situ. The five morphotypes that we recognize in
rodent mammary epithelium are a primitive SLC, an undifferen-
tiated large light cell (ULLC), a very differentiated large light cell
(DLLC), the classic cytologically differentiated luminal cell, and
the myoepithelial cell. We described three sets of division-compe-
tent cells in rodent mammary epithelium and demonstrated that
mammary epithelial stem cells and their downstream progenitors
are morphologically much less differentiated than either the secre-
tory or the myoepithelial cells. We counted a total of 3552 cells
through 17 stages of rat mammary gland development and calcu-
lated the percentage of each morphotype. This analysis showed
that the population density (number of cells/mm2) of SLCs among
mammary epithelium did not change from puberty through
postlactation involution. The proportion of SLCs remained at 3%.
This means that although the number of mammary epithelial cells
increased by 27-fold during pregnancy in the mouse (Nicoll and
Tucker, 1965; Kordon and Smith, 1998), the percentage of SLCs
in the population does not change. Therefore, SLCs increase and
decrease in absolute number at the same relative rate as the differ-
entiating epithelial cells. Neither SLCs nor ULLCs cells were
observed in an extensive study of growth-senescent mouse mam-
mary transplants. Examination of growth-competent implants in
the same host reveals easily detectable SLCs and ULLCs (Smith
et al., 2002). These observations lend further support to the con-
clusion that SLCs and ULLCs may represent mammary epithelial
stem cells in situ.

Gudjonnson et al. (2002a) predicted that if human mammary
epithelium contained cells similar to the SLC and ULLC described
in rodents, then these cells would be low or negative for the lumi-
nal surface marker, sialomucin (MUC-1), since they do not com-
monly contact the luminal surface. Coincidentally, such cells
would be positive for epithelial-specific antigen (ESA) but nega-
tive for the basal myoepithelial cell marker, smooth muscle actin
(SMA). Using this approach, they isolated two luminal epithelial
cell populations. One, the major population, coexpressed MUC-1
and ESA. The other, a minor population, was found in a suprabasal
location in vivo and expressed ESA but not MUC-1 or SMA. The
latter cells formed elaborate branching structures, composed of
both luminal and myoepithelial lineages, both in vitro and in vivo.
These outgrowths resembled terminal duct lobular units both by
morphology and by marker expression. These data provide strong
evidence for the presence of mammary epithelial stem cells in the
human breast with characteristics similar to those described above
in rodent mammary gland.

At present there are no specific cellular markers that identify
the “stemness” of any particular mammary epithelial cell. Sev-
eral features known to define stem cells in other organs have
been applied to the mammary gland. For example, the property
of retaining DNA synthesis incorporated label over a long chase
following labeling, i.e., long label-retaining cells (LRCs) in

Fig. 2. In another secretory acinus from a lactating mouse mammary
gland, a quiescent SLC rests on the basement membrane (Bm). Dif-
ferentiated secretory mammary epithelial cells (DSCs) lie on either
side in an adjacent acinus. Milk fat globules (mfg) and casein micelles
are present within the DSCs and in the lumen (LU). A portion of a
myoepithelial cell cytoplasm (myo) also appears near the SLC. Bar =
1.0 µm.

and number of intracellular lipid droplets, the extent and distribu-
tion of Golgi vesicles, and rough endoplasmic reticulum (RER)
attest to the degree of functional secretory differentiation of a
mammary epithelial cell. These features are characteristically well
developed in the luminal cells of active lactating mammary gland
(Fig. 2). Myoepithelial cells are flattened, elongated cells located
at the basal surface of the epithelium, and their prominent cyto-
plasmic feature is the presence of many myofibrils and the absence
of RER or lipid droplets.

In a retrospective analysis of light and electron micrographs, a
careful and detailed scrutiny of mammary tissue was performed to
determine the range of morphological features among the cell types
that had previously been reported. The samples evaluated included
mouse mammary explants; pregnant and lactating mouse mam-
mary glands; and rat mammary gland from 17 stages of develop-
ment beginning with nulliparous through pregnancy, lactation,
and involution (Smith and Vonderhaar, 1981; Vonderhaar and
Smith, 1982; Smith et al., 1984; Chepko and Smith, 1997). From
this analysis, we were able to expand the number of cell types in
the epithelium from two—secretory (or luminal) and myoepithe-
lial cells—to five distinguishable structural phenotypes or
morphotypes. Our observations strengthen the conclusion that only
the undifferentiated (light) cells enter mitoses. The undifferenti-
ated cells were found in two easily recognized forms: small (approx
8 µm) and large (15–20 µm). Mitotic chromosomes were never
found within the differentiated cells, namely secretory and myo-
epithelial cells, suggesting that they were terminally differentiated
and out of the cell cycle. Using all of these features, we were able
to develop a more detailed description of the epithelial subtypes
that comprise the mammary epithelium.
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3H-thymidine- or 5BrdU-pulsed mammary tissue. Mammary
cells in the mouse with this property have been identified and
were found scattered along the mammary ducts. Zeps et al. (1998)
showed that estrogen receptor (ER) immune staining suggests
that these cells are often ER positive. These investigators made
no further characterization of these cells.

In a very recent attempt to further characterize LRCs in the
mouse mammary gland, specific cellular markers were applied to
mammary cells pulsed for 14 d in vivo with BrdU and chased for
9 wk (Welm et al., 2002). Two characteristics, efficient efflux of
Hoechst dye (SP) and the presence of stem cell antigen-1 (Sca-1),
known to associate with stem cells in other organ systems, were
used to identify putative mammary epithelial stem cells. Isolation
of mammary cells with these properties revealed the following.
LRCs isolated from primary cultures were enriched for Sca-1
expression and SP dye–effluxing properties. In situ, LRCs repre-
sent 3–5% of the population after 9 wk, in good agreement with the
number of SLCs (Chepko and Smith, 1997). In addition, the SP
mammary cells, which showed increased clonogenic activity, in
vivo, possessed a frequency and size distribution that was very
similar to SLCs. The Sca-1-positive mammary cells showed a
greater regenerative potential in cleared fat pads than similar num-
bers of Sca-1-negative cells. Taken together, this study represents
a first important step in isolating mammary epithelial progenitors
and may permit the identification of additional markers useful in
determining the biological potential of mammary stem cells.

39.6. MAMMARY STEM CELLS
IN CARCINOGENESIS

Contiguous portions of the human mammary gland possess
the identical pattern of X chromosome inactivation. Thus, local
portions of the gland are derived from a single antecedent (Tsai
et al., 1996). In a further study of human mammary tissue, this
same group (Deng et al., 1996) showed that mammary cancer in
situ and the apparently normal tissue surrounding the lesion
shared similar genetic alterations. This was interpreted to indi-
cate that mammary lesions arise as a result of the clonal expan-
sion of previously affected epithelium subsequent to further
genetic change. The results imply that local genetically damaged
mammary stem cells may give rise to premalignant lesions, which
may progress to frank malignancy. Studies by several other labo-
ratories (Lakhani et al., 1996, 1999; Rosenberg et al., 1997) have
confirmed and extended these observations, supporting the con-
cept of clonal progression in the development of breast cancer in
humans. Therefore, it is conceivable that mammary hyperplasia
and tumors develop locally from damaged clonogenic epithelial
progenitors (stem cells).

Experimental evidence from MMTV-induced mouse mam-
mary hyperplasia and tumorigenesis (reviewed in Callahan and
Smith, 2000) provides strong support for the concept of clonal
progression from normal through premalignant to malignant
epithelium in the rodent mammary gland. In an effort to provide
a proof of principle (i.e., mammary stem cells may contribute to

Fig. 3. This illustration portrays the various morphological forms, that make up the fully differentiated murine mammary epithelium. It is not
drawn to scale; rather, it indicates our interpretation of the lineal relationships among the mammary stem cell (SLC) at the left, the lineage-
limited progenitors (ULLC), and the fully differentiated secretory (DSC) and myoepithelial cells, as determined from an extensive electron
microscopic study of differentiating murine mammary glands.

39/Smi/437-444/F 8/20/03, 2:50 PM441

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


442 SMITH

mammary tumor development), mice exhibiting a mammary
growth-senescent phenotype in transplant experiments were
challenged with MMTV (Boulanger and Smith, 2001). Only one
tumor was induced by MMTV in these mice, whereas more
than half of their MMTV-infected wild-type female littermates
developed mammary tumors. The result indicates that premature
senescence in mammary epithelial stem cells may reduce the
subsequent risk for mammary tumorigenesis in MMTV-chal-
lenged mice.

Previous experimentation with retrovirus-marked (MMTV)
clonal-dominant mammary populations demonstrated that an
entire functional mammary glandular outgrowth might comprise
the progeny of a single antecedent (Kordon and Smith, 1998).
These populations have been transplanted serially to study the
properties of aging, self-renewing, mammary clonogens derived
from the original progenitor. Premalignant, malignant, and meta-
static clones arose from these transplants during passage. All of
these bore a lineal relationship with the original antecedent
because all of the original proviral insertions were represented in
each of these lesions (Smith and Boulanger, 2002). Although this
does not prove that mammary stem cells may directly give rise to
cancerous lesions within the mammary gland, it does demon-
strate that normal, premalignant, and malignant progeny are all
within the “repertoire” of an individual mammary cell.

In mice, rats, and humans a single early pregnancy provides
lifelong reduction in mammary cancer risk. In rats and mice, the
protective effect of pregnancy can be mimicked through hor-
monal application in the absence of pregnancy. This refractori-
ness to chemical induction of mammary tumorigenesis has
recently been linked to the absence of a proliferative response in
the parous epithelium when confronted with the carcinogen as
compared with the nulliparous gland (Sivaraman et al., 1998,
2001). Concomitant with the reduction in proliferative response
is the appearance of stable activation of p53 in epithelial cell
nuclei. This suggests that in response to the hormonal stimula-
tion of pregnancy a new cellular population is created with an
altered response to carcinogen exposure. Employing the Cre
recombinase/loxp system to identify mammary cells in situ,
which have differentiated during pregnancy and expressed Cre
from the whey acidic protein (WAP) promoter, a new parity-
induced mammary epithelial cell population was discovered
(Wagner et al., 2002). Transplantation studies indicate that this
parity-specific epithelium has the capacity for self-renewal and
can contribute extensively to regeneration of mammary glands in
cleared fat pads. This population does not appear in nulliparous
females at any age but accumulates on successive pregnancies in
parous females. The evidence shows that, in situ, these cells are
committed to secretory cell fate and contribute extensively to the
formation of secretory lobule development on successive preg-
nancies. Transplantation of dispersed cells indicates that this
population is preferentially included in growth-competent mam-
mary cell reassembly and has an individual capacity to undergo
at least eight cell doublings. Studies are in progress to isolate and
characterize these cells and to determine their contribution to the
refractoriness of parous mammary tissue to cancer development.

39.7. FUTURE PROSPECTS
The vast array of genetic models and manipulations devel-

oped in the mouse has yet to be fully employed in the dissection
of stem cell biology in the mammary gland or, for that matter, in

a number of other organ systems. To date, most investigators
have been satisfied with describing the effect of the deletion or
dysregulation of their favorite genes on mammary growth, dif-
ferentiation, and tumorigenesis or with providing evidence for
the importance of their pet signaling pathway in mammary func-
tion. However, this attitude may be changing, especially with the
increased awareness of multipotent cells in adult organs and the
mounting evidence for the importance of somatic cell signaling
on stem cell behavior in tissue-specific stem cell niches
(Spradling et al., 2001). The application of conditional gene
deletion or expression in stem cell populations in the epidermis
provides an example of this approach (Arnold and Watt, 2001).
Here, conditional activation of myc, even transiently, in epider-
mal stem cells commits them to the production of sebaceous
epithelial progeny at the expense of hair follicle progeny. In
the mammary gland, only indirect evidence supports the possible
role of somatic cell control of stem cell behavior. In mice
expressing constitutively active transforming growth factor-β1
(TGF-β1) from the WAP gene promoter, mammary implants
show early growth senescence on transplantation into cleared
mammary fat pads (Kordon et al., 1995; Boulanger and Smith,
2001). This suggests that expression of active TGF-β1 in adja-
cent hormonally responsive epithelial progeny may result in a
reduction in the capacity for stem cell self-renewal. The prema-
ture loss of stem cell reproductive activity in this model also
results in a decreased risk for mammary tumor induction by
MMTV (Boulanger and Smith, 2001). Modulation of stem cell
behavior holds exceptional promise for a new prophylactic
approach for controlling mammary cancer risk. An important
step toward the achievement of this control will be the character-
ization of the stem cell niche in the rodent mammary gland and
ultimately in humans.
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40 Morphogenesis of Prostate Cancer

HELMUT BONKHOFF, PhD

The three epithelial cell types of the prostatic epithelium—secretory luminal cells, basal cells, and neuroendocrine
cells—arise from a common pluripotent stem cell in the basal layer through transit-amplifying cells that display interme-
diate phenotypes. The cellular diversity of the prostatic epithelium is maintained through a network of hormonal control,
growth factors, and interactions with the basement membrane. Severe differentiation and proliferation disorders occur
during the malignant transformation of the prostatic epithelium. In high-grade prostatic intraepithelial neoplasia (HGPIN),
basal cells lose their proliferative capacity while luminal cells acquire increased proliferative activity. This process is
associated with an abnormal expression of oncogenes (erbB-2, erbB-3, and c-met), the apoptosis-suppressing Bcl-2, and
the classic estrogen receptor α (ERα). Conversely, the ERβ which mediates chemopreventive effects of phytoestrogens is
partially lost in HGPIN. Neoplastic progression to invasion is associated with loss of cell adhesion proteins and formation
of new tumor-associated basement membranes, which provide a matrix for invasion. Common prostatic adenocarcinoma
is composed of exocrine cell types expressing prostate-specific antigen and cytokeratins 8 and 18, as well as androgen
receptors (Ars), making exocrine tumor cells androgen responsive even in androgen-insensitive stages of the disease. The
only phenotype of common prostatic adenocarcinoma lacking the nuclear AR shows neuroendocrine differentiation. These
endocrine tumor cells do not proliferate or undergo apoptosis, indicating that such tumor cells are androgen-insensitive and
escape radiation therapy and other cytotoxic drugs. In addition, endocrine tumor cells secrete a number of endocrine growth
factors that can maintain proliferative activity in exocrine tumor cells through a paracrine mechanism. After androgen
deprivation therapy, prostate cancer cells acquire estrogen and progesterone receptors and may use the pertinent steroids
to survive in an androgen-deprived milieu. This warrants clinical trials to test the efficacy of antiestrogens in the medical
treatment of advanced prostate cancer.

40.1. INTRODUCTION
Prostate cancer is one of the most commonly diagnosed cancers

in North America and Europe. Despite its clinical magnitude and
the recent progress made in molecular biology, the pathogenesis of
prostate cancer remains poorly understood. This reflects several
factors including the complex composition of the prostate gland
by different anatomical, cellular, and functional compartments
(Figs. 1 and 2); the heterogeneous and multifocal nature of pros-
tate cancer; the limited number of established cell lines for in vitro
studies; and the lack of suitable animal models that faithfully
recapitulate all stages of disease progression. This chapter focuses
on current morphogenetic factors implicated in the development
of prostate cancer and tumor progression. The concepts discussed
herein refer to recent data obtained in human prostate tissue.

40.2. CELLULAR BIOLOGY
OF PROSTATIC EPITHELIUM

The prostatic epithelium has a complex composition of three
cell types differing in their hormonal regulation and marker
expression (Fig. 2). The most prevalent phenotype consists of
secretory luminal cells expressing prostate-specific antigen (PSA)
and cytokeratins (CKs) 8 and 18 (Nagle et al., 1991; Xue et al.,
1998). Basal cells, the second most important phenotype, main-
tain normal epithelial-stromal relation and express high-molecu-
lar-weight cytokeratins (Wernert et al., 1987; Bonkhoff, 1996).
The third phenotype shows neuroendocrine differentiation. Neu-
roendocrine cells express chromogranins and secrete a number of
neurosecretory products that may have growth-promoting prop-
erties (Di Sant’Agnese, 1992; Di Sant’Agnese and Cockett, 1996).
Although these basic cell types clearly differ in their biological
functions, they obviously share a common origin from pluripo-
tent stem cells located in the basal cell layer (Bonkhoff, 1996a;
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Bonkhoff et al., 1996b, 1998b). This concept is based on the
occurrence of intermediate differentiation among the three basic
cell types making up the prostatic epithelium (Bonkhoff et al.,
1994a; Xue et al., 1998), and some biological properties of basal
cells (Bonkhoff, 1996a; Bonkhoff et al., 1996b, 1998b). Cell
kinetic studies indicate that the proliferation compartment of the
normal and hyperplastic epithelium is located in the basal cell
layer (Bonkhoff et al., 1994b). Seventy percent of proliferating
epithelial cells express basal cell–specific cytokeratins, while the
remaining 30% of cycling cells are identified in secretory luminal
cell types (Bonkhoff et al., 1994b). Chromogranin A (ChrA)–
positive neuroendocrine cells lack proliferative activity and rep-
resent a terminal differentiated cell population within the prostatic
epithelial cell system (Bonkhoff et al., 1991a, 1995b). It is there-
fore most unlikely that neuroendocrine cells present in the normal
or dysplastic epithelium are precursors of prostate cancer cells
with neuroendocrine features (Bonkhoff, 1998). In benign pros-
tate tissue, apoptotic cell death is androgen regulated and mainly
occurs in secretory luminal cells. Basal cells uniformly express
the apoptosis-suppressing Bcl-2 oncoprotein, which obviously
protects the proliferation compartment from programmed cell
death (Bonkhoff et al.,1998a).

The cellular diversity of the prostatic epithelium is maintained
through a network of hormonal control, growth factors, and adhe-
sive interactions with the underlying basement membrane. The
differentiation compartment of the prostatic epithelium is made up
of secretory luminal cells that are androgen dependent but have a
limited proliferative capacity (Bonkhoff et al., 1994b). Luminal
cells strongly express the nuclear androgen receptor (AR). The
proliferation compartment (basal cells) is androgen independent
but harbors androgen-responsive target cells. In fact, subsets of
basal cells express the nuclear AR at high levels (Bonkhoff et al.,
1993b). Basal cells also contain the 5α-reductase isoenzyme 2,
which is crucial for the dihydrotestosterone-forming process
(Bonkhoff et al., 1996c). It is likely that androgen-responsive basal
cells are committed to differentiate toward luminal cells under

appropriate androgen stimulation (Bonkhoff, 1996a; Bonkhoff
et al., 1996b). This differentiation process is balanced by estro-
gens. Estrogen treatment leads to basal cell hyperplasia and atro-
phy of luminal cells by preventing basal cells to differentiate
toward luminal cells (Bonkhoff, 1996a; Bonkhoff et al., 1996b).
This process is mediated by the classic estrogen receptor α (ERα),
which is expressed in stromal and basal cells but not in secretory
luminal cell types (Bonkhoff et al., 1999b). On the other hand, the
new ERβ is expressed extensively in luminal cells and at lower
levels in basal cells (Fixemer et al., 2003). The ERβ binds
phytoestrogens with high affinity and is a promising target for
chemoprevention of BPH and prostate cancer (Chang and Prins,
1999; Steiner et al., 2001). It has been shown that ERβ knockout
mice develop BPH with age, indicating that a functional ERβ pro-
tects the prostatic epithelium from hyperplastic changes (Krege
et al., 1998).

Fig 1. Zonal anatomy of prostate. The prostate of a 65-yr-old patient with benign prostatic hyperplasia (BPH) is shown. The prostate gland is
composed of three anatomical zones. The central zone (C) located between ejaculatory ducts (D), and the proximal urethral segment (PU)
accounts for about 25% of normal prostatic volume. Only about 10% of carcinomas arise in this zone. The transition zone (T) located around
the proximal urethral segment accounts for about 5% of normal prostatic volume but steadily increases with age. Virtually all forms of BPH
arise here. Transition zone cancer accounts for about 15–20% of prostatic adenocarcinoma and is commonly diagnosed in transurethral
resection specimens from patients with BPH (incidental carcinoma). The peripheral zone (P) located around the distal urethral (DU) segment
represents approx 70% of the normal gland. The majority (70–75%) of prostatic adenocarcinomas and high-grade prostatic intraepithelial
neoplasias (HGPINs) arise in this zone. CS, colliculus seminalis.

Fig. 2. Cellular composition of prostatic epithelium. The prostatic
epithelium is composed of three basic cell types: secretory luminal
cells, basal cells, and endocrine-paracrine cells. Simultaneous dem-
onstration of PSA (secretory luminal cells), high-molecular-weight
cytokeratins (HMWCK) (basal cells), and ChrA (endocrine cells).
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Besides estrogens and androgens, a number of nonsteroidal
growth factors are involved in the regulation of benign glandular
growth. Most growth factor receptors (e.g., epidermal growth fac-
tor receptor [EGF-R]), oncogenes (erbB-2, erbB-3, c-met, Bcl-2),
and tumor suppressor genes (nm-23-H1) of the prostatic epithe-
lium are expressed in basal cells (Bonkhoff et al., 1998b; Myers
and Grizzle, 1996). The interplay among these factors may ulti-
mately determine the growth fraction within the basal cell layer.
On the other hand, differentiation processes within the prostatic
epithelial cell system most likely depend on a hormonal balance
between circulating androgens and estrogens (Bonkhoff, 1996a;
Bonkhoff et al., 1996a, 1998b). Another important factor impli-
cated in benign prostatic growth is the role of basal cells mediating
adhesive interactions with epithelial basement membranes
(Bonkhoff, 1998c). Prostatic epithelial cells require basement
membrane components for their in vitro growth and differentia-
tion (Fong et al., 1991). In human prostate tissue, basal cells
exhibit polarized distribution of integrin receptors (α6β1, α2β1,
α6β4) and hemidesmosome-associated proteins (BP180, BP220,
HD1) (Bonkhoff et al., 1993a; Knox et al., 1994; Nagle et al.,
1995). It seems likely that formation of stable hemidesmosomes

and adhesive interactions with basement membrane contribute
significantly to the integrity and biological functions of basal cells.

In summary, basal cells play a pivotal role in benign prostate
growth. The basal cell layer houses pluripotent stem cells and
maintains cell proliferation and normal epithelial-stromal rela-
tions (Fig. 3). Genetic and epigenetic factors interfering with the
normal function of basal cells are therefore crucial for the devel-
opment of prostate cancer.

40.3. DIFFERENTIATION AND PROLIFERATION
DISORDERS IN EARLY PHASES
OF PROSTATIC CANCEROGENESIS

HGPIN is the most likely precursor of prostate cancer
(Bostwick, 1996; Montironi et al., 1996). This lesion usually arises
in preexisting ducts and duct–acinar units of the peripheral zone
and shares cytological features with intermediate and high-grade
carcinoma but retains basal cell differentiation (Bostwick, 1996).
Autopsy studies indicate that PIN precedes carcinoma by 10 yr and
more. HGPIN is currently the most significant risk factor for pros-
tate cancer. Its identification in prostatic biopsy specimens war-
rants further searches for concurrent cancer (Bostwick, 1996).

Fig. 3. Stem cell model for organization of the prostatic epithelium. Three functional compartments can be identified within the complex
prostatic epithelial cell system. The differentiation compartment consists of secretory luminal cells that are androgen dependent but have a
limited proliferative capacity. Luminal cells express high levels of the nuclear AR and the ERβ, which may exert antiproliferative effects on
luminal cells. The basal cell layer is androgen independent and makes up the proliferation compartment. The proliferation function of basal
cells is maintained by several growth factors (e.g., EGF), oncogenes (erbB-2, erbB-3, c-met), and tumor suppressor gene products (nm23-H1),
while Bcl-2 protects basal cells from apoptotic cell death. The basal cell layer houses a small stem cell population that gives rise to all epithelial
cell types through a process of intermediate differentiation. These differentiation processes depend on a delicate balance between estrogens
and androgens. Estrogens prevent basal cell differentiation toward luminal cells, thus leading to basal cell hyperplasia and atrophy of luminal
cells. When basal cells require androgens to give rise to androgen-dependent luminal cells, the turnover of the luminal epithelium depends on
the presence of androgen-responsive target cells in the basal cell layer. The age-related decrease in circulating androgens may hypersensitize
basal cells to the reduced levels of bioavailable androgens by upregulation of the nuclear AR in the basal cell layer. This may lead to glandular
hyperplasia by accelerating the turnover of luminal cells from basal cells. Alternatively, other stroma-derived factors may be involved to control
the differentiation process from basal to luminal cell types.
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Severe differentiation and proliferation disorders occur dur-
ing the malignant transformation of the prostatic epithelium. In
HGPIN, the basal cell layer (proliferation compartment) loses its
proliferation function, whereas secretory luminal (dysplastic)
cells acquire increased proliferative activity (Bonkhoff et al.,
1994a). Less than 10% of cycling cells detected in HGPIN belong
to the former proliferation compartment (Bonkhoff et al., 1994a)
(Fig. 4). Extension of the proliferative zone to luminal cells in the
differentiation compartment is a typical feature of well estab-
lished premalignant lesions such as colorectal adenomas. The
premalignant proliferation disorders encountered in HGPIN are
associated with an aberrant expression of oncogenes (erbB-2,
erbB-3, c-met) and tumor suppressor genes (nm23-H1) in the
differentiation compartment of the transformed epithelium
(Myers and Grizzle, 1996; Bonkhoff et al., 1998b). Restricted to
basal cells in normal conditions, these biomarkers are implicated
in the malignant transformation of the prostatic epithelium. In
addition, severe regulatory disorders of the programmed cell death
have been identified. At least 20% of HGPINs express high levels
of the apoptosis-suppressing Bcl-2 oncoprotein in the differentia-
tion compartment of the transformed epithelium and thus prevent
dysplastic cells from the apoptotic cell death (Bonkhoff et al.,
1998a). The resulting prolonged life-span of transformed cells,
together with their high proliferation rate, provides an excellent
environment in which genetic instability can occur. The most
common genetic alterations in HGPIN include gain of chromo-
some 7, particularly 7q31; loss of 8p and gain of 8q; and loss of
10q, 16q, and 18q. The overall frequency of numeric chromo-
somal anomalies reported is remarkably similar in HGPIN and
invasive cancer, suggesting that they have a similar pathogenesis
(Qian et al., 1998; Foster et al., 2000).

Clinical studies suggest that HGPIN lesions are androgen
dependent and generally regress after androgen deprivation
(Bostwick, 1996). This observation obviously reflects the fact that
most of these precursors express the nuclear AR and Bcl-2 as

described in benign acini. Conversely, HGPIN with aberrant
expression of Bcl-2 in the differentiation compartment tends to
downregulate the AR, as documented by markedly reduced levels
of detectable receptor proteins (Bonkhoff et al., 1998a). It is likely
that such premalignant lesions escape the androgen-regulated pro-
grammed cell death and do not regress after androgen deprivation.
Accordingly, Bcl-2 may be a promising biomarker to define the
virulence of HGPIN.

The role of estrogens in the malignant transformation of the
prostatic epithelium appears even more complex. Epidemiologi-
cal and experimental data suggest that estrogens may exert can-
cerogenic and chemopreventive effects on the prostatic epithelium
(Chang and Prins, 1999; Griffiths, 2000; Steiner et al., 2001). This
apparent contradiction obviously reflects the presence of two dis-
tinct estrogen receptors (ERα and ERβ). In human prostate tissue,
ERα gene expression is restricted to basal and stromal cells in
normal conditions. In HGPIN, high steady-state levels of ERα
mRNA are detected in the dysplastic epithelium (Bonkhoff et al.,
1999b). At least 10% of HGPINs express the ERα at the protein
level (Bonkhoff et al., 1999b). The estrogen-inducible PS2 has
been identified in a significant number of benign and dysplastic
prostate tissues from patients with locally advanced prostate can-
cer, but not in prostate tissue from patients without evidence of
malignant disease (Bonkhoff et al., 1995a). These data suggest
that the cancerogenic effects that estrogens may exert on the pro-
static epithelium are mediated by the classic ERα. On the other
hand, the ERβ binds phytoestrogens, which have antiproliferative
and chemopreventive properties in animal models (Chang and
Prins, 1999; Steiner et al., 2001). Expressed in luminal cell types
at high levels in normal conditions, the ERβ is downregulated in
HGPIN. At least 64% of these precursors reveal decreased or
markedly decreased levels of the ERβ in the dysplastic epithelium
(Fixemer et al., 2003). This indicates that the ERβ is a tumor
suppressor that is partially lost during the malignant transforma-
tion of the prostatic epithelium.

In summary, virtually all phenotype and genotype data amassed
in recent years suggest that HGPIN is the precursor of intermediate
and high-grade cancer arising in the peripheral zone (Bostwick,
1996; Foster et al., 2000; Montironi et al., 1996). Conversely, the
significance of atypical adenomatous hyperplasia (AAH) as a pre-
cursor of low-grade transition zone cancer is not well established
(Montironi et al., 1996). Although the proliferative activity of
AAH is increased compared with hyperplastic lesions, the prolif-
eration zone and Bcl-2 expression are restricted to basal cells as
described in benign prostate tissue (Bonkhoff et al., 1994b, 1998a).
Thus, AAH does not reveal typical premalignant proliferation and
differentiation abnormalities as found in HGPIN. Nevertheless,
allelic imbalance may occur, indicating a genetic link between
AAH and prostatic adenocarcinoma (Cheng et al., 1998). Much
more work is needed to define the morphogenesis of low-grade
transition zone cancer.

40.4. PATHOGENESIS OF STROMAL INVASION
Adhesive interactions in premalignant lesions do not differ

significantly from those encountered in benign prostate tissue.
Dramatic changes occur during early stromal invasion when the
transformed epithelium loses basal cell differentiation (Bonkhoff,
1998c). This process is associated with the loss of a number of
hemidesmosome-forming proteins and associated adhesive mol-
ecules, including collagen VII, β3 and γ2 subchains of laminin 5,

Fig. 4. Proliferation abnormalities detected in HGPIN. During the
malignant transformation of the prostatic epithelium, the prolifera-
tion zone extends to secretory luminal cells (differentiation compart-
ment). Less than 10% of cycling cells are identified in the basal cell
layer (arrow), the proliferation compartment of the normal prostatic
epithelium. Simultaneous demonstration of the proliferation marker
Mib-1 and basal cell–specific cytokeratins (34βE12) in HGPIN.
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and α6β4 integrins (Knox et al., 1994; Nagle et al., 1995). It is
quite clear that benign acini and HGPIN require these adhesive
elements to maintain basal cell differentiation and normal epithe-
lial–stromal relations. Alternatively, the inability of transformed
cells to express hemidesmosome-associated proteins obviously
presents a key step in the neoplastic progression of HGPIN to early
invasive cancer.

Another important event in early stromal invasion refers to the
synthesis of tumor-associated basement membranes  (Bonkhoff
et al., 1991b, 1992). Invasive prostate cancer cells produce base-
ment membrane–like matrices to invade the host tissue, and
express associated integrins (α6β1, α2β1) that mediate attach-
ment to this newly formed matrix (Bonkhoff et al., 1991b, 1992,
1993a) (Fig. 5). This particular tumor–host relation encountered
in prostate cancer is maintained through the various stages of the
disease, including high-grade, metastatic, and recurrent lesions
(Bonkhoff et al., 1991b, 1992, 1993). Neoplastic basement mem-
branes differ from their normal counterparts in their differential
susceptibility to pepsin treatment and lack hemidesmosome-
associated laminin 5, collagen VII, and type IV collagen α5 and
α6 chains (Bonkhoff et al., 1993a; Knox et al., 1994; Nagle et al.,
1995). Recent in situ hybridization analysis showed that these
basement membranes are produced by tumor cells and not by the
host tissue (Pföhler et al., 1998). High steady-state levels of
laminin and type IV collagen mRNA are detected in metastatic
lesions when compared with primary tumors (Pföhler et al.,
1998). This indicates that the basement membrane–forming
process increases with tumor progression. Their functional sig-
nificance for the process of stromal invasion has also been dem-
onstrated in vitro, showing that prostate cancer cell lines generally
require reconstituted basement membrane (Matrigel) to be tum-
origenic in athymic mice (Bonkhoff, 1998c).

In summary, de novo–synthesized basement membrane and
adhesion via specific receptors significantly contribute to the abil-
ity of prostate cancer to penetrate the extracellular matrix (ECM)
during stromal invasion and metastasis (Bonkhoff, 1998c).

40.5. MORPHOGENETIC FACTORS IMPLICATED
IN PROSTATE CANCER PROGRESSION
AND HORMONE THERAPY FAILURE

Common prostatic adenocarcinoma is mainly composed of
exocrine tumor cells that express PSA and CKs 8 and 18 and share
phenotype similarity with secretory luminal cells of the normal
prostatic epithelium (Nagle et al., 1991). These exocrine tumor
cells generally express the nuclear AR and 5α reductase isoen-
zymes 1 and 2 in primary, metastatic, and recurrent lesions
(Bonkhoff et al., 1993c, 1996c; Koivisto et al., 1998). This obser-
vation suggests that exocrine tumor cells are androgen responsive
and maintain the dihydrotestosterone-forming process even in
hormone-refractory stages of the disease. The continuous expres-
sion of the nuclear AR in androgen-insensitive tumors can be
explained partially by AR gene amplification, which has been
identified in at least 30% of recurrent lesions (Koivisto et al.,
1998). The presence of the nuclear AR in prostate cancer tissue,
however, does not imply androgen-dependent growth. Point muta-
tions in the steroid-binding domain of the AR gene can seriously
interfere with the normal function of the receptor protein (Koivisto
et al., 1998; Culig et al., 2000). Mutant AR can bind estrogens and
other steroids that maintain transcription of androgen-regulated
genes even in the absence of androgens (Culig et al., 2000). AR

gene mutations, however, are rather infrequent in prostate cancer.
A significant number of hormone-refractory tumors have been
reported to have apparently normal AR gene (Koivisto et al., 1998).
Other factors are certainly involved in the multifactorial process
of androgen insensitivity. Alternative pathways by which prostate
cancer cells can escape androgen deprivation include their ability
to acquire neuroendocrine differentiation (Bonkhoff, 1998d,
2001b) or to use estrogens for their own growth (Bonkhoff et al.,
1999, 2000, 2001a).

40.5.1. NEUROENDOCRINE DIFFERENTIATION  The
second most prevalent phenotype encountered in prostate cancer
shows neuroendocrine differentiation (Di Sant’Agnese and
Cockett,1992; Di Sant’Agnese et al., 1996). Virtually all pros-
tatic adenocarcinomas reveal at least focal neuroendocrine fea-
tures as assessed by immunohistochemical markers such as ChrA.
Tumors with extensive and multifocal neuroendocrine features
(accounting for approx 10% of all prostatic malignancies) tend to
be poorly differentiated, more aggressive, and resistant to hor-
monal therapy (Di Sant’Agnese, 1992; Di Sant’Agnese and
Cockett, 1996). Several pathways have been described showing
how neuroendocrine differentiation can affect tumor progression
and hormone therapy failure (Bonkhoff, 1998d, 2001b). It has
been shown that prostate cancer cells expressing ChrA consis-
tently lack the nuclear AR in primary, metastatic, and recurrent
lesions (Bonkhoff et al., 1993c) (Fig. 6). This clearly indicates
that neuroendocrine phenotypes constitute an androgen-insensi-
tive cell population in all stages of the disease. Neuroendocrine
tumor cells most likely derive from exocrine phenotypes through
a process of intermediate differentiation. This obviously reflects

Fig. 5. Epithelial-stromal relation in prostate cancer. Invasive tumor
cells are separated from the host tissue by pericellular and periacinar
basement membranes expressing laminin and other basement mem-
brane components. Pertinent receptors such as α6β1 integrins (arrow-
heads) mediate attachment to these newly formed matrices.
Computer-assisted double staining reveals coordinate expression of
the extracellular receptor domain and its corresponding ligand in
basement membranes (arrows).
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the differentiation repertoire of prostatic stem cells. In fact, neu-
roendocrine foci frequently harbor amphicrine cell types express-
ing both endocrine (ChrA) and exocrine (PSA) markers (Bonkhoff
et al., 1994a). Despite their androgen insensitivity, neuroendo-
crine tumor cells have no proliferative capacity. It has been shown
that neuroendocrine differentiation predominantly occurs in the
G0 phase of the cell cycle and is lost when tumor cells reenter the
cell cycle (Bonkhoff et al., 1991a, 1995b). Although neuroendo-
crine tumor cells lack proliferative activity, they may exert
growth-promoting stimuli on adjacent (exocrine) tumor cells.
Endocrine tumor cells secrete a number of neurosecretory prod-
ucts with mitogenic properties in vitro, including serotonin,
bombesin, calcitonin, and parathyroid hormone–related peptides
(Di Sant’Agnese, 1992; Di Sant’Agnese and Cockett, 1996). It is
likely that these neuroendocrine growth factors can maintain cell
proliferation of adjacent (exocrine) tumor cells through a
paracrine (androgen-independent) mechanism.

Recent studies also indicate that neuroendocrine (ChrA-posi-
tive) tumor cells escape the apoptotic cell death, as assessed by
DNA fragmentation assays (Bonkhoff et al., 1999a; Fixemer et al.,
2003). The absence of proliferative and apoptotic activity in neu-
roendocrine phenotypes may have some therapeutic implications,
since radiation therapy and other cytotoxic drugs mainly affect
cycling cells. Given their cell kinetic features, it will be very dif-
ficult to kill neuroendocrine tumor cells by endocrine and other
cytotoxic treatments currently available. Recent clinical studies
lend credence to this concept. Elevated serum levels of ChrA in
patients with prostate cancer correlate with poor prognosis and are
scarcely influenced by either endocrine therapy or chemotherapy
(Berruti et al., 2000).

40.5.2. ROLE OF ESTROGENS IN ANDROGEN-INSEN-
SITIVE PROSTATIC GROWTH  Since the time of Higgins,
estrogens have been widely used in the medical treatment of
advanced prostate cancer to reduce the testicular output of andro-
gens. The recent discovery of the classical ERα and estrogen-
regulated proteins such as the progesterone receptor (PR) and the
heat-shock protein HSP27 clearly shows that prostate cancer cells
can use estrogens for their own growth (Bonkhoff et al., 1999b,

Fig. 6. AR status of endocrine and exocrine prostate cancer cells. AR expression is restricted to exocrine tumor cells. Neuroendocrine tumor
cells identified by ChrA (arrows) consistently lack the nuclear AR in both primary (left) and recurrent (right) lesions.

2000, 2001a). In apparent contrast with breast cancer, the pres-
ence of the ERα and the estrogen-inducible PR and HSP27 is
a late event in prostate cancer progression. The most significant
levels of these markers are detectable in recurrent and metastatic
lesions (Bonkhoff et al., 1999b, 2000, 2001a) (Fig. 7). This
indicates that metastatic and androgen-insensitive tumors are
estrogen responsive and can use estrogens for their maintenance
and growth to survive in an androgen-deprived milieu. It is note-
worthy that the expression of the ERα and PR in the normal
prostatic epithelium is restricted to the basal cell layer, which is
androgen independent, proliferative active, and harbors pros-
tatic stem cells (Bonkhoff et al., 1998b). The reappearence of the
ERα and PR in advanced and androgen-insensitive tumors sug-
gests that prostate cancer cells expressing these steroid receptors
recapitulate some biological features of basal cells or prostatic
stem cells.

In apparent contrast with the classic ERα, the ERβ variant is
expressed extensively in primary and metastatic lesions without
any clear correlation with the histological grade or the pathologi-
cal stage (Fixemer et al., 2003). Nevertheless, the ERβ is par-
tially lost in androgen-insensitive stages of the disease, which
may reflect the androgen dependence of ERβ gene expression in
prostate cancer (Fixemer et al., 2003). Although the precise role
of the ERβ in prostate cancer remains to be established, most
studies suggest that the ERβ exerts anti-proliferative effects by
counteracting the stimulating effects of the ERα (Krege et al.,
1998; Chang and Prins, 1999; Steiner et al., 2001). Irrespective
of possible explanations, the progressive emergence of the ERα
and PR during tumor progression provides a theoretical back-
ground for studying the efficiency of antiestrogens and
antigestagens in the medical treatment of advanced prostate can-
cer. The current morphogenetic factors implicated in prostate
cancer development and progression are summarized in Fig. 8.

40.6. CONCLUSION
Prostate cancer is a complex disease process involving phe-

notype, epigenetic, and genetic factors. In each methodological
approach, knowledge of prostatic heterogeneity, histology, and
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Fig. 7. ER and PR expression in recurrent prostatic adenocarcinoma. At least 30% of androgen-insensitive prostatic adenocarcinomas express
the PR at significant levels (Bonkhoff et al., 2001a). The presence of the PR is associated with high steady-state levels of ERα mRNA. This
indicates that such lesions have a functional ERα able to induce the PR.

Fig. 8. Morphogenetic pathways implicated in prostate cancer development and tumor progression. Preinvasive phases of prostatic
cancerogenesis are characterized by severe differentiation and proliferation disorders within the prostatic epithelial cell system (see text).
Transformed precursor cells originating from the basal cell layer acquire exocrine features and produce an altered ECM. These newly
formed (tumor-associated) basement membranes provide a supporting scaffold for penetration of the host tissue during stromal invasion
and metastasis. Exocrine tumor cells (the most prevalent phenotype of prostatic adenocarcinoma) generally express the nuclear AR, 5α
reductase isoenzymes 1 and 2, and the androgen-regulated ERβ. Thus, exocrine tumor cells remain androgen responsive even in hormone
refractory stages of the disease. Point mutations in the steroid-binding domain of the AR gene, however, can seriously interfere with the
normal function of the receptor protein. The progressive emergence of neuroendocrine tumor cells during tumor progression obviously
reflects the differentiation potency of prostatic stem cells. Devoid of the nuclear AR, neuroendocrine tumor cells are androgen insensitive
but produce neuroendocrine growth factors that can exert growth-promoting effects on adjacent exocrine tumor cells through a paracrine
mechanism. The lack of proliferative and apoptotic activity in neuroendocrine tumor cells further contributes to their drug resistance. After
androgen deprivation, prostate cancer cells acquire the ability to use estrogens and prosgestins for their own growth. The presence of the
ERα and the estrogen-inducible PR in metastatic and recurrent lesions recapitulates some biological properties of basal cells and prostatic
stem cells and provides a novel target for antiestrogens and antigestagens in the medical treatment of advanced prostate cancer.
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morphogenesis is essential. This highlights the role of patholo-
gists in contemporary prostate cancer research. The morphoge-
netic data reviewed here may provide a conceptual framework
for studying the impact of biochemical and genetic factors on
prostate cancer development and tumor progression.
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41 Stem Cells in Lung Morphogenesis,
Regeneration, and Carcinogenesis

ANK A. W. TEN HAVE-OPBROEK, MD, PhD, SCOTT H. RANDELL, PhD,
AND BARRY R. STRIPP, PhD

41.1. INTRODUCTION
The lung epithelium is a key environmental interface whose

normal function is essential to host well-being. It is susceptible
to phenotypic modulation during the course of common mala-
dies, is involved in genetic diseases such as cystic fibrosis, and
is the source of the world’s most prevalent lethal cancer. Eluci-
dation of epithelial stem cells and their transit-amplifying prog-
eny is a prerequisite toward improving our understanding of the
pathogenesis, detection and treatment of significant diseases.
However, compared to organs such as skin and gut, progenitor
cells in the lung are poorly understood. This is likely due to
regional complexity of lung cell populations, a low cell turnover
in the steady state, difficulties associated with progenitor cell
isolation, and inadequate culture models. The bulk of research in
this area of lung biology has involved analysis of progenitor cells

Two levels of epithelial progenitors are involved in lung morphogenesis: multipotent undifferentiated cells (lung
primordial cells) and pluripotent regiospecific (bronchial, bronchiolar, and alveolar) stem cells. The trachea and bronchi
are lined by pseudostratified columnar epithelium (ciliated, mucous and basal cells). The bronchioles are lined by simple
columnar epithelium (ciliated and Clara cells). Pulmonary neuroendocrine cells (PNECs) are also present. The alveolar
ducts and sacs and the alveolar zone of the respiratory bronchioles are lined by cuboid alveolar type II cells and squamous
alveolar type I cells. These regions all originate from evagination of ventral foregut endoderm containing lung primordial
cells, into the surrounding visceral mesoderm with budding and branching, with their specific determination established
as early as the pseudoglandular period of lung development. Tracheobronchial glands arise from specialized outpockets
of basally situated surface cells. Bronchial stem cells are identified as label-retaining cells after pulsing with 3H thymidine
or BrdU and can be found after injury in tracheal gland ducts as well as systematically distributed along the surface of
the trachea and bronchi. In vitro and in vivo studies suggest that basal cells and columnar cells retain plasticity to regenerate
a complete mucociliary epithelium. Clara cells represent the principal progenitor pool of the bronchiolar epithelium and
are an example of a transit-amplifying cell population. True stem cells may proliferate after injury and depletion of the
Clara cell population and are located in association with PNECs and also at the junction between the bronchioli and alveolar
ducts. The stem cell for the alveolar epithelium is the early embryonic type II cell, which can give rise to progeny that
differentiate to type I or type II cells. The preferential distribution of type II cell clusters in the adult lung supports the
existence of type II stem cell niches. According to the current theory, the regiospecific stem cells are the most relevant
targets for transformation and thus the source of lung cancer. The mixed phenotype of many lung carcinomas and studies
of bronchial carcinogenesis suggest origin from a common un- or retrodifferentiated stem cell. Prospective treatments for
common lung diseases, transplantation, gene transfer, and tumor therapy would all be advanced by a greater understanding
of lung stem cells.

and their contribution to repair following injury, without dis-
crimination between stem and transit-amplifying populations.
However, recent evidence indicating that epithelial cells with
stem cell–like properties exist has prompted renewed enthusi-
asm for their further characterization.

This chapter summarizes current knowledge about epithelial
progenitors in the lung. We first review the cellular composition
and developmental origin of the lung epithelium. Subsequently,
we examine the process of regiospecific (i.e., bronchial, bronchi-
olar, and alveolar) differentiation, focusing on data regarding stem
cell niches, stem and transit-amplifying populations, and pheno-
typic plasticity in the developing and adult lung. We examine
recent advances in the field of cell isolation, culture systems, and
animal models for testing growth capacity and differentiation
potential. As will be shown, two levels of epithelial progenitors
are probably involved in lung morphogenesis: (1) multipotent
undifferentiated cells (called lung primordial cells) that design the
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primitive structural plan of the respiratory tract, and (2) pluripo-
tent lung-specific (i.e., bronchial, bronchiolar, and alveolar) stem
and transit-amplifying populations necessary for regiospecific
growth, differentiation, maintenance, and repair. We review the
potential role of multi- and pluripotent progenitors in the develop-
ment of bronchogenic carcinomas based on studies in humans and
animal models and conclude with a discussion of relevant diseases
for stem cell–mediated therapies and needs for future research.

It is beyond the scope of this chapter to review regulatory
mechanisms involved in lung morphogenesis, regeneration, and
carcinogenesis. However, where applicable, the reader is directed
to recent reviews.

41.2. CELLULAR COMPOSITION AND ORIGIN
OF THE LUNG EPITHELIUM

41.2.1. CELL TYPES AT DIFFERENT AIRWAY LEVELS  The
respiratory tract in the mammalian lung (Fig. 1) is subdivided into
the air-conducting bronchial system (components: trachea, bron-
chi, and bronchioles) and the gas-exchanging respiratory system
with its units, the pulmonary acini (components: respiratory bron-
chioles, alveolar ducts, and alveolar sacs). Light and electron
microscopy have identified notable differences in cell composi-
tion in different airway generations between humans and common
laboratory species. However, most of the relevant studies have
been performed in experimental animals, and it is widely assumed
that cell lineage is fundamentally the same in airways containing
similar gland structures and cell types. The trachea and bronchi are
lined by a pseudostratified columnar epithelium consisting prima-
rily of ciliated, secretory (mucous or serous), and basal cells (Figs.
2A and 3). Tracheobronchial submucosal glands evaginate from
the surface epithelium. Distally, glands disappear and the
pseudostratified columnar epithelium becomes simple columnar
or low columnar in the smallest bronchioles and comprises cili-
ated cells and nonciliated secretory Clara cells (Fig. 4A,B). Soli-
tary pulmonary neuroendocrine cells (PNECs) and clusters of
neuroendocrine cells known as neuroepithelial bodies (NEBs) are

present throughout the bronchi and bronchioles (see Fig. 9). The
alveolar ducts and sacs are lined by cuboid alveolar type II cells
and squamous alveolar type I cells (Figs. 2C,D; 4E,F).The most
proximal component of the pulmonary acinus, the respiratory
bronchiole, is lined by a composite type of epithelium consisting
of columnar ciliated and Clara cells, cuboid (immature) type II
cells, and squamous type I cells (Figs. 2B; 4C,D). Studies in hu-
mans (ten Have-Opbroek et al., 1991; Plopper and ten Have-
Opbroek, 1994), other primates (Tyler and Plopper, 1985; Plopper
et al., 1989), and rodents (ten Have-Opbroek, 1986) have demon-
strated that these bronchiolar and alveolar cell populations occupy
distinctly different zones of the respiratory bronchiole’s wall (pul-
monary artery zone vs remaining wall). The transition between
these bronchiolar and alveolar zones is abrupt (Figs. 2B and 4D).

41.2.2. DEVELOPMENTAL ORIGIN OF LUNG EPITHE-
LIUM  Lung development in mammals initiates with the formation
of a protrusion from the ventral foregut endoderm into the sur-
rounding visceral mesoderm (Balfour, 1881; Spooner and Wessels,
1970). It has been thought for more than a century (Balfour, 1881;
Dubreuil et al., 1936; Loosli and Potter, 1959; Boyden, 1972;
Hislop and Reid, 1974) that the lung anlage gives rise to the bron-
chial tree with its adult number of generations of branches
(pseudoglandular period of lung development). After its comple-
tion, the pulmonary acini would arise at the distal ends of the tree.
The respiratory bronchioles develop first (canalicular period).
Alveolar type II cells appear at about the same time as alveolar
type I cells, i.e., in the period just before birth when primitive
alveoli (i.e., smooth-walled ducts and sacs) are formed, called the
terminal-sac period. Alveolar outpocketings develop in the post-
natal or alveolar period (reviewed by ten Have-Opbroek, 1981).
Determination of the airways present in each period using light
and electron microscopy and immunocytochemistry for SP-A has
shown that primitive pulmonary acini lined by alveolar type II
cells first appear in the pseudoglandular period. Such type II cells
can only originate from the undifferentiated epithelium present at
that time (ten Have-Opbroek, 1979, 1991).

Fig. 1. Structural plan of the lower respiratory tract in mammals. The respiratory tract in the lung is divided into the air-conducting bronchial
system and the gas-exchanging respiratory system (unit: pulmonary acinus). The bronchial system consists of the trachea, bronchi, and
bronchioles (pseudostratified or simple columnar epithelium). The pulmonary acinus consists of respiratory bronchioles (columnar, cuboid,
and squamous epithelium), and alveolar ducts and sacs (cuboid and squamous epithelium).
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Fig. 2. Surface view of human lung epithelium at different airway levels (scanning electron microscopy). (A) Bronchus. The bronchial
epithelium consists of columnar ciliated cells and nonciliated secretory cells (×3200). (B) Respiratory bronchiole. The bronchiolar zone with
columnar ciliated and secretory cells (top left) joins tightly to the alveolar zone with type I and II cells (I, II) (×2300). (C) Alveolar wall showing
squamous type I cells and globular type II cells (×4000). (D) Cluster of type II cells stuffed with microvilli. Pores (arrow) indicate where
multilamellar bodies (MLBs) have been secreted into the alveolar lumen (×6000).

Fig. 3. Transmission electron micrograph of human bronchial epithe-
lium illustrating predominant cell types: ciliated, mucous, and basal
cells (× 3000). (Kindly provided by Dr. Robert R. Mercer).

According to the present view (ten Have-Opbroek, 1981), the
critical cell type in mammalian lung development is the undiffer-
entiated progenitor cell that appears during the conversion of
foregut endoderm into the epithelium of the lung anlage. We use
the term lung primordial cells to indicate these multipotent undif-
ferentiated progenitors of the adult lung epithelium. The lung
primordium with its two lung buds (Fig. 5) appears in the
pseudoglandular period of lung development, i.e., in the mouse
embryo by d 9.5 and in the human embryo between the third and
fourth weeks after conception. Each lung bud develops into a
branching tubular system called the primordial system of the
lung. This primordial system is lined by pseudostratified or
simple columnar epithelium consisting of multipotent primordial
cells. Because of regiospecific differences in the microenviron-
ment, the proximal part of the primordial system differentiates
into the air-conducting bronchial system (columnar bronchial
and bronchiolar epithelium), and the distal part into the gas-
exchanging respiratory system (cuboid, and later also squamous,
alveolar epithelium). As indicated by the timing of type II cell
differentiation, the latter process starts in the pseudoglandular
period, i.e., on d 14 after conception in the mouse and between 11
and 12 wk after conception in the human.
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As further explained in Subheading 41.3. there is increasing
evidence that at least three pluripotent regiospecific stem cell
types (i.e., bronchial, bronchiolar, and alveolar) that differenti-
ate locally from the pulmonary primordial system are involved in
the establishment of the adult lung epithelium. The differentia-
tion of these stem cell types seems to be initiated at proximal
airway locations and to proceed distally (Hogan et al., 1997;
Shannon et al., 1998; Weaver et al., 2000; Wert et al., 1993). The
detection of mRNA expression for SP-C in transgenic mouse
lungs before d 14 after conception (Wert et al., 1993) suggests
that the differentiation of primordial epithelium into alveolar
epithelium is a gradual process and that a first step in the molecu-
lar determination may start (locally) at an earlier time point.
Very likely, the differentiation, proliferation, and spatial organi-
zation of uncommitted epithelial progenitor cells are tightly regu-
lated through reciprocal paracrine interactions with adjacent
mesenchymal cells (Shannon et al., 1998; Lebeche et al., 1999;
Warburton et al., 2000; Weaver et al., 2000). For other regulatory
mechanisms, the reader is directed to recent reviews (Perl and
Whitsett, 1999; Cardoso, 2001; Cardoso and Williams, 2001;
Warburton et al., 2001, 2002).

41.2.3. DEFINITIONS FOR THE PROGENITOR CELLS OF
THE NORMAL LUNG EPITHELIUM  In this chapter, as before
(ten Have-Opbroek, 1981), the term lung primordial cells refers to
the multipotent undifferentiated epithelial progenitor cells that
appear during the conversion of foregut endoderm into the epithe-
lium of the lung primordium. We use the terms bronchial, bron-
chiolar, and alveolar stem cells to indicate the pluripotent
lung-specific cell types that arise from the lung primordial epithe-
lium and give rise to the bronchial, bronchiolar, and alveolar epi-
thelia of the lung. Their lineages include transit-amplifying
populations that perform most of the proliferation in the steady
state and in response to injury.

41.2.4. DEFINITIONS FOR THE PROGENITOR CELLS OF
LUNG CARCINOMA  As defined previously (ten Have-Opbroek
et al., 1993, 1994), we use the term primordial-like cells of origin
to indicate the multipotent undifferentiated epithelial progenitor
cells that appear during the conversion of normal adult lung epi-
thelium to lung carcinoma. The term tumor stem cell refers to the
pluripotent lung cell types that arise from the primordial-like cells
of origin, occupy the dividing layers of the preneoplastic and neo-
plastic lesions, and generate the neoplasm.

Fig. 4. Transmission electron micrographs of human bronchiolar and alveolar epithelium. (A) Terminal bronchiole lined by columnar ciliated
and Clara (arrows) cells. N, nucleus; b, basal lamina (× 1400). (B) Detail of mucous granules in human Clara cells (×6000). (C) The alveolar
zone of the respiratory bronchiole is lined by immature type I and II cells (I, II). PA, pulmonary artery branch flowing into a capillary (arrow)
(×1500). (D) The transition (arrow) between the alveolar (left) and bronchiolar epithelial zones is abrupt (×1600). (E,F) Alveolar wall. The
mature alveolar epithelium shows type II cells with MLB (E, star) and type I cells. Note the bundles of collagen fibers (F, arrow) in the human
alveolar wall. (E) ×3500; (F)×2000.
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41.3. REGIOSPECIFIC STEM CELLS IN LUNG
MORPHOGENESIS AND REGENERATION

41.3.1. PLURIPOTENT BRONCHIAL STEM
CELLS IN PROXIMAL CONDUCTING AIRWAYS
(TRACHEA AND BRONCHUS)

41.3.1.1. Proximal Airway Development and Lineage
Specification  Embryologically, differentiated tracheobronchial
epithelial cells arise from the multipotent columnar primordial
cells that line the primordial system of the lung (see Subheading
41.2.2.). Such primitive cells may already express markers of
multiple differentiated adult lung cells (Wuenschell et al., 1996).
PNECs, once thought to be of ectodermal origin, but now consid-
ered endoderm derivatives, are the first recognizable differenti-
ated cell type and are scattered within the epithelium (Boers et al.,
1996). Ciliated and mucous goblet cells appear after PNECs
(Jeffery et al., 1992). Typical basal cells appear last and thus are
not the ontogenic precursors of secretory and ciliated cells (Plopper
et al., 1986).

During development, tracheobronchial glands derive from spe-
cialized outpockets of basally situated surface cells (Bucher and
Reid, 1961; Tos, 1968). Specific gland progenitor cells have not
been characterized, and there are very few data regarding ongoing
patterns of cell renewal in the adult gland acinar and duct system.
It is possible that an interaction of multiple epithelial progenitors
(Engelhardt et al., 1995) in combination with mesenchymal sig-
nals inducing transcription factors such as LEF-1 (Duan et al.,
1999) is necessary to form glands. However, one report suggests
clonal derivation of tracheal glands (Borthwick et al., 1999) and
glandlike structures form in culture in the absence of mesenchyme.
Cells in gland duct necks may serve as a reservoir of progenitors
for the surface epithelium (Borthwick et al., 2001).

41.3.1.2. Lineage Specification in the Adult Trachea and
Bronchus  In normal humans, the tracheobronchial surface epithe-
lium from just below the vocal cords down to 1-mm-diameter bron-
chioles is of the pseudostratified columnar type and consists
primarily of basal, secretory, and ciliated cells (Mercer et al., 1994)
(see Fig. 3). Although metabolic-labeling studies identifying
dividing cells in this portion of the respiratory tract have been
performed in animals for more than 35 yr (Blenkinsopp, 1967), cell
lineage remains poorly understood. Cell turnover in the normal
epithelium is extremely slow, with an approx 1% labeling index
following a 1- or 2-h pulse of 3H-thymidine or BrdU (Blenkinsopp,
1967; Donnelly et al., 1982; Breuer et al., 1990). However, there
is vigorous proliferation and migration following injury (Erjefalt
and Persson, 1997), and progressive phenotypic remodeling
subsequent to chronic stimulation or injury (hyperplasia � meta-
plasia � dysplasia � cancer). Slow steady-state turnover and
marked plasticity following injury have complicated the identifi-
cation of stem cells among the proliferative cell compartment.

Of the three major cell types comprising the adult pseudo-
stratified surface epithelium, basal and secretory cells are known
to divide whereas ciliated cells are generally considered termi-
nally differentiated. However, the latter point is controversial, and
it has been proposed that injured ciliated cells, having lost their
cilia, may reenter the dividing pool (Lawson et al., 2002). In repair
of injury, secretory cells are often highly proliferative, and there
is evidence that ciliated cells are derived from secretory cells
(McDowell et al., 1985). Progenitor–progeny relationships during
steady-state renewal of the pseudostratified epithelium in the adult
are uncertain, but most investigations support a progenitorial role
for basal cells (Blenkinsopp, 1967; Donnelly et al., 1982; Breuer
et al., 1990; Boers et al. 1998), perhaps via an intermediate pheno-
type (Donnelly et al., 1982). The discrepancy between late devel-
opmental appearance of basal cells noted above, and their
presumed progenitorial role in adult cell renewal suggests that
repair of injury does not necessarily recapitulate ontogeny. Per-
haps different paths are followed for the initial establishment of
the respiratory epithelial phenotype vs its maintenance in the adult.

In tissues such as the epidermis and intestinal epithelium, it is
widely appreciated that stem cells occupy distinct niches spa-
tially proximal to the pool of dividing and differentiated prog-
eny. The property of stem cells to cycle infrequently leads to the
development of so-called label-retaining stem cells (LRCs).
Following tracheal injury in mice, LRCs were found in tracheal
gland ducts and systematically distributed along the surface of
the lower, glandless trachea, suggesting the presence of stem cell
niches (Fig. 6) (Borthwick et al., 2001). Characterization of the
niches remains a goal of future research.

Fig. 5. Novel pathway of lung development proposed by ten Have-
Opbroek (1981). Each of the two lung buds arising from the primi-
tive foregut develops into a branching tubular system. This
constitutes the development of the primordial system of the right
and left lungs. The primordial system is lined by multipotent undif-
ferentiated lung primordial cells (pseudostratified or simple colum-
nar epithelium). Because of regiospecific differences in the
microenvironment, the epithelium of the proximal part of the pri-
mordial system differentiates into the epithelium of the air-conduct-
ing portion (columnar bronchial and bronchiolar epithelium), and
that of the distal part into the epithelium of the respiratory portion
(cuboid, and later also squamous, alveolar epithelium). There is
always a sharp demarcation between the air-conducting system and
the respiratory system in developing (and adult) lungs.

41/Ten/455-472/F 8/20/03, 3:07 PM459

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


460 TEN HAVE-OPBROEK, ET AL.

41.3.1.3. In Vivo Localization and Characterization of
Bronchial Stem Cells  Differentiated characteristics of bronchial
cells in the steady-state airway have been exploited for the study
of stem cell populations in the bronchus and trachea. As noted by
Basbaum and Jany (1990), the tracheobronchial epithelium is strik-
ingly remodeled in disease. Such plasticity can be accomplished in
one of two ways. Several cell types proliferate during remodeling
and daughter cells may follow different differentiation pathways
from their parents. This is a type of plasticity, but within the spe-
cific tissue compartment. More recently, plasticity has grown to
include differentiation across barriers of embryonic derivation pre-
viously thought impenetrable, such as from bone marrow to hepa-
tocyte (Blau et al., 2001). A study by Krause et al. (2001)
demonstrated integration of bone marrow–derived cells into the
bronchus in lethally irradiated mice. However, the role of bone
marrow–derived progenitors in normal turnover or repair in the
trachea or bronchi in humans remains to be determined.

To study plasticity within the tracheobronchial epithelium, cells
were separated into subpopulations for testing of growth and dif-
ferentiation potential. Tracheal graft studies of basal cell fractions
obtained by centrifugal elutriation (Inayama et al., 1988) and
single-cell cloning (Inayama et al., 1989) strongly suggested that
basal cells were capable of regenerating a complete pseudo-
stratified mucociliary epithelium. Sorting based on cell-surface
glycoconjugates showed that subsets of cells within both the basal
and secretory cell compartment also regenerated a complete
mucociliary epithelium (Randell et al., 1991; Liu et al., 1994).
Others have concluded that only secretory cells (Johnson and

Hubbs, 1990) or only basal cells (Ford and Terzaghi-Howe, 1992)
were pluripotent stem cells. The reasons for the discrepancies are
not clear, but the preponderance of the evidence is that cells within
both the basal and secretory cell compartments of the
pseudostratified portion of the airways divide and can serve as an
actively proliferating and pluripotent stem cell pool in epithelial
renewal and repair. Using retroviral vectors, Engelhardt et al.
(1995) tagged human bronchial cells proliferating in vitro and
studied their behavior in denuded rat tracheas placed in Nu/Nu
mice. A restricted pattern of colony types suggested that basal
cells and intermediate cells were the predominant progenitors and
that goblet cells did not undergo extensive self-renewal. This study
relied, however, on an initial cell culture step for retroviral label-
ing. Additional evidence for enrichment of progenitors within a
specific morphological category is that the in vitro colony-form-
ing efficiency of basal–cell enriched fractions of rat tracheal epi-
thelial cells was, on average, fivefold greater than that of non–basal
cells (Randell et al., 1991). However, cell culture may not have
been truly indicative of the in vivo potential of the cells. Despite
their potential flaws, these studies suggest a spectrum of
progenitorial capacities among proliferation-competent airway
epithelial cells and substantial proliferative reserve in diverse air-
way epithelial cell types. However, the assays currently used to
measure proliferation capacity and differentiation potential may
not discriminate between cells with modest and profound
progenitorial ability and do not rule out the existence of bona fide
stem cells that may be recruited in vivo under extreme conditions
of epithelial damage.

Fig. 6. Putative stem cell niches and progenitor-progeny relationships in murine airway epithelium. In the gland-containing upper trachea,
LRCs that give rise to the transiently amplifying compartment (TAC) localize to submucosal gland (SMG) ducts. LRCs in the glandless lower
trachea are systematically arrayed near the cartilage–intercartilage junction where blood vessels (BV) and nerves approach the epithelium.
(Modified from Engelhardt, 2001, with permission.)
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41.3.1.4. Culture Systems
for Tracheobronchial Epithelial Cells

41.3.1.4.1. Primary Cultures: Harvesting and Charac-
terization Including Identifying Markers There is a long
history of epithelial cell culture from normal human (Lechner
et al., 1981) and animal (Heckman et al., 1978) airways, either
as outgrowths from explanted tissue fragments or from pro-
tease-dissociated cell suspensions (reviewed in Gruenert et al.,
1995) (see Fig. 7). Cells harvested by either method are usually
mixed populations of epithelial, fixed mesenchymal, and
migratory cells (leukocytes), and verification of epithelial deri-
vation is usually performed by using the epithelial marker,
cytokeratin, and/or by morphological characteristics during
passage in defined medium. Although primary cells on plastic
can be maintained for up to 30 passages (Lechner et al., 1981),
transit-amplifying populations with stem cell properties such
as the ability to form large colonies or identifying markers in-
cluding specific receptors, telomerase, p63, or dye efflux have
not yet been identified.

41.3.1.4.2. Cell Lines vs Primary Cultures  There exist
very large collections of cell lines originating from human
lung cancers (Gazdar and Minna, 1996; Oie et al., 1996), or
following chemical or physical mutagenesis of normal cells
(Stoner et al., 1980), or by introduction of oncogenes (Yoakum
et al. 1985; Masui et al., 1986a; Gruenert et al., 1988). Some
of these cell lines were likely derived from the tracheobron-
chial portion of the airways or from glands and have proven
invaluable for studies of cancer and lung cell biology, but they

have generally not provided keen insights into normal pro-
genitor–progeny relationships.

41.3.1.4.3. Growth and Differentiation In Vitro: Condi-
tions for Differentiation and Markers of Differentiation
Human tracheobronchial epithelial cells may be cultured as
monolayers in conventional plastic dishes with or without feeder
layers, generally using supplemented, serum-free, or low-serum
medium (Lechner et al., 1981) due to the powerful terminal dif-
ferentiating effects of serum on these cells, presumably because
of transforming growth factor-β (TGF-β) (Masui et al., 1986b).
On plastic, the original differentiated cells revert to a poorly dif-
ferentiated cell type. In marked contrast, if the cells are grown as
three-dimensional spheroids (Jorissen et al., 1989), or within
collagen gels (Benali et al., 1993), or on specialized porous sup-
ports (Whitcutt et al., 1988), or in heterotopic tracheal grafts in
vivo (Terzaghi et al., 1978) the cells undergo mucociliary differ-
entiation characteristic of the epithelium in vivo (Fig. 8). This
profound transition involves induction of tight junctional struc-
tures, differentiation of mucous and ciliated cells, and acquisition
of characteristic epithelial physiological properties. Numerous
genes and proteins are induced, including mucins (e.g., Bernacki
et al., 1999) and proteins inherent to the apparatus of motile cilia
(e.g., see Zhang et al., 2002). Retinoic acid is required to suppress
or reverse squamous differentiation (Koo et al., 1999). In the near
future, gene array and proteomics technology will likely reveal
numerous additional differentiation-related genes and proteins
and may elucidate the complex network of transcriptional factors
underlying the dramatic phenotypic changes.

Fig. 7. Methods for defining the growth capacity and differentiation potential of tracheobronchial epithelial cells. Cells may be harvested from
human or animal airways by protease dissociation or as outgrowths from tissue fragments. Cells can then be plated on plastic for assessment
of colony-forming efficiency (CFE) or for monolayer growth to an undifferentiated phenotype. When the same cells are inoculated into
denuded, devitalized tracheas and transplanted heterotopically in vivo or when grown in vitro on a porous support, the cells differentiate to
a mucociliary epithelium.
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41.3.2. PLURIPOTENT BRONCHIOLAR
STEM CELLS IN DISTAL CONDUCTING AIRWAYS

41.3.2.1. Distal Airway Development and Lineage Speci-
fication  During early lung development, primitive airway epi-
thelial cells that line the primordial system (see Subheading
41.2.3.) promiscuously express genes that are later restricted to
distinct subsets of maturing epithelial cell types of the adult lung
(Wert et al., 1993; Khoor et al., 1996; Wuenschell et al., 1996).
It is unclear at what stage during development microenviron-
ments (or niches) are established for the sequestration and main-
tenance of stable stem cell populations through adulthood. Two
microenvironments have been identified in the adult bronchiolar
epithelium that maintain cells with characteristics of stem cells,
the NEB and the bronchoalveolar duct junction (BADJ)
(Reynolds et al., 2000b; Hong et al., 2001; Giangreco et al., in
press). More important, PNECs are among the first to differen-
tiate in the developing airway epithelium (Sorokin et al., 1982),
raising the possibility that their early appearance may function to
sequester stem cells at this stage in airway maturation.

41.3.2.2. Lineage Specification in the Adult Bronchiole
Lung progenitor cells have been identified based on their contri-
bution to epithelial renewal following pollutant-induced injury to
terminally differentiated cell populations (Evans et al., 1976, 1978;
Lum et al., 1978). These studies have been performed principally
within lungs of rodent species and led to the conclusion that
nonciliated bronchiolar (Clara) cells serve as the progenitor popu-
lation for renewal of the airway epithelium following injury to
ciliated cells. In response to airway injury, residual Clara cells
undergo a process of morphological dedifferentiation, involving
loss of secretory granules and smooth endoplasmic reticulum, prior
to entry into the cell cycle (Evans et al., 1978). Even though this
process has not been as well studied in the human lung, Clara cells
do represent the principal progenitor cell pool of the distal bron-
chiolar epithelium of humans (Boers et al., 1999). However, meth-
ods used for identification of progenitor cells do not allow for the
distinction between stem and transit-amplifying populations.
Moreover, the bulk of the progenitor pool that is activated to enter
the cell cycle either in the steady state or following injury targeted
to terminally differentiated cells is represented by the transit-
amplifying population. The location, identity, and even existence
of cells of the bronchiolar epithelium with properties of stem cells
have only recently been investigated. Approaches that have been
used for the identification and localization of airway stem cell
populations are discussed in depth next.

41.3.2.3. In Vivo Localization and Characterization of
Bronchiolar Stem Cells  Differentiated characteristics of Clara
cells in the steady-state airway have been exploited for the study
of bronchiolar stem cell populations. Properties of Clara cells that
identify them as transit-amplifying cells include their differenti-
ated phenotype, the ease with which they can be activated to pro-
liferate, and their ubiquitous distribution within bronchioles of the
mammalian lung (Plopper et al., 1980, 1983). Analysis of stem cell
populations within regenerative epithelia has required the devel-
opment of strategies for stem cell activation and methods to distin-
guish their contribution toward epithelial renewal from that of the
more abundant transit-amplifying cell populations.

41.3.2.3.1. Chemically Induced Depletion of Transit-
Amplifying Cells Differentiated Clara cells of the adult rodent
lung are particularly active in the metabolism of lipophilic com-
pounds through phase I oxidation reactions catalyzed by cyto-

chrome P450 (CYP) isoenzymes. Among epithelial cells of the
lung, members of the CYP superfamily of genes are expressed
either preferentially or exclusively within differentiated Clara
cells in a species-specific manner. One such CYP isoenzyme in
mice, CYP2F2, metabolizes the xenobiotic compound naphtha-
lene to a toxic epoxide (Buckpitt et al., 1992). Conjugation of
bioactivated naphthalene metabolites to intracellular macromol-
ecules results in dose-dependent Clara cell toxicity leading to
epithelial cell necrosis and a dramatic decline in the abundance
of Clara cell–specific gene products within the lung (Plopper
et al., 1992; Stripp et al., 1995; Van Winkle et al., 1995). Bron-
chiolar repair that follows severe Clara cell depletion involves
proliferation of naphthalene-resistant epithelial cells that are
located at discrete sites within conducting airways (Stripp et al.,
1995). Regenerative foci localize to clusters of pulmonary neu-
roendocrine cells, termed NEB’s (Fig. 9), that tend to localize to
airway branch points of all but terminal bronchiolar airways
(Reynolds et al., 2000b; Giangreco et al., 2002). Regeneration of
injured terminal bronchiolar epithelium occurs at sites defined
by the junction between bronchiolar and alveolar ducts, the
BADJ. Unlike NEB-associated regenerative domains within
more-proximal bronchioles, BADJ-associated epithelial renewal
occurs independently of NEB involvement (Giangreco et al.,
2002). However, a property of subpopulations of cells main-
tained within both NEB and BADJ microenvironments is a low
frequency of proliferation as measured by the long-term reten-
tion of labeled DNA precursors incorporated during S-phase tra-
versal (Hong et al., 2001; Giangreco et al., 2002). As such,
chemically induced progenitor cell ablation has revealed that
stem cells of the conducting airway epithelium exhibit properties
of pollutant resistance, multipotent differentiation potential, and
long-term retention of DNA precursors. A limitation of these
studies is the inability to identify precisely the molecular pheno-
type of cells that exhibit some or all of these characteristics of
stem cells, and the inability to demonstrate definitively a precur-
sor-progeny relationship among cells contributing to the early
proliferative response to naphthalene exposure. This caveat is
exemplified by the finding that both Clara cell secretory protein
(CCSP) and calcitonin gene–related peptide (CGRP)-expressing
populations of NEB-associated regenerative cells show prolif-
erative potential after naphthalene-induced Clara cell ablation in
vivo and each population includes a labeled DNA precursor-
retaining subset (Reynolds et al., 2000a; Hong et al., 2001). A
model describing cellular interactions and differentiation poten-
tial within the NEB microenvironment, in which PNECs may
serve as either the stem cell or a population of cells contributing
to the microenvironment necessary for maintenance of a variant,
pollutant-resistant population of CCSP-expressing (CE) cells, is
proposed in Fig. 10.

41.3.2.3.2. Transgenic and Knockout Mouse Models to
Investigate Bronchiolar Stem Cells Transcriptional regulatory
elements have been defined for a number of genes expressed within
the pulmonary epithelium that allow cell type–specific expression
of heterologous genes in lungs of transgenic mice (reviewed by
Ho, 1994). Most relevant to the analysis of bronchiolar progenitor
and stem cell populations are elements associated with the CCSP
gene (DeMayo et al., 1991; Hackett and Gitlin, 1992; Stripp et al.,
1992; 1994; Sandmoller et al., 1994; Ray et al., 1995). Transgenic
mice have been generated in which the SV40 large T antigen has
been placed under the regulatory control of the CCSP promoter,
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leading to the generation of lung tumors originating from CE air-
way cells (DeMayo et al., 1991; Sandmoller et al., 1994). In other
studies, transgenic mice expressing herpes simplex virus thymi-
dine kinase (HSVtk), a pro-toxin gene, under the control of the
mouse CCSP promoter have been used to define contributions
made by CE cells to epithelial renewal (Reynolds et al., 2000b;
Hong et al., 2001). Complete ablation of CE cells could be achieved
through exposure of CCSP-HSVtk transgenic mice to gancyclovir,
allowing assessment of the potential for CGRP-expressing popu-
lations to proliferate independently of CE cells and effect repair of
the injured epithelium. Under these conditions, CGRP-expressing
cells proliferated but failed to restore depleted CE cell populations
(Hong et al., 2001). Based on these studies, it can be concluded that
CCSP-expressing cells of the NEB microenvironment serve as
stem cells for bronchiolar renewal.

At present, reciprocal experiments have not been performed to
define functional roles for PNECs in stem cell maintenance and
function in adulthood. Mice have been established that lack func-
tional copies of the proneural gene achete-scute homolog 1 (ash1),
a consequence of which is not only aberrant development of the
nervous system but also the absence of PNEC differentiation dur-
ing lung development (Borges et al., 1997). More important, even
though mash1–/– mice die of respiratory failure at birth, develop-
ment and differentiation of the conducting airway epithelium
appears to be unaffected by the lack of PNECs. However, the
inability to perform functional assays and the lack of molecular
markers unique to bronchiolar stem cells has precluded careful
evaluation of stem cell maintenance in airways of mash1–/– mice.

41.3.2.4. Culture Systems for Bronchiolar Epithelial Cells
41.3.2.4.1. Primary Cultures  The lack of detailed informa-

tion regarding the molecular phenotype of bronchiolar stem cells
represents a barrier to the development of culture methods for their
in vitro maintenance. However, as shown next, in vitro culture
methods have been established for the short-term maintenance of
bronchiolar progenitor cell populations including both Clara cells
and PNECs.

Fig. 9. Epithelial cell types present within NEB of human lung. An
innervated cluster of PNECs is located in close association with the
basement membrane. Overlying nonciliated Clara cells form a cap
limiting access of the PNEC population to the airway lumen (×3000).
(Contributed by Dr. M. Stahlman, from Stahlman and Gray, 1984.)

Fig. 8. Light micrograph of human bronchial epithelial cells cultured
at air-liquid interface on porous support showing differentiation to
mucociliary phenotype resembling in vivo epithelium (×1500).

Fig. 10. Hypothetical model of cell lineage relationships within
bronchiolar epithelium. Clara cells represent an abundant popula-
tion of cells that serve as progenitor cells for renewal of the bronchi-
olar epithelium following injury to ciliated cells (Evans et al., 1978).
Naphthalene-induced depletion of CE cells is associated with pro-
liferation of latent PNECs located within neuroepithelial bodies
(gray shaded zone) (Reynolds et al., 2000b). Proliferating CE cells
that are associated with NEBs may be regenerated either through
differentiation of PNECs or through proliferation of variant (naph-
thalene-resistant) CE cells (vCE) located within the NEB microen-
vironment. Studies using transgenic mice allowing conditional
ablation of all CE populations implicate vCE cells as the regenera-
tive population contributing to renewal following naphthalene
exposure and suggest that PNECs and/or other unique properties of
the NEB microenvironment contribute to their maintenance in the
steady-state airway (Hong et al., 2001).
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41.3.2.4.2. Methods for Isolation and Propagation of
Clara Cells  Clara cells have been isolated from rabbit, mouse,
and rat lungs at a purity that varies from 70 to 85%. Methods
typically involve limited proteolysis of the airway epithelium
through intratracheal instillation of a protease-containing solu-
tion, followed by centrifugal elutriation for the purification of a
Clara cell–enriched fraction of epithelial cells (Haugen and Aune,
1986; Hook et al., 1987; Walker et al., 1989; Belinsky et al., 1995;
Nord et al., 1998). Corti et al. (1996) developed an alternative
approach involving the instillation of low-melting-temperature
agarose prior to introduction of dispase to limit the proteolysis of
alveolar epithelia, yielding preparations of Clara cells with simi-
lar purity to those isolated through centrifugal elutriation meth-
ods. However, once isolated, Clara cells rapidly lose their
differentiated characteristics during culture (Haugen and Aune,
1986; Nord et al., 1998). Isolation and maintenance of Clara cells
in their differentiated state requires the use of reconstituted in

vivo models such as denuded rat tracheas that are seeded with
isolated Clara cells and maintained subcutaneously in the flank of
nude mice (Hook et al., 1987). Alternative approaches that have
been employed to characterize bronchiolar epithelial cells in vitro
have involved the development of methods for airway microdis-
section and culture (Plopper et al., 1991). Microdissected mouse
airways maintain differentiated functions for prolonged periods
in culture in addition to retaining the competence to effect epithe-
lial renewal following injury (Plopper et al., 1991; Van Winkle
et al., 1996).

41.3.2.4.3. Methods for Isolation and Propagation of
PNECs Methods for the isolation of PNECs are very similar to
those just described for Clara cells. However, their source and
selective enrichment procedures are critical due to the low abun-
dance within the normal lung (Speirs and Cutz, 1993). PNECs
have most commonly been isolated from either neonatal rabbit or
hamster lung with subsequent purification of isolated PNECs
from crude enzymatic digests through either gradient centrifuga-
tion or use of monoclonal antibodies coupled to magnetic beads
(Cutz et al., 1985; Speirs et al., 1992). Culture conditions have
been established that maintain many differentiated characteris-
tics of PNECs such as the formation of dense core granules and
production of various neuroendocrine cell–specific markers such
as neuron-specific enolase, calcitonin, and serotonin (Cutz et al.,
1985; Linnoila et al., 1993).

41.3.3. PLURIPOTENT ALVEOLAR
TYPE II STEM CELLS IN THE PULMONARY ACINI

41.3.3.1. Development and Lineage Specification of Pul-
monary acinus  As reviewed in Subheading 41.2.2., type II cells
differentiate from lung primordial cells at an early stage of lung
development (pseudoglandular period). Because these early type
II cells are the first and only type of alveolar epithelial cell
to occur in the early prenatal lung, they must also generate the
alveolar type I cell, and thus the entire pulmonary acinus lining.
This conclusion for the mouse (ten Have-Opbroek, 1979) also
holds true for the rat (Otto-Verberne and ten Have-Opbroek,
1987), the rhesus monkey (ten Have-Opbroek and Plopper, 1992),
and the human (Otto-Verberne et al., 1988, 1990; Tebar et al.,
2000b). It is supported by autoradiographic studies of alveolar
epithelial renewal in late prenatal and postnatal rat (Kauffman
et al., 1974; Adamson and Bowden, 1975; Evans et al., 1975) and
adult mouse (Adamson and Bowden, 1974) lungs.

These findings support the view (Fig. 11) that pluripotent type
II stem cells play a key role in the development and maintenance
of the respiratory system in connection with its function (i.e., res-
piration). First, these cells generate the basic components of the
primitive pulmonary acinus (i.e., the acinar tubule or sprout).
Growth of the acinus takes place by proliferation (“budding”) of
type II cells. Second, these cells may give rise to type II cell lin-
eages or become terminally differentiated type I cells. The
transformation from cuboid type II cells to flatter type I cells takes
place locally, in association with developing endothelium. As a
result, the acinar tubules transform into wider derivative struc-
tures (smooth-walled ducts and sacs) lined by cuboid type II cells
and more or less squamous type I cells. After birth, the smooth-
walled ducts and sacs acquire alveolar outpocketings according to
the same principle—type II cell budding. The type I cells in the
lining of the pulmonary acini form part of the blood-air barrier of
the lung, whereas the type II cells are responsible for further alveo-
lar epithelial growth and regeneration. Alveolar epithelial differ-

Fig. 11. Development of pulmonary acinus in mammals. Pluripotent
type II stem cells, which first appear in the pseudoglandular period of
lung development, play a key role in the development and mainte-
nance of the respiratory system (ten Have-Opbroek, 1981). The basic
structure in pulmonary acinus formation before and after birth is the
acinar tubule or sprout (lining: type II cells). Growth of the pulmonary
acinus takes place by budding (proliferation) of type II cells. The
cuboid type II cells also give rise to squamous type I cells, a process
that takes place in association with developing endothelium.
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entiation is possibly mediated by wild-type p53 (Tebar et al.,
2001b) and the Wnt signaling pathway (Tebar et al., 2001a). For
other regulatory mechanisms, see, e.g., the review by Cardoso
(2001).

41.3.3.2. Lineage Specification in the Adult Acinus  Type
II cells display a preferential distribution in normal adult lungs.
In the alveolar septa, they usually occur grouped in twos or threes,
often in a region where several adjacent septa meet (Sorokin,
1966). Other sites of type II concentrations include the borders of
the connective-tissue septa of the lung and the pleura. These
observations support the existence of type II stem cell niches. In
agreement with this view, we found type II cell patterns as found
in embryonic lungs within the septa of lungs from patients with
pulmonary fibrosis (A. A. W. ten Have-Opbroek, personal com-
munication).

In studies on alveolar regeneration in adult rabbits (Ebe,
1969), regenerating alveoli were found to originate from respi-
ratory bronchioles. This is not surprising because these airways
contain a specific zone with immature type II cells, which
may function as a stem cell reservoir for type I cell renewal and
alveolar regeneration (see Subheading 41.2.1.). This new insight
into the architecture and cellular composition of respiratory
bronchioles is relevant for studies of, e.g., small airway diseases
and carcinogenesis.

Together, the developmental (see Subheading 41.3.3.1.) and
adult data support the concept that type II cells are an actively
proliferating population of alveolar stem cells that most likely
include a stem cell pool necessary for development and regenera-
tion of the acinus.

41.3.3.3. In Vivo Localization and Characterization
of Type II Stem Cells

41.3.3.3.1. Adult and Developing Lungs  Differentiated
characteristics of type II cells in the steady-state acinus have been
exploited for the study of type II stem cell populations. One of the
main functions of type II cells in the adult lung is the synthesis and
secretion of pulmonary surfactant, a lipid-protein complex that
prevents alveolar collapse at end expiration after birth (Goerke,
1974; Batenburg, 1992). The role of the surfactant-associated pro-
teins therein is the subject of several reviews (see, e.g., Weaver,
1991). Distinctive features of type II cells in the adult lung include
the approximately cuboid cell shape, the large and roundish
nucleus, cytoplasmic staining for the surfactant proteins SP-A and
SP-C, and the presence of MLBs and/or their precursory forms
(ten Have-Opbroek, 1975; ten Have-Opbroek et al., 1991). MLBs
are involved in surfactant storage and secretion (see Figs. 2D and
4E,F). Based on these criteria, pluripotent type II stem cells can be
detected in the developing lung as early as the pseudoglandular
period. At that time, the pulmonary acinus consists of a few gen-
erations of acinar tubules lined by type II cells (Figs. 12A,B). Such
early type II cells already stain for SP-A (Fig. 12C) and SP-C
(Wert et al., 1993) and contain precursory forms of MLB in their
cytoplasm (ten Have-Opbroek, 1979; ten Have-Opbroek et al.,
1988, 1990b; ten Have-Opbroek and Plopper, 1992).

In studies in humans and other larger mammals, the term Clara
cell is frequently used to indicate cuboid cells present in
centriacinar airways. As a result, there is much confusion between
Clara cells and type II cells. According to Clara’s (1937) descrip-
tion, Clara cells have a tall columnar shape, an oblong nucleus, and
discrete small granules in the apical cytoplasm. Moreover, they
occur within the ciliated/nonciliated columnar epithelium (see Fig.

4A). In this sense, the term Clara cell is already used in other
species such as rodents. Finally (Singh and Katyal, 1984; ten Have-
Opbroek and De Vries, 1993), these cells stain for Clara cell–
specific protein (CCSP). Together, these criteria allow for a clear
distinction from type II cells.

41.3.3.3.2. Animal Models to Investigate Type II Stem
Cells Several groups have made use of the rat (Brandsma et al.,
1994a) or mouse (Cilley et al., 1997) model of pulmonary hyper-
plasia and diaphragmatic hernia to study the role of type II cells
in normal and abnormal lung development. Hyperplasia was
induced in fetuses by administration of the herbicide 2,4-
dichlorophenyl-p-nitrophenylether (Nitrofen) to pregnant
Sprague-Dawley rats (100 mg on d 10 of gestation) or to CD-1
mice (25 mg on d 8 of gestation). The rat studies suggest that lung
hypoplasia is caused by a retardation in the differentiation of type
II cells into type I cells and thus in the development of the air
spaces. Factors mediating this differentiation process include thy-
roid hormone (Brandsma et al., 1994b) and vascular endothelial
growth factor (Zeng et al., 1998). Very likely, Nitrofen decreases
the binding of triiodothyronine to its receptor (Brandsma et al.,
1994b).

41.3.3.4. Culture Systems for Type II Cells
41.3.3.4.1. Primary Cultures: Harvesting and Character-

ization Including Identifying Marker and Cell Lines Type II
cells have been isolated from fetal rat (Batenburg et al., 1988) and
mouse (Oomen et al., 1990) lungs using density gradient cen-
trifugation and differential adherence in monolayer culture. The
purity was 91 and 79% for cells isolated from 19- and 21-d fetal
rat lungs, respectively, and at least 75% for those from fetal mouse
lungs. Alcorn et al. (1997) isolated type II cells by collagenase
digestion of human fetal lung tissue that had been maintained in
organ culture in the presence of dibutyryl cyclic adenosine mono-
phosphate for 5 d. Other studies have made use of organoid
(Zimmermann, 1987) and organ (Chinoy et al., 2000; Schwarz et
al., 2000; Bragg et al., 2001; Keijzer et al., 2001) culture systems.
In the organoid culture, lungs from mouse fetuses were first dis-
sociated enzymatically into single cells and then grown at high
density at the medium/air interface. In the organ cultures, whole
fetal lungs were placed on membranes, whereas one study
(Schwarz et al., 2000) performed such cultures in an allograft
model. In addition, studies have used existing type II cell lines
(see, e.g., Stearns et al., (2001).

Primary markers used to identify type II cells in the cultures
included presence of type II cell characteristics as shown by light
or phase contrast microscopy, presence of MLBs or their precur-
sory forms as shown by histochemical osmiophilic body staining
or transmission electron microscopy, positive immunostaining for
SP-A or SP-C proteins and cytokeratins, SP-A or SP-C mRNA
expression, positive staining for Maclura pomifera lectin,
determination of the phospholipid composition (major class: phos-
phatidylcholine), and/or a high degree of disaturation in phos-
phatidylcholine as shown by [Me-3H]choline incorporation.

41.3.3.4.2. Type II Cell Cultures and Viability  The type II
cell isolations from fetal lungs (Batenburg et al., 1988; Oomen et
al., 1990) provided a high yield of the desired cells and easy access
to viable type II cells that had been in culture for a short period
(1.5–2 d). The isolations by Alcorn et al. (1997), which started
from an organ culture for 5 d, facilitated the maintenance of mor-
phological and biochemical properties of type II cells for up to 2
wk. Type II cells present in organoid fetal mouse lung cultures
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were viable up to 3 to 4 wk, depending on the stage used for
cultivation (Zimmermann, 1987). The cultures of whole fetal lungs
were kept for approx 4–7 d.

41.3.3.4.3. Type II Cell Growth and Differentiation In
Vitro  The cultures of type II cell isolations from fetal lungs
consisted mainly of type II cells arranged in epithelial sheets
(Batenburg et al., 1988; Oomen et al., 1990; Alcorn et al., 1997).
The sheets from fetal d-19 rat lungs were relatively large, but
they were progressively smaller for fetal d 20 and 21 and neonatal
d 1. In the organoid cultures (Zimmermann, 1987), epithelial cell
reaggregation was followed by formation of histotypic structures
with an alveolar-like lumen. Alveolar type II cell differentiation
manifested itself by SP-A and MLB production, a basal lamina

was formed, and the mesenchyme developed into a mature con-
nective tissue. Morphogenesis and differentiation depended on
the stage of development from which the lung cells were derived
(Zimmermann, 1989; Hundertmark et al., 1999). This conclusion
is in line with our findings (A. A. W. ten Have-Opbroek, personal
communication) (see Fig. 13).

The morphogenesis of the pulmonary acinus and differentia-
tion of type II cells can be influenced by in vitro treatment with
specific factors such as dexamethasone (Chinoy et al., 2000) in
combination with thyroid hormone (Hundertmark et al., 1999),
TGF-β (Bragg et al., 2001), transcription factor GATA-6 (Keijzer
et al., 2001), and cytoskeleton-disturbing drugs such as colchi-
cine and cytochalasin B (Zimmermann, 1989).

Fig. 12. Cellular composition of pulmonary acinus in early embryonic lung. (A) Mouse embryo on d 15 after conception (scanning electron
microscopy). The pulmonary acinus consists of a short first-order (1) and two second-order (2) acinar tubules One of which has been cut off,
arrow) with a saccular ending (S). The cuboid epithelium of the acinar tubule is sharply demarcated from the columnar epithelium of the
connecting bronchiole. The most proximal type II cell is indicated (asterisk) (×1400). (B) Detail of early embryonic type II cells (transmission
electron microscopy), showing cuboid cell shape, large and roundish nucleus, and presence of precursory forms of MLB (i.e., dense bodies;
arrow) in their cytoplasm. G, glycogen; MV, microvilli; P, primary cilium (×6200). (C) Rhesus monkey embryo age 62 d (immunofluores-
cence). The early type II cells stain for SP-A, whereas the bronchiolar epithelium is unstained. A, acinar tubule; TB, terminal bronchiole (×330).
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41.4. PROGENITOR CELLS
FOR BRONCHOGENIC CARCINOMA
IN HUMANS AND ANIMAL MODELS

Bronchogenic carcinoma is the most important type of human
lung carcinoma. Tobacco smoking is a high risk factor for the
disease. The developmental pathway of the two major varieties
of bronchogenic carcinomas, non–small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC), has been investi-
gated in humans and animal models. It is hypothesized
(McDowell, 1987) that regiospecific stem cells in renewing lung
tissues, thought to retain many aspects of those during embry-
onic lung development, are the targets for initiation during mul-
tistage lung carcinogenesis. In the adult bronchial epithelium,
the cells which divide are mucous cells and basal cells and
PNECs. Mucous cells (McDowell, 1987) and basal cells (Nasiell
et al., 1987) are therefore considered to be the major stem cells
for NSCLC in humans. The role of PNECs in the development of
SCLC in humans and other species is still poorly understood
(McDowell, 1987; Sunday et al., 1995; Van Lommel et al., 1999;
Linnoila et al., 2000a). At this time, it is unclear which cells in
the tracheobronchial epithelium are most susceptible to onco-
genic transformation in vivo. Recent studies in a canine model
identified basal cells as specific targets. According to the same
principle, carcinomas of the small peripheral airways arise from
the dividing cells in the distalmost airways (i.e., Clara cells)
(Schüller, 1987; Rehm et al., 1989, 1991; Linnoila et al., 2000b)
and alveolar type II cells (Schüller, 1987; Rehm et al., 1988;
Linnoila et al., 1992; Oomen et al., 1992; ten Have-Opbroek
et al., 1996, 1997).

The varied types of lung carcinomas and multiple pathways of
differentiation, even within a single tumor, suggest that diverse
lung carcinomas in humans may derive from a common undiffer-
entiated progenitor cell. Support for this idea comes from studies
of bronchial carcinogenesis performed in a canine model (sc bron-
chial autografts exposed to 3-methylcholanthrene) (ten Have-
Opbroek et al., 1993, 1994). Very likely, chemical carcinogenesis
in the adult bronchial epithelium leads to a maturation arrest (Sell
and Pierce, 1994) followed by local retrodifferentiation (Fig. 14).
This results in the appearance of undifferentiated primordial-like
cells. Such multipotent cells are the cells of origin for bronchogenic
carcinomas. They may give rise to specific tumor stem cell types.
These are in principle of either the alveolar, bronchial, or primor-
dial kind; the choice may depend on multiple (growth, genetic, and
environmental) factors. However, it is possible that retrodifferen-
tiation sometimes affects existing bronchial epithelial cells only
incompletely or occurs simultaneously with novel differentiation
in those cells. If that is the case, the primordial-like cells of origin
and their tumor stem cell lineages may display either predomi-
nantly bronchial or mixed (primordial, bronchial, and/or alveolar)
cell properties. Examples of carcinomas that may originate from
such newly appearing alveolar tumor stem cells (Fig. 14) are car-
cinomas of the bronchioloalveolar, papillary, acinar, adenoid-cys-
tic, and squamous types (ten Have-Opbroek et al., 1990a, 1993,
1994, 1996). The type II tumor stem cells involved probably arise
from normal bronchial basal cells (Ten Have-Opbroek et al., 2000).
Such unusual differentiation can also be induced in fetal rat tra-
cheal epithelium in vitro (Shannon, 1994). The fact that second to
seventh generation nude mouse transplants have patterns of type
II cells similar to those found in the original tumors suggests that

alterations in the genetic makeup induced by MCA may get fixed
in the DNA and can be inherited (Ten Have-Opbroek et al., 1990a,
1993). There is some evidence that the oncofetal mechanism of
differentiation described (retrodifferentiation followed by novel
differentiation) may apply to human bronchial carcinogenesis (ten
Have-Opbroek et al., 1997). For information about the molecular
pathogenesis of lung carcinomas, the reader is directed to recent
reviews, such as Zoechbauer-Mueller et al. (2002).

41.5. FUTURE PROSPECTS
According to the present view, two theoretical levels of epithe-

lial progenitor cells are involved in lung morphogenesis.
Multipotent lung primordial cells create the layout of the respira-
tory tract and three main types of pluripotent lung-specific (i.e.,
bronchial, bronchiolar, and alveolar) stem cells serve as the source
of transit-amplifying cell populations for regiospecific differen-
tiation, growth, maintenance, and repair. Although there have been
incremental advances in our understanding of regiospecific stem
cells, their precise locations and cellular phenotype are not yet
known with certainty. According to the current theory, the existing
or newly differentiated (see Subheading 41.4.) stem cells are the
most relevant targets for transformation and are thus the source of
lung cancer, but this has not yet been proven.

Fig. 13. Light micrograph of organoid culture of mixed fetal and adult
mouse lung cells after 7 d in culture showing histotypical morphology
of early fetal lung and cartilage formation. Hematoxylin and eosin
staining (×70).
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Fig. 14. Oncofetal concept of bronchogenic carcinoma development
based on studies of NSCLC in canine model (sc bronchial autografts
treated with 3-methylcholanthrene) (ten Have-Opbroek et al., 1993,
1994). Local retrodifferentiation in normal bronchial epithelium from
carcinogens may result in the appearance of multipotent primordial-
like cells of origin for bronchogenic carcinomas. These primordial-
like cells of origin give rise to specific (alveolar, bronchial. or
primordial) tumor stem cell types from growth, genetic, and/or envi-
ronmental factors. Incomplete retrodifferentiation or simultaneous
novel differentiation may result in carcinomas with mixed cell prop-
erties. Alveolar carcinomas that may derive from such newly differ-
entiated type II tumor stem cells are shown. X, data about carcinomas
derived from newly differentiated bronchial or primordial tumor stem
cells are not yet available.

A greater understanding of the developmental pathway and the
location and regulation of stem cells in the adult lung is important
for several reasons. Heroic modern medical treatment enables
improved survival of premature humans but also incurs a risk of
chronic lung injury. Improved knowledge of stem cells is prereq-
uisite for future interventions to speed lung maturation or to sup-
port regeneration of lung tissue damaged due to premature birth.
Similarly, phenotypic changes in the epithelium, such as mucous
cell hyperplasia, are hallmarks of common lung diseases includ-
ing asthma, chronic bronchitis, and cystic fibrosis. A better
understanding of cell lineages and the regulation of cell pheno-
type may lead to potentially beneficial therapies. Lung cancer is
the world’s most prevalent lethal cancer. Stem cells probably are
at greatest risk of malignant transformation. Thus, identification
of lung stem cells and their modification during multistage car-
cinogenesis may form the basis for improved detection and treat-
ment of this prevalent disease. There is a pressing need to identify
airway epithelial stem cells if gene therapy, e.g., for the prototypi-

cal monogenic disorder cystic fibrosis, is to succeed. Theoreti-
cally, integrating vectors offer the promise of permanent cure,
but only if stem cells are identified and targeted. Lung transplan-
tation is a viable therapy for end-stage lung disease, but the preva-
lence of the bronchiolitis obliterans syndrome, the manifestation
of chronic rejection, decreases the odds of long-term survival to
the worst of all solid organs. The development of bronchiolitis
obliterans syndrome may represent alloimmune recognition and
destruction of airway epithelial stem cells. Thus, a better under-
standing of cell dynamics in transplanted lungs may improve
monitoring and treatment, and thus outcomes, after transplanta-
tion. In pulmonary emphysema, it is currently considered that
lung tissue is permanently destroyed. However, novel stem cell–
based therapies may offer the prospect of regenerating even the
complex architecture of the lung. Thus, there are compelling rea-
sons to apply current advances in stem cell biology toward the
future identification of stem cell lineages of the lung.
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42 Noninvasive Imaging
in Stem Cell Therapies
Current State and Future Perspectives

JURI GELOVANI, MD, PhD

Determination of the fate of putative stem cells after transplantation requires development of novel cell-labeling and
tracing techniques that permit noninvasive whole-body monitoring. Previous methods used in vitro radiolabeling of cells
followed by imaging the transplanted radiolabeled cells in vivo, or labeling of cells with supermagnetic agents followed
by magnetic resonance imaging with near microscopic resolution. The ex vivo labeling methods provide excellent short-
term results but are not suitable for long-term repetitive imaging because of loss of label owing to radiolabel decay or
biological clearance of supermagnetic label. This chapter describes approaches for labeling cells with bioluminescent,
fluorescent, and positron emission tomography (PET)-reporter genes for imaging adoptively transplanted cells in vivo.
Genetic labeling of cells with different reporter genes allows for long-term, repetitive in vivo imaging using different
imaging platforms. These imaging platforms include whole-body fluorescence imaging of green fluorescent protein (GFP)
reporter gene expression (in rodents), bioluminescence imaging of the firefly luciferase (Luc) reporter gene expression
using luciferin as reporter probe (in rodents), PET imaging of HSV1-tk or human TK2 reporter gene using different
radiolabeled nucleoside analogs as reporter probes (in rodents and humans), and PET imaging of human D2 receptor with
radiolabeled fluoroethylspiperone as reporter probe (in rodents and humans). The most developed approaches utilize herpes
virus thymidine kinase (HSV1-tk) as a reporter gene, which produces a gene product (an enzyme) that can be identified by
phosphorylation of a radiolabeled reporter probe, which is trapped within the gene-labeled cell and can be visualized by PET
scanning. This process can be repeated within a short time because of the short half-life of the radiolabeled substrate. This
approach has been further developed using a fusion gene between the thymidine kinase gene and a GFP or luciferase genes
for multiplatform imaging. Linking the reporter gene to specific promoters allows imaging of different cell types because
only the cells activating the promoter will express the reporter gene. Such systems have been used successfully to trace cells
expressing p53, T-cells activated to express nuclear factor of activated T-cells, and cells activated to express transforming
growth factor-β. Cells with weak promoters may be detected using a two-step amplification system in which promoter
strength is increased by linking the weak promoter to a transcription transactivator. Transplanted stem cells may be followed
using a dual-reporter system, which uses a constitutive promoter to image the localization and viability of transplanted cells
and an inducible promoter, which is activated when the stem cell commits to a certain differentiation lineage. PET imaging
has been used successfully for in vivo monitoring of transplanted T-cells and EMV-specific cytotoxic lympocytes in mice,
and the first successful PET imaging of HSV1-tk gene expression in human gene therapy trials has been reported.
Noninvasive whole-body imaging of various reporter genes is now being validated in different preclinical models and is
expected to play an increasing role in monitoring the fate of transplanted stem cells in human stem cell therapy.

42.1. INTRODUCTION
Significant progress in stem cell research over the past decade

is now gradually translating into a number of new and promising
methods of therapy for various diseases, including cancer. It is
quite obvious that continuous monitoring of the efficacy of many
emerging stem cell–based therapeutic approaches cannot be per-
formed using invasive methods (e.g., multiple biopsies), except

for blood sampling. This dictates the need to develop techniques
for noninvasive monitoring of the fate of stem cells after their
administration to patients.

The aim of current molecular-genetic and cellular-imaging
research is to develop novel approaches for repetitive in vivo
imaging of the fate of stem cells after their administration into
an organism. However, for the successful development of such
imaging approaches, several components must be developed first,
including vectors for transduction of progenitor cells, in vitro
models for validation of tracer accumulation in transduced cells,
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in vivo imaging of reporter gene expression in transduced tumor
cells (as a model for validation of the reporter gene imageability
in vivo), in vivo imaging of adoptively transferred stem cells, in
vivo models of disease to study the therapeutic approaches using
progenitor cells, and synthesis and validation of novel radiotrac-
ers for reporter gene imaging. In this chapter, several of these
components are described to provide an overview of the current
status of molecular/cellular imaging in application to monitoring
the fate of stem cells after their in vivo transfer.

42.2. METHODS FOR IMAGING
ADOPTIVELY TRANSFERRED CELLS

Until recently, immunostaining of the whole-body slices of
small animals was the most straightforward, reliable, and tradi-
tional approach used for assessment of the localization and target-
ing of adoptively transferred cells (e.g., T-cells) (Reinhardt et al.,
2001). However, the invasive nature of classic pathology tech-
niques precludes the possibility of a repetitive monitoring of cel-
lular trafficking in the same subject. The results obtained from
multiple biopsies or from animals sacrificed at different time
points, may be flawed by individual variations and require a large
number of samples to achieve statistical significance of the results.
Another major shortcoming of invasive methods is that they can-
not be applied in a clinical setting, especially in biopsy-restricted
organs (i.e., brain, heart). Therefore, a method for noninvasive and
repetitive evaluation of stem cell trafficking, homing, targeting,
differentiation, and persistence would significantly aid the devel-
opment of many stem cell–based adoptive therapy approaches and
facilitate their wider implementation into clinical practice.

42.2.1. EX VIVO RADIOLABELING AND NUCLEAR
IMAGING  Marking cells for monitoring adoptive therapies with
radiolabeled tracers was first tested in the early 1970s. [3H]- and
[14C]-labeled uridine was used to assess lymphocyte trafficking
in a graft-versus-host disease (GVHD) model (Atkins and Ford,
1975). Other earlier studies used [3H]-glycerol to label cells
(Constantin et al., 1997). A similar method, using [3H]-labeled
glucose, was used in patients to compare the kinetics of lympho-
cytes in healthy and human immunodeficiency virus–infected
individuals (Hellerstein et al., 1999). However, the use of
β-emitting isotopes is limited to studies of cellular kinetics in the
blood using sequential blood sampling.

Noninvasive imaging of lymphocyte trafficking dates back to
the early 1970s, when the first experiments were performed using
extracorporeal labeling of lymphocytes with 51Cr or 99mTc
(Papierniak et al., 1976; Gobuty et al., 1977). Different radioiso-
topes (e.g., 111In, 67Co, 64Cu) were used for imaging of various
ex vivo–labeled immune cells (Papierniak et al., 1976; Gobuty
et al., 1977; Rannie et al., 1977; Korf et al., 1998; Adonai et al.,
2002). [111In], in particular, found a wide clinical application in
oncology as an imaging agent for monitoring the effects of vac-
cination with tumor-infiltrating lymphocytes (Kasi et al., 1995;
Dillman et al., 1997).

Imaging techniques that utilize ex vivo labeling of the adop-
tively transferred cells have several limitations. A major limita-
tion of this approach is the eventual radiolabel decay, which limits
the monitoring of the fate of labeled cells to a period of time cor-
responding to only a few half-lives of the radionuclide. Another
limitation is a relatively low level of radioactivity per cell when
labeling with passively equilibrating radiotracers, such as
[111In]oxime or [64Cu]PTSM. Furthermore, both [64Cu]PTSM and

[18F]FDG gradually efflux out of the labeled cells (Adonai et al.,
2002), and a progressive loss of radiolabel occurs during cell
division. Exposure of cells to higher doses of radioactivity during
labeling is also limited by radiotoxicity.

Significantly higher levels of radioactivity per cell can be ob-
tained with tracers such as [18F]FDG that utilize facilitated trans-
port, enzyme-amplified accumulation, and metabolic entrapment
within a labeled cell. More stable labeling of cells can be achieved
with radiolabeled thymidine analogs, such as [125I]IUdR, which
incorporate into DNA of proliferating cells. Successful
noninvasive imaging with [131I]IUdR and [124I]IUdR of tumor
proliferative activity has been demonstrated with single-photon
emission computed tomography (SPECT) and positron emission
tomography (PET), respectively (Tjuvajev et al., 1994; Blasberg
et al., 2000) and could be applied to imaging of ex vivo–radiola-
beled stem cells. However, such an approach has never been tested.

42.2.2. LABELING WITH SUPERMAGNETIC AGENTS
AND MAGNETIC RESONANCE IMAGING  Recent develop-
ments in magnetic resonance imaging (MRI) have enabled in vivo
imaging at near microscopic resolution (Jacobs and Cherry, 2001).
To visualize and track stem cells by MRI, it is necessary to tag the
cells magnetically. Conventional cell-labeling techniques rely on
surface attachment of magnetic beads ranging in size from several
hundred nanometers to micrometers (Safarik and Safarikova,
1999). Although these methods are efficient for in vitro cell sepa-
ration, cell-surface labeling is generally not suitable for in vivo
use because of the rapid reticuloendothelial recognition and clear-
ance of labeled cells. Alternatively, various cells have been
labeled with small monocrystalline nanoparticles ranging from 10
to 40 nm using fluid-phase or receptor-mediated endocytosis
(Weissleder et al., 1997). Unfortunately, the labeling efficiency
of this procedure is generally low, particularly in differentiated
and nondividing cells (Hawrylak et al., 1993; Schoepf et al., 1998;
Bulte et al., 1999; Dodd et al., 1999; Weissleder et al., 2000).

TAT protein-derived peptide sequences have recently been
used as an efficient way of internalizing a number of marker pro-
teins into cells (Fawell et al., 1994; Nagahara et al., 1998; Schwarze
et al., 1999). Lewin et al., (2000) demonstrated that hematopoietic
CD34+ and neural progenitor cells (C17.2) can be tagged effi-
ciently with a novel triple-label (magnetic, fluorescent, isotope)
supermagnetic nanoparticle called CLIO-Tat. Furthermore, it was
demonstrated that the labeled cells retain their capability for dif-
ferentiation, can be visualized by high-resolution MRI, and can be
retrieved from excised tissues and bone marrow using magnetic-
sorting techniques. However, the potential for long-term imaging
(months or years) using in vitro–labeled progenitor cells is impos-
sible due to eventual biological clearance of the magnetic label.

42.2.3. GENETIC LABELING OF CELLS FOR ADOPTIVE
THERAPIES  Stable genetic labeling of adoptively transferred
cells, such as lymphocytes, with various reporter genes has been
used to circumvent the temporal limitations of in vitro radiola-
beling or magnetic labeling of cells. A long-term circulation of
infused Epstein-Barr virus (EBV)–specific cytotoxic donor-
derived T-cells in patients treated for post–bone marrow trans-
plantation (BMT) EBV-LPD was demonstrated by retrovirally
transducing T-cells with neomycin resistance gene (Rooney
et al., 1995) or LNGFR and HSV1-tk genes (Bonini et al., 1997;
Verzeletti et al., 1998), which were detectable in the peripheral
blood samples from the patients by polymerase chain reaction
(PCR) or fluorescence-activated cell sorting (FACS) analysis.
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The effectiveness of stem cell–mediated gene therapy largely
depends on efficient gene delivery into long-term repopulating
progenitors and on targeted transgene expression in an appropri-
ate progeny of transduced progenitor cells. Different vector types
have been used to achieve stable transduction of stem cells. To
date, retroviral vectors have been most frequently used to stably
transduce different cell types, including stem cells. However, the
retroviral-mediated gene transfer has its own limitations. One,
probably the most limiting factor, is the requirement of cellular
proliferation for retroviral integration into the cell genome.
Another limiting factor for retroviral-mediated transduction of
many progenitor cells types, such as fetal liver stem cells, is the
lack of amphotropic retroviral receptors on their surface
(Richardson and Bank, 1996).

By contrast, self-inactivating (SIN) lentiviral vectors are
capable of transducing mitotically inactive cells, including stem
cells, and can accommodate various nonviral promoters to con-
trol therapeutic transgene expression in transduced cells. For
example, in a recent report by Cui et al. (2002), two SIN lentiviral
vectors were evaluated. The expression of green fluorescent pro-
tein (GFP) reporter gene in these vectors was controlled solely by
the promoter of either a housekeeping gene EF-1alpha (EF.GFP)
or the human HLA-DRalpha gene (DR.GFP), which is selectively
expressed in antigen-presenting cells (APCs). It was demonstrated
that both vectors efficiently transduced human pluripotent CD34+

hematopoietic progenitor cells capable of engrafting in nonobese
diabetic/severe combined immunodeficiency disease (NOD/
SCID) mice. When the EF.GFP-encoding vector was used, con-
stitutively high levels of GFP expression were observed in all of
the human hematopoietic stem cell progeny (HSC) in NOD/SCID
mice and in subsequent in vitro differentiation assays, indicating
that engrafting human HPCs have been effectively transduced
with GFP gene. By contrast, DR.GFP vector–mediated transgene
expression was observed specifically in human HLA-DR+ cells
and highly in differentiated dendritic cells (DCs), which are criti-
cal in regulating immunity. Furthermore, human DCs derived
from transduced and engrafted human cells potently stimulated
allogeneic T-cell proliferation. This study demonstrated success-
ful targeting of transgene expression to APCs/DCs after stable
gene transduction of pluripotent HSCs and the ability to selec-
tively detect the differentiation fate of the transduced hematopoi-
etic progenitor cells (HPCs) (Cui et al., 2002). Nevertheless,
reporter gene labeling of stem cells and measurement of their
concentration in blood alone does not allow for the assessment of
their spatial distribution in the body.

42.3. REPORTER GENE IMAGING APPROACHES
42.3.1. BIOLUMINESCENCE REPORTER GENE IMAG-

ING  Genetic labeling of lymphocytes with the firefly luciferease
(Luc) reporter gene and noninvasive bioluminescence imaging
(BLI) has been reported (Hardy et al., 2001). Although the BLI
of Luc reporter gene–expressing cytotoxic T-lumphocyte (CTL)
allows for the assessment of their distribution throughout the
organism, it is semiquantitative at best, because the signal inten-
sity largely depends on thickness and variable optical character-
istics of different tissues. Because of this shortcoming, the BLI
of Luc reporter gene expression has a limited applicability in the
clinic. Nevertheless, BLI is a very convenient imaging platform
for research applications, especially for imaging in mice (Contag
and Bachmann, 2002).

42.3.2. PET REPORTER GENE IMAGING  Tjuvajev et al.
(1995) were the first to describe the PET reporter gene imaging
paradigm. This paradigm involves administering a radiolabeled
probe that is selectively bound or metabolized (e.g., phosphory-
lated) and trapped by interaction with the gene product (e.g.,
an enzyme) in the reporter gene–transduced cell. In this manner,
the bound or metabolized (e.g., phosphorylated) probe accumu-
lates selectively in transduced tissue, and the level of probe
accumulation is proportional to the level of gene product being
expressed. It may be useful to consider the reporter imaging
paradigm as an enzymatic radiotracer assay that reflects reporter
gene expression. Recent reviews by Gambhir et al. (2000)
and Blasberg and Gelovani (Tjuvajev) (2002) provide a good
overview of the founding principles of noninvasive reporter
gene imaging.

42.3.2.1. Herpesviral Thymidine Kinase  Herpes simplex
virus type 1 thymidine kinase gene (HSV1-tk) is a good example
of a “reporter gene” for several reasons. HSV1-tk has been exten-
sively studied; it is essentially nontoxic in humans and is cur-
rently being used in clinical gene therapy protocols as a
“susceptibility” gene for treatment of cancer in combination with
ganciclovir administration (Banerjee, 1999). A gene product of
HSV1-tk is an enzyme, HSV1 thymidine kinase (HSV1-TK).
Several research groups have shown that HSV1-tk can be used as
a reporter gene as well as a therapeutic gene (Tjuvajev et al.,
1998, 1999a, 1999b, 2001; Bennett et al, 2001; Floeth et al.,
2001; Jacobs, A., et al., 1999, 2001a, 2001b; Hackman
et al., 2002). This represents an ideal situation in which the thera-
peutic and reporter genes are the same. In HSV1-tk gene therapy
protocols, identifying the location and magnitude of HSV1-TK
enzyme activity by noninvasive imaging would provide a highly
desirable measure of gene expression following successful gene
transduction. More important, the acquired sensitivity of HSV1-
tk-transduced cells to ganciclovir provides an additional margin
of safety, because the transduced cells can be easily eliminated
by treatment with ganciclovir.

A general paradigm for reporter gene imaging using PET is
illustrated in Fig. 1. In this paradigm, HSV1-tk, with specific
upstream promoter/enhancer elements, is transfected into target
cells by a vector. Note that imaging transgene expression is in-
dependent of the vector used to transfect/transduce target tissue;
namely, any of several currently available vectors can be used
(e.g., retrovirus, adenovirus, adenoassociated virus, lentivirus,
liposomes). Inside transfected cells, the HSV1-tk gene is tran-
scribed to HSV1-tk mRNA and then translated on the ribosomes
to a protein (enzyme), HSV1-TK. After administration of a
complementary radiolabeled reporter probe (FIAU or FHBG)
and its transport into transduced cells, the probe is phosphory-
lated by HSV1-TK (gene product). The phosphorylated reporter
probe does not readily cross the cell membrane and is “trapped”
within the cell. Thus, the magnitude of reporter probe accumu-
lation in transduced cells reflects the level of HSV1-TK enzyme
activity and level of HSV1-tk gene expression. Enzymatic ampli-
fication of the signal (e.g., level of radioactivity) also facilitates
imaging the location and magnitude of probe accumulation and
reporter gene expression. It may be useful to consider this re-
porter-imaging paradigm as an in vivo enzymatic radiotracer
assay that reflects reporter gene expression. Viewed from this
perspective, HSV1-tk reporter gene imaging is similar to imaging
hexokinase activity with fluorodeoxyglucose.
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Currently, HSV1-tk is the most widely used reporter gene for
experimental nuclear (PET) imaging, and the two most widely
used radiolabeled reporter probes are [124I]FIAU and [18F]FHBG.
The ability to image “late,” 24 or more hours after administration
of [124I]FIAU, provides an advantage in the ability to achieve high
image specificity due to physiological washout of background
radioactivity and retention of the radioactivity in HSV1-tk-trans-
duced tissue. In addition, the HSV1-tk and eGFP fusion reporter
gene (TKGFP) was developed and allows for optical microscopic
and whole-body fluorescence imaging, as well as PET imaging
(Jacobs et al., 1999). Recent reports demonstrated the advantages
of TKGFP reporter gene over the wild-type (WT) HSV1-tk when
applied to multimodality imaging of transcription of p53-depen-
dent endogenous genes (Doubrovin et al., 2001) and T-cell activa-
tion (Ponomarev et al., 2001b). Another advantage of the dual
reporter system is the ability to compare the images of reporter
gene expression obtained with PET, gamma camera, or autorad-
iography with corresponding in situ GFP fluorescence images.
Comparison of GFP fluorescence and autoradiographic images,
coupled with histology of corresponding tissue sections, provides
for spatial and quantitative assessments of reporter gene expres-
sion at the microscopic as well as macroscopic level.

For PET imaging of HSV1-tk reporter gene expression, the
FIAU is usually labeled with 124I (or with 123I or 131I for gamma

scintigraphy and SPECT) and “late” imaging is usually performed.
The feasibility of “early” FIAU imaging has recently been demon-
strated (Gelovani Tjuvajev et al., 2002). Good-quality images can
be obtained within the first 10 min to 2 h following administration
of radiolabeled FIAU. Thus, radiolabeling of FIAU with 18F or 11C
could be used as an alternative tracer to [18F]FHBG; it would
provide additional positron-emitting FIAU probes with higher
HSV1-tk sensitivity and dynamic range than [18F]FHBG. In addi-
tion, the relatively short half-life of these radionuclides would
facilitate repeated or sequential PET imaging of HSV1-tk expres-
sion in the same subject.

Already, the first successful reporter gene imaging study in
humans was performed in Germany and reported by Jacobs et al.
(2001b), as the result of technology transfer from the research
group at MSKCC (New York, NY). In this study, a liposome-
encapsulated plasmid-mediated direct intratumoral HSV1-tk gene
delivery was performed in human patients with glioblastoma fol-
lowed by administration of [124I]FIAU and PET imaging of HSV1-
tk gene expression. In another report, Yaghoubi et al. (2001)
presented data on human pharmacokinetics of [18F]FHBG and
PET imaging in healthy volunteers. Therefore, the possibility of
clinical PET imaging of HSV1-tk reporter gene expression for
monitoring the fate of HSV1-tk-transduced stem cells in the nearby
future is very realistic.

Fig. 1. Paradigm for imaging HSV1-tk reporter gene expression with FIAU reporter probe. The HSV1-tk gene complex is transfected into
stem cells by a vector in vitro or is coexpressed along with another “therapeutic” gene after in vivo administration of a gene delivery vector
(left). Inside the transfected cell, the HSV1-tk gene is transcribed to HSV1-tk mRNA and then translated on the ribosomes to a protein
(enzyme), HSV1-TK. After administration of a radiolabeled FIAU and its transport into the cell, the FIAU is phosphorylated by HSV1-TK
enzyme (gene product). The phosphorylated radiolabeled FIAU-MP does not readily cross the cell membrane and is “trapped” within the
cell. Thus, the magnitude of probe accumulation in the cell (level of radioactivity) reflects the level of HSV1-TK enzyme activity and level
of HSV1-tk gene expression. The images of radiolabeled FIAU accumulation can be visualized three-dimensionally with PET and coregistered
with an anatomical image obtained with CT or MRI. The newer PET-CT tomographs represent a merger of CT and PET devices into one,
and the images can be obtained during the same imaging study without moving the patient.
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42.3.2.2. Nonimmunogenic Reporter Genes for Long-
Term Repetitive Imaging in Humans and Mice  An important
requirement for long-term genetic labeling of progenitor cells is
the nonimmunogenicity of a reporter gene product to avoid the
possibility of rejection of transduced progenitor cell–derived tis-
sues. From this perspective, the HSV1-tk–FIAU reporter gene
imaging system is not quite suitable for imaging the adoptively
transferred cells.

In a number of publications, it was demonstrated that human
D2R receptor could be used as a reporter gene and that it could
be imaged with [18F]FESP and PET. The D2R-FESP imaging
approach is sensitive and could be used for monitoring reporter
gene expression in conjunction with various reporter systems
(Liang et al., 2001). Recently, a mutant D2R80A reporter was
developed in which the ligand binding is uncoupled from signal
transduction. Consequently, D2R80A is a nonimmunogenic gene
that is suitable for long-term expression in progenitor cells for
repetitive imaging. Also note that [18F]FESP has been used for
many years for imaging dopaminergic status in patients with
parkinsonism and depression (Satyamurthy et al., 1990).

Another nonimmunogenic reporter gene was developed only
recently and is derived from the human mitochondrial thymidine
kinase type two (∆hTK2) in which the mitochondrial localization
signal located in the N-terminal was deleted. It was found
serendipitously that the ∆hTK2 enzyme does very effectively
phosphorylate the radiolabeled FIAU and its 5-ethyl derivative of
FIAU (FEAU), which are currently used for imaging HSV1-tk
reporter gene expression (Gelovani Tjuvajev, et al., unpublished
observations). Because h∆TK2 is nonimmunogenic in humans, it
could be readily translated into the clinical setting for PET imag-
ing of stem cells with [124I]FIAU, [18F]FEAU, or [11C]FEAU.

In a recent report by Ponomarev et al. (2002), a fusion gene
between the h∆TK2 cDNA and GFP was described (h∆TK2GFP).
The h∆TK2GFP cDNA (fusion gene) was cloned into a retrovirus
and used to transduce U87 human glioma cells. A mixed popula-
tion of transduced U87/h∆TK2GFP cells was obtained by FACS
in which a highly intensive green fluorescence could be visual-
ized with fluorescence microscopy (Fig. 2). The transduced cells
exhibited high rates of [14C]FIAU and [14C]FEAU accumulation
compared with the WT cells, which did not show any dynamics
of accumulation of either tracer. A bicistronic MoMLV-based
retroviral vector in which the h∆TK2 and GFP cDNAs are linked
by the polyviral IRES sequence (h∆TK2iresGFP) was devel-
oped as well, in which the resulting h∆TK2iresGFP mRNA
encodes both proteins; the h∆TK2 and GFP proteins are trans-
lated as separate proteins (one by cap-mediated translation, and
another by IRES-mediated translation). The transduced U87/
h∆TK2iresGFP cells had intensity of green fluorescence and
radiotracer (FIAU and FEAU) accumulation similar to that in
U87/h∆TK2GFP cells. Then, the U87/h∆TK2GFP and WT U87
xenografts were established in the opposite shoulders of SCID
mice. When the xenografts reached palpable size (approx 0.5 cm
in diameter), [124I]FIAU (150 µCi/animal) was injected intrave-
nously and micro-PET imaging was performed at 2 and 24 h. In
vivo PET imaging at 2 and 24 h showed highly specific localiza-
tion of radioactivity to U87/h∆TK2GFP tumors, with only the
background levels of radioactivity accumulation in the WT tumor
xenografts (Fig. 3). Tissue sampling at 24 h post–tracer injection
confirmed the results of noninvasive imaging. The U87/
h∆TK2GFP xenograft/plasma and xenograft/muscle radiotracer

accumulation ratios were 87 ± 17 and 27 ± 11, respectively; the
U87 xenograft/plasma and xenograft/muscle ratios were 14 ± 2
and 4 ± 0.3, respectively.

Based on these results, PET imaging of ∆hTK2 reporter gene
expression in transduced stem cells after their administration in
humans should be feasible and could be readily applied in a clini-
cal setting. The murine variants of the ∆TK2 reporter gene
(m∆TK2, m∆TK2GFP, and m∆TK2iresGFP) have also been
developed and are undergoing validation for imaging experimen-
tal stem cell therapies in mice.

It is noteworthy that both human and murine ∆TK2 enzymes
cannot phosphorylate the radiolabeled acycloguanine analogs,
including tritiated ganciclovir, acyclovir, penciclovir, and
[18F]FHBG. The inability to phosphorylate radiolabeled acyclo-
guanosine analogs is an important feature of both h∆TK2 and
m∆TK2 with respect to multi-gene-imaging applications. Fur-
ther in this chapter the utilization of ∆TK2 reporter gene in dif-
ferent dual reporter gene–imaging approaches is discussed in
greater detail.

Another nonimmungenic reporter gene is human type two
somatostatin receptor (hSSTr), which can be imaged using dif-
ferent radiolabeled peptide ligands including [99mTc]P829 or
[188Re]P829, [99mTc]P2045, and [111In]octreotide. These studies
demonstrated that the hSSTr reporter gene–transduced solid
tumors could be easily visualized and differentiated from normal
(nontransduced) tissues using these radiolabeled peptide probes.
The efficacy of the hSSTr reporter gene imaging was demon-
strated following adenoviral-mediated in vivo gene delivery in a
metastatic ovarian cancer model in mice using [111In]octreotide
(Rogers et al., 1999) and [99mTc]P2045 (Chaudhuri et al., 2001).

42.3.2.3. PET Reporter Imaging System for Central Ner-
vous System Applications  The radiolabeled nucleoside ana-
logs are not suitable tracers for imaging reporter gene expression
in central nervous system (CNS), because they do not cross the
normal blood–brain barrier (BBB). To address this issue, several
other novel reporter gene–reporter probe combinations are being
developed in which the reporter probe readily crosses the BBB
and cell membranes.

One of the novel reporter systems is based on the bacterial
xanthine phosphoribosyl transferase gene (XPRT from Escheri-
chia coli) and radiolabeled xanthine. Xanthine is a purine base

Fig. 2. FACS and fluorescence microscopy of WT and hTK2GFP
transduced U87 human glioma cells. The WT U87 cells exhibit only
background levels of fluorescence, whereas the U87hTK2GFP cells
exhibit highly intensive green fluorescence that is pancellular (no
mitochondrial localization).
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was developed (Fig. 4). Whole-body optical imaging and [14C]-
xanthine autoradiographic studies were performed in mice bear-
ing intracerebral xenografts produced from either the RG2/
TKGFP glioma cells or RG2/XPRTRed2 cells. Based on the
results of previous studies, small intracerebral RG2 gliomas
exhibit very little BBB disruption (if not at all) and could be used
as a model for assessment of radiotracers for their permeability
through the BBB (Miyagawa et al., 1998). At 40 min post–iv
injection, radiolabeled [14C]xanthine is accumulated in intracere-
bral RG2/XPRTRed tumors but not in intracerebral RG2/TKGFP
tumors (which served as negative control for irrelevant gene
expression; Fig. 5). These results indicate that the XPRT-xan-
thine reporter system could be applied to imaging genetically
labeled stem cells localized in the CNS, even with no BBB dis-
ruption (Ponomarev et al., 2001b).

42.4. PET IMAGING OF REPORTER GENE
EXPRESSION DRIVEN BY ENDOGENOUS
MOLECULAR-GENETIC PROCESSES

Imaging regulation of endogenous gene expression in living
animals (and potentially in human subjects) using noninvasive
imaging techniques will provide a better understanding of nor-
mal and cancer-related biological processes. Modern molecular
techniques provide the opportunity to design specific reporter
gene constructs, in which the reporter gene is placed under the
control of different promoter/enhancer elements. For example,
they can be “always turned on” by constitutive promoters (such
as LTR, RSV, CMV, PGK, EF1, etc.). Alternatively, the pro-
moter/enhancer elements can be constructed to be “inducible”
and “sensitive” to activation and regulation by specific endoge-
nous transcription factors and promoters (factors that bind to and
activate specific enhancer elements in the promoter region of the
endogenous genes and reporter vector construct leading to the
initiation of reporter gene transcription). Reporter gene expres-
sion can be made tissue specific, in which enhancer elements are
activated by promoter/transcription factors that are selectively
expressed in specific tissue, such as the PSMA promoter that is
selectively active in prostate cancer cells (Zhang et al., 2002), the
albumin promoter expressed selectively in liver (Sun et al., 2001),
or the corcinoembryonic antigen (CEA) promoter selectively
expressed in colorectal cancer (Qiao et al., 2002). The most
simple approach for imaging endogenous gene expression regu-

Fig. 3. In vivo PET imaging of ∆hTK2 expression in transduced and WT U87 xenografts in mice. The two tumor xenografts are located in the
shoulder regions (left, arrows). The coronal and axial images, obtained at 2 h after [124I]FIAU administration through both tumors, demonstrate
highly specific accumulation of [124I]FIAU in U87hTK2GFP tumor, whereas no accumulation of the radiolabeled probe is observed in the WT
U87 xenograft.

Fig. 4. Paradigm of RedXPRT-xanthine reporter gene imaging sys-
tem for CNS applications. The RedXPRT fusion reporter gene is trans-
fected into stem cells by a vector in vitro or is coexpressed along with
another “therapeutic” gene after in vivo administration of a gene
delivery vector. Inside the transfected cell, the RedXPRT gene is
transcribed to RedXPRT mRNA and then translated on the ribosomes
to a protein (red fluorescent enzyme), RedXPRT. After administra-
tion of a radiolabeled xanthine and its transport into the cell, the
xanthine is ribophosphorylated by RedXPRT enzyme. The radiola-
beled xanthosine-MP does not readily cross the cell membrane and is
“trapped” within the cell. Thus, the magnitude of probe accumulation
in the cell (level of radioactivity) reflects the levels of RedXPRT
enzyme activity and RedXPRT gene expression. The images of radio-
labeled [11C]xanthine accumulation can be visualized three dimen-
sionally with PET and coregistered with an anatomical image obtained
with CT or MRI.

and xanthine derivatives (e.g., coffein, theophylin) readily cross
the BBB (Spector, 1987; Habgood et al., 1998; Franke et al.,
1999). The XPRT enzyme ribophosphorylates xanthine to xan-
thosine monophosphate, which is selectively trapped in XPRT-
transduced cells. To facilitate the multimodality visualization of
the reporter gene product, the fusion between XPRT and red
fluorescent protein type 2 from a Discosoma corral (XPRTRed2)
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lation is based on a so-called cis-reporter system. In the cis-
reporter system, the expression of a reporter gene is directly
regulated by a target-specific enhancer/promoter element posi-
tioned upstream of the reporter gene; a reporter gene is expressed
whenever the endogenous genes are transcriptionally activated
via similar enhancer/promoter elements. Using this approach,
several reporter systems have been constructed to noninvasively
image specific endogenous molecular processes, including the
regulation of endogenous gene expression (Doubrovin et al.,
2001), the activity of specific signal transduction pathways
(Ponomarev et al., 2001a), as well as specific protein–protein
interactions (Luker et al., 2002), and posttranscriptional regula-
tion of protein expression (Mayer-Kuckuk et al., 2002). In the
context of stem cell therapies, an important question that can be
answered by noninvasive imaging using tissue-specific (or dif-
ferentiation step-specific) promoters to drive the expression of a
reporter gene is, What are the types of progeny tissues (e.g.,
vascular, neuronal, glial, cardiomyocitic, cartilage)? Several
examples of imaging endogenous gene expression mediated
by the activities of different signal transduction pathways are
described next.

42.4.1. IMAGING p53-MEDIATED SIGNALING  A recent
study by Doubrovin et al. (2001) was the first to demonstrate that
noninvasive imaging of endogenous gene expression in rats is
feasible using a cis-reporter system. Specifically, it was demon-
strated that p53-dependent gene expression can be imaged in
vivo with PET and by in situ fluorescence. A retroviral vector
(Cis-p53/TKeGFP) was generated by placing the herpes simplex
virus type 1 thymidine kinase (tk) and enhanced green fluores-
cent protein (egfp) fusion gene (TKGFP) under control of a p53-
specific response element. DNA damage–induced upregulation
of p53 transcriptional activity was demonstrated and correlated
with the expression of p53-dependent downstream genes
(including p21). These findings were observed in U87 (p53+/+)
cells and xenografts, but not in SaOS (p53–/–) cells (Fig. 6). The
PET images corresponded with upregulation of genes in the p53
signal transduction pathway (p53-dependent genes) in response
to DNA damage induced by BCNU chemotherapy. Thus, PET
imaging of p53 transcriptional activity in tumors using the Cis-
p53TKGFP reporter system could be used to assess the effects of
new drugs or other novel therapeutic paradigms that are medi-
ated through p53-dependent pathways. A similar approach could
be used to study p53-dependent apoptosis in stem cells (or their
progeny) as the result of various physiological and local tissue
environment or various therapeutic interventions (e.g., radia-
tion, chemotherapy).

42.4.2. IMAGING NUCLEAR FACTOR OF ACTIVATED
T-CELLS–MEDIATED SIGNALING  T-cell activation is an
essential component of the immune response in many normal
and disease states. The objective of a recent study by Ponomarev
et al. (2001a) was to detect and monitor T-cell receptor (TCR)–
dependent activation of T-cells in vivo using noninvasive PET
imaging. A retroviral vector (Cis-NFAT/TKeGFP) was gener-
ated by placing the fusion gene TKGFP under control of the
nuclear factor of activated T-cells (NFAT) response element. A
human T-cell leukemia Jurkat cell line that expresses a func-
tional TCR was transduced with the Cis-NFAT/TKGFP reporter
vector and used as a model of T-cell activation in these studies.
Known activators of T-cells (anti-CD3 and anti-CD28 antibody)
produced significantly higher levels of TKGFP reporter gene

expression (increased GFP fluorescence, increased levels of
HSV1-tk mRNA, and increased [14C]FIAU accumulation in
vitro) in Cis-NFAT/TKGFP+ Jurkat cells, in comparison with
nontreated or nontransduced cells. In mice with sc Cis-NFAT/
TKGFP+ Jurkat cell infiltrates, similar results were observed
using micro-PET imaging and in vivo fluorescence imaging. A
strong correlation between TKGFP expression and upregulation
of T-cell activation markers (CD69 and interleukin-2 produc-
tion) was demonstrated both in vitro and in vivo (Fig. 7). These
results demonstrated that activation of the NFAT signal trans-
duction pathway occurs after TCR stimulation, and that PET
imaging of T-lymphocyte activation following TCR engagement
is feasible using the described TKGFP-based Cis-reporter sys-
tem. This imaging paradigm could be used to assess the efficacy
of novel antitumor vaccines and adoptive immunotherapy.

A similar approach could be applied to imaging stem cell–
derived T-cell differentiation and activation post-BMT. Various
therapeutic interventions (e.g., cytokine therapy, gene therapy)
aimed at directing and stimulating the differentiation of stem cells
in vivo toward the T-cell lineage posttransplantation and the acti-
vation capacity of the reconstituted T-cells could be monitored by
noninvasive PET imaging.

42.4.3. TRANSFORMING GROWTH FACTOR-β (TGFβ)
The cytokine transforming growth factor-β (TGF-β) plays a dual
role in tissue differentiation and tumorigenesis. It stimulates the
proliferation of mesenchymal cells while inhibiting the growth of
most normal epithelial cells. A reporter system for noninvasive
imaging of TGF-β receptor signaling activity during tumor devel-
opment and growth has been recently reported by Serganova et al.
(2002a). A Cis-TGF-β/TKGFP reporter vector was developed
containing both AML1 and Smad consensus binding sites (Igα-
Smad-AML-TKGFP reporter gene) as the enhancer elements to
regulate the expression of TKGFP reporter gene. MDA-MB-231
cells were stably transduced with the Igα-Smad-AML-TKGFP
reporter system and exposed to various concentrations of human
TGF-β1 for 48 h; the level of TKGFP expression was assayed by
fluorescence microscopy, quantified by FACS and a radiotracer
assay ([14C]FIAU and [3H]dThd). Transcriptional activation of

Fig. 5. Quantitative autoradiography of RedXPRT expression with
[14C]xanthine of an axial section through mouse brain. There are
two small intracerebral tumors in this section: RG2/TKGFP on the
left side (with green fluorescence) with no accumulation of
[14C]xanthine, and RG2/XPRTRed on the right side (with red fluo-
rescence) that accumulates [14C]xanthine. The autoradiograms were
obtained at 40 min after [14C]xanthine administration to model the
clinical situation in which 11C-labeled xanthine with a 20-min decay
half-life will be used.
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Fig. 6. PET imaging of endogenous p53 activation. (A) Vector structure. Transaxial PET images through the shoulder (B,D) and pelvis (C,E)
of two rats are shown (top); the images are color coded to the same radioactivity scale (%dose/g). An untreated animal is shown on the left,
and a BCNU-treated animal is shown on the right. Both animals have three sc tumor xenografts: U87p53TKGFP (test) in the right shoulder,
U87 WT (negative control) in the left shoulder, and RG2TKGFP (positive control) in the left thigh. The nontreated animal on the left shows
localization of radioactivity only in the positive control tumor (RG2TKGFP); the test (U87p53TKGFP) and negative control (U87wt) tumors
are at background levels. The BCNU-treated animal on the right shows significant radioactivity localization in the test tumor (right shoulder)
and in the positive control (left thigh), but no radioactivity above background in the negative control (left shoulder). Fluorescence microscopy
and FACS analysis of a transduced U87p53/TKGFP cell population in the noninduced (control) state (F,J) (B), and 24 h after a 2-h treatment
with BCNU 40 µg/mL (G,K) are presented. Assessment of the cis-p53/TKGFP reporter system in U87p53/TKGFP sc tumor tissue is shown
(right). Fluorescence microscopy images of U87p53/TKGFP sc tumor samples obtained from nontreated rats (H) and rats treated with 40 mg/
kg of BCNU intraperitoneally (I) are also shown. FITC, fluorescein isothiocyanate. (Adapted from Doubrovin et al., 2001.)
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the TGF-β signaling pathway was observed after 16 h of exposure
to minimal concentrations of TGF-β1 (2 ng/mL) and nutrient
depletion. TGF-β1-treated cells exhibited high levels of TKGFP
reporter protein as measured by FACS, and significantly higher
levels of FIAU accumulation were observed compared to baseline,
nonstimulated cells. Successful imaging of TGF-β receptor–
mediated transcriptional activity was demonstrated in vivo with
124FIAU and PET in Igα-Smad-AML-TKGFP-transduced tumor
xenografts in mice after systemic administration of TGF-β.

The ability to image the activity of the TGF-β signaling path-
way could be used to assess stem cell therapies directed at resto-
ration of connective tissue, cartilage, and bone remodeling, or in
other stem cell–derived progeny tissues in which the TGF-β
signaling pathway may play an important role in homing or tis-
sue differentiation.

42.4.4. IMAGING WEAK PROMOTERS  Several attempts
have been made to image reporter gene expression driven by weak
promoters (e.g., CEA, prostate-specific antigen promoter [PSE]),
but the results were usually hampered by the poor transcriptional
activity of such promoters. In the original study, Qiao et al. (2002)
validated methods to enhance the transcriptional activity of the
CEA promoter using a trans- or so-called two-step transcriptional
amplification (TSTA) system. To increase promoter strength while
maintaining tissue specificity, a recombinant adenovirus was con-
structed that contained a TSTA system with a tumor-specific CEA
promoter driving a transcription transactivator, which then acti-
vates a minimal promoter to drive expression of the HSV1-tk sui-
cide/reporter gene. This ADV/CEA-binary-tk system resulted in
equal or greater cell killing of transduced cells by ganciclovir in a
CEA-specific manner, compared with ganciclovir killing of cells

Fig. 7. Imaging NFAT-TKGFP reporter system activity with [124I]FIAU and PET plus assessments in tissue samples. (A) Photographic
images of a typical mouse bearing different sc infiltrates (middle), transaxial PET images (GE Advance tomograph) of TKGFP expression
in a mouse treated with control antibody (left), and anti-CD3/CD28 antibodies (right) were obtained at the levels indicated by the dashed
lines. (B) [124I]FIAU accumulation (%dose/g) in tissue samples of the Jurkat/dcmNFATtgn clone 3 and 4 infiltrates, WT Jurkat infiltrates,
and blood plasma, obtained after PET imaging is shown. (C) FACS profiles of TKGFP and CD69 expression in a tissue sample from the
same Jurkat/dcmNFATtgn clone 4 infiltrate that was imaged with PET are presented. (D) Images of TKGFP fluorescence in an sc Jurkat/
dcmNFATtgn (clone 4) infiltrate were obtained in the same animal; first before (E) and then after (F) treatment with anti-CD3/CD28
antibodies. (Adapted from Ponomarev et al., 2001.)
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transduced with a CEA-independent vector containing a constitu-
tive viral promoter driving HSV-tk expression (ADV/RSV-tk). It
was demonstrated in vitro that the expression of the HSV1-tk gene
mediated by the CEA-specific TSTA system was about 250-fold
higher than that from the cis-CEA promoter alone. To test the
imaging capacity of the ADV/CEA-binary-tk system for monitor-
ing CEA-specific transgene expression in tumor-bearing animals,
[131I]FIAU and gamma camera imaging were used to assess aden-
ovirus-mediated HSV-tk gene expression in vivo. After injection
of the ADV/binary-tk virus into CEA-expressing liver tumors,
[131I]FIAU accumulation was observed only in the area of CEA-
positive tumors. More important, there was significantly less
HSV1-tk expression in adjacent liver tissue following ADV/
binary-tk injection than after the constitutively expressing ADV/
RSV-tk virus. A dose escalation therapeutic trial in these animals
demonstrated significantly reduced hepatoxicity following
ganciclovir administration with the ADV/binary-tk virus com-
pared with the ADV/RSV-tk virus, with equal antitumor efficacy.

In another study, Iyer et al. (2001) validated methods to
enhance the transcriptional activity of the androgen-responsive
PSE using a similar TSTA approach to amplify expression of fire-
fly luciferase, and mutant herpes simplex virus type 1 thymidine
kinase (HSV1-sr39tk) in a prostate cancer cell line (LNCaP). An
approx 50-fold (luciferase) and a 12-fold (HSV1-sr39tk) enhance-
ment of transgene expression was demonstrated by using this
TSTA system while retaining tissue selectivity. A cooled charge-
coupled device (CCD) optical imaging system was used to visual-
ize the signal generated from the luciferin–luciferase reporter
system in living mice implanted with LNCaP cells that were trans-
fected ex vivo. Further improvements of the androgen-responsive
TSTA system for reporter gene expression were made using a
“chimeric” TSTA system that uses duplicated variants of the pros-
tate-specific antigen gene enhancer to express GAL4 derivatives
fused to one, two, or four VP16 activation domains. The resulting
activators were transduced into to prostate carcinoma cells with
reporter templates bearing one, two, or five GAL4-binding sites
upstream of firefly luciferase. The activity of the luciferase
reporter gene in transfected cell extracts and in live nude mice was
monitored using an in situ luciferase assay and cooled CCD imag-
ing, respectively. It was found that luciferase expression in pros-
tate cancer cells in vitro can be varied over an 800-fold range, and
that a single plasmid bearing the optimized chimeric GAL4-VP16
enhancer expressed the firefly luciferase reporter at 20-fold higher
levels than the CMV enhancer. A very encouraging result was the
demonstration that the TSTA system was androgen concentration
sensitive, suggesting a continuous rather than binary reporter
response. However, as observed with the CEA-TSTA reporter sys-
tem above, in vivo imaging comparison of the TSTA and Cis-
reporter systems showed substantially less dramatic differences
than that obtained by the in vitro analyses. Only about a fivefold
difference in response to androgen stimulation was observed
between PSE TSTA and Cis-reporter systems in the in vivo firefly
luciferase optical imaging experiments.

42.5. DUAL-REPORTER SYSTEMS
FOR IMAGING ENDOGENOUS CELLULAR
SIGNALING ACTIVITY OR DIFFERENTIATION

Significant efforts are being made to develop novel approaches
for imaging progenitor cell differentiation after their administra-
tion in vivo. One approach is based on the coexpression of a “bea-

con” reporter gene from a strong constitutive promoter to visualize
the localization of transduced stem cells and their progeny tissues;
another reporter gene (different from the “beacon”) could be linked
to a promoter element that is selectively activated at a certain stage
of progenitor cell differentiation or to a promoter that is active only
in a specific tissue type on terminal differentiation and serve as a
“sensor” gene (e.g., for neurons, the neuron-specific T alpha 1
tubulin promoter; for glial cells, the GFAP promoter; for endothe-
lial cells, Tau2 promoter; for T-cells, RAG or TCR promoters).

Several dual-reporter systems are currently being developed
at MSKCC (New York, NY), in which one reporter gene (e.g.,
h∆TK2) will be expressed constitutively as a “beacon” gene and
the HSV1-sr39tk will be expressed as a “sensor” gene in a stem
cell differentiation–specific inducible manner. It should be pos-
sible to image the localization of transduced progenitor cells
with PET using [11C]FEAU because it is a good substrate for
h∆TK2 “beacon” enzyme (and by the HSV1-sr39TK “sensor”
enzyme) and has a fast radiolabel decay (11C t1/2 = 20 min). Four
hours after PET imaging with [11C]FEAU, the differentiation
status could be selectively imaged using [18F]FHBG via the
expression of a tissue-specific promoter-regulated HSV1-sr39tk
“sensor” gene, because the h_∆TK2 “beacon” enzyme does not
phosphorylate [18F]FHBG or other acycloguanozine analogs.
Alternatively, the mutant D2R80A (Liang et al., 2001) could be
used as a “sensor” gene and its expression imaged with [18F]FESP
and PET.

The following is an example of such an imaging strategy. The
dual-reporter Cis-HRE/TKGFP-cmv/RedXPRT vector was devel-
oped for imaging hypoxia-induced transcriptional upregulation of
HIF-1α-responsive genes in vitro and in vivo (Serganova et al.,
2002b). In this vector, the TKGFP “sensor” reporter gene is con-
trolled by the eight tandem repeats of hypoxia response elements
(8xHRE) from the vascular endothelial growth factor (VEGF)
gene promoter; the RedXPRT fusion reporter gene serves as a
“beacon” and is driven by the CMV promoter. Multicellular sphe-
roids derived from C6-XPRTRed/HRE-TKGFP cells demon-
strated a size-dependent induction of hypoxia-induced
HIF-1α-mediated signaling. C6 spheroids >200 µM developed a
hypoxic core and could be visualized by fluorescence confocal
microscopy. This observation is explained by a decrease in oxy-
gen diffusion and development of a hypoxic core with the increas-
ing spheroid size (Fig. 8).

C6 rat glioma cells were transduced with the reporter vector
and the functionality of the dual-reporter system was verified by
treating the cells with CoCl2. Single cell–derived clones of trans-
duced C6 cells with low background and high inducibility were
obtained by FACS and expanded in vitro. Hypoxia was induced by
exposing cells to various concentrations of CoCl2 (1–500 µM).
TKGFP expression was assessed by fluorescence microscopy,
FACS, and radiotracer assay (14C-FIAU and 3H-TdR). HIF-1α
protein levels were assessed by Western blot. TKGFP and VEGF
mRNAs were measured by quantitative reverse transcriptase (RT)-
PCR. VEGF production was measured by enzyme-linked
immunosorbent assay. A plateau of the HIF-1α signaling pathway
activation was observed after 16 h of exposure to 100 µM (IC50)
CoCl2, as manifested by a high level of TKGFP fluorescence
(102–103 rU) and a high FIAU/TdR accumulation ratio (0.34
± 0.005, compared with 0.08 ± 0.001 in nontreated cells). The
increase in HIF-1α corresponded with upregulation of VEGF and
TKGFP gene expression at the mRNA and protein levels.
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Rats with sc transduced C6-XPRTRed/HRE-TKGPF tumors
were imaged with [124I]FIAU and PET. PET imaging of XPRTRed
“beacon” gene expression with [11C]xanthine has not been done
yet, because the radiotracer is still under development. However,
PET images with [124I]FIAU demonstrated the presence of
hypoxic areas in large sc C6-XPRTRed/HRE-TKGPF tumors.
Small C6-XPRTRed/HRE-TKGPF tumors had lower levels of
HSV1-tkGFP “sensor” gene activity (Fig. 9). Tumor tissue sam-
pling and fluorescence macroscopic analysis confirmed the in vivo
PET imaging results. Namely, the large C6-XPRTRed/HRE-
TKGPF sc tumor had indeed a central hypoxic core that showed
green fluorescence (hypoxia-induced TKGFP expression). This
hypoxic core was surrounded by a rim of dilated and pathologi-
cally enlarged vasculature (suggesting high levels of VEGF pro-
duction). Fluorescence macroscopic analysis of different zones
within this tumor confirmed these observations—the tumor core
consisted of mainly green fluorescing (hypoxic) cells (TKGFP

“sensor” gene expression); the transition zone was also clearly
observed; and the periphery showed only red fluorescence
(XPRTRed2 “beacon” gene expression) with no green fluorescing
cells (indicating normoxic cells).

These results are very relevant to imaging stem cells and their
progeny tissues, by demonstrating that dual–reporter gene imag-
ing systems are feasible and could be applied to imaging the
location and differentiation state of the adoptively transferred
progenitor cells (using tissue-specific or differentiation step–
specific promoters to drive “sensor” gene expression).

42.6. GENETIC LABELING
OF MURINE STEM/PROGENITOR CELLS
WITH DIFFERENT REPORTER SYSTEMS

Several retroviral and lentiviral vectors have been developed and
used for transduction of stem/progenitor cells with different reporter
genes. Recently, three retroviral vectors have been generated and

Fig. 9. PET MicroPET images of hypoxia-induced HIF-1α-mediated signal transduction activity. Studies were performed with small and large
C6-XPRTRed/HRE-TKGPF sc tumors (right shoulder) and WT C6 tumors (left shoulder). (A) Large sc tumors; (B) small sc tumors. Images
were acquired at 4 h after administration of [124I]FIAU.

Fig. 8. Optical imaging of hypoxia. The HIF-1-α reporter vector is shown on the left. There are two elements in this reporter construct: one
is a “sensor” element that consists of an artificial HIF-1-α enhancer/promoter controlling the expression of TKeGFP gene (a fusion between
the HSV1-tk and the enhanced GFP, eGFP, genes) and the other is a “beacon” element that consists of the SV40 promoter that constitutively
expresses the Red1/XPRT gene (a fusion between the Red1 fluorescent protein and E. coli xanthine phosphoribosyl transferase genes).
Spheroids produced from transduced C6 cells are shown; red fluorescence is seen in a confocal image of each spheroid demonstrating
constitutive expression of the Red1/XPRT fusion gene (beacon element). Green fluorescence is seen in the center of the larger spheroid
indicating hypoxia-inducible expression of the TKeGFP gene (sensor element).
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assessed in which the constitutive expression of TKGFP reporter
gene is driven by either the retroviral LTR (SLT8G), or the PGK
promoter (SPT8G), or the CMV promoter (SCT8G) (Fig. 10). The
vector-encoding plasmids were transfected into the Phoenix
amphotropic retroviral vector producer cells, which produce
retroviral particles at very high titers (Kinsella and Nolan, 1996;
Grignani et al., 1998). After transduction, the murine stem/progeni-
tor cells were sorted for high expression of TKGFP using FACS
(based on GFP fluorescence at 488 nm above 100 rU). It is important
to note that there was a significant difference in the efficacy of
different promoters with respect to the stability of TKGFP expres-
sion in transduced stem/progenitor cells over time. TKGFP expres-
sion under control of retroviral LTR resulted in almost complete
TKGFP downregu-lation at 1 wk posttransduction. Almost no
change in the level of TKGFP expression was observed with PGK
promoter. However, in stem/progenitor cells transduced with
TKGFP gene under control of CMV promoter, 20–30% of cells
exhibited downregu-lation of TKGFP expression by 1 wk after trans-
duction (Fig. 10). Even when the cells were incubated in the medium
without the leukemia inhibitory factor (an inhibitor of differentia-
tion) and allowed to form the embryonal-like bodies, the expression
of TKGFP under control of PGK promoter did not fade. Therefore,
the PGK promoter is more suitable for imaging studies in stem cells
(Gelovani Tjuvajev, unpublished data).

This in vitro study demonstrates the complex nature of the
approach that is being proposed in the current application. The
choice of the right promoter to drive the expression of a reporter

gene is important in terms of long-term monitoring and imaging
the fate of infused progenitor cells.

42.7. MULTIMODALITY REPORTER GENE IMAGING
Multimodality imaging approaches allow for different imaging

technologies to be combined in the same study. For example, pla-
nar BLI of Luc reporter gene expression could be used for the
initial screening and monitoring of the fate of adoptively trans-
ferred progenitor cells in murine models. An important advantage
of BLI is that it does not have a nonspecific signal background
in the images, because the photons are produced only where the
luciferin–luciferase reaction takes place (in Luc-expressing cells).
Once critical time points or conditions are determined, one could
follow up with a study involving PET imaging of TKGFP expres-
sion. Therefore, another retroviral vector, L89gCluc, for expres-
sion of both the Luc and TKGFP genes was developed (Fig. 11).
As a model for localization of progenitor cell–derived tissue, a
transduced tumor xenograft model in mice was used to demon-
strate efficacy of such an approach. RG2 rat glioma cells were
transduced with the LT8gCluc vector (RG2/LT9gCluc cells) and
established as sc xenografts in mice. When the tumors grew to
approx 0.5 cm in diameter, sequential BLI and PET imaging stud-
ies were performed in the same animals. The sc RG2/LT8gCluc
tumors could be easily visualized with two-dimensional BLI and
whole-body fluorescence imaging of TKGFP expression. There-
after, Micro-PET images were acquired in three-dimensionally 2
h postadministration of [124I]FIAU and demonstrated localization

Fig. 10. Transduction of murine stem cells with different retroviral vectors. (A) Schematics of retroviral vectors; (B) FACS profiles of two
functional vector-transduced stem cells and control stem cells; (C) dark-field, fluorescence, and merged images of transduced stem cells;
(D) Western blots and RT-PCR of KTGFP expression in transduced embryonic stem (ES) cells.

A

B
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D
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of transduced RG2/LT8gCluc cells similar to that obtained using
BLI or fluorescence imaging (Fig. 11).

In another study, T-cell trafficking and tumor targeting were
imaged following the transfection of T-cells from B6 mice
(unpublished data). The transduced T-cells were readministered
intravenously into the allogeneic host B6/C3F1 animals (2 or 4 ×
106 T-cells/animal) along with the BMT. Monitoring with BLI
was performed at different times after the BMT. BLI demonstrated
different patterns of the infused T-cell trafficking and homing that
are consistent with various degrees of GVHD. Especially dramatic
symptoms of GVHD with predominant localization in the gut and
lungs were observed in animal no. 3 (Fig. 12, bottom row).

This is an ongoing study and is in a preliminary screening
phase (using BLI), and PET imaging had not yet been performed.
Nevertheless, there is no doubt that PET imaging will be success-
ful in this model, based on the recent RG2/LT9gCluc tumor
imaging results (described earlier) and previous studies on imag-
ing T-cell trafficking and activation with PET (Doubrovina
et al., 2002; Koehne et al., 2002). Such a multimodality approach
could be easily extended to imaging stem cell fate by inserting
suitable promoters (e.g., PGK, EF1) in vector constructs to drive
the expression of different reporter genes.

42.8. PET IMAGING
OF ADOPTIVE T-CELL TRANSFER

The recent work at MSKCC on imaging trafficking and target-
ing of genetically HSV1-tk-labeled T-cells after in vitro loading
with [131I]FIAU for gamma camera imaging (early trafficking and
targeting) (Koehne et al., 2002) and repetitive administration of
[124I]FIAU in vivo for PET imaging (late trafficking and targeting)
(Doubrovina et al., 2002) demonstrated the feasibility of imple-
menting this combined approach, which could be easily applied to
imaging stem cells in vivo.

Fig. 11. Bioluminescence and PET multimodality imaging. (A) Schematics of LT8gCLuc retroviral vector for coexpression of TKGFP and Luc
reporter genes; (B) bioluminescence image of Luc expression in sc RG2/LT8gCLuc tumor (C) and axial PET image of TKGFP expression in
same animal (D); (E) RT-PCR and Western blot analysis of TKGFP expression in transduced tumor tissue.
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C

E

D

Fig. 12. BLI of adoptively transferred bone marrow cells along with
reporter-transduced T-cells. Three animals are presented in rows. The
third animal developed marked GVHD (last row) with preferential
targeting of T-cells to the gut.
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In a recent study by Dourovina et al. (2002), the feasibility of
in vivo monitoring of the migration, targeting, and persistence of
EBV-specific CTLs over an extended period of time was demon-
strated using stable transduction of these cells with TKGFP
reporter gene combined with repetitive administration of
[124I]FIAU and PET imaging. The feasibility of noninvasive visu-
alization of the human leukocyte antigen (HLA)–restricted EBV-
specific anti-EBV CTL targeting to the tumors was assessed.
Noninvasive imaging results showed that the anti-EBV-specific
TKGFP-CTLs preferentially accumulated in tumors presenting
EBV antigens in the context of the dominant restricting HLA al-
lele, A0201. By contrast, the tumors generated following inocula-
tion of EBV BLCL from HLA-mismatched donors showed neither
[124I]FIAU accumulation nor TKGFP fluorescence. Similarly,
transduced T-cells did not accumulate in control tumors devel-
oped from HLA A0201-matched leukemia cells, since they did
not express EBV antigens. This study also demonstrated that the
exposure of antigen-specific TKGFP-CTLs to [124I]FIAU did not
significantly affect their specific cytotoxicity in comparison to the
unmodified CTL population.

The initially high FIAU accumulation in the autologous tumor,
as compared to the allogeneic HLA A0201 homozygous BLCL,
most likely reflects the broader spectrum of EBV antigens pre-

sented on these cells in the context of both HLA A0201 and the
other HLA alleles expressed on these cells, but not on the HLA
A0201 homozygous EBV BLCL. However, the significant level
of radioactivity accumulated in the HLA A0201 homozygous
allogeneic tumor and the extent of infiltration of TKGFP-CTLs in
these tumors demonstrate the striking level of in vivo activity
attributable to the immunodominant HLA A0201–restricted EBV-
specific T-cell population. These conclusions are also supported
by the pronounced response of the autologous BLCL tumor (T1)
and the allogeneic HLA A0201 homozygous EBV tumor to the
adoptive T-cell therapy, as reflected by the degree of tumor regres-
sion observed in this study. A gradual decrease in [124I]FIAU sig-
nal in the autologous BLCL tumor, observed with subsequent
[124I]FIAU administrations, could reflect a decline in the number
of infiltrating TKGFP-CTLs resulting from the apoptosis of
T-cells following cytotoxic interaction with autologous EBV-posi-
tive targets. Continuous increase of [124I]FIAU accumulation in
HLA-A0201 homozygous EBV BLCL tumors after repeated
injections may reflect either the differences in the recruitment of
the immunodominant HLA A0201-restricted CTL, or the expan-
sion of donor-derived transfected T-cells with other than EBV
specificity, which respond to alloantigens not expressed by the
CTL donor (Fig. 13A).

Fig. 13. MicroPET imaging of T-cell migration and targeting. (A) Axial images through shoulders (left) and thighs (right) of mice bearing
autologous BLCL (T1), HLA-A0201-matched BLCL (T2), HLA-mismatched BLCL (T3), and HLA-A0201 ALL (T4) tumors in left and right
shoulders and left and right thighs, respectively. All images are from a single representative animal. (B) Oblique projection of summed coronal
images at a 45° angle to visualize spleen, 4 h after [124I]FIAU injection. All images are from a single representative animal. K, kidneys; H, heart;
St, stomach; Sp, spleen; Bl, bladder. (C) Radioactivity (%dose/g) in different tumors and tissue at three time points (2, 9, and 16 d) after EBV-
specific TKGFP-CTL administration. Radioactivity was measured 24 h after [124I]FIAU injection. (Adapted from Doubrovina et al., 2002.)
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Transduced TKGFP-CTL dynamics in the spleen and the rest
of the body was assessed using images obtained at 4 h post-
[124I]FIAU injection, because the 24-h images reflect not only the
results of washout of nonaccumulated radioactivity from the body
(lower background), but also the redistribution of initially radio-
labeled TKGFP-CTL. The initial homing of injected TKGFP-CTL
to the spleen in 28 h after iv administration up to d 9 was followed
by a gradual clearance and migration to the specific tumor targets
by d 15 after TKGFP-CTL administration (Fig. 13B,C). These
results are in agreement with the previously reported data on a
limited time of circulation and rapid tumor-directed targeting by
CTLs (Costa, et al. 2001; Adonai, et al. 2002), although the latter
reports did not extend longer than 9 d after CTL injection (Costa
et al., 2001).

The successful noninvasive imaging of the fate of genetically
labeled cytotoxic T-cells using the radio-reporter gene approach
demonstrated in the study by Doubrovina et al. (2002) warrants
the feasibility of monitoring stem cell kinetics and proliferation
in vivo.

42.9. PET IMAGING OF MUTANT DHFR/HSV1-tk
FUSION GENE EXPRESSION IN VIVO

Dihydrofolate reductase (DHFR) (EC 1.5.1.3.) catalyzes the
formation of tetrahydrofolate (THF) from dihydrofolate (DHF).
The most significant consequence of DHFR inhibition by metho-
trexate (MTX) or trimethotrexate (TMTX) is a decrease in
thymidylate biosynthesis by means of depletion of the N5,N10-
methylene-THF pool resulting in DNA synthesis inhibition and

cell death. MTX is used to treat acute lymphoblastic leukemia,
lymphoma, gastrointestinal cancers, and breast cancer. However,
antifolate resistance remains an obstacle to successful cancer treat-
ment, and the significantly higher doses of MTX required to
achieve tumor response also cause myelotoxicity. To address the
issue of myelotoxicity, a double double-mutant (Phe22-Ser31)
dmDHFR gene was developed at MSKCC and used to confer
10–12 times higher bone marrow resistance to MTX as compared
to the mock-transfected NIH3T3 cells (Sauerbrey et al., 1999).
The dmDHFR gene can be expressed in fusion with the HSV1-tk
gene in a similar way as we produced a fusion gene between the
WT DHFR and HSV1tk. A retroviral vector for transduction of
various stem/progenitor cells bearing dmDHFR-hTK2 fusion gene
under control of PGK promoter was also generated at MSKCC
(SPdmDHFRhTK2 vector) and the CD34+ hematopoietic progeni-
tor cell transduced for imaging studies.

In a recent study, Mayer-Kuckuk et al. (2002) demonstrated
the feasibility of in vivo imaging of WT human DHFR and
HSV1-tk fusion gene (DHFRhsvTK) expression in sc xenografts
using [124I]FIAU and PET. Based on these results, imaging MTX-
resistant dmDHFRhTK2-transduced CD34+ progenitor cells and
their progeny should also be feasible with radiolabeled FIAU or
FEAU and PET. In clinical trials involving adoptive therapy with
dmDHFR/HSV1-tk fusion gene–transduced chemoresistant bone
marrow progenitor cells, noninvasive PET imaging could poten-
tially be used for monitoring the persistence/viability of the
engrafted cells during high-dose chemotherapy and complement
blood-sampling analyses (Fig. 14).

Fig. 14. PET imaging of DHFR-TK expression with [124I]FIAU. Trimethotrexate treatment results in increased [124I]FIAU accumulation in
transduced tumor xenografts in vivo. Shown are digital pictures as well as axial and transaxial tumor PET scans obtained from (A) an antifolate-
treated and (B) a water-treated (control) RNU rat. The inserted scans show the heart as control. (Adapted from Mayer-Kuckuk, 2002.)
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42.10. POSSIBLE CLINICAL SCENARIOS
FOR USE OF IMAGING IN DIFFERENT
STEM CELL THERAPY APPROACHES

A simplistic scenario for stem cell therapy for an organ regen-
eration after injury or infarct would involve the following:

1. Generation of “tracer cells” by stably transducing the stem
cells with a reporter gene.

2. Administration of unmodified stem cells mixed with the
“tracer cells” to a patient either systemically or by a
locoregional injection (e.g., intracerebral).

3. Monitoring of the localization, migration, homing, and
persistence of stem cells by imaging “tracer cells” using
reporter gene–specific radiolabeled probe and PET in the
early period post–stem cell administration.

4. Repetitive PET imaging over several months or years to
assess the viability (persistence) of progeny tissues coupled
with functional (physiological) imaging and other tests.

A more-sophisticated scenario for using imaging in stem cell
therapy that would include additional treatment to control and
direct the process of stem cell differentiation into a desired tissue
type would involve the following:

1. Generation of “tracer cells” by stably transducing the stem
cells with a dual-reporter system—one bearing a constitu-
tively expressed “beacon” reporter gene, and a “sensor”
reporter gene expression that will be controlled by a tissue
type–specific promoter (e.g., neuronal specific).

2. Administration of unmodified stem cells mixed with the
“tracer cells” to a patient either systemically or by a
locoregional injection (e.g., intracerebral).

3. Monitoring of the localization, migration, homing, and
persistence of stem cells by imaging “tracer cells” using
a “beacon” reporter gene–specific short-lived radiola-
beled probe (e.g., labeled with 11C) and 4 h later, followed
by imaging of the differentiation status of the adminis-
tered stem cells and progeny tissues (e.g., cortical neu-
rons) using a “sensor” reporter gene–specific radiolabeled
probe (e.g., labeled with 18F).

4. Repetitive PET imaging over several months or years to
assess the viability (persistence) and differentiation type
of progeny tissues coupled with functional (physiological)
imaging and other tests.

42.11. CONCLUSION
In perspective, noninvasive whole-body imaging will play an

increasingly larger role in the development and clinical imple-
mentation of various stem cell therapeutic approaches by provid-
ing the means for noninvasive monitoring of the fate of the stem
cells administered to patients over a long period of observation.
Noninvasive imaging will be invaluable especially in monitor-
ing the efficacy of stem cell therapies in biopsy-restricted critical
organs such as brain and heart, although the advantages of using
noninvasive imaging over multiple biopsies in other organs are
obvious as well. Imaging could also help to address several ques-
tions related to stem cell migration and homing, their viability,
subsequent differentiation, and the persistence of their progeny-
derived tissues. Finally, imaging should aid in the development
of new therapeutic strategies that would control and direct stem
cell engraftment and differentiation processes in patients.
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43 What Is the Future for Stem Cell Research?
Whether Entity or Function?

REGIS DOYONNAS, PhD AND HELEN M. BLAU, PhD

The goal of the intense research on stem cells is for human application. Recently, knowledge of stem cells has
progressed rapidly and experimental therapies are already in clinical trials. However, for more far reaching application
and successful therapy much more remains to be learned about stem cells. There are many more questions than answers.
What is a stem cell? What different kinds are there? Can they be obtained and manipulated? What are the lineages that
derive from stem cells, and how plastic are cells in a lineage? Are there circulating stem cells in adults? Do they participate
in repair of injury? What type of stem cell is most appropriate for a given clinical application? New technologies need
to be developed to apply to stem cells for effective gene delivery. What role, if any, does fusion of stem cells play in tissue
regeneration? Can the differentiation potential of stem cells at different stages of determination be used to select cells
for specific clinical applications? What are the signals that recruit, activate, and induce differentiation in stem cells?
What are the signaling pathways for activation and differentiation of stem cells, and can they be manipulated to advan-
tage? How can stem cells be used to understand carcinogenesis and developmental abnormalities? Are embryonic stem
cells, which have the potential to produce progeny that can differentiate into any adult tissues the best cells for therapeutic
use? Or in some instances, are adult stem cells resident in adult tissues or circulating adult bone marrow derived cells a
better choice? How can immune rejection of transplanted cells be avoided or prevented? Will therapeutic cloning,
whereby transfer of somatic nuclei to provide an embryonic cell line that matches the patient, become clinically appli-
cable? Can embryonic germ cells be used to greater advantage that embryonic stem cells? Will adult stem cells, if they
can be isolated and cultured, be a better choice for selected use, for example, in replacing cells in a specific damaged
organ. Are there adult multipotent stem cells or can adult tissue-determined stem cells transdifferentiate to another tissue
cell type? If so, how can this be controlled? Does fusion play a role in functional stem cell plasticity and can a way to
use fusion to direct tissue repair or replacement be devised? Do human somatic cells have the capacity for dedifferen-
tiation, such as found during regeneration of tissues in amphibians? Can this phenomenon be applied to mammalian
tissues and eventually used clinically? How can genetic modification of human embryonic or adult stem cells be improved
and applied? The potential of stem cell therapy has great promise and is only limited by our incomplete knowledge of
what stem cells are and how they function.

43.1. INTRODUCTION
The use of human stem cells for clinical applications is one

of the major scientific goals of the 21st century. This handbook
includes an exciting inventory of the state-of-the-art, including
what we know and don’t know about diverse stem cells. Remark-
ably, the field has progressed so rapidly that many experimental
therapies are now well into clinical trials. Thus, the hope that stem
cells could some day constitute therapies for human diseases seems
more likely to become a reality than ever previously deemed pos-
sible. Nonetheless, although cures for a wide variety of diseases
due to the specific replacement of damaged tissues by stem cells
are thought by some to be on the horizon, numerous questions

remain to be answered before stem cells become an integral part
of the armamentarium of approaches to the clinical practice of
regenerative medicine.

First, we need a better understanding of the biology of stem
cells and their inherent plasticity. What is a stem cell? Is it an entity
or a function? How many different types exist? Are they interre-
lated? Can they all be prospectively isolated and their fate pre-
dicted given certain signals or environments? Where are they
located and what potential for differentiation does each type of
stem cell offer? Currently, the lineage of stem cells, or hierarchy,
is quite unclear as diverse populations with different cell surface
markers are being studied either after prolonged culture for many
months or without any time in culture at all. Do mammalian cells,
as in newts ever dedifferentiate spontaneously to regenerate tis-
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sues? Is there a universal shared multipotent precursor that gives
rise to tissue-specific intermediates and eventually well-defined
tissue-specific stem cells in adults? If so, perhaps these cells are
capable of circulating throughout the entire body in order to repair
damaged tissues. The crucial issue is knowing their biological
characteristics and how best one can exploit stem cells in order
to attract them to particular sites where they are needed and to
enhance their differentiation at will. A better understanding of
stem cell biology may not only lead to new approaches to cell
replacement or cell rescue, but also to new approaches to prevent-
ing cancers, which may constitute stem cells that have gone awry
and continue to proliferate irrespective of environmental cues.

A better knowledge of stem cell biology will aid us in deciding
which type of stem cell is most appropriate for a given medical
application. Many questions remain to be answered. Are embry-
onic stem cells essential for certain therapeutic applications? Can
adult stem cells become sufficiently effective to regenerate tis-
sues, and, if so, what factors might stimulate their proliferation,
targeting of tissues, and genetic reprogramming? Stem cells have
been shown to find their way to the tissue requiring regeneration
in some cases, whereas in others they are differentiated in tissue
culture and then implanted. Very likely, different cells and differ-
ent means of delivery of those cells will be suitable for different
therapeutic purposes and investigation of all types in parallel will
be the best way to find out what is optimal on a case by case basis.

Concurrent with increasing our understanding of stem cell
biology is a need to develop new technologies. For example, stem
cells may be useful in correcting genetic diseases, as vehicles for
gene therapy, but methods for effective gene delivery are lagging.
Retroviral vectors are advantageous when dividing cells are the
target, although the recent clinical trial that showed an unex-
pected selective integration of these vectors resulting in cancer
has led to new concerns. Adenoviral vectors that held great
promise in early clinical trials have resulted in severe immune
responses, although “gutted” adenoviruses may overcome such
problems. Adeno-associated viruses are still difficult to produce
in quantity and are also somewhat immunogenic and limited to
delivery of relatively short DNA sequences. On the other hand,
lentiviral vectors deserve further study to render them absolutely
safe, as they are readily delivered to all species and to non-divid-
ing cells. Perhaps the answer will lie in the use of DNA that can
be delivered orally and targeted to specific integration sites. A
major goal of stem cell therapy would be not only cell delivery but
also genetic alteration that could allow repair of heritable defects.
Will it be possible to use stem cell genetic engineering technology
not only to deliver missing genes in those individuals with genetic
disease, but also as a regulatable localized drug delivery system?
Will we need to use therapeutic cloning continuously to supply
sufficient cells that are immunologically matched in order to
deliver therapeutic genes or can we build a stem cell reserve with
sufficient immunocompatibility diversity? Perhaps a stem cell
bank with extensive immunodiversity can be generated that will
preclude the need for ongoing “therapeutic cloning,” i.e. the deri-
vation of immunologically matched cells from fertilized eggs.

Finally, stem cells isolated from both embryonic and adult
tissues have been shown to possess extensive potential for self-
renewal and differentiation and can be used as a source of non-
mutated genetic material that can be introduced into a deficient
tissue. Two mechanisms have been observed by which cells aid in
tissue regeneration: de novo formation of tissue specific cells and

fusion to existing cells. To what extent do diverse stem cells con-
tribute to the regeneration of adult tissues by producing cells
de novo which are reprogrammed in response to environmental
cues? To what extent do the cells become reprogrammed follow-
ing fusion with resident tissue-specific cells? Both would consti-
tute mechanisms for enlisting the inherent plasticity of stem cells
and inducing them to reprogram gene expression in order to repair
tissue damage.

43.2. TOWARD A BETTER UNDERSTANDING
OF STEM CELL BIOLOGY

43.2.1. STEM CELL DEFINITION In order to progress, stem
cell research has met with diverse problems that require ongoing
investigation. The term “stem cell” has often been loosely used in
the scientific literature, which complicates our understanding of
what a true stem cell is, e.g., are the criteria functional or are stem
cells specific entities that can be prospectively isolated and their
differentiative behavior reliably controlled (Blau et al., 2001). To
be designated as a stem cell, a cell must be able to proliferate, to
replace itself, and also give rise to at least one differentiated cell
type (Anderson et al., 2001). This final requirement entails an
asymmetric division or proliferation, which should allow the
regeneration of at least one cell type throughout the lifetime of a
defined tissue. However, this concept must be extended to include
the establishment of subcategories that distinguish among stem
cells that (i) may only differentiate into a few closely related cell
types within a tissue, or unipotent stem cells, (ii) may only differ-
entiate into a range of phenotypes within a single tissue, or
multipotent stem cells, (iii) may differentiate into a greater range
of phenotypes extending across several tissues, or pluripotent stem
cells, and, finally, (iv) have the ability to differentiate into the
range of cells present in all tissues, or totipotent stem cells (Lovell-
Badge, 2001). Although the last category is limited to the blas-
tomeres of the early morula, all of these subcategories of stem cells
possess therapeutic potential. For example, unipotent keratinocyte
stem cells have been used for almost three decades for the treat-
ment of burn injuries (Rheinwald and Green, 1975). Clearly, such
unipotent stem cells will be found in a large variety of tissues and
will be used more and more often in regenerative medicine for
damaged tissues. The current challenge is to enhance our knowl-
edge of specific unipotent or multipotent stem cells in order to
allow their efficient isolation from patients.

43.2.2. STEM CELL PROLIFERATION AND DIFFER-
ENTIATION Critical to using stem cells is a better understand-
ing of how to facilitate their proliferation and self-renewal as stem
cells and how to direct their differentiation in appropriate loca-
tions with great precision. The prototypes of stem cell renewal in
mature mammals are cells from tissues such as blood and skin that
undergo continuous turnover as part of their normal function. It is
unclear whether cells with similar proliferative potential will be
found in other tissues that are less dedicated to continuous cell
production (Partridge, 2003), although unexpected sources such
as one located in the central nervous system continue to be discov-
ered (van Praag et al., 2002). Nonetheless in certain cases, pluri-
potent stem cells may need to be forced to contribute to the
regeneration of tissues that are not capable of self-renewal. The
extent to which such cells are still present in the adult is not known.
However, remarkable examples continue to emerge, such as the
recent discovery of the ability of adult differentiated oligodendro-
cytes to generate all three neuronal cell types (oligodendrocytes,
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astrocytes, and neurons) in vitro (Kondo and Raff, 2000), a find-
ing that suggests that dedifferentiation of at least some cell types
can occur. On the other hand, cells may need to be isolated from
unrelated tissue sources in order to fully regenerate damaged
organs. An elucidation of the signals that recruit stem cells, acti-
vate their self-renewal capabilities, and induce them toward a
pathway of differentiation is of vital importance to future thera-
peutic applications of stem cells. Embryonic stem cells (ES cells)
from the inner cell mass of mouse and human blastocysts repre-
sent pluripotent cells that are highly advantageous from several
perspectives. Targeted alteration of gene expression in these cells
will shed light on the molecular mechanisms that allow them
either to proliferate without differentiation or to commit to a spe-
cific differentiation program. To date, three major areas of inves-
tigation have proved to be particularly useful. One is an analysis
of the affect of secreted factors such as cytokines on ES cell dif-
ferentiation (Dani et al., 1998; Niwa et al., 1998). The second is
an analysis of transcription factors such as Oct-4 and nanog that
maintain the pluripotency of ES cells (Nichols et al., 1998, Cham-
bers et al., 2003, Mitsui et al., 2003). Third is an elucidation of the
signaling pathways that must be tightly regulated within stem
cells in order for them to remain in a self-renewing state (Wilson
et al., 2001, Kielman et al., 2002). The most common approach to
direct ES cell differentiation in vitro is to alter the culture media.
Spontaneous differentiation occurs routinely in ES cell cultures
and produces a wide variety of cell types. By adding specific
growth factors and changing the environmental conditions, spe-
cific genes of mouse and human ES cells can be either activated
or inactivated. Such changes initiate a series of molecular events
that induce the cells to differentiate along particular pathways.

43.2.3 FUNCTIONAL GENOMICS, DISEASE PRO-
GRESSION AND DRUG SCREENING It is highly likely that
as techniques become available for creating targeted genetic
modifications in human stem cells, these cells will serve as a
powerful tool for understanding human functional genomics. This
will aid our understanding of how diseases such as cancer occur
and will also enable drug screening on cellular models of human
diseases rather than on animal surrogates. If human ES cells can
be directed to form specific cell types, these ES-derived cells may
be more likely to mimic the in vivo response of a specific tissue
to a drug. This should offer safer and potentially cheaper models
for drug screening.

Human ES cells can also be used to study early events in human
development. Detailed analyses of human ES cells in vitro may
contribute to the identification of genetic, molecular, and cellular
events that lead to congenital birth defects, placenta abnormali-
ties, and spontaneous abortion. Better knowledge of these events
will facilitate the elaboration of methods to prevent them (Rathjen
et al., 1998).

43.3. STEM CELL SOURCES AND PREPARATION
BEFORE THERAPEUTIC USE

43.3.1. EMBRYONIC STEM CELLS What is and what will
be the best source of stem cells for future therapeutic use? Stem
cells have been detected in many adult and embryonic tissues.
With very few exceptions, adult stem cells are generally thought
to give rise to only a limited range of differentiated cell types.
This limit is imposed by powerful molecular constraints on gene
expression that are critical to the preservation of tissue integrity
during normal tissue maintenance and repair. By contrast, embry-

onic stem cells (ES cells) are derived from a very early embry-
onic cell population that is not yet committed to form a particular
tissue of the body. Thus, ES cells are by nature thought to be
more versatile than most of their adult counterparts. Mouse ES
cells have now been used to treat several model diseases such as
Parkinson’s disease (Kim et al., 2002), myocardial infarction
(Min et al., 2002), spinal injury (McDonald et al., 1999), and
severe genetic immune disorder (Rideout et al., 2002). However,
significant advances are still required before these approaches
can be applied in the clinic. First, we need to be able to generate
a sufficient number of the desired cell types in a homogeneous
population and cautiously remove all undifferentiated cells in
order to decrease the risk of teratoma formation after implanta-
tion (Thomson et al., 1998). Second, more progress needs to be
made in order to identify what cell type or what intermediate
precursor should be isolated and delivered to correct a specific
pathology. Protocols will need to be elaborated in order to main-
tain and expand these cells in vitro before eventual therapeutic
transplantation. Finally, the host immune mechanisms must be
controlled to avoid immune rejection of the implanted cells. A
number of solutions to this problem have been considered such
as the elaboration of large banks of stem cells to create a wide
array of histocompatibility backgrounds or by the manipulation
of the host T cell activity (Waldmann, 2001). Others have sug-
gested the use of a combined transplant, which will replace the
patient’s hematopoietic and lymphoid systems with ES-derived
cells, followed by engraftment of the target cell type (Kaufman
et al., 2001). Recently, a novel solution that has attracted a great
deal of interest is “therapeutic cloning.” This powerful technique
combines cloning by somatic cell nuclear transfer with the cre-
ation of a clonally derived ES cell line that is the perfect match
of a patient’s own cells (Rideout et al., 2002). Patients’ genetic
defects can be corrected in the ES cells using homologous recom-
bination and specific cell types can be derived from these ES
cells before implantation into the patient. Although conceptually
simple, multiple difficulties, such as the wide variety of develop-
mental defects in cloned animals, still need to be understood and
overcome before this technology can be used in humans. How-
ever, the fact that this technique has been successfully achieved
in mice is encouraging.

43.3.2. EMBRYONIC GERM CELLS Most attention has
been given to human embryonic stem cells that are derived from
the inner cell mass of blastocysts (Thomson et al., 1995), but other
embryonic cells possess stem cell capabilities and could poten-
tially prove to have better regenerative capabilities than pure ES
cells. Embryonic germ (EG) cells, for example, have been iso-
lated from primordial germ cells located in the gonadal ridge and
mesenchyma of 5–9-wk-old human fetal tissue (Shamblott et al.,
1998). Like the ES cells, EG cells are capable of long-term self-
renewal, while retaining a normal karyotype. When culture con-
ditions are adjusted to permit differentiation, both ES and EG
cells can spontaneously differentiate into derivatives of all three
primary germ layers—endoderm, mesoderm, and ectoderm (Amit
et al., 2000, Itskovitz-Eldor et al., 2000, Shamblott et al., 2001).
However, although EG cells have about five times less capacity
for proliferation in vitro, they do not generate teratomas in vivo,
whereas human ES cells do (Shamblott et al., 1998, Thomson
et al., 1998). This advantage could be crucial in their potential use
in transplant therapy. At this stage, any therapy based on the use
of human embryonic cells would require their direct differentia-
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tion into specific cell types prior to transplantation. Because it is
the undifferentiated ES cells, rather than their differentiated prog-
eny, that have been shown to induce teratomas, tumor formation
might be avoided by either removing the undifferentiated ES cells
or by using other cells such as EG cells that do not have the poten-
tial to be tumorigenic.

43.3.3 ADULT STEM CELLS Although tremendous
progress is being made in embryonic stem cell research, efforts
are now underway to take advantage of the newfound capabilities
of adult stem cells. After years of work on tissue repair mecha-
nisms, there is new evidence that stem cells are present in far more
adult tissues and organs than once thought and that these cells are
capable of generating more kinds of cells than previously imag-
ined. Sources of adult stem cells have been found in the bone
marrow, blood stream, cornea and retina, dental pulp, blood ves-
sels, skeletal muscle, liver, skin, gastrointestinal tract, pancreas,
spinal cord, and brain. Unlike ES cells, there is no evidence thus
far that isolated adult stem cells are capable of pluripotency. Adult
stem cells are also thought to have less potential for self-renewal,
in part because they lack a high level of telomerase [for review see
Verfaillie et al. (2002)]. The hematopoietic stem cells (HSC) have
been considered as the prototype of adult stem cells and are per-
haps the best characterized. Even a single HSC transplanted into
a lethally irradiated mouse has the potential to rescue the animal
from death reconstituting all of the blood cell lineages of a mouse
(Osawa et al., 1996). In complementary experiments, random
chromosomal integration sites of retroviral vectors as unique
clonal markers in hematopoietic stem cells demonstrated that a
single HSC can give rise to multiple daughter cells with the ability
to differentiate into multiple lineages in both mice (Dick et al.,
1985, Szilvassy et al., 1989) and humans (Nolta et al., 1996).

Although many technical challenges have now been overcome
in adult stem cell research, the rare occurrence of these cells
among other differentiated cells has remained a problem as they
are not easily isolated making further characterization difficult.
The proliferation of adult stem cells ex vivo has also proved dif-
ficult. New ways to identify adult stem cells in vivo and to propa-
gate them in vitro have been developed (Reya et al., 2003, Willert
et al., 2003), but further efforts are needed to make these cells
amenable to in-depth analysis and experimentation. New sources
of adult stem cells with potential pluripotent capabilities also
show promise, for example, in tissues such as skin (Toma et al.,
2001) and fat (Zuk et al., 2001), where relatively non-invasive
techniques can be used to harvest these cells. In order to refine and
improve stem cell culture systems, as with ES cells, a major chal-
lenge is developing means for allowing adult stem cells to prolif-
erate in vitro without differentiating (Odorico et al., 2001, Jiang
et al., 2002). Another important avenue of investigation relevant
to both types of cells is whether their genetic imprinting status
plays a role in their maintenance, directing their differentiation,
potentially limiting their plasticity and their suitability for certain
types of therapeutic applications [for review see Surani (2001)
and Reik et al. (2001)]. Do changes in gene imprinting occur
when cells proliferate and are expanded in number in vitro? If so,
what are the effects of gene imprinting or other changes, on the
differentiation capabilities of these cells in vitro and in vivo and
on the behavior of any differentiated cell types derived from
cultured cells? What are the intracellular signaling pathways that
are involved in cell maintenance and that correlate with differen-
tiation along a cell lineage? Can these potential limitations be

altered by pretreatment with demethylating or acetylation agents?
Are there other ways to make the chromatin more amenable to
changes in gene expression, more capable of plasticity? Answers
to these questions may increase the utility of adult stem cells by
increasing the frequency with which they can take part in tissue
regeneration.

Finally, the lineage or derivation of adult stem cells will be
important to discern. Are the bone-marrow-derived cells hemato-
poietic stem cells (HSCs), or other circulating cells? What are the
intermediate stages along the cell differentiation pathway these
cells take in vitro and in vivo? Typically, such intermediate cells
are designated as precursors or progenitors, they are partly differ-
entiated, are usually “committed” to differentiating along a par-
ticular cellular developmental pathway, but are still able to give
rise to more than one specialized cell type. Can these precursors or
progenitors be isolated, maintained in culture, and expanded?
Would such cells be more useful for therapeutic transplantation
than the adult tissue-specific stem cells to which they give rise? In
vivo, such cells are found in many organs and are thought to main-
tain the integrity of the tissue by replacing dying cells. It is often
difficult, if not impossible, to distinguish adult unipotent stem
cells from progenitor cells, and some may claim that progenitor or
precursor cells in those tissues do not exist. Thus, endothelial pro-
genitor cells, satellite cells in the skeletal muscle and epithelial
precursors in the skin and the digestive system are often consid-
ered “the tissue-specific stem cell.” As mentioned above, a stem
cell should be capable of self-renewal for the lifetime of the organ-
ism, while progenitors are by definition not able to self-renew and
thus are exhausted if not replaced by the progeny of a stem cell.
Although this concept is fundamental to the currently accepted
definition of a stem cell, it is difficult to prove that this criterion is
met in vivo.

43.4. STEM CELLS, HIERARCHY, PLASTICITY,
AND REGENERATION POTENTIAL

43.4.1. STEM CELL HIERARCHY Unlike embryonic cells,
which are defined by their origin, the origin of adult stem cells in
any mature tissue remains unknown. It has been proposed that
adult stem cells are somehow set aside during fetal development
and restrained from differentiating. These cells are generally
thought to be uni- or multipotent and by definition only have the
potential to differentiate into a restricted range of cell types within
a tissue. However, if these cells are “late embryonic” cells, then
they might have retained their potential for pluripotency. Are
such “universal cells” still present in the adult body? If so, it will
be of great interest to determine how they are maintained in this
undifferentiated state. If these cells exist, are they present in each
tissue or do they circulate in the blood, extravasate from the
blood, and repopulate various adult tissues? And if so, what are
the signals responsible for the recruitment and the migration of
these cells?

The developmental process has always been associated with
the tacit assumption that any daughter cell does not acquire a
greater range of differentiative capacities than its mother. This
dogma stipulates that the hierarchy of cells is unidirectional and
that one given cell can only be derived from a higher, or at least
equivalent, level in the hierarchy. If pluripotent adult stem cells
exist somewhere in the body, then it should be possible to obtain
this population from any tissue, irrespective of which of the three
germ layers from which it derived.
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However, this dogma and associated hypotheses have recently
been challenged by the discovery that cells from one adult tissue
can generate cells of an unrelated tissue (see below). Are these
findings due to pluripotent cells that are able to give rise to other
tissues or are the specific adult stem cells of one tissue sufficiently
plastic to change their fate and become the cells of another tissue?
Finally, are these cells really stem cells?

43.4.2. ADULT STEM CELL PLASTICITY: TRANSDIF-
FERENTIATION? Adult stem cells have long been thought to
be able only to differentiate into cell types associated with the
tissue from which they were isolated. In the past few years, this
supposition has been called into question by increasing evidence
that adult stem cells exhibit unexpected plasticity. For example,
cells isolated from bone marrow, generally considered as a hema-
topoietic tissue (mesodermal), have been reported to generate
skeletal muscle, heart, liver, brain, and various epithelial tissues.
This plasticity extends to a range of mesodermal tissues such as
skeletal muscle (Ferrari et al., 1998, Gussoni et al., 1999, LaBarge
and Blau, 2002; Brazelton et al., 2003), cardiac muscle (Kocher
et al., 2001, Orlic et al., 2001), bones (Pereira, 1998, Reyes et al.,
2001), cartilage (Pereira, 1995), and even heart and blood vessels
(Jiang et al., 2002, Reyes et al., 2002). Moreover, cells of different
germ layers, or lineages, such as neural tissues (ectodermal)
(Brazelton et al., 2000, Mezey et al., 2000, Weimann et al., 2003),
hepatic tissues (endodermal) (Alison et al., 2000, Lagasse et al.,
2000) or epithelial tissues (ectodermal and endodermal) (Krause
et al., 2001) can also be found to which bone marrow has contrib-
uted. These findings either prove the existence of pluripotent stem
cells within the bone marrow or suggest that multi- or unipotent
stem cells within the bone marrow are capable of plasticity. Plas-
ticity has previously been ascribed to bone-marrow-derived cells,
brain-derived cells (Bjornson et al., 1999, Clarke et al., 2000), and
muscle-derived cells (Seale et al., 2000, Jiang et al., 2002). In
order to study plasticity within or across germ layers, the source
of the adult stem cells must be highly purified and, if possible,
must be analyzed at the single cell level, i.e., a single cell must be
shown to have the capacity to give rise to diverse progeny. In
addition, to be able to claim that adult stem cells or progenitor
cells purified from a specific tissue demonstrate plasticity, it is
also important to show that these cells have the ability to give rise
to the differentiated cell types that are characteristic of the tissue
of origin, as well as giving rise to cell types that normally occur
in a different tissue. Even more important, these differentiated
cell types must be shown to be functional. To date, only some of
these criteria have been met in the avalanche of reports that have
been generated by the “stem cell plasticity field” during the past
few years. Indeed, as yet none of the reports meets the rigorous
criteria for plasticity presented above, based on transplantation
experiments in vivo. Thus, additional research is clearly required.

Until a single cell and its progeny are shown to be capable of
multipotency with respect to gene expression and function, the
possibility remains that the donor bone-marrow-cell population
hosts a variety of dedicated tissue-specific stem cells, such as
muscle stem cells, neural stem cells and hepatic progenitors, that
are able to migrate to the recipient tissue and give rise to their
normal progeny. For example, given that the bone marrow is
known to contain various types of stem cells, it is possible that
the reported conversion of bone marrow stem cells into muscle,
endothelial, and brain cells after bone marrow transplantation
(Ferrari et al., 1998, Brazelton et al., 2000, Mezey et al., 2000,

Jackson et al., 2001, Orlic et al., 2001) could originate from
mesenchymal stem cells and angiogenic precursors. Recent evi-
dence suggests that plasticity is exhibited in vitro. For example,
progenitors of astrocytes and oligodendrocytes can, under spe-
cial tissue culture conditions, reacquire the ability to develop
into neurons, a property normally restricted to the neural stem
cell precursors of these progenitors (Kondo and Raff, 2000). In
another set of experiments, the overexpression of the MSX1 gene
within differentiated skeletal myotubes in vitro can cause
multinucleated myotubes to dissociate into individual mono-
nucleated cells that are able to proliferate and then differentiate
into a variety of cell types (Odelberg et al., 2000). Evidence for
such plasticity in vivo using single cells is a critically important
step in this field.

To show plasticity in adults requires that the donor cells not
only integrate into a mature host tissue or turn into a different cell
type, but that they also become mature and fully functional cells.
Many experiments designed to assess the plasticity of adult stem
cells have involved injury and/or strong selective pressure due to
a lethal genetic defect (Bjornson et al., 1999, Lagasse et al., 2000,
Orlic et al., 2001). In these cases, the cells that are capable of
plasticity must be able to restore a loss of function. This has been
readily possible to show for embryonic cells, but is still under
investigation for adult stem cells. The low incidence with which
adult stem cells change phenotype has been the subject of much
discussion, and could constitute a limitation to their therapeutic
application. As a result, a search for the factors that could improve
recruitment and differentiation is extremely active and important.
To date, it remains to be shown whether the signals that induce
stem cell plasticity circulate through the blood stream in order to
recruit stem cells and alert the body to a malfunction. Alterna-
tively, local signals could be present in the microenvironment of
the injury site that are able to attract circulating cells that cruise the
whole body.

Because the experimental paradigms are extreme and the fre-
quencies are generally low, it is not yet possible to determine
whether and to what extent plasticity normally occurs in vivo.
Also, it is not yet known how this phenomenon can be harnessed
to generate tissues and whether it could serve a useful therapeutic
function. The models and techniques will need to be more repro-
ducible and reliable in order to ascertain the extent to which adult
stem cells are actually plastic. Nonetheless, the exciting possibil-
ity remains that if and when such methods are established, it should
be possible to use easily accessible stem cells such as bone
marrow, skin, fat, or umbilical cord blood–derived stem cells to
“repair” tissues with low or nonexistent regenerative capabilities.

43.4.3. FUSION OR NOT FUSION? The discovery that
embryonic stem cells can fuse in vitro either with the precursors
of neuronal cells or with adult bone marrow cells has initiated a
new debate around stem cell plasticity (Terada et al., 2002, Ying
et al., 2002). Although these experiments were carried out in
tissue culture with strong selective pressure, they spawned the
new idea that fusion could be possible in vivo between deficient
cells from one tissue and genetically non-mutated cells from
another tissue. This raised the possibility that in a stressed situ-
ation, some cells might fuse and their nuclei be “reprogrammed”
for a different function in adulthood (Blau, 2002). As a result,
numerous earlier reports claiming that stem cells can change
their morphology and activate new genes characteristic of a dif-
ferent cell type de novo are now being questioned.
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However, fusion does not really change the notion that there
is a stem cell with plasticity. It simply alters the mechanism
whereby this may occur. A cell, for example, from bone marrow,
that fuses with a defective cell in a tissue may be reprogrammed.
Thus, the cell assumes a new genetic fate, albeit due to intracel-
lular signals not extracellular signals as in the case of de novo
adoption of a tissue-specific fate. Both can constitute repair
mechanisms: the de novo generation of a cell type is a form of
regeneration of lost cells, whereas fusion to a dying cell is rescue
of a cell that would otherwise be lost. As such, the cell that fuses
may well prevent cells from destruction by providing healthy
genetic material. Highly specialized or complex cells of tissues
such as liver and brain might more easily be “rescued” than
induced to form de novo in the adult. This could constitute a
previously unrecognized mechanism whereby nomadic cells
could physiologically gain access to injured cells and repair them.
Cell fusion has long been known to cause reprogramming of
cells. In non-dividing “heterokaryons,” obtained by the fusion of
mature cells into skeletal-muscle cells, muscle genes have been
previously shown to be activated in primary human keratinocytes,
fibroblasts, and hepatocytes that had no need for those genes
(Blau et al., 1983, Chiu and Blau, 1984, Blau et al., 1985) [for
review see Blau and Baltimore (1991)]. These findings showed
that the phenotype of a differentiated cell is not terminal but is
plastic and can be altered. Genetic reprogramming occurs due to
the balance of regulators in a cell at any given time, is dynamic,
and can change the differentiation state of a cell. The recent
experimental evidence that heterokaryons can exist in vivo is
exciting. Understanding the underlying mechanism that triggers
a cell to fuse with another cell, and knowledge of which cells are
capable of this fusion, will be of fundamental importance. More-
over, an increase in the fusion efficiency may lead to the rescue
of genetic diseases characterized by protein deficiencies. Once
the signals that allow this process to occur are known, cells such
as bone-marrow-derived cells, from either a genetically normal
heterologous source or from a genetically engineered autologous
source, could be used to deliver genes to specific targeted cells.
Thus, fusion, instead of being an artifact that happens in vitro
under selective pressure, could become a process of repair in
adulthood that helps maintain life.

43.4.4. DEDIFFERENTIATION AND REGENERATION
POTENTIALITIES Stem cells are by definition able to regener-
ate at least one tissue in response to degeneration or injury. In
mammals, they are the only cells that are ultimately responsible
for all cell replacement within a tissue during the lifetime of an
animal. However, for many years, it has been known that some
species such as amphibians possess the amazing ability to
regenerate lost body parts. This phenomenon remains poorly
understood, but it is now fully accepted that this occurs via dedi-
fferentiation. This process implies that somatic dedifferentiation
happens at the site of injury followed by new differentiation and
regeneration. This can be linked to the activation of resident cells
rather than recruitment of new stem cells. Replacement of cells
within an organ must be regulated by some mechanism to selec-
tively remove the current “damaged” resident cells and encourage
the repopulation by healthy precursors or stem cells. A major chal-
lenge for stem cell research over the next decade is to identify the
genes and hence the proteins or regulatory factors that control the
regeneration process. The more we know about dedifferentiation
and regeneration, the more likely the possibility that we may be

able to regenerate tissues just by triggering the right signals that
would either attract stem cells or increase the plasticity of the
somatic and precursor cells present near the site of injury.

43.5. GENETIC MODIFICATION OF STEM CELLS
43.5.1. GENE THERAPY TECHNOLOGY Gene therapy

uses genetic engineering to alter or supplement the function of an
abnormal gene by either providing a non-abnormal copy of that
gene or by directly repairing such a gene. Clinical efforts to apply
genetic engineering technology to the treatment of human diseases
initially focused on genetic diseases and disorders in which only
one gene is abnormal, such as cystic fibrosis, Gaucher’s disease,
severe combined immune deficiency (SCID), Fanconi’s anemia,
Fabry’s disease, and leukocyte adherence deficiency. Now efforts
are also underway that are directed toward more complex, chronic
diseases, such as heart disease, blood flow deregulation, arthritis,
and Alzheimer’s disease. These new gene therapies consist of
providing genes that add new functions or regulate the
activity of other genes. In other cases, it may be desirable to pro-
gram the cells to produce therapeutic agents in response to certain
signals and turn on and off the therapeutic transgene when needed.
These introduced genes can direct differentiation to a specific cell
type or rescue a cell type that was deficient in a specific protein.

Two major technologies have been used for delivering thera-
peutic transgenes into human recipients. The first is to “directly”
infuse the gene into a patient using genetically engineered viruses
as delivery vectors. This method is fairly imprecise, as cells are
randomly targeted and uptake is limited to the specific types of
human cells that the viral vector can infect. The second strategy
consists of removing specific cells from the patient, gene-tically
modifying the cells ex vivo, and reimplanting the genetically
modified cells into the original patient. This technology offers
several advantages over direct gene transfer. In particular, the
genetic modification of the cells takes place ex vivo and can be
tightly controlled for the production of the therapeutic agent. Novel
approaches for gene transduction are required and are pivotal for
developing strategies that will increase the therapeutic potential of
stem cells. In order to achieve clinical success, new knowledge
must be gained in several domains, such as the design of new viral
and nonviral vectors for introducing transgenes into cells, the
ability to direct where in the genome the transgene is introduced,
the ability to target the diseased tissues using the genetically
modified stem cells, and the ability to control the immunological
response to the implanted cells. If these goals can be attained in a
relatively pure population, stem cells are a very desirable target for
gene therapy. First, the correction of a genetic defect at a stem cell
level will allow the expansion and transplantation of a large num-
ber of either a specific cell type or cells at a less differentiated stage
(see above stem cell expansion and differentiation) to correct this
genetic disease. Second, since stem cells are able to self-renew,
introduction of genetic modifications to stem cells will ensure the
longevity of the therapeutic effect.

43.5.2. GENE THERAPY AND EMBRYONIC STEM
CELLS It may be possible to use human ES cells as the basis for
the development of new methods for genetic engineering. Using
homologous recombination, genes can be removed, exchanged,
or introduced into ES cells. Adult stem cells are very often quies-
cent and are not very receptive to the introduction of therapeutic
transgenes into their chromosomal DNA using retroviral vectors,
which only infect dividing cells. New viral vectors that can infect
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nondividing cells, such as lentivirus or adeno-associated viruses,
have been developed but are not completely satisfactory because
of their low transduction efficiency (Park et al., 2000). Moreover,
the manipulation of adult stem cells ex vivo can change some of
their most important properties such as plasticity, self-renewal,
and engraftment. Thus, since embryonic stem cells might over-
come these technological problems, they may become more use-
ful than adult stem cells when genetic engineering is required.

Human embryonic stem cells would constitute a very powerful
tool for avoiding immune reaction problems. The potential immu-
nological rejection of human ES-derived cells could be avoided by
genetically engineering the ES cells to express the MHC antigens
of the transplant recipient, by creating an extensive bank of human
ES cells with different MHC genes, or by creating a universal ES
cell that would be compatible with all patients.

However, because ES cells can give rise to teratomas, it may be
preferable to use a differentiated derivative of genetically modi-
fied embryonic stem cells. Since ES cells can be expanded, large
populations of these differentiated cells can be produced, saved,
and given to the patient when needed. Even if they are not used
directly as cell carriers for gene therapy, embryonic stem cells may
still constitute a useful test system for evaluating the efficiency of
new viral and nonviral vectors and also for testing the level of
therapeutic agent produced after ES cell differentiation in culture.

43.5.3. GENE THERAPY ON ADULT STEM CELLS
Most of the clinical trials developed for ex vivo gene therapy to
date have been carried out using hematopoietic stem cells. These
cells have been used in several clinical trials during the last couple
of years to treat diseases such as cancer and AIDS. Hematopoi-
etic stem cells have been a delivery cell of choice for several
reasons. They are generally easy to isolate when mobilized in
circulating blood or in bone marrow in adults or in the umbilical
cord blood of newborn infants. In addition, they are easy to
manipulate ex vivo and can be returned to the patients by simple
injection. Hematopoietic stem cells can also migrate and home to
a number of strategic locations in the body such as bone marrow,
liver, spleen, and lymph nodes, where delivery of therapeutic
agents can be crucial.

Although hematopoietic stem cells have been the predominant
cells used in ex vivo gene therapy, other types of stem cells are
being studied as gene-delivery candidates. They include muscle-
forming cells (myoblasts) (Barr and Leiden, 1991, Dhawan et al.,
1991, Blau and Springer, 1995b, Springer et al., 1998, Mohajeri et
al., 1999), bone-forming cells (osteoblasts) (Laurencin et al.,
2001), and neural stem cells (Aboody et al., 2000). These cells
have the advantageous property that they become an integral part
of the body after engraftment. They are then able to produce the
therapeutic agents not only at the precise location of their integra-
tion but also to distribute such agents indirectly through the blood
and nerve systems in order to treat a range of diseases (Blau and
Springer, 1995a, Ozawa et al., 2000a, 2000b). Stem-cell-based
drug delivery is being investigated and the use of tissue-specific or
tumor-restrictive gene promoters for the delivery of therapeutic
agents to sites of tumor metastasis may induce cancer regression.

Although more clinical trials using gene therapy are planned,
further research is needed to improve the control of crucial stem
cell mechanisms such as the modulation of their proliferation,
differentiation, and tissue targeting. In addition, genetic engineer-
ing can be used to force stem cell plasticity by genetic and epige-
netic alteration. More progress needs to be made in order to control

the gene-silencing mechanism and ensure that the therapeutic
transgene introduced into the cells is not turned off over a period
of time. Attention to dosage of the gene product delivered will be
crucial and will vary with age, genetic background, and disease
status. Non-invasive imaging methods will be critical in conjunc-
tion with regulatable gene therapy vectors in order to achieve
adequate treatments and avoid iatrogenic disease.

43.6. CONCLUSION
Although stem cells are highly unlikely to contribute to human

fantasies of immortality and eternal youth, tremendous progress
has been made in the past few years in the potential use of these
cells as therapeutic agents, which may lead to prolonged life with
less suffering and higher quality. Certainly the strides toward the
cure of various diseases have been remarkable. Stem cells may be
the key to replacing cells lost in many devastating diseases such
as Parkinson’s disease, diabetes, chronic heart disease, muscular
dystrophy, end-stage kidney disease, and liver failure, and nor-
mal cells lost due to cancer. For many of these life-shortening
diseases there are no effective treatments as yet and the goal is to
find a way to replace those natural processes that have been lost.
Despite recent advances in tissue and organ transplantation, there
is already a shortage of donor organs that makes it unlikely that
the growing demand for organ replacement will be fully met
through organ donor strategies alone. Neurological diseases such
as spinal cord injury, multiple sclerosis, Parkinson’s disease, and
Alzheimer’s disease are among those diseases for which the con-
cept of replacing damaged or dysfunctional cells is a practical
goal. The carefully directed differentiation of adult and embry-
onic stem cells into highly specialized cells for a physiological
function such as pancreatic islets should allow the treatment of
chronic diseases such as diabetes. Current challenges include the
control of the differentiation process of stem cells such as ES cells
into specialized cell populations and of their development and
proliferation once they have been implanted into patients. In
order to safely use stem cells or their differentiated progeny, meth-
ods of purification and methods of cell-death control will need
to be developed. Another important aspect of stem-cell-based
therapies will be the necessity of preventing the rejection of the
donated cells by the immune system.

In summary, much basic research lies ahead before application
of a stem cell therapy to patients in a rigorous therapeutic manner
is realized. However, mankind will surely benefit enormously by
conducting research in this important area.
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Hematopoiesis

chart, 164
cell markers, chart, 164
growth factors, chart, 164
stroma, 143–150

Hematopoietic, 37
neural, 37
other, 38

Hematopoietic cell lineages, 119–131
lineages, 120
phenotypes, 123
primitive stem cells, 122
spleen colony assay, 120
stem cell

heterogeneity, 121
hierarchies, 121
plasticity, 124

Hematopoietic colonies, 120
Hematopoietic stem cells, 10, 133–139, 155–160

assays for, mouse, 158
bone marrow radioprotective support cells, 158, 159
CD34, 157, 158
cell lineage, 10
characterization of, 156–157
identification of, 155
markers of, 156
maturation

arrest, 9
pathway, 157

metabolic characteristics, 156
metabolic characteristics, 156
plasticity, 10
physiologic characteristics, 156
regulator pathways, 157
repopulating stem cell unit assay (RESCU), 158–160
transplantation of, 10, 158–160

Hematopoietic/mesenchymal stem cell (H/MSC), 143
Hepatocarcinogenesis, 11
Hepatopancreatic stem cell, 433
Heterogeneity in liver, 354
Hoeschst dyes, 123
Homunculus, 11

Human embryonic stem cells, 24–25
in vitro, 39

Human liver stem cells, 397–407
CD-34, 400–402
c-kit, 400–402
fetal hepatoblasts, 402
fusion, 404
future, 405
growth regulation, 403
histology of, 398
in vitro, 371, 401
markers, 399–402
NOTCH pathway, 403
OV-6 and, 400
oval cells, 357–358, 397–407
regeneration, 397
terminology, 399
transdifferentiation, 404

Human oval cells, 357, 358, 397–407

I
IL-1, 147
IL-3, 122
IL-6, 147
IL-7, 147
IL-8, 147
Imaging, in vivo, 473–490

activated T-cells, 479
adoptive T-cell transfer, 485–487
bioluminescence reporter gene imaging, 475
central nervous system, 477–478
clinical use, 488
dual reporter systems, 482
fusion gene expression, 487
genetic labeling, 483
green fluorescence protein, 475
methods, 474–475

genetic labeling, 474
radiolabeling, 474
supermagnetic agents, 474

multimodality reporter gene imaging, 484
P53 signaling, 479
PET imaging, 475–486
thymidine kinase, 475–477
weak promoters, 481

In vitro, 367-407
adult hepatocyte, 370, 389
artifacts, 378
cell isolation, 371
cell sources, 368, 392
chemicals, 376
embryonic, 370, 389, 392
feeder layers, 375
fetal, 370, 402
future, 393
gene expression, 373, 387
growth factors, 375
growth regulation, 374–377
human, 371, 401–403
karyotype, 373
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markers, 369, 386
microenvironment, 374
morphogenesis, 377
morphology, 372, 392
mortality, 377
oval cell lines, 387

from adult mice, 388
LE,  388
OC/CDE, 388

passage, 372
phenotype, 379
plasticity, 374, 392–393
progenitor cell origin, 377
proliferation, 377
spontaneous immortalization, 390
substrata, 376
systems, 370
transdifferentiation, 388
transformation, 389
transgenic mice, 389, 390–391
transplantation, 379
WB-F344 cell line, 378, 387

Inflammatory cells, wound healing, 102
Inner cell mass, 11, 25–27, 36
Integrins, 291
Isolation, 33, 34

markers, 34, 35

K
Kidney morphogenesis, 267–275

differentiation of nephrons, 268
formation of collecting ducts, 267
growth factors and, 268
regulation of, 268
transcription factors, 268
ureteric bud, 267

Kidney stem cells, 267–287
bipolar stem cell, 271
cell lineages, 271–273,
definition of, 269
epithelial, 270
evidence for renal stem cells, 269
future of, 273
identification of, 272
location, 272
markers of, 272
mesenchymal, 270
metanephric mesenchyme, 271
morphogenesis, 267–275
transdifferentiation, 271

Kidney tumors, see Nephroblastoma

L
Lens regeneration, 93–95

dedifferentiation, 93
fibroblast growth factor, 94
retinoic acid, 95
transcription factors, 95
transdifferentiation, 93

Leukemia, 12
acute myeloblastic leukemia, heterogeneity, 125
acute myeloblastic leukemia, karyotypes, 126, 127
apoptosis, 119
blast lineages, 126
chemotherapy and growth factors, 127
clones, 119–122
gene rearrangements, 12
growth fraction, 13
growth factors, 127
maturation arrest, 10
spleen colonies, 125
stem cells, 125–128
STI571,127

Leukemia and lymphoma, 163–174
chemotherapy, 163–172
flow cytometry, 165–169
markers, 165–169
myeloblative chemotherapy and stem cell transfusion, 171
pre-B cell acute leukemia, 164–165
stem cell transplantation, 168–173

Leukemia inhibitory factor (LIF), 25–26, 232, 240–244
Leukemia inhibitory factor/STAT3/gp130, 33–35
Leydig cells, 57, 65
Limb bud, 108
Limb regeneration, 89–93

blastema, 89–93
dedifferentiation, 90, 91
epidermis, 93
extracellular matrix, 90
fibroblast growth factor, 92
muscle dedifferentiation, 91
myotubules, 92
nerves, 93
origin of stem cells, 89, 90

Liver
carcinogenesis, 13
fetal hematopoiesis, 134, 135
injury, 13
regeneration, 46

Liver stem cells, 345–416
animal models, 353–366

activation of oval cells by carcinogens, 354–356, 358–359
activation of oval cells by injury, 356, 357–358
cell lineage analysis, 359
chimeric mice, 359
future, 362
heterogeneity in liver, 354
history, 353
oval cell markers, 359
transplantation analysis, 360, 409–416

animal models, 410–412
bone marrow origin, 361, 398, 413
DDPIV minus rats, 361, 411

Long-term repopulation hematopoietic stem cell assay, 135
Lung stem cells, 455–472

bronchial stem cells, 459–461
bronchiolar stem cells, 462–464
carcinogenesis, 467
cell lineages, 459, 462–465
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cell lines, 461
Clara cells, 462–464
developmental origin, 456–459
differentiation in vitro, 461
epithelial cell types, 456
future, 467
in vitro, 461, 463, 465
morphology, 457–458, 460
neuroendocrine cells, 464
ontogeny, 456–459
progenitor cells

carcinoma, 458
normal, 458

pulmonary epithelium, 456
transgenic mice, 462
transit amplifying cells, 462
type II pneumocytes, 464–466
xenobiotic metabolism, 462

Lymphomas, 163–174

M
M-cells, 326
Macrophage colony stimulating factor (M-CSF), 147
Mammary stem cells, 437–443

carcinogenesis, 441–442
cell lines, 438
differentiation, 439
future, 442
in vitro, 438
location, 438
markers, 439–441
mouse mammary tumor virus, 437–438,441–442
transplantation, 438

Markers, 369, 386, 399
Melanoma, 297–306

aggressive melanoma, 297–300
biologic relevance of vascular mimicry in vivo, 300
cell adhesion molecules, 298
gene expression, 303–304
microarray analysis, 297, 303
plasticity, 297–300
stem cell phenotype, 303–304
vascular mimicry, 297–300

Mesenchymal stem cells, 262
Mesenchymal stem cells, bone marrow, 107–115

bone repair, 112
cartilage repair, 113
cell lines, 111
differentiation of, 109
embryonic origin, 108–110
gene therapy, 114, 115
history, 108
isolation and characterization, 110
markers for, 110
nervous system repair, 113
plasticity, 111
progenitor cells, 109–110
systemic delivery, 114
tendon repair, 113
transformation of, 111

transplantation, 112–114
Mesenchymal stromal cell (MSC), 143
Mesoderm, 13
Metalloproteases, 90
Mitogenic stimulation, 47
Monocyte chemoattractant protein-1 (MCP-1), 147
Morphogenic proteins, 232, 240–244
Morphogens, 46
Morula, 14
Mouse embryonic stem cells, 27–29
Multipotent cells, 3, 4
Muscle dedifferentiation, 91

N
Nephroblastoma, 14, 277–286

animal models, 282
autocrine signaling, 280
Beckwith–Wiedemann syndrome, 279
Bcl-2, 282
bone morphogenetic protein-7, 281
cell lines, 283
clinical aspects, 277
extracellular matrix, 280
genetic polymorphisms, 280
HGF/c-met, 282
intermediate filaments, 280
in vitro, 283, 284
neurotrophins, 280
N-myc, 282
precursor lesions, 281
stem cells and, 280
TGF-α/EGF receptor in, 281
viral immortalization, 284
Wilm’s tumor suppressor gene (Wt1), 278
Wnt signaling, 282

Neural crest stem cells, 178
Neuroblastoma, 14
Neuronal stem cells, 177–208

brain repair and, 184
cell-based therapy, 191–206
culture of, 178, 193, 201–204
differentiation of, 182
embryonic origins, 178
genomics and, 184
host response to, 196
human, 183–184, 200–206

neural stem cells, 179, 200–201
isolation and culture of human cells, 204–205
lineages, 180
multipotent neural cells, 178
pluripotency, 180
properties of, 193
restricted precursor cells, 179
sources, 181–184

cell lines, 181
embryonal carcinoma cells, 181
embryonic stem cells, 181–183

therapeutic cloning, 183–184, 201–204
transplantation, 179, 204–206

Non-melanoma skin cancer, 289–296
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β-catenin, 292
chemical carcinogenesis, 291
clonality, 289
c-myc, 292
dark cells, 291
hair follicle cells, 291
integrins in, 292
p63, 292
papillomas, 291
ras targeting, 290
Sonic hedgehog, 292
stem cell origin, 290
telomerase, 292

Nuclear cloning, 14, 15
Nuclear transfer, 3, 6, 14, 76–77

cell cycle and, 77
enucleation of oocyte, 77
method, 77
sources, 76

Nuclear transplantation, 15

O
Oct4, 5, 6, 34
Organogenesis, 345–352

bone morphogenic proteins, 348
embryo explants, 349–351
endodermal progenitor cells, 346
FGF, 348
future, 351
mechanisms of specification, 348
mesodermal interactions, 346–347
morphogenesis of liver bud, 348–349
patterning, 346
potential of endoderm progenitor cells, 347
septum transversum, 346

Osteoblasts, 146
Oval cells, 19, 357–359, 387, 397–407, 413
Ovariogenesis, 60, 61, 63, 64

cap cells, 63
somatic signaling, 63, 64

P

P-glycoprotein, 123
Pancreas, histology, 429

duct ligation, 431–432
ontogeny, 430
regeneration, 431

Pancreatic stem cells, 417–436
activation of, 419
autoimmune insulitis, 417
cell lineage, 434
cell lines, 433
embryonic, 433
future, 425
hepatopancreatic stem cell, 433
in vitro, 420–421
in vivo, 417–418
islet cells, 417–436
islets of Langerhans, 417, 420

location, 431
markers, 417, 420, 431
ontogeny, 430
organogenesis, 420–421, 430
plasticity, 417–436
regeneration, 431–432
therapy for diabetes, 425
transcription factors, 418, 430
transplantation, 422–424

Paneth cells, 323
Paraarotic splanchnopleure (P-Sp/AGM), 134
Parietal cell lineage, 320
Pericytes, 108
PET imaging of stem cells, 475–486
Phase-space concept, 52
Philadelphia chromosome, 127
Pit cell lineage, 320–322
Positional information, 45
Potency, 20
Potential, 6, 7, 20
Preneoplastic nodules, 20
Primitive erythroblasts, 134
Primitive hematopoiesis, 133

transcriptional regulation, 136
Progenitor cell, 21
Prostate stem cells, 445–453

cancer, 445–453
carcinogenesis, 447–452
cell lines, 438
hormones and, 450
intraepithelial neoplasia, 447–448
lineage, 447
markers, 445–447
morphology, 445–447
neuroendocrine differentiation, 449
normal epithelium, 445–447
receptors, 451
stromal invasion, 448–449
tumor progression, 451

Pulmonary stem cells, see Lung stem cells

R
Reepithelialization, wound healing, 102, 103
Regeneration, 221, 397, 496
Regulatory signals, 45
Renal development, see Kidney morphogenesis
Renal stem cells, see Kidney stem cells
Renal tumors, see Nephroblastoma
Repopulating stem cell unit assay (RESCU), 158–160
Retinal cells, 209
Retinal regeneration, 95–96
Retinal stem cells, 209–219

adult retinal stem cells, 212–213
cellular diversification of retina, 209
factors affecting potential, 210
gene targeting of, 213
growth factors and, 210
lineages, 210, 213, 216
loss of function studies, 214–215
molecular studies of, 213
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origin of, 211
potential, 210
therapy using, 216
transcription control of, 212
transplantation, 216

Retinoic acid, 49, 95
receptor, 127

S

SCL, 138
Seed and soil hypothesis, 21
Septum transversum, 346
Sertoli cells, 57, 65
Skin cancer, 289–306

melanoma, 297–306
non-melanoma, 289–296

Somatic differentiation of embryonic cells, 37
Sonic hedgehog, 210
Specific mouse embryonic antigen (SSEA), 35
Spectrosome, 59
Spermatogenesis, 59–64

cell signaling, 60–66
hormones and cytokines, 63
hub cells, 64
mammalian, 61, 62

Spermatogonia, 57–59
Spleen colonies (hematopoietic), 120
Spleen colonies (leukemic), 125
Spontaneous generation, 21
Squamous cell carcinoma, see Non-melanoma skin cancer
Steel locus, 121
Stem cell factor (SCF), 121, 147
Stem cell imaging in vivo, see Imaging, in vivo
Stem cell niche, 63–66, 145

C. elegans, 64
Drosophilia

ovary, 63
testes, 64

mammalian, 65–66
Stem cell therapy, 25
Stem cells

adult stem cells, 494
dedifferentiation, 496
definition, 492
embryonic, 493
embryonic germ cells, 493
gene therapy, 496–497
hierarchy, 494
plasticity, 495
proliferation and differentiation, 492
signals for, 493
transdifferentiation, 495

Stem cells research, 491–499
future of, 491–499
questions about, 491–499

Stromal cells, bone marrow, 143–150
adhesion molecules, 148–150
cytokines, 147
history, 144

lineages, 145, 146
markers, 146
mediators produced by, 146–148
phenotype, 145
renewal, 145
smooth muscle differentiation, 145

Symmetric division, 26

T
Teratocarcinoma, 6, 7, 28
Terminal differentiation, 29
TGF-β, 147, 232, 242, 479
TGF-α/EGF receptor, 281
Therapeutic cloning, 76
Therapy for CNS diseases, 192–206

amyloid plaques, 196
brain tumors, 196
cerebellar models, 195
extracellular matrix, 198
future of, 185, 206
host reaction to, 196-200
hypoxic-ischemic injury, 196
limitations of, 192
mouse models, 193–195
properties of therapeutic stem cells, 193
scaffolding for, 198-200
therapeutic cloning, 183-184, 201–204
transplantation, 179, 204–206

cell preparation, 204
white matter disease, 195

Thrombin and activation of myonuclei, 91
Tissue equilibrium, 29
Tissue renewal, 14
Transcription factor, cardiogenesis, 239–249
Transdifferentiation, 6, 93, 404, 495

kidney, 271
Transit amplifying cells, 1, 6
Transplantation, 360, 409–416

animal models, 360, 410–412
bone marrow origin, 361, 398
DDPIV minus rats, 361
ectopic sites, 410
fetal liver, 413
genetic replacement, 414
hematopoietic cells, 413
hepatocytes, 413
injury models, 414
intrahepatic, 410
oval cells, 413
WB-344 line, 413

cell therapy, 414
Transplantation, retinal stem cells, 216
Tumor stem cells, 1, 2

history, 1, 6

V

Vascular smooth muscle cells, 145, 146
Vascularization of embryo, 234
Vasculoneogenesis and heart repair, 254, 263
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Vasculoneogenesis during embryogenesis, 254
VCAMs, 149
VEGF, 137, 138, 145, 146, 225, 234
Virchow, Rudolph, 13, 14
VLAs, 149

W
W genotype (c-kit), 121
Waddington’s epigenetic landscape, 49

WB-F-344 liver cell line, 378, 387, 413
Wilm’s tumor, see also Nephroblastoma, 19, 23–29
Wilm’s tumor suppressor gene (Wt1), 278
Wnt signaling, 245, 282
Wnt signaling pathway, GI cancer, 338
Wright, James Homer, 19–29

Y
Yolk sac, hematopoiesis, 133–136
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