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Preface

This abridgment of the Handbook of Stem Cells attempts to
incorporate all the essential subject matter of the original two-
volume edition in a single volume. The material has been
reworked in an accessible format suitable for students and
general readers interested in following the latest advances in
stem cells. Although some extra language and chapters have
been deleted, rigorous effort has been made to retain from the
original two-volume set that which is pertinent to the under-
standing of this exciting area of biology.

The organization of the book remains largely unchanged,
combining the prerequisites for a general understanding of
adult and embryonic stem cells; the tools, methods, and exper-
imental protocols needed to study and characterize stem cells
and progenitor populations; as well as a presentation by the
world's experts of what is currently known about each spe-
cific organ system. No topic in the field of stem cells is left
uncovered, including basic biology/mechanisms, early devel-
opment, ectoderm, mesoderm, endoderm, methods (such as
detailed descriptions of how to derive and maintain animal

and human embryonic stem cells), application of stem cellsto
specific human diseases, regulation and ethics, and patient
perspectives.

To help those unfamiliar with the material and scientific
terminology, Essentials of Stem Cell Biology includes a glos-
sary of terms and suggested reading list with each chapter.
This new volume has also been enhanced with over 150
full-color illustrations. The result is a comprehensive refer-
ence in an easily accessible and affordable format. It repre-
sents the combined effort of eight editors and more than 200
scholars and scientists whose pioneering work has defined our
understanding of stem cells. We can only hope that the new
knowledge and research outlined in this volume will help
contribute to new therapies for cancer, heart disease, diabetes,
and a wide variety of other diseases that presently afflict
humanity.

Robert Lanza, M. D.
Boston, M assachusetts
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Foreword

What can usefully be said about stem cellsin aforeword to a
collection of definitive articles by the world’s experts, inas-
much as this book already covers every conceivable aspect of
the subject? In response to this question, | shall attempt to
placethe work described herein the broader context of science
— and of modern cell and developmental biology specifically.

My view of the science in this book comes from the per-
spective of someone who spent 30 years in universities
probing the molecular details of basic cell processes. Over this
time, our understanding of cells increased at a rate that star-
tled even those most closely involved in the wave upon wave
of new discoveries. Thisincrease in knowledge was catalytic:
as our understanding of cells advanced, it alowed new
research tools to be developed that directly sped further
advances in understanding, which in turn led to new tools, and
so on. Consider, for example, the DNA chip technology
described in Chapters 4 and 51, which alows an investigator
to examine the expression of tens of thousands of genes simul-
taneously. Because hundreds of small steps were needed to
move from the striking initial discovery of DNA hybridiza-
tion in 1961 (Marmur and Doty, 1961) to this new technol-
ogy, its development was unpredictable in advance.

It is the same for the advance of science itself, as empha-
sized repeatedly in the “Beyond Discovery” series of brief
articles from the National Academy of Sciences. Designed to
explain science to the general public, each of these eight-page
documents traces the path leading to a breakthrough of great
human benefit — such asthe global positioning system (GPS)
or the cure for childhood leukemia. In every case, the fina
discovery depended on knowledge developed over decades

through the efforts of a large number of independent scien-
tists and engineers. Each piece of knowledge, often seemingly
useless on its own, was combined in unexpected ways with
other knowledge to produce a final result whose power seems
almost magical.

The great enterprise of science, sparked simply by human
curiosity about how the world works— for example, an
attempt to account for the motions of the planets in the
night sky — has transformed our world. And because new
knowledge builds on old knowledge, the pace continually
accelerates as the amount of old knowledge increases. Thus,
we should expect the inventions that benefit humans in this
new century to be even more dramatic than those of the last
century. But we can be equally sure of the futility of attempt-
ing to predict what they will be in advance.

What does al this have to do with stem cells? Personally,
I become uncomfortable whenever | hear claims that describe
the precise benefits to be derived from this research — espe-
cially when they are associated with atimeline. Nevertheless,
the history of science makes it certain that the knowledge
derived from research on stem cells will eventually lead to
enormous benefits for human health, even if they are unpre-
dictable. Eventually, we will be able to use our profound
understanding of biology to grow new organs that can be
safely transplanted into human patients, and the work with
stem cells will no doubt make important contributions to this
breakthrough. But the research outlined in this book is equally
certain to contribute to cures for cancer and for alarge number
of other less famous diseases — many of mysterious origin —
that are terrible afflictions for humanity.

XVii
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Foreword

Bert Vogelstein, the chairman of the National Academies
committee that produced the report “Stem Cells and the
Future of Regenerative Medicine,” reminds us that “ The stem
cell debate has led scientists and nonscientists alike to con-
template profound issues, such aswho we are and what makes
us human,” (National Research Council, 2002). The debate
has also made it clear that the success of modern societieswill
depend on education systems that place a much higher value
on conveying an understanding of the nature of science to
everyone.

Accomplishing such a goa will require new recognition
by scientists of their teaching responsibilities at the college
level as well as of their different but critical roles in the
support of inquiry-based science education for students from
5to0 18 yearsold (National Research Council, 1996). We must
all face the realization that, even under the best of circum-
stances, the transitions to the science-centered education
systems that our nations need will require decades. In the end,
the life of a scientist must change — incorporating a much
broader view of what it means to be a scientist and changing

the way that most of us apportion our time. In a sense, there-
fore, we scientists should view the controversy over stem cell
research as a healthy wake-up call — acall to action in anew
century in which our startling discoveries will increasingly
dominate the news.

Bruce Alberts, PhD

NOTES

Marmur, J., and Doty, P. (1961). Therma renaturation of DNA. J. Mal.
Biol. 3, 585-594.
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Embryonic Stem Cells in Perspective

Biologists have explored the development of embryos of all
sorts, from worms to humans, in search of the answer to the
question of how a complex organism derives from a single
cell, the fertilized egg. We now know many of the genes
involved in regulating development in different species and
find remarkable conservation of genetic pathways across
evolution. We aso have a good understanding of the logic
of development — how the embryo repeatedly uses the same
kinds of strategies to achieve cellular specialization, tissue
patterning, and organogenesis. One common strategy of
development is the use of the stem cell to help generate and
maintain a given tissue or organ. A stem cell is a cell that,
when it divides, can produce a copy of itself as well as a dif-
ferentiated cell progeny. This self-renewa capacity underlies
the ability of adult stem cells, such as hematopoietic stem cells
and spermatogonial stem cells, to constantly renew tissues
that turn over rapidly in the adult. The concept of the stem
cell arose from the pioneering studies of Till and McCullogh
on the hematopoietic stem cell and those of Leblond on sper-
matogenesis and the intestinal crypt. Even in tissues like the
brain, where cells do not turn over so rapidly in the adult, there
are long-lived quiescent stem cells that may be reactivated to
repair damage.

Much current research is focused on the identification,
characterization, and isolation of stem cells from the adult,
with the hope that such cells may be useful for therapeutic
repair of adult tissues either by exogenous cell therapy or by
reactivation of endogenous stem cells. However, to date, most
adult stem cells have restricted potential, and achieving indef-
inite proliferation and expansion of the stem cells in culture

XiX

is gtill not routine. During embryogenesis, cells are initially
proliferative and pluripotent; they only gradually become
restricted to different cell fates. The question of whether
pluripotent stem cells exist in the embryo has been of inter-
est for years. In mammals, it was known in the 1960s and
1970s that early mouse embryos, up to late gastrulation
stages, could produce tumors known as teratocarcinomas
when transplanted to ectopic sites, such as the kidney capsule.
These tumors contain a variety of differentiated cells types,
including muscle, nerve, and skin, as well as an undifferen-
tiated cell type, the embryonal carcinoma (EC) cell. EC cells
could be propagated in the undifferentiated state in vitro.
Importantly, Pierce in 1964 showed that a single EC cell
could regenerate a tumor containing both EC cells and dif-
ferentiated progeny (Kleinsmith and Pierce, 1964), demon-
strating that EC cells are the stem cells of the tumor.

What was the relevance of these tumor cells to normal
development? Many studies were carried out in the 1970s
showing that EC cells could reveal their pluripotency when
injected back into early embryos. The best, most karyotypi-
cally normal EC cells could contribute to many different cell
types in the resulting chimeras, including, in rare instances,
the germ line. Thisled to excitement that these cells might be
used to introduce new genetic alterations into the mouse and
that normalization of tumorigenicity could be achieved by
promoting differentiation of tumor cells. However, chimerism
was often weak, and EC-derived tumors were a common
feature of the chimeras (Papaioannouo and Rossant, 1984).
Thus, athough EC cells had remarkable properties of differ-
entiation, they were still clearly tumor cells. In 1981, Martin
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(1981) and Evans and Kaufman (1981) discovered that per-
manent pluripotent cell lines, known as embryonic stem (ES)
cells, could be derived directly from the blastocyst in culture.
This changed the whole perspective of the field. The differ-
entiation of these cells, athough they make teratomatous
tumors in ectopic sites, is easier to control than that of EC
cells. Dramatically, ES cells grown for many passages in
culture can make an entire mouse when supported by
tetraploid extraembryonic tissues (Nagy et al., 1993). When
such mice are made from robust hybrid cell lines, they show
no enhanced tumor susceptibility and appear normal in all
respects (Eggan et al., 2001). All of these properties have
made mouse ES cells an incredibly powerful tool for intro-
ducing aterations into the mouse genome and analyzing their
effects (Rossant and Nagy, 1995).

Are ES cellstrue stem cells? The in vivo equivalent of the
ES cell is unclear. ES cells resemble the cells of the primitive
ectoderm or epiblast in their gene expression patterns and
their pattern of tissue contribution in chimeras. Transcription
factors, such as Oct4 and Nanog, that are required for forma-
tion and survival of the pluripotent cells in the embryo are
also needed for ES survival (Chambers et al., 2003; Mitsui
et al., 2003; Nichols et al., 1998). However, in vivo, the epi-
blast only has alimited period of possible stem cell expansion
before al cells differentiate into the tissues of the three germ
layers at gastrulation. Germ cells, which are set aside at
gastrulation, go on to provide the gametes that will impart
pluripotency to the zygotes of the next generation. However,
there is no evidence that germ cells are a special stem cell
pool in the epiblast, which could be the ES equivalent. Rather,
it appearsthat all epiblast cells have the capacity to form germ
cells in the right environment (Tam and Zhou, 1996). Thus,
the germ cell is just one of the differentiation options of
epiblast.

In vitro, it is clear that ES cells can be expanded indefi-
nitely in the undifferentiated state and still retain the capacity
for differentiation. In thisregard, they certainly have stem cell
properties. However, there has not been a clear demonstration
that asingle cell can both self-renew and differentiate, as has
been shown for EC cells. It isknown that single cells are fully
pluripotent, since chimeras made by injecting single ES cells
into blastocysts show ES contributions to all fetal cell types
analyzed (Beddington and Robertson, 1989). However, in
some ways ES cells seem more like progenitor cells, where
the population can be expanded by the right growth factor
environment but all cells will differentiate when the support-
ive environment for self-renewal is removed. Practically, the
differenceis probably not important, but if true, it may be mis-
leading to extrapolate from what we know about how ES cells
maintain the proliferative state to other stem cells. The search
for “stemness’ genes and proteins may not be a useful under-
taking until we agree on how to define different stem cell
populations.

So much of the excitement about mouse ES cells has
focused on their use as a tool for germ line transmission of
genetic alterations, that the remarkable differentiation proper-
ties of these cells in culture have been underexplored. The

derivation of cell lines from early human embryos that seem
to share many of the properties of mouse ES cells (Shambl ott
et al.; Thomson et al., 1998) has refocused attention on thein
vitro properties of ES cells. Many questions remain before ES
cells can be transformed from an interesting biological system
to a robust therapeutic modality for degenerative diseases.
How similar are mouse and human ES cells, and how valid is
it to use data from one to drive research in the other? How
can ES cells be maintained through many passages in a truly
stable state, where al cells are stem (or progenitor) cells,
epigenetic programming is stable, and genetic abnormalities
are minimal? How can ES cells be directed to differentiate
reproducibly into given cell types, and how can differentiated
progenitors be isolated and maintained? How can we ensure
that ES cells will not be tumorigenic in vivo?

All this research on ES cells, both mouse and human, will
provide new insights into embryonic development and new
cluesasto how toisolate and characterize new stem cellsfrom
different embryonic or adult tissues. Conversely, research on
how normal embryonic development is regulated will provide
new clues as to how to maintain and differentiate stem—
progenitor cells in culture. The interplay between develop-
mental biologists and stem cell biologists will be key to a
fundamental understanding of stem cell development and its
translation into therapeutic outcomes.

Janet Rossant, PhD
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Embryonic Stem Cells Versus Adults Stem
Cells: Some Seemingly Simple Questions

Asreflected by the contributions to this volume, we have been
making tremendous strides in research on stem cells. As the
same time, it has been surprisingly difficult to answer several
seemingly simple questions.

How Do You Define a Stem Cdll?

The textbook definition isthat astem cell isacell that divides
to generate one daughter cell that is a stem cell and another
daughter cell that produces differentiated descendants. The
definition readily fits a newly fertilized egg but begins to
unravel as we move along the pathway of development.
Totipotent embryonic stem (ES) cells can readily be recov-
ered from the inner cell mass or the germinal ridge of em-
bryos. But the window of time for recovering ES cells from
the embryo is narrow — about day 4 to 6 for the inner cell
mass and dightly later for the germina ridge in mouse
embryos. Where do the daughter cells that are immortal stem
cells go after the window closes? One possible answer is that
we may have been misled by the observation that ES cells are
immortal if cultured under the appropriate conditions. In vivo
they may have alimited life span, and they may gradually dis-
appear as the embryo develops. A simpler and more appeal -
ing answer is that they probably become both the stem cells
of the hematopoietic system and the more recently identified
stem-like cells found in essentially every nonhematopoietic
tissue of adult vertebrates.

What Are the Differences Between
Stem-like Cdlls in Adult Tissues and
ES Cedlls?

One answer is that ES cells can readily be shown to differ-
entiate into essentially all cell phenotypes, whereas most iso-

lates of adult stem cells from sources such as bone marrow
stroma, fat, muscle, and nervous tissue have a more limited
potential for differentiation. Also, most but not all isolates of
adult stem cells have a more limited life span in culture than
ES cells have. These distinctions, however, are valid only if
we assume that the scientists who have worked with adult
stem cells have been clever enough to devise al the experi-
mental conditions for testing their potentias for differentia-
tion and expansion. But are we that clever? What about the
nuclear transfer experiments in which the nucleus of any
completely differentiated cell can be reprogrammed to gen-
erate an ES cell if it is inserted into an enucleated embryo?
Many nuclear transfer experiments fail, but the successful
experiments say that any cell can become a stem cell if we
are clever enough to send the correct signals from the
cytoplasm to the nucleus. Therefore, the progression from
a fertilized egg to an ES cell to an adult stem cell to a
differentiated cell may be a continuum in which few if any
steps areirreversible. If this concept is correct, the differences
among ES cells, adult stem cells, and fully differentiated cells
come down to questions of how many steps need to be
reversed and how difficult they are to reverse to re-create a
totipotent and immortal stem cell.

Are ES Cedlls or Adult Stem Célls
Better Suited to Medical Therapies or
Tissue Engineering?

Severa distinguished scientists have offered simple answers
to this question, some favoring ES cells and others adult stem
cells. As time passes, it seems clear that we need far more
research to answer it. Use of ES cells is hindered by the
tumorigenicity of the cells and the danger of immune
responses if they are used heterologously. Adult stem cells

xxili
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have not shown any tendency to becoming malignant, and
several kinds of adult stem cells can be obtained in adequate
amounts for autologous therapy. However, it is unlikely that
one kind of stem cell will be ideal for al practical applica
tions envisioned. ES cells may prove to be ideal for creating
new organs through new protocols that will circumvent the
current ethical and technical minefields. Adult stem cells may
be more useful for repairing damage to tissues by trauma,
disease, or perhaps uncomplicated aging. Recent observations
are providing increasing evidence for the concept that adult
stem cells are part of a natural system for tissue repair. The
initial response to tissue injury appears to be proliferation and
differentiation of stem-like cells endogenous to the tissue.
After the endogenous stem-like cells are exhausted, non-
hematopoietic stem cells from the bone marrow are recruited
to the site of injury. Moreover, the data indicate that the adult
stem cells that home to injured tissues repair the damage by

two or three mechanisms: by differentiating into the appro-
priate cell phenotype, by providing cytokines and other
factors to enhance recovery of endogenous cells, and perhaps
by cell fusion, a process that may provide a rapid mechanism
for differentiation of the stem cells.

Summary

We are at a remarkable stage in research with both ES and
adult stem cells. One report after another destroys the dogmas
of biology that still fill textbooks. There are limits on the
potentials of the cells and their practical applications. But we
are far from knowing the limits, particularly since we till
cannot precisely define their critica features and we till
depend on complex biological systems for testing them.

Darwin J. Prockop, MD, PhD

XXIV


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

“Stemness”: Definitions, Criteria,

and Standards

I ntroduction

Stem cells have recently generated more public and profes-
sional interest than almost any other topic in biology. One
reason stem cells capture the imagination of so many is the
promise that understanding their unique properties may
provide deep insightsinto the biology of cellsaswell asapath
toward treatments for a variety of degenerative illnesses. And
athough thefield of stem cell biology has grown rapidly, there
exists considerable confusion and disagreement as to the
nature of stem cells. This confusion can be partly attributed
to the sometimes idiosyncratic terms and definitions used to
describe stem cells. Although definitions can be restrictive,
they are useful when they provide a basis for mutual under-
standing and experimental standardization. With this inten-
tion, | present explanations of definitions, criteria, and
standards for stem cells. Moreover, | highlight a central ques-
tion in stem cell biology, namely the origin of these cells. |
also suggest criteriaor standardsfor identifying, isolating, and
characterizing stem cells. Finaly, | summarize the notion of
“stemness’ and describe its possible application in under-
standing stem cells and their biology.

What |Is a Stem Cdll?

Stem cells are defined functionally as cells that have the
capacity to self-renew as well as the ability to generate dif-
ferentiated cells (Weissman et al., 2001; Smith, 2001). More
explicitly, stem cells can generate daughter cells identical to
their mother (self-renewal) as well as produce progeny with

more restricted potential (differentiated cells). Thissimpleand
broad definition may be satisfactory for embryonic or fetal
stem cells that do not perdure for the lifetime of an organism.
But this definition breaks down in trying to discriminate
between transient adult progenitor cells that have a reduced
capacity for self-renewa and adult stem cells. It is therefore
important when describing adult stem cells to further restrict
this definition to cells that self-renew throughout the life span
of the animal (van der Kooy and Weiss, 2000). Another
parameter that should be considered is potency: Doesthe stem
cell generate to multiple differentiated cell types (multipo-
tent), or isit only capable of producing one type of differen-
tiated cell (unipotent)? Thus, a more complete description of
a stem cell includes a consideration of replication capacity,
clonality, and potency. Some theoretical as well as practical
considerations surrounding these concepts are considered in
this chapter.

SELF-RENEWAL

Stem cell literature is replete with terms such as “immortal,”
“unlimited,” “continuous,” and “capable of extensive prolif-
eration,” al used to describe the cell’s replicative capacity.
These rather extreme and vague terms are not very helpful, as
it can be noted that experiments designed to test the “immor-
tality” of a stem cell would by necessity outlast authors and
readers alike. Most somatic cells cultured in vitro display a
finite number of (less than 80) population doublings prior to
replicative arrest or senescence, and thiscan be contrasted with
the seemingly unlimited proliferative capacity of stem cellsin
culture (Houck et al., 1971; Hayflick, 1973; Hayflick, 1974;
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Sherr and DePinho, 2000; Shay and Wright, 2000). Therefore,
it is reasonable to say that a cell that can undergo more than
twicethisnumber of population doublings (160) without onco-
genic transformation can be termed “ capabl e of extensive pro-
liferation.” In a few cases, this criteria has been met, most
notably with embryonic stem (ES) cells derived from either
humans or mice aswell aswith adult neural stem cells (NSCs)
(Smith, 2001; Morrison et al., 1997). An incomplete under-
standing of the factors required for self-renewal ex vivo for
many adult stem cells precludes establishing similar prolifer-
ative limits in vitro. In some cases, a rigorous assessment of
the capacity for self-renewal of certain adult stem cells can be
obtained by single-cell or serial transfer into acceptable hosts,
an excellent example of which is adult hematopoietic stem
cells (HSCs) (Allsopp and Weissman, 2002; | scove and Nawa,
1997). Adult stem cells are probably still best defined in vivo,
wherethey must display sufficient proliferative capacity to last
the lifetime of the animal. Terms such as “immortal” and
“unlimited” are probably best used sparingly if at all.

CLONALITY

A second parameter, perhaps the most important, is the idea
that stem cells are clonogenic entities: single cells with the
capacity to create more stem cells. Thisissue has been exhaus-
tively dealt with elsewhere and is essential for any definitive
characterization of self-renewal, potential, and lineage.?
Methods for tracing the lineage of stem cells are described in
subsequent chapters. Although the clonal “gold standard” is
well understood, there remain several confusing practica
issues. For instance, what constitutes a cell line? The lowest
standard would include any population of cells that can be
grown in culture, frozen, thawed, and subsequently repas-
saged in vitro. A higher standard would be a clona or ap-
parently homogenous population of cells with these
characteristics, but it must be recognized that cellular prepa-
rations that do not derive from a single cell may be a mixed
population containing stem cells and a separate population of
“supportive” cells required for the propagation of the pur-
ported stem cells. Hence, any reference to a stem cell line
should be made with an explanation of their derivation. For
example, it can be misleading to report on stem cells or “stem
cell lines’ from atissue if they are cellular preparations con-
taining of a mixed population, possibly contaminated by stem
cells from another tissue.

POTENCY

The issue of potency maybe the most contentious part of a
widely accepted definition for stem cells. A multipotent stem
cell sits atop a lineage hierarchy and can generate multiple
types of differentiated cells, the latter being cells with distinct
morphologies and gene expression patterns. At the sametime,
many would argue that a self-renewing cell that can only
produce one type of differentiated descendant is nonetheless
astem cell (Slack, 2000). A case can be made, for clarity, that
a unipotent cell is probably best described as a progenitor.
Progenitors are typically the descendants of stem cells, only
they more constrained in their differentiation potential or

capacity for self-renewal and are often more limited in both
Senses.

DEFINITION

In conclusion, aworking definition of a stem cell is aclonal,
self-renewing entity that is multipotent and thus can generate
several differentiated cell types. Admittedly, this definition is
not applicable in al instances and is best used as a guide to
help describe cellular attributes.

Where Do Stem Cells Come From?

The origin or lineage of stem cellsiswell understood for ES
cells; their origin in adultsisless clear and in some cases con-
troversial. It may be significant that ES cells originate before
germ layer commitment, raising the intriguing possibility that
this may be a mechanism for the development of multipotent
stem cells, including some adult stem cells. The paucity of
information on the developmental origins of adult stems cells
|eaves open the possihility that they too escape lineage restric-
tion in the early embryo and subsequently colonize special-
ized niches, which function to both maintain their potency as
well as restrict their lineage potential. Alternatively, the more
widely believed, though still unsubstantiated, model for the
origin of adult stem cells assumes that they are derived after
somatic lineage specification, whereupon multipotent stem
cells—progenitors arise and colonize their respective cellular
niches. In this section, | briefly summarize the origin of stem
cells from the early embryo and explain what is known about
the ontogeny of adult stem cells focusing attention on HSCs
and NSCs.

STEM CELLS OF THE EARLY EMBRYO

Mouse and human ES cells are derived directly from the inner
cell mass of preimplantation embryos after the formation of a
cystic blastocyst (Papaioannou, 2001). This population of
cells would normally produce the epiblast and eventualy al
adult tissues, which may help to explain the developmental
plasticity exhibited by ES cells. In fact, ES cells appear to be
the in vitro equivaent of the epiblast, as they have the capac-
ity to contribute to all somatic lineages and in mice to produce
germ line chimeras. By the time the zygote has reached the
blastocyst stage, the developmental potential of certain cells
has been restricted. The outer cells of the embryo have begun
to differentiate to form trophectoderm, from which a popula-
tion of embryonic trophoblast stem cells has al so been derived
in mice (Tanakaet al., 1998). These specialized cells can gen-
erate al cell types of the trophectoderm lineage, including dif-
ferentiated giant trophoblast cells. At the egg cylinder stage
of embryonic development (embryonic day (E) 6.5 in mice),
a population of cells near the epiblast (Figure 1) can be iden-
tified as primordial germ cells (PGCs), which are subse-
quently excluded from somatic specification or restriction
(Saitou et al., 2002). PGCs migrate to and colonize the genital
ridges, where they produce mature germ cells and generate
functional adult gametes. PGCs can be isolated either prior or
subsequent to their arrival in the genital ridges and, when
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cultured with appropriate factorsin vitro, can generate embry-
onic germ (EG) cells (Matsui et al., 1992; Resnick et al.,
1992). EG cells have many of the characteristics of ES cells
with respect to their differentiation potential and their contri-
bution to the germ line of chimeric mice (Labosky et al., 1994;
Stewart et al., 1994). The most notable difference between ES
and EG cells is that the latter may display (depending upon
the developmental stage of their derivation) considerable
imprinting of specific genes (Surani, 1998; Sorani, 2001;
Howell et al., 2001). Consequently, certain EG cell lines are
incapable of producing normal chimeric mice.

Importantly, no totipotent stem cell has been isolated from
the early embryo. ES and EG cells generate all somatic line-
ages as well as germ cells but rarely if ever contribute to the
trophectoderm, extraembryonic endoderm, or extraembryonic
mesoderm. Trophectoderm stem (TS) cells have been isolated,
and these only generate cells of the trophectoderm lineage. It
remains to be seen whether cells can be derived and main-
tained from totipotent embryonic stages. Although our under-
standing of cell fates in the early embryo is incomplete, it
appears that the only pluripotent stem cells found after gas-
trulation are PGCs (with the possible exceptions of multi-
potential adult progenitor cells [Jiang et al., 2002] and
teratocarcinomas). It may be that PGCs escape germ layer
commitment during gastrulation by developing near the epi-
blast and subsequently migrate to positions inside the embryo
proper. This developmental strategy may not be unique to
PGCs, and it raises the interesting possibility that other stem
cells might have similar developmental origins. Alternatively,
it may bethe case that adult stem cells are derived from PGCs.
Although intriguing, it is important to stress that this idea
lacks experimental evidence.

ONTOGENY OF ADULT STEM CELLS

The origin of most adult stem cellsis poorly understood. With
the issue of adult stem cell plasticity at the forefront, as
described in this section, studies designed to elucidate the
ontogeny of adult stem cells may help to reveal their specific
lineage relationships and shed light on their plasticity and
potential. Information on the origins of adult stem cells would
also help to define the molecular programsinvolved in lineage
determination, which may in turn provide insights into
methods for manipulating their differentiation. To this end, |
summarize what is known about the development of adult
stem cells within the context of the hematopoietic and neural
systems.

The development of hematopoietic cells in mice occurs
soon after gastrulation (E7.5), although HSCs with the same
activities as those in the adult have only been observed and
isolated at midgestational stages (E10.5) (Orkin, 1996;
Dzierzak, 2002; Weissman, 2000). These observations suggest
that the embryo has a unique hematopoietic lineage hierarchy,
which may not be founded by an adulttype HSC. Thus,
hematopoiesis appears to occur at multiple times or in suc-
cessive waves within the embryo, and the emergence of an
HSC may not precede or be concomitant with the appearance
of differentiated hematopoietic cells.

The first site of hematopoiesis in the mouse is the extra-
embryonic yolk sac, soon followed by the intraembryonic
aorta—gonad—-mesonephros (AGM) region. Which of these
sites |eads to the generation of the adult hematopoietic system
and, importantly, HSCs is still unclear. Results from non-
mammalian embryo-grafting experiments, with various find-
ings in the mouse, suggest that the mammalian embryo,
specificaly the AGM, generates the adult hematopoietic
system and HSCs (Kau and Turpen, 1983; Medvinsky et al.,
1993; Medvinsky and Dzierzak, 1996). Interestingly, the
midgestational AGM is also the region that harbors migrating
PGCs and is thought to produce populations of mesenchymal
stem cells, vascular progenitors, and perhaps hemangioblasts
(Molyneaux et al., 2001; Minasi et al., 2002; Alessandri et al.,
2001; Hara et al., 1999; Munoz-Chapuli et al., 1999). In the
absence of studies designed to clonadly evaluate the lineage
potential of cells from the AGM, and without similarly accu-
rate fate mapping of thisregion, it remains possible that all of
the adult stem cell types thought to emerge within the AGM
arise from a common unrestricted precursor. This hypotheti-
cal precursor could help to explain reports of nonfusion-based
adult stem cell plasticity. The observed lineage specificity of
most adult stem cells could likewise be attributed to the high-
fidelity lineage restriction imposed on them by the specific
niche they colonize or are derived from. Simple ideas such as
these have not been ruled out by experimental evidence,
underscoring both the opportunity and the necessity for
further study of the developmental origins of adult stem cells.

A key lesson from studies of the developing hematopoi-
etic system is that the appearance of differentiated cells does
not tell us where or when the corresponding adult stem cells
originate. Definitive lineage tracing, with assays of clono-
genic potential, remains the method of choice for identifying
the origin of stem cells. Another potential pitfall revealed by
these studies is that the definition of the stem cell can make
all the difference in its identification.

The development of NSCs begins with the formation of
nervous tissue from embryonic ectoderm following gastrula-
tion. Induction of the neural plate is thought to coincide with
the appearance of NSCs as well as restricted progenitor types
(Temple, 2001). The exact frequency and location of stem
cells within the developing neuroepithelium remains
unknown; specific markers must be discovered to fully
unravel this question. An emerging view in the field is that
embryonic neuroepithelia generate radial glial that subse-
quently develop into periventricular astrocytes and that these
cells are the embryonic and adult NSCs within the central
nervous system (Alvarez-Buylla et al., 2001; Tramontin,
2003; Doetsch et al., 1999; Gaiano and Fishell, 2002). Devel-
oping and adult NSCs also appear to acquire positional and
temporal information. For example, stem cells isolated from
different neural regions generate region-appropriate progeny
(Kalyani et al., 1998; He et al., 2001; Anderson et al., 1997).
In addition, several studies suggest that temporal information
is encoded within NSCs, that earlier stem cells give rise more
frequently to neurons, and that more mature stem cells pref-
erentially differentiate into glia (Temple, 2001; Qian et al.,
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2000; White et al., 2001). Moreover, more mature NSCs
appear incapable of making cells appropriate for younger
stages when transplanted into the early cerebral cortex (Desai
and McConnell, 2000). Thus, the nervous system appears to
follow aclassical lineage hierarchy, with a common progeni-
tor cell generating most if not all differentiated cell typesin a
regional- and temporal-specific manner. There may also be
rare stem cells in the nervous system, perhaps not of neural
origin, that have greater plasticity in terms of producing
diverse somatic cell types and lacking temporal and spatial
congtraints (Weissman, 2000; Temple, 2001). There are
severa caveats that must be considered when describing the
developmental origins of NSCs. First, disrupting the neu-
roepitheliato purify NSCs may have the undesirable effect of
dysregulating spatial patterning acquired by these cells.
Second, growth of purified NSCs in culture may reprogram
the stem cells through exposure to nonphysiological in vitro
culture conditions. Both of these problems can be addressed
either by in vivo lineage tracing or by prospectively isolating
NSCs and transplanting them into acceptable hosts without
intervening culture. Carefully designed experiments promise
to answer questions important not only for stem cell biology
but also for neuroembryology and development. These
include which features of the developmental program are
intrinsic to individual cells, which differentiation or pattern-
ing signals act exclusively to instruct specific cell fates, and
how developmental changesin cell-intrinsic programs restrict
the responses of progenitors to cell-extrinsic signals.

How Are Stem Cells I dentified, | solated,
and Characterized?

How stem cells are identified, isolated, and characterized are
the key methodological questions in stem cell biology, so
much so that subsequent chapters are devoted to addressing
these problems in detail. Here, | briefly outline standards and
criteria that may be employed when approaching the chal-
lenge of identifying, isolating, and characterizing a stem cell.

EMBRYONIC STEM CELLS

The basic characteristics of an ES cell include self-renewal,
multilineage differentiation in vitro and in vivo, clonogenic-
ity, anormal karyotype, extensive proliferation in vitro under
welldefined culture conditions, and the ability to be frozen and
thawed. In animal species, in vivo differentiation can be
assessed rigorously by the ability of ES cells to contribute to
al somatic lineages and produce germ line chimerism. These
criteria are not appropriate for human ES cells; consequently,
these cells must generate embryoid bodies and teratomas con-
taining differentiated cells of al three germ layers. Moreover,
as a stringent in vivo assessment of pluripotency is impossi-
ble, human ES cells must be shown to be positive for well-
known molecular markers of pluripotent cells. These markers
are defined as factors expressed consistently, and enriched, in
human ES cells (Brivanlou et al., 2003). As a substitute for
whole-animal chimerism, human ES cells could be tested for

their contributions to specific tissues when transplanted in dis-
crete regions of nonhuman adults or embryos. A complemen-
tary analysis might include transplanting human ES cells into
nonhuman blastocysts and evaluating their contribution to
various organs and tissues, though this experiment has raised
ethical concerns in some quarters. Finally, a practical consid-
eration is the passage number of ES cells. Although it is
important to establish the capacity of ES cells to proliferate
extensively, it is equally important that lowpassage cells are
evaluated experimentally to guard against any artifacts intro-
duced through in vitro manipulation.

ADULT STEM CELLS

The basic characteristics of an adult stem cell are asingle cell
(clonal) that self-renews and generates differentiated cells.
The most rigorous assessment of these characteristics is to
prospectively purify a population of cells (usualy by cell
surface markers), transplant a single cell into an acceptable
host without any intervening in vitro culture, and observe sel-
frenewal and tissue, organ, or lineage reconstitution. Admit-
tedly, this type of in vivo reconstitution assay is not well
defined for many types of adult stem cells. Thus, it isimpor-
tant to arrive at an accurate functional definition for cells
whose developmental potential is assessed in vitro only.
Above all, clonal assays should be the standard by which fetal
and adult stem cells are evaluated because this assay removes
doubts about contamination with other cell types.

Two concepts about the fate or potential of stem cells have
moved to the forefront of adult stem cell research. Thefirst is
plasticity, the idea that restrictions in cell fates are not per-
manent but are flexible and reversible. The most obvious and
extreme example of reversing a committed cell fate comes
from experimentsin which aterminally differentiated somatic
cell generates to another animal following nuclear transfer or
cloning (Solter, 2000; Rideout et al., 2001). Nuclear transfer
experiments show that differentiated cells, given the appro-
priate conditions, can be returned to their most primal state.
Thus, it may not be surprising if conditions are found for more
committed or specified cells to dedifferentiate and gain a
broader potential. A related concept is that of transdifferenti-
ation. Transdifferentiation isthe generation of functional cells
of atissue, organ, or lineage that is distinct from that of the
founding stem cell (Liu and Rao, 2003; Blau et al., 2001).
Important issues here are whether the cells proposed to trans-
differentiate are clonal and whether the mechanism by which
they form the functional cell requires fusion (Medvinsky and
Smith, 2003; Terada et al., 2002; Wang et al., 2003; Ying
et al., 2002). Experiments designed to carefully evaluate these
possibilities will yield insight into the nature of stem cells.

Stemness. Progress Toward a Molecular
Definition of Stem Cells

Stemness refers to the common molecular processes underly-
ing the core stem cell properties of self-renewa and the
generation of differentiated progeny. Although stems cellsin
different cellular microenvironments or niches will by neces-
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sity have different physiological demands and therefore
distinct molecular programs, there are likely certain genetic
characteristics specific to and shared by all stem cells.
Through transcriptional profiling, many of the genes enriched
in ES cell, TS cell, HSC, and NSC populations have been
identified (Ivanova et al., 2002; Ramalho-Santos et al., 2002;
Tanaka et al., 2002; Anisimov €t al., 2002; Luo et al., 2002;
Park et al., 2002). By extending this approach to other stem
cells and more organisms, it may be possible to develop a
molecular fingerprint for stem cells. This fingerprint could be
used as the basis for amolecular definition of stem cells that,
when combined with their functional definition, would
provide a more comprehensive set of criteria for understand-
ing their unique biology. Perhaps more importantly, these
types of studies could be used to help identify and isolate new
stem cells. This god is far from being accomplished, but the
preliminary findings for specific stem cells have been
described. The transcriptional profiling of stem cells has sug-
gested that they share several distinct molecular characteris-
tics. Stem cells appear to have the capacity to sense a broad
range of growth factors and signaling molecules and to
express many of the downstream signaling components
involved in the transduction of these signals. Signal trans-
duction pathways present and perhaps active in stem cells
include TGF®, Notch, Wnt, and Jak/Stat family members.
Stem cells also express many components involved in estab-
lishing their specialized cell cycles, either related to main-
taining cell cycle arrest in G1 (for most quiescent adult stem
cells) or connected to progression through cell cycle check-
points promoting rapid cycling (asisthe case for ES cells and
mobilized adult stem cells) (Burdon et al., 1999; Savatier
et al., 2002). Most stem cells also express moleculesinvolved
in telomere maintenance and display elevated levels of telom-
erase activity. There is also considerable evidence that stem
cells have significantly remodeled chromatin acted upon by
DNA methylases or transcriptional repressors of histone
deacetylase and Groucho family members. Another common
molecular feature is the expression of specialized posttran-
scriptional regulatory machinery regulated by RNA helicases
of the Vasa type. Finally, a shared molecular and functional
characteristic of stem cells appears to be their resistance to
stress, mediated by multidrug resistance transporters, protein-
folding machinery, ubiquitin, and detoxifier systems.

Although in its infancy, the search for a molecular signa-
ture to define stem cells continues. We have begun to under-
stand in general terms what molecular components are most
often associated with stem cells. In the future, it may be pos-
sible to precisely define stem cells as a whole and individu-
aly by their telltale molecular identities. Until that time,
stemness remains a concept of limited utility with tremendous
potential.
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Present Perspective and Future Challenges

R. L. Gardner

I ntroduction

Many researchers have worked to bring recognition to the
enormous potential that cells of early embryonic origin
possess for genetic modification of organisms, regenerative
medicine, and investigation of facets of development that are
difficult to explore in vivo. Historically, however, this field is
firmly rooted in the pioneering work of Roy Stevensand Barry
Pierce on mouse teratomas and teratocarcinomas, tumors that
continued to be regarded with disdain by many mainstream
pathologists and oncologists well after these workers had
embarked on their studies. Stevens developed and exploited
mouse strains with high incidences of such tumorsin order to
determine their cellular origins. Pierce focused his attention
on the nature of the cell that endowed teratocarcinomas with
the potential for indefinite growth, which the more common
teratomas lacked. Conversion of solid teratocarcinomas to an
ascites form proved to be a significant advance in enabling
dramatic enrichment of the morphologically undifferentiated
cells in such tumors, among which their stem cells were
expected to be included.

Later, in 1964, an impressive experiment by Pierce and a
colleague showed unequivocally that, upon transplantation to
histocompatible adult hosts, individual morphologicaly
undifferentiated cells could form self-sustaining teratocarci-
nomas that contained asrich avariety of differentiated tissues
as their parent tumor. Hence, the embryonal carcinoma (EC)
cell, as the stem cell of teratocarcinomas has come to be
known, was the first self-perpetuating pluripotential cell to be
characterized. Although teratocarcinomas were obtained ini-
tially as a result of genetically determined aberrations in the
differentiation of male or female germ cells, it was found that
they could also be established in certain genotypes of mice by
grafting early embryos ectopically in adults. Adaptation of
culture conditions soon followed to enable EC cells to be per-
petuated in an undifferentiated state or induced to differenti-
ate in vitro. Although the range of differentiation detected in
these circumstances was more limited than in vivo, it could
nevertheless be impressive. Research on murine EC cells, in
turn, provided the impetus for obtaining and harnessing the
human counterpart of these cells from testicular tumorsfor in
vitro study.

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
All rights reserved.

One outstanding question regarding the use of murine EC
cells as a model system for studying aspects of development
remained, namely, the basis of their malignancy. Was this a
consequence of genetic change, or wasit simply because such
“embryonic” cells failed to relate to the ectopic sites into
which they were transplanted? The obvious way of address-
ing this question was to ask how EC cells behave when placed
in an embryonic rather than an adult environment. This study
was done independently in three laboratories by injecting the
cellsinto blastocysts. The results from each laboratory led to
the same rather striking conclusion: EC cells— which, if
injected into an adult, would grow progressively and kill it —
were able to participate in normal development following
their introduction into the blastocyst. Using genetic differ-
ences between donor and host as cell markers, researchers
found that EC cells were able to contribute to most, if not all,
organs and tissues of the resulting offspring. Most intrigu-
ingly, according to reports from one laboratory, this could
very exceptionally include the germ line. The potential
significance of this finding was considerable in its impli-
cations for possible controlled genetic manipulation of the
mammalian genome. It raised the prospect of being able
to select for extremely rare events, thus bringing the scope
for genetic manipulation in mammals closer to that in
microorganisms.

There were problems, however. One was that the EC con-
tribution in chimeric offspring was typicaly both more
modest and more patchy than that of cells transplanted
directly between blastocysts. Also, the chimeras frequently
formed tumors; those that proved to be teratocarcinomas were
often evident already at birth, suggesting that growth regula-
tion of at least some transplanted EC cells failed altogether.
Other chimeras devel oped more specific tumors such as rhab-
domyosarcomas as they aged, which were also clearly of
donor origin, thereby revealing that the transplanted EC cells
had progressed further along various lineages before their dif-
ferentiation went awry. In extreme cases, the transplanted EC
cells disrupted devel opment altogether, so that fetuses did not
survive to birth. Although the best EC lines could contribute
to all or most tissues of the body of chimeras, they did so
exceptionally. Finaly, the frequency with which colonization
of the germ line could be obtained with EC cells was too low
to enable them to be harnessed for genetic modification. It
seemed likely, therefore, that the protracted process of gener-
ating teratocarcinomas in vivo and then adapting them to
culture militated against the retention of anormal genetic con-
stitution by their stem cells. If this was indeed the case, the
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obvious way forward was to see if such stem cells could be
obtained in aless circuitous manner.

This issue prompted investigation of what happens when
murine blastocysts are explanted directly on growth-inacti-
vated feeder cells in an enriched culture medium. The result
was the derivation of lines of cells indistinguishable from EC
cells in both their morphology and the expression of various
antigenic and other markers, as well as in the appearance of
the colonies they formed during growth. Moreover, like EC
cells, these self-perpetuating blastocyst-derived stem cells
could form aggressive teratocarcinomasin both syngeneic and
immunologically compromised nonsyngeneic adult hosts.
They differed from EC cells principally by giving much more
frequent and widespread somatic chimerism following rein-
troduction into the preimplantation conceptus and, if tended
carefully, by also routinely colonizing the germ line. More-
over, when combined with host conceptuses whose devel op-
ment was compromised by tetraploidy, they could sometimes
form offspring in which no host-derived cells were dis-
cernible. Thus, these cells, which exhibited al the desirable
characteristics of EC cells and few of their shortcomings,
cameto be called embryonic stem (ES) cells. Onceit had been
shown that ES cells could retain their ability to colonize the
germ line after in vitro transfection and selection, their future
was assured. Surprisingly, however, despite the wealth of
studies demonstrating their capacity for differentiation in
vitro, particularly in the mouse, it was a long time before the
idea of harnessing ES cells for therapeutic purposes took root.
Thus, although Robert Edwards explicitly argued more than
20 years ago that human ES cells might be used thus, only
within the past few years has this notion gained momentum,
encouraged particularly by derivation of the first cell lines
from human blastocysts.

Terminology

There is some confusion in the literature about terminology
in discussing the range of different types of cellsthat ES cells
are able to form, an attribute that, in embryologica parlance,
is termed their potency. Some refer to these cells as being
totipotent because, at least in the mouse, they have been
shown to be able to generate all types of fetal cells and, under
certain conditions, entire offspring. This is inappropriate
on two counts. First, totipotency is reserved by embryologists
for cells that retain the capacity to form an entire conceptus
and thus produce anew individual unaided. The only cellsthat
have so far been shown to be able to do this are blastomeres
from early cleavage stages. Second, murine ES cells seem
unable to form all the different types of cell of which the con-
ceptusis composed. Following injection into blastocysts, they
normally generate only cell types that are products of the epi-
blast lineage. Although they can also form derivatives of the
primitive endoderm lineage— which, for some obscure
reason, they do much more readily invitro than in vivo — they
have never been shown to contribute to the trophectodermal
lineage. Hence, a widely adopted convention is to describe
ES cells as pluripotent stem cells to distinguish them from

stem cells like those of the hematopoietic system, which
have a narrower but nevertheless impressive range of differ-
entiative potential. Another source of confusion is the sur-
prisingly common practice of referring to cells, particularly
putative ES cells from mammals other than the mouse, as
totipotent because their nuclel have been shown to be able to
support development to term when used for reproductive
cloning.

Another facet of terminology relates to the definition of an
ES cell, which again is not employed in a consistent manner.
One view, to which the author subscribes, is that use of this
term should be restricted to pluripotent cells derived from pre-
or peri-implantation conceptuses that can form functional
gametes as well as the full range of somatic cells of offspring.
Although there are considerable differences among strains of
mice in the facility with which morphologically undifferenti-
ated cell lines can be obtained from their early conceptuses,
competence to colonize the germ line as well as somatic
tissues seems nevertheless to be common to lines from all
strains that have yielded them. Thisis true, for example, even
for the nonobese diabetic (NOD) strain, whose lines have
so far been found to grow too poorly to enable their genetic
modification.

ES-like Céllsin Other Species

As shown in Table 1-1, cell lines that can be maintained for
variable periodsin vitro in amorphologically undifferentiated
state have been obtained from morulae or blastocysts in a
variety of species of mammalsin addition to the mouse. They
have also been obtained from the stage X blastoderm in the
chick and from blastulae in three species of teleost fish. The
criteria employed to support claims that such lines are coun-
terparts of murine ES cells are quite varied and often far from
unequivocal. They range from maintenance of an undifferen-
tiated morphology during propagation or expression of at least
some ES cell markers, through differentiation into a variety
of cell types in vitro, to production of histologicaly diverse
teratomas or chimaerism in vivo.

What such ES-like (ESL) cells lines have in common with
murine ES cells, in addition to a morphologically undifferen-
tiated appearance, is a high nuclear—cytoplasmic ratio. Among
the complications in assessing cell linesin different speciesis
the variability in the morphology of the growing colonies.
Although colonies of ESL cells in the hamster and rabbit are
very similar to colonies of murine ES cells, those of most
other mammals are not. Thisis particularly true in the human,
whose undifferentiated ESL cell colonies closely resemble
those formed by human EC cells of testicular origin, as
do ESL cell colonies from other primates. In the marmoset,
rhesus monkey, and human, ESL cellsnot only form relatively
flattened colonies but also exhibit severa differences from
mouse ES cells in the markers they express. Because they
closely resemble human EC cells in al these respects,
the differences seem to relate to species rather than to cell

type.
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ES-like Cells in Other Species

Vertebrates from Which ESike Cells Have Been Obtained

Species

Basis of validation®

Rat CP but mouse ES contamination

MEM
CP
MEM
MEM
Golden hamster VD
Rabbit M&M, IVD
CP
Mink

T (but limited range of cell types)

T (wide range of cell types)

VD

MEM
Pig VD
M&EM
Cp
Cp
M&EM
ob
ob
M&EM
VD
VD
2
Cp
Cp
VD
Horse VD
Marmoset VD
Rhesus monkey T
Human T
Chicken
Medaka VD

Cp

Sheep

Cow

Zebra fish
Gilthead sea bream

IVD (& CP including germ line but only with passage 1-3 cells)

VD (limited) & CP (with shortterm cultured cells)
IVD & (CP with shortterm cultured cells)

°M&M: morphology and ES cell markers, IVD: differentiation in vitro, T: teratoma production in vivo,
CP: chimera production by morula aggregation or blastocyst injection.
®Exhibited an ESike morphology initially but rapidly acquired a more epithelial one thereafter.

In two studies in the sheep, colonies are reported to look
like those formed by murine ES cells initialy but to adopt a
more epithelia-like appearance rapidly theresfter. This
change in morphology bears an intriguing similarity to the
transition in conditioned medium of murine ES cells to so-
called epiblast-like cells, which is accompanied by loss of
their ability to colonize the blastocyst. Given that this transi-
tion is reversible, whether a comparable one is occurring
spontaneously in sheep clearly warrants further investigation.

In no species has the production of chimeras with ESL
cellsrivaled that obtained with murine ES cells. Where it has
been attempted, both the rates and the levels of chimerism are
typically much lower than are found with murine ES cells. An
apparent exception is one report for the pig, in which 72% of

offspring were judged to be chimeric. However, this figure is
presented in an overview of work that remains unpublished,
and no details are provided regarding the number of times the
donor cells were passaged before they were injected into blas-
tocysts. In a subsequent study in this species using ESL cells
that had been through 11 passages, one chimera was recorded
among 34 offspring. However, as the authors of this latter
study point out, rates of chimerism of only 10 to 12% have
been obtained following direct transfer of inner-cell mass
cells to blastocysts in the pig. Hence, technica
limitations may have contributed to the low success with ESL
cellsin this species.

The only species listed in Table 1-1 in which colonization
of the germ line has been demonstrated is the chicken, but this
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was with cells that had been passaged only one to three times
before being injected into host embryos. Hence, they do not
really qualify as stem cellsthat can be propagated indefinitely
in vitro. Consequently, in conformity with the terminology
discussed earlier, morphologically undifferentiated cell lines
in all species listed in Table 1-1 should be assigned the status
of ESL cells rather than ES cells.

Generadly, the initial strategy for attempting to derive
ES cell lines in other species has been to follow the con-
ditions that proved successful in the mouse, namely, the
use of enriched medium in conjunction with growth-
inactivated feeder cells and either leukemia inhibitory factor
(LIF) or arelated cytokine. Various modifications introduced
subsequently include same-species rather than murine feeder
cells and, in several species including the human, dispensing
with LIF. Optimal conditionsfor deriving cell lines may differ
from those for maintaining them. Thus, in one study in the
pig, the use of same-species feeder cells was found to be nec-
essary to obtain cell lines, though murine STO cellswere ade-
quate for securing their propagation thereafter. Feeder-free
conditions were found to work best in both the medaka and
the gilthead sea bream.**** Moreover, the cloning efficiency
of human ESL lines was improved in serum-free culture
conditions.

Unexpectedly, despite being closely related to the mouse,
the rat has proved particularly refractory to derivation of ES
cell lines (see Table 1-1). So far, the only cell lines that have
proved to be sustainable long term in this species seem to lack
all properties of mouse ES cells, including differentiation
potential, apart from colony morphology. Indeed, except for
the 129 strain of mouse, establishing cell lines that can be
propagated in vitro in amorphologically undifferentiated state
seems amost more difficult in rodents than in most of the
other vertebrates in which it has been attempted.

Overall, one is struck by species variability in the growth
factors, status of conceptus or embryo, and other requirements
for obtaining pluripotential cell lines in species other than the
mouse. So far, one can discern no clear recipe for success.

Of course, obtaining cells that retain the capacity to colo-
nize the germ line following long-term culture is essential
only for geneticaly modifying animals in a controlled
manner. Having cells that fall short of this but are neverthe-
less able to differentiate into a range of distinct types of cells
in vitro may suffice for many other purposes.

Embryonic Germ Cells

The preimplantation conceptus is not the only source of
pluripotential stem cells in the mouse. Sustainable cultures of
undifferentiated cellsthat strikingly resemble ES cellsin their
colony morphology have also been obtained from primordial
germ cells and very early gonocytes in this species.
These cells, termed embryonic germ (EG) cells, have aso
been shown to be capable of yielding high rates of both
somatic and germ-line chimerism following injection into
blastocysts.

Vertebrates from VWhich Embryonic Germ Cells Have Been

Obtained

Species Basis of validation®
Mouse MEM

cp

CP (including germ line)

CP (including germ line)

VD
Pig CP

CP (with transfected cells)
Cow IVD (& shortterm CP)
Human VD
Chicken CP [including germ line, but cells Cultured for only

five days)
cp

“Abbreviations as listed in the footnote fo Table 1-1.

These findings have prompted those struggling to derive
ES cell linesin other species to explore primordia germ cells
as an alternative for achieving controlled genetic modification
of the germ line. As shown in Table 1-2, EG-like (EGL) cells
have been obtained in several mammals as well as the chick,
but as with ESL cells, their ability to participate in chimera
formation has, with one exception, only been demonstrated at
low passage. Moreover, athough donor cells have been
detected in the gonad of a chimera obtained from low-passage
EGL cells in the pig, no case of germ-line colonization has
been reported except with cells from chick genital ridges that
were cultured for only five days. Even here, the proportion of
offspring of the donor type was very low.

It is noteworthy, however, that even in the mouse rates of
malformation and perinatal mortality appear to be higher in
EG than in ES cell chimeras. This may relate to erasure of
imprinting in the germ line, which seems to have begun by
the time primordial germ cells have colonized the genital
ridges or, for certain genes, even earlier. It is perhaps because
of such concerns that the potential of EG cells for transgene-
sisin strains of mice that have failed to yield ES cells has not
been explored. Interestingly, unlike in the mouse, EGL cell
lines derived from genital ridges and the associated mesen-
tery of 5 to 11-week human fetuses seem not to have
embarked on erasure of imprinting. Obvioudly, it isimportant
to confirm that this is the case before contemplating the use
of such cells as grafts for repairing tissue damage in humans.

Future Challenges

The value of ES and ESL cells as resources for both basic and
applied research is now acknowledged amost universally.
Present barriers to exploitation of their full potential in both
areas are considered in the next sections of this chapter,
together with possible ways of addressing these barriers. Fun-
damental to progressis gaining a better understanding of both
the nature and the basic biology of these cells.
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BIOLOGY OF ES AND ESL CELLS

Germ-Line Competence

Although murine ES cells have been used extensively for
modifying the genome, several problems remain that limit
their usefulness in this respect. Among these problems is the
loss of competence to colonize the germ line, a common and
frustrating problem whose basis remains elusive. It is not
attributable simply to the occurrence of sufficient chromoso-
mal change to disrupt gametogenesis because it can occur in
lines and clones found to be karyotypically normal. At
present, it is not known whether it is because of the failure of
the cells to be included in the pool of primordial germ cells
or their inability to undergo appropriate differentiation there-
after, possibly as a consequence of perturbation of the estab-
lishment of genomic imprinting or its erasure. Even within
cloned ES lines, cells have been found to be heterogeneousin
expression of imprinted genes. Given that many ES cell lines
are likely to have originated polyclonally from severa epi-
blast founder cells, there is the further possibility that they
might, ab initio, consist of a mixture of germ-line-competent
and -noncompetent subpopulations.

Recent studies on the involvement of bone morphogenetic
protein signaling in the induction of primordial germ cells
have been interpreted as evidence against a specific germ cell
lineage in mammals. Particular significance has been attached
to experimentsin which distal epiblast, which does not usually
produce primordial germ cells, was found to do so when
grafted to the proximal site whence these cells normally orig-
inate. However, because of the extraordinary degree of cell
mixing that occursin the epiblast before gastrulation, descen-
dants of al epiblast founder cells are likely to be present
throughout the tissue by the time of primordial germ cell
induction. Hence, the possibility remains that competence for
induction islineage dependent, and thereby segregates to only
some epiblast founder cells. Because ES cell lines are typi-
cally produced by pooling all colonies derived from a single
blastocyst, they might originate from of a mixture of germ
line-competent and -noncompetent founder cells.

Male ES cell lines have amost invariably been used in
gene-targeting studies, even though this complicates work
on X-linked genes whose inactivation may lead to cell-
autonomous early lethality or compromise viability in the
hemizygous state. Here, female (XX) lines would, in princi-
ple, offer a simpler aternative except that they are generally
held to suffer partial deletion or complete loss of one X-
chromosome after relatively few passages. However, the
security of this conclusion is not clear because few references
to their use have appeared in the literature since the early
reports, in which consistent loss of all or part of one X was
first documented. More recently, one of only two femae
lines tested was found to be germ-line-competent, but the
entire donor-derived litters were unusually small, raising the
possihility, not entertained by the authors, that the line in
question was XO. Interestingly, female human ESL cell lines
do not seem to show a similar propensity for X-chromosome
loss.

Origin and Properties of ESand ESL Cells

Itisevident from the earlier overview that considerable diver-
Sity exists even among eutherian mammals in the character-
istics of cells from early conceptuses that can be perpetuated
invitroinamorphologically undifferentiated state. The reason
for thisis far from clear, particularly because most such cell
lines have been derived at a corresponding stage — namely,
the preimplantation blastocyst — often using inner cell mass
tissue isolated therefrom. In the mouse, in contrast to their EC
counterparts, ES cells have not been obtained from postim-
plantation stages, which argues that there is a rather narrow
window during which their derivation is possible. What this
relates to in developmental terms remains obscure, although
thefinding that ES cells can shift reversibly to a condition that
shows dltered colony morphology and gene expression,
together with loss of ability to generate chimeras following
blastocyst injection, offers a possible approach for addressing
this problem. Whether the late-blastocyst stage sets the limit
for obtaining ESL cell linesin other mammals has not yet been
addressed critically.

Just as ES cell lines have been obtained from preblas-
tocyst stages in the mouse, ESL cell lines have been obtained
from such stages in other mammals. However, neither in the
mouse nor in other species have the properties of cell lines
derived from morulae been compared with those from blas-
tocysts to see if they show consistent differences. Indeed, it
remains to be ascertained whether the lines from morulae
originate at an earlier stage in development rather than pro-
gressing to blastocyst or, more specifically, epiblast formation
before doing so. Although it has been claimed that lines iso-
lated from morulae have an advantage over those from blas-
tocysts in being able to produce trophoblast, this has not
actually been shown to be the case. However, species-, as
opposed to stage-related differences, in the ability of cell lines
to produce trophoblast tissue have been encountered. Early
clams that mouse ES cells can form trophoblastic giant
cells are amost certainly attributable to the short-term per-
sistence of contaminating polar trophectoderm tissue. Thus,
the production of such cells seems to be limited to the early
passage of ES lines derived from entire blastocysts. It has
never been observed with lines established from microsurgi-
cally isolated epiblasts. Although the situation is not clear in
many species, in primates, differentiation of trophoblast has
been observed routinely in ESL cell lines established from
immunosurgically isolated inner cell masses. Moreover, dif-
ferentiation of human cell lines to the stage of syncytiotro-
phoblast formation has been induced efficiently by exposing
them to BMPA4.

Pluripotency
A seminal characteristic of ES or ESL cells is their pluripo-
tency. The most critical test of this— not practicable in some
species, particularly the human — is the ability to form the
entire complement of cells of normal offspring. This assay,
originally developed in the mouse, entails introducing clus-
ters of ES cellsinto conceptuses whose development has been
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compromised by making them tetraploid, either by suppress-
ing cytokinesis or by fusing sister blastomeres electrically at
the two-cell stage. ES cells are then either aggregated with the
tetraploid cleavage stages or injected into tetraploid blasto-
cysts. Some resulting offspring contain no discernible host
cells. It seems likely that host epiblast cells are present ini-
tially and play an essential role in “entraining” the donor ES
cells before being outcompeted, because groups of ES cells
on their own cannot substitute for the epiblast or inner cell
mass. Selection against tetraploid cells is already evident by
the late-blastocyst stage in chimeras made between diploid
and tetraploid morulae. Aggregating ESL cells between pairs
of tetraploid morulae has been tried in cattle, but resulted
in their contributing only very modestly to fetuses and
neonates.

The second most critical test is whether the cells yield
widespread, if not ubiquitous, chimerism in offspring follow-
ing introduction into the early conceptus, either by injection
into blastocysts or by aggregation with morulae. The third is
the formation teratomas in ectopic grafts to histocompatible
or immunosuppressed adult hosts, sinceit is clear from earlier
experience with murine and human EC cellsthat awider range
of differentiation can be obtained in these circumstances than
in vitro. For such an assay to beincisive, it is necessary to use
clonal cell lines and thus ensure that the diversity of differ-
entiation obtained originates from one type of stem cell rather
than from a medley of cells with more limited developmental
potential. Although teratoma formation has been demon-
strated with clonal ESL cells in the human, thisis not true for
corresponding cell lines in other species. A note of caution
regarding the use of teratomas for assessing pluripotency
comes from work which found that hepatocyte differentiation
depended not only on the site of inoculation of mouse ES cells
but also on the status of the host. Thus, positive results were
obtained with spleen rather than hind-limb grafts and only
when using nude rather than syngeneic mice as hosts.

Conditions of Culture

ES and ESL cells are usually propagated in complex culture
conditions that are poorly defined because they include both
growth-inactivated feeder cells and serum. This complicates
the task of determining the growth factor and other require-
ments necessary for their maintenance as well as for inducing
them to form specific types of differentiated cells. Although
differentiation of murine ES cells in a chemicaly defined
medium has been achieved, their maintenance under such
conditions has not. Murine ES cells can be both derived and
maintained independently of feeder cells, provided that a
cytokine that signals via the gp 130 receptor is present in the
medium. However, whether the relatively high incidence of
early aneuploidy recorded in the two studiesin which LIF was
used throughout in place of feeders is significant or coinci-
dental is not clear. It is important to resolve this question in
order to learn whether feeder cells serve any function
other than acting as a source of LIF or a related cytokine.
Production of extracellular matrix is one possibility. However,

species variability is also a factor here since LIF is not
required for maintaining human ESL lines, whose cloning
efficiency is actually improved by omission of serum, though
feeder cells are required. The norm has been to use murine
feeder cells both for obtaining and for perpetuating ESL cell
lines in other mammals, including the human. Recently,
however, there has been a move to use feeders of human
origin for human ESL cells. This is a notable development
becauseit would not be acceptable to empl oy xenogeneic cells
for growing human ESL cell lines destined for therapeutic
rather than laboratory use. The situation is somewhat
confusing in the case of the pig; in one study, but not in
others, porcine feeders were found to be necessary for deriv-
ing ESL cdll lines that could then be perpetuated on murine
STO cells. Moreover, among teleost fish, feeder-free condi-
tions seem to be optimal for maintaining ESL cells in both
the medaka and the sea bream but possibly not in the zebra
fish.

Susceptibility Versus Resistance to Derivation

An area whose further investigation could be informative in
facilitating the establishment of pluripotent stem cell linesin
other speciesisthe basis of susceptibility versus resistance to
ES cell derivation in the mouse. Thus, although ES cell lines
can be obtained easily in 129 mice and relatively so in
C57BL/6 and afew additional strains (Table 1-3), other geno-
types have proved more resistant. Notable among the latter is
the NOD strain from which, despite considerable effort,
genetically manipulable lines have not yet been obtained. This
is not simply related to the susceptibility of this strain to
insulin-dependent diabetes, because the ICR strain from
which NOD was developed has proved to be equally refrac-
tory. However, refractoriness seems to be a recessive trait
because excellent lines with high competence to colonize the
germ line have been obtained from [NOD x 129]F1 epiblasts.
Moreover, thisis not the only examplein which refractoriness
has been overcome by intercrossing. Interestingly, marked dif-
ferences in the permissiveness for ESL cell derivation have
also been found among inbred strains of the medaka.

Human ESL Cell

Mouse EC and ES cells have been used extensively to study
aspects of development that, for various reasons, are difficult
to investigate in the intact conceptus. Exploiting correspon-
ding cells for this purpose is even more pressing for gaining
a better understanding of early development in our own
species, given the relative scarcity of material, ethical con-
cerns about experimenting on conceptuses, and statutory or
technical limitations on the period for which they can be main-
tained in vitro. Obviously, in view of their provenance, human
ESL cells are likely to provide a more apposite model system
than human EC cells, which have mainly been used until
recently. One concern hereis that so-called spare conceptuses
(i.e., those surplus to the needs of infertility treatment) are
the sole source of material for producing human ESL cell
lines. Because the conceptuses produced in vitro by in vitro
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Genotypes of ES Cells Other Than 129 for Which Germ-line

Transmission Has Been Demonstrated
Genotype

C57BL/6
C57BL/6N
C57BL/6J0la
[C57BL/6x CBAJFI
CBA/CaOla

BAIB/c

DBA/ 1lac
DBA/10la

DBA/2N

C3H/He

C3H/Hen

FVB/N

CD1e

NOD

[NOD x 129/Ola]F1
129 x [129 x DDK]F1
PO*

°Outbred strains.

fertilization (IVF) or related techniques that are judged to be
of the highest quality are selected for infertility treatment,
those used for deriving ESL lines tend to be of lower quality.
Does this matter so far as the properties of the resulting cell
lines are concerned, particularly if their use therapeuticaly is
contemplated? Is the ability to form a blastocyst that looks
satisfactory morphologically adequate, or will it prove ac-
ceptable to produce conceptuses specifically for generating
ESL cell lines, so that quality is less of a concern?

ES Cell Transgenesis

One important use of ES cell transgenesis is to obtain animal
models of human genetic diseases. Because few would claim
that the mouse is the ideal species for this purpose, the incen-
tive for being able to undertake such studies in more appro-
priate or experimentally tractable mammals must remain a
high priority. For example, given its widespread use for study-
ing respiratory physiology, the sheep would be a more rele-
vant species than the mouse as a model system for studying
cystic fibrosis. However, unless pluripotential cells able to
colonize the germ line can be obtained in other species, this
approach to transgenesis will continue to be limited to the
mouse. Although the feasibility of an alternative strategy —
namely, genetically modifying and selecting cells that are not
germ line-competent, such asfetal fibroblasts, then exploiting
transfer of their nuclel to oocytes — has been demonstrated,
itisextremely demanding technically and entails considerable
fetal attrition.®®

STEM CELL THERAPY

Potential Hurdles

One major interest in ESL cells is the prospect of exploiting
them therapeutically to repair damage to tissues or organs
resulting from disease or injury. This poses a host of new chal-
lenges, not al of which have received the attention they
deserve. Perhaps the most obvious challenge is whether it will
be possible to obtain efficient directed differentiation of stem
cells to yield pure cultures of the desired type of more differ-
entiated cells as opposed to a mixed population. If the latter
provesto be the case, the rigorous purging of cultures of resid-
ual undifferentiated or inappropriately differentiated cells will
be necessary. How thisis approached will depend on whether
any contamination of grafts is acceptable and, if so, how
much. One way in which this particular problem has been
circumvented in murine model systems for in vitro differen-
tiation of ES cellsis to transfect them with the coding region
of a gene for an antibiotic resistance or fluorescent protein
coupled to a promoter that is expressed only in the desired
type of differentiated cell. Recent advances have made it pos-
sible to carry out similar genetic modification of human ESL
cells. Although effective selection of the desired type of dif-
ferentiated cell may be achieved with this approach, it remains
to be seen whether use of genetically modified cells will be
acceptable in aclinical as opposed to a laboratory context.

Another important issue in contemplating stem cell
therapy isthe cycle status of the desired type of cell. In certain
cases, including cellsthat are not postmitotic in grafts may be
highly undesirable or even hazardous. In others, the presence
of such cells may be essential to meet the demands of tissue
growth or turnover. The latter would depend on obtaining the
differentiation of ESL cells to stem cells rather than to fully
differentiated cells of the desired type. Given the growing evi-
dence that tissue stem cells require a specific niche for their
maintenance, this could prove difficult to achieve. Establish-
ing and maintaining an appropriate niche in vitro to be able
to enrich for tissue-specific stem cells is likely to pose a
considerable challenge and will unquestionably depend on
obtaining better knowledge of the normal biology of individ-
ual tissues.

Yet another important issue is whether engrafted cells will
survive and function properly when placed in a damaged
tissue or organ. When the donor cells are to provide a
hormone, neural transmitter, or soluble growth factor, it may
be possible to place them at some distance from the site of
damage. However, when thisis not practicable, there remains
the question of whether transplanted cellswill fare better than
native ones in atissue or organ seriously damaged by disease
or injury. If they do not, how can one circumvent this diffi-
culty, bearing in mind that achieving organogenesisin vitro is
still a rather remote prospect? Regarding neurodegenerative
disease, some progress has been made in “cleaning up” sites
of tissue damage. For example, antibody-mediated clearance
of plaques from the brain in transgenic mice overexpressing
amyloid precursor protein has been demonstrated. However,
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such intervention may not be necessary in al cases. Trans-
planting differentiated murine ES cells enriched for putative
cardiomyocytes to a damaged region of the left ventricle in
rats led concomitantly to areduction in size of thisregion and
an improvement in the performance of the heart.

Therapeutic Cloning

Establishing ESL cell lines from blastocysts derived by
nuclear replacement, so-called therapeutic cloning, has been
widely advocated as a way of tailoring grafts to individual
patients, thereby circumventing the problem of graft rejection.
Although the feasibility of producing ES cellsin thisway has
been demonstrated in the mouse, there is sharp division of
opinion within the biomedical research community about
whether such cells would be safe to use therapeutically. Par-
ticular concern centers on the normality of the donor genome
regarding the epigenetic status of imprinted genes. Moreover,
recent observations on chromosome segregation during
mitosis in early cloned primate embryos has raised doubts
about whether cloning by nuclear replacement will work in
the human.

Embryonic Versus Adult Stem Cells

Concern about the use of early human conceptuses as a source
of stem cells focused much attention on recent studies that
suggest so-called adult stem cells are more versatile in their
range of differentiation than has generally been supposed.
Thereis a continuing lively debate about the interpretation of
many findings, which do not at present justify the common
assertion that adult cells render the use of ESL cells for ther-
apeutic purposes unnecessary. Of particular concern is a
growing body of evidence that adult cells may be changing
their differentiated state not as independent entities but
through fusing with cells of the type to which they are claimed
to have converted.

Thereisamore general point that, with few exceptions —
among which the hematopoietic system is the clearest
example — evidence is lacking that cells from adult organs
and tissue that can be propagated in culture actually func-
tioned as stem cells in situ. Hence, the adoption of the term
stem cell for cells from many adult sources is questionable. It
is possible, if not likely, that cells that are strictly postmitotic
in their normal environment can be induced to resume cycling
when removed from it and placed in an enriched culture
medium, which may contain growth factors to which they
would not otherwise be exposed. Such cells might lack fea-
tures of true stem cells, such as accurate proofing of DNA
replication, conservation of turnover through transit amplifi-
cation of differentiating progeny, and maintenance of telom-
ere length. They might therefore be severely compromised in
their ability to function in grafts.

Summary

Since the pioneering studies of Stevens and Pierce which
pointed the way in the 1950s and 1960s, impressive progress

has been made in harnessing stem cells of embryonic as
opposed to fetal or adult origin for basic research and in
exploring new approaches to regenerative medicine. Thereis,
however, still a great deal to be learned about the origin and
properties of such cells, as well as the control of their self-
renewal versus differentiation, if we are to take full advantage
of what they have to offer. The effort of acquiring the neces-
sary knowledge will undoubtedly provide us with the further
reward of gaining deeper insight into the biology of stem cells
in general.
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The Development of Epithelial Stem
Cell Concepts

C. S. Potten and J. W. Wilson

I ntroduction

In the 1950s and 1960s, all proliferating cellsin the renewing
tissues of the body were regarded as having an equal poten-
tia to self-maintain, one daughter cell on average from each
division of a proliferative cell being retained within the
proliferative compartment. Thus, al proliferating cells were
regarded as stem cells. It proved somewhat difficult to
displace this concept. Groundbreaking work by Till and
McCulloch in 1961 provided the first clear evidence that for
one of the replacing tissues of the body, the bone marrow, not
al proliferative cells are identical. Their approach was to
study the cells that were capable of repopulating hemopoietic
tissues, following cellular depletion of the tissue by exposure
to acytotoxic agent, that is, radiation. Specifically, mice were
irradiated to deplete their bone marrow of endogenous, func-
tional hematopoietic precursors; then they were injected with
bone marrow-derived precursors obtained from another
animal. The exogenous cells were subject to avariety of treat-
ments, prior to transplant. It was found that the hemopoietic
precursors circulated in the host and seeded cells into various
hemopoietic tissues, including the spleen. Those cells that
seeded into the spleen and possessed extensive regenerative
and differentiative potential grew by a process of clona
expansion to form macroscopically visible nodules of hemo-
poietic tissue, 10 to 14 days after transplant. By appropriate
genetic or chromosome tracking (marking), it could be shown
that these nodules were derived from single cells (i.e., they
were clones) and that further clonogenic cells were produced
within the clones. The colonies were referred to as spleen
colonies, and the cells that form the colonies were called
colony-forming units (spleen) (CFUs).

These experiments provided the theoretical basis for sub-
sequent human bone marrow transplant studies. Through a
variety of pre-irradiation manipulations and pre- and post-
transplantation variables, this technique led to our current
understanding of the bone marrow hierarchies or cell lineages
and their stem cells. These studies showed that this tissue con-
tained undifferentiated self-maintaining precursor cells that
generated dependent lineages that were able to differentiate
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down a range of different pathways, generating a variety of
cell types. Recent studies have suggested that these CFUs are
not the ultimate hemopoietic stem cells but are part of a stem
cell hierarchy in the bone marrow.

Such clona regeneration approaches have been subse-
quently developed for a variety of other tissues, notably by
the imaginative approaches adopted by Rod Withers for epi-
dermis, intestine, kidney and testis. These clonal regeneration
approaches were summarized and collected in a book pro-
duced in 1985, but the field was initiated by work done by
Withers. These approaches implicated hierarchical organiza-
tions within the proliferative compartments of many tissues.
The stringency of the criteria defining a clone varied enor-
mously depending as it did on the number of cell divisions
required to produce the detectable clones. For epidermis and
intestine, the stringency was high since the clones could be
large and macroscopic, containing many cells resulting from
many cell divisions. In fact, they were very similar in appear-
ance to the spleen colony nodules.

One difficulty with the interpretation and generality of
application to stem cell populations based on these clonal
regeneration studies is the fact that, in order to see the regen-
erating clones, the tissue has to be disturbed, generally by
exposure to adose of radiation. This disturbance may alter the
cellular hierarchies that one wishes to study and will certainly
dter the nature (e.g., cell cycle status, responsiveness to
signals, susceptibility to subsequent treatment) of the stem
cell compartment. This has been referred to as the biological
equivalent of the Heisenberg uncertainty principle in quantum
physics. However, these clonal regeneration assays till
provide a valuable and, in some places, unique opportunity to
study some aspects of stem cell biology in vivo, that is, by
using this approach to look at stem cell survival and functional
competence under a variety of conditions.

A Definition of Stem Cells

Relatively few attempts have been made to define what is
meant by the term stem cells, which has resulted in some
confusion in the literature and the use of a variety of terms,
the relationship between which sometimes remains obscure.
These terms include precursors, progenitors, founder cells,
and so on. The concept is further complicated by the use of
terms such as committed precursors or progenitors and the
sometimes confusing use or implication of the term differen-
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tiation. One difficulty in defining stem cellsis the fact that the
definitions are often very context-dependent and, hence, dif-
ferent criteriaare brought into the definition by embryologists,
hematologists, dermatologists, gastroenterologists, and other
specialists.

In 1990 in a paper in Development, we attempted to define
astem cell. This definition was, admittedly, formulated within
the context of the gastrointestinal epithelium, but we felt it
had a broader application. The definition still largely holds
and can be summarized as follows. Within adult replacing
tissues of the body, the stem cells can be defined as a small
subpopulation of the proliferating compartment, consisting of
relatively undifferentiated proliferative cells that maintain
their population size when they divide, while at the same time
producing progeny that enter a dividing transit population
within which further rounds of cell division occur, together
with differentiation events, resulting in the production of the
various differentiated functional cells required of the tissue.
The stem cells persist throughout the animal’s lifetime in the
tissue, dividing a large number of times; as a probable con-
sequence of this large division potential, these cells are the
most efficient repopulators of the tissue following injury. If
this repopulation requires a reestablishment of the full stem
cell compartment, the self-maintenance probability of the
stem cells at division will beraised from the steady-state value
of 0.5 to a value between 0.5 and 1, which enables the stem
cell population to be reestablished while at the same time
maintaining the production of differentiated cellsto ensure the
functional integrity of the tissue.

The consequences of this definition are obvious, namely,
that stem cells are:

» Rarecdlsin thetissue, vastly outnumbered by the dividing
transit population. and are the cells upon which the entire
lineage and ultimately the tissue are dependent.

» The only permanent long-term residents of the tissue.

 Cells at the origin of any cell lineages or migratory path-
ways that can be identified in the tissue.

The concept of differentiation enters into the definition of
stem cells, and this, too, often leads to confusion. In our view,
differentiation is a qualitative and relative phenomenon. Cells
tend to be differentiated rel ative to other cells, and hence adult
tissue stem cells may, or may not, be differentiated relative to
embryonic stem cells (a point of current debate, bearing
in mind the controversy in the literature concerning bone
marrow stem cell plasticity). Stem cells produce progeny that
may differentiate down a variety of pathways leading to the
concept of totipotency and pluripotency of stem cellsin terms
of their differentiation. This is actually a strange concept to
apply to astem cell sinceit istheir progeny that differentiate
and not the stem cells themselves. The fact that the progeny
can differentiate down more than one differentiated lineage as
is very obviously the case in the bone marrow, and resultsin
bone marrow stem cells being referred to as pluripotent and
theinitial dividing transit cellsthat initiate a lineage that ulti-
mately leads to specific differentiated cells, can be thought of
as committed precursors for that lineage.

Some of the instructive signals for differentiation in the
hemopoietic cell lineage are now well understood, but such
signals for other tissues organized on a cell lineage basis have
yet to be determined. There is much debate in the literature
concerning the extent to which stem cells may be instructed
to produce progeny of specific differentiated types and
whether this is limited or unlimited. This topic is referred to
as the degree of plasticity for stem cells. There are two very
distinct issues here:

» Thefirstiswhether astem cell like abone marrow stem cell
is ever instructed by its environment in nature, or in labo-
ratory or clinical situations, to make an apparently unrelated
tissue cell type such as a liver, intestinal, or skin cell and
whether it can regenerate these tissues if they are injured.
A subsidiary question is not whether this ever happens
normally in nature, and whether we, as experimentalists
or clinicians, can provide the necessary instructions or
environment for this to happen in a controlled situation.
The second issue relates not only to the stem cells but also
to the early progeny of stem cells from, for example, the
bone marrow, and whether these cells that circulate around
the body and may end up in a distant tissue can ultimately
express differentiation markers unrelated to the bone
marrow cell lineages but specific to the tissue in which the
cell then resides.

The former issue is one of plasticity of the bone marrow
stem cells, and the latter may be more an issue of the plastic-
ity of the bone marrow-derived cell lineages. If abone marrow
stem cell can ever be instructed to be a gastrointestinal stem
cell, it should be capable of undertaking al the functional
duties of a gastrointestinal stem cell, including the regenera-
tion of the gastrointestinal epithelium if it is subsequently
injured. The cloning of animals by nuclear transfer technol-
ogy into egg cytoplasm clearly demonstrates that all nuclei of
the body contain a full complement of DNA and that under
the right environmental conditions this can be reprogrammed
(or unmasked) by environmental signals to make all the
tissues of the body. It should be remembered, however, that
such cloning experiments, as Dolly the sheep, are rare and
inefficiently produced events. They do, however, clearly indi-
cate the enormous potential that can be achieved if we can
provide the necessary instructive reprogramming signals. It
should enable us in the future to reproducibly instruct any
adult tissue stem cell to make any tissue of the body. If and
when this becomes the case, the distinction between embry-
onic stem cells and adult tissue stem cells may disappear.

Hierarchically Organized Stem
Cell Populations

The issue here is what determines the difference between a
dividing transit cell and a stem cell, and whether that transi-
tion is an abrupt one or a gradual one. One can think of this
transition as being a differentiation event that distinguishes a
dividing transit cell from a stem cell. This is an old argu-
ment. Do differentiation signals act on preexisting stem cells,
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removing on average half the cells produced by previous sym-
metric divisions or, do the stem cells divide asymmetricaly
to produce a differentiated progeny at division and a stem
cell? One possibility isthat this distinction is made at the time
that a stem cell divides. Indeed, do they need to divide to dif-
ferentiate? In this case, such divisions must be regarded as
asymmetric, with the dividing stem cell producing one stem
cell (i.e., for self-maintenance) and one dividing transit cell.
This type of asymmetric division may occur in some tissues
such as the epidermis. If this is the case, however, the stem
cell must also retain the potential to alter its self-maintenance
probability, which for an asymmetric division is 0.5 in steady
state, and adopt avalue somewhat higher than thisif stem cells
are killed and require to be repopulated.

The current view regarding the bone marrow stem cellsis
that the transition between a stem cell and a dividing transit
cell is a gradual one that occurs over a series of divisions
within a cell lineage, which inevitably implies that one has a
population of stem cellswith avarying degree of stemness or,
conversely, a varying degree of differentiation. For the bone
marrow, oneissue is whether experimentalists have ever iden-
tified the presence of the truly ancestral ultimate bone marrow
stem cell. The difficulty here may be one of identifying and
extracting such cells, the location of which is probably in the
bone where they will be present in increasingly diminishing
numbers, as one looks for the increasingly primitive cells.

Our current model for the gastrointestinal cellular organi-
zation, which is based on an attempt to accommodate as much
experimental data as possible, is that the commitment to dif-

Dividing
Transit <
Cells

ferentiation producing dividing transit cells does not occur at
the level of the ultimate stem cell in the lineage but at a posi-
tion two or three generations along the cell lineage. If such a
concept is drawn as a cell lineage diagram, the proliferative
units in the intestine, the crypts, each contains four to six cell
lineages and, hence, four to six lineage ancestor stem cells
but up to 30-second and third-tier stem cells, which under
steady-state circumstances are inevitably displaced and moved
toward the dividing transit compartment. But if damage
occurs in one or more of the ultimate stem cells, they can
assume the mantle of the ultimate stem cell and repopulate the
lineage. This gives rise to the concept of actual and potential
stem cells (see Figure 2-1), which is discussed later in this
chapter.

An analogy can be drawn here with the hierarchical organ-
ization within an organization such as the army, a concept that
was discussed at the time we were formulating the text for the
development paper in which we defined stem cells. In a mil-
itary battlefield environment, the hierarchically organized
army is under the control and ultimately dependent upon the
highly trained (or so one hopes) general. In the event that the
genera is killed in the battlefield, there may be a reasonably
well-trained captain who can take over command and assume
theinsigniaand uniform aswell as the function of the general.
In the event that the captain, too, should be killed, there may
be less well-trained officers who will attempt to assume the
mantle of command. Ultimately, the vast mgjority of the
troops, the privates, would be insufficiently trained or experi-
enced to be able to adopt the functional role of the com-

Actual Stem Cell

A typical stem cell-derived cell lineage that may be applicable to most epithelial tissues of the body. The lineage is characterized by a self-
maintaining lineage ancestor actual stem cell (black] which divides and produces a progeny that enters a dividing transit population. The number of cell gen-
erafions in the dividing transit population varies from tissue fo tissue. The commitment to differentiation that separates the stem cell from the dividing transit
population can occur at the point of the actual stem cell division (X], in which case the stem cells are dividing asymmetrical on average. This commitment
may be delayed to point Y or Z, generating a population of potential stem cells that can replace the actual stem cell if it is killed. Under normal steady-state
circumstances, the potential stem cells form part of the dividing transit population and are gradually displaced down the lineage, undergoing further differ-

entiation events if required to produce the functional mature cells of the fissue.
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The cell lineage for the small intestinal crypts. It is postulated that each crypt contains four 1o six such lineages and, hence, four to six lineage
ancestor actual stem cells and there are about six cell generations in each lineage with at least four distinct differentiated cell types being produced. The
atfractive feature of this cell biological model system is that the position of a cell in a lineage can be related to its topographical position in a longitudinal

section through the crypt as shown on the right.

mander. However, the Dolly the sheep scenario suggests that
occasionally a private, given a crash course in military strat-
egy, might function as the officer in command. The analogy
could be taken even further to relate to the apoptosis sensi-
tivity that is seen in the gastrointestinal ultimate stem cells.
These cells appear to adopt a strategy with complete intoler-
ance to any genetic damage and a reluctance to undertake
repair, since this may be associated with inherent genetic risk
that they commit an atruistic suicide: the general who under-
goes a nervous breakdown or serious injury and has to be
removed from command.

In the small intestinal crypts, there have been no useful
markers that permit the stem cellsto be identified and, hence,
studied. However, such markers are now being identified. In
the absence of markers, the small intestine proved to be
an invaluable biological model system to study stem cells
becausethe cells of theintestinal cell lineage are arranged spa-
tially along the long axis of the crypt. This can be demon-
strated by cell migration tracking and mutational marker
studies. As a consequence, the stem cells are known to be
located at very specific positions in the tissue (crypts): the
fourthfifth cell position from the crypt basein the small intes-
tine and at the very base of the crypt in the mid-colon of the
large intestine (see Figure 2-2).

Skin Stem Cdlls

The first suggestion that the proliferative compartment of the
epidermis, the basal layer, was heterogeneous and contained
only asmall subpopulation of stem cells came with the devel-
opment of the skin macrocolony clona regeneration assay
developed by Withers. This was soon combined with other
cell kinetic and tissue organization data to formulate the

concept of the epidermal proliferative unit (EPU) (see Figure
2-3). This suggested that the basal layer consisted of a series
of small, functionally, and cell lineage-related cells, with a
spatial organization that related directly to the superficia
functional cells of the epidermis, the stratum corneum. The
concept indicated that the epidermis should be regarded as
being made up of a series of functional proliferative units.
Each unit had a centrally placed self-maintaining stem cell
and a short stem cell-derived cell lineage (with three genera-
tions). The differentiated cells produced at the end of the
lineage migrated out of the basal layer into the suprabasal
layers in an ordered fashion, where further maturation events
occurred, eventually producing the thin, flattened, cornified
cells at the skin surface that were stacked into columns (like
a pile of plates), with cell loss occurring at a constant rate
from the surface of the column (Figure 2-3).

Such an organization is clearly evident in the body skin
epidermis of the mouse, its ears, and amodified version of the
proliferative unit can be clearly identified in the dorsal surface
of the tongue. There has been, and continues to be, some
debate as to whether this concept applies to human epidermis.
In many sites of the human body a similar columnar organi-
zation can be seen in the superficial corneal layers of the
epidermis. What is more difficult in humans is to relate this
superficial structure to aspatial organization in the basal layer.
However, the spatial organization seen in the superficia layers
must have an organizing system at a level lower in the epi-
dermis, and it does not seem unreasonable to assume that this
isin the basal layer asis the case for the mouse epidermis.

Withers developed a macroscopic, clonal regeneration
assay for mouse epidermis, which generates nodules very
similar in appearance to spleen colonies. Subsequently, Al-
Barwari developed a microscopic clonal assay that required a
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Diagrammatic representation of the cell lineage seen in the interfollicular epidermis and the relationship between the cell lineage and the
spatial organization characterized as the epidermal proliferative unit (EPU), as seen in section view (upper portion of the figure on the left) and in surface

view in epidermal sheets (lower portion of the figure on the left).

shorter time interval between irradiation and tissue sampling.
Both techniques are fairly labor intensive and have not been
used extensively. Together, these clonal regeneration assays
were interpreted to indicate that only about 10% (or less) of
the basal cells have a regenerative capacity (i.e., are stem
cells).

The EPU stem cells must have an asymmetric division
mode under steady-state cell kinetics because thereisonly one
such cell per EPU. The epidermal microcolony assay devel-
oped by Al-Barwari suggests that following injury such
as irradiation, surviving EPU stem cells can change their
divison mode from asymmetric to symmetric for a period
of time to repopulate the epidermis (i.e., change their self-
maintenance probability from 0.5 to a value higher than 0.5).
Al-Barwari’s observations also indicated that a significant
contribution to re-epithelialization could come from the upper
regions of the hair follicles. Studies on the structural organi-
zation of the epidermisfollowing injury also madeit clear that
in order to reestablish the spatial distribution of stem cells, the
epidermis undergoes a reorganization involving hyperplasia
during which stem cells are redistributed and eventually estab-
lish their EPU spatial configurations.

The skin contains another important stem cell population,
namely, that associated with the growing hair follicles. Hair
isproduced over a protracted period of time by rapid divisions
in the germinal region of the growing hair follicle (termed an
anagen follicle). This hair growth may be maintained for long
periods of time — three weeks in amouse (where the average
cell cycle time may be 12 hours), months to years in humans,
and more indefinite periods for some animal species such as
Angorarabbits and Moreno sheep. Thishigh level of cell divi-
sion in the germinal matrix of the follicle, which has a con-
siderable spatial polarity like the intestinal crypt, must have a
fixed stem cell population residing in the lowest regions of the
germinal matrix that can maintain the cell production for the
required period of time. Very little is known about these stem
cells. The complication with hair folliclesisthat in mouse and
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human, the growing follicles eventually contain a mature hair,
and cell proliferation activity ceases. The follicle shrinks and
becomes quiescent (atelogen follicle). The simplest explana-
tion here is that the telogen follicle, which consists of far
fewer cellsin total than in a growing follicle, contains a few
quiescent hair follicle stem cells that can be triggered back
into proliferation at the onset of a new hair growth cycle.
However, as discussed below, there is some controversy con-
cerning this concept.

It is now very clear that the skin contains a third stem cell
compartment, which islocated in the upper outer sheath of the
hair follicle below the sebaceous glands. This is sometimes
identifiable by virtue of asmall bulge in the outer root sheath,
and so this population of cells has been referred to asthe bulge
cells. A whole series of extremely elegant, but complicated, ex-
periments has shown that these bulge cells possess the ability,
under speciaized conditions, to reform the hair follicle if
it is damaged and also to contribute to the re-epitheliaization
of the epidermis. It is cells from this region of the follicle that
were probably responsible for the epidermal re-epithelidization
from follicles seen by Al-Barwari. Cells from the bulge can
make follicles during development of the skin and also
reestablish the follicles if they are injured.

The controversy concerns the issue of whether bulge stem
cells, which are predominantly quiescent cells, ever contribute
to the reestablishment of an anagen follicle under normal
undamaged situations. The simplest interpretation is that these
cells are not required for this process, since in order for this
to happen some very complex cell division and cell migratory
pathways have to be inferred. This goes somewhat against the
concept of stem cells being fixed or anchored and also against
the concept of keratinizing epithelia being a tightly bound
strong and impervious barrier. What seems likely for the skin
is that the EPU stem cell and the hair follicle stem cell
have a common origin during the development of the skin
from the bulge stem cells, which then become quiescent and
are present as a versatile reserve stem cell population that
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The complexity of the stem cell populations in mammalian skin as characterized in the mouse. A distinct cell lineage is proposed (a) for the
interfollicular epidermis (EPU), (b) another for the matrix region of the growing hair follicle (anagen follicle], and (c] a potent reserve regenerative stem cell
compartment which resides in the upper/outer root sheath or bulge region of the hair follicle. The stem cells in the bulge region can regenerate the epider-
mis, the hair follicle, and probably other structures such as the sebaceous glands.

can be called into action if the skin isinjured and requires re-
epithelialization (see Figures 2-4 and 2-5).

The Intestinal Stem Cell System

Theintestinal epithelium, like all epithelia, ishighly polarized
and divided into discrete units of proliferation and differenti-
ation. In the small intestine, the differentiated units are the
finger-like villi protruding into the lumen of the intestine.
These structures are covered by asimple columnar epithelium
consisting of several thousand cells, which perform their spe-
cific function, become worn out, and are shed predominantly
from the tip of the villus. There is no proliferation anywhere
on thevillus. The cell loss from the villus tip is precisely bal-
anced in steady state by cell proliferation in units of prolifer-
ation at the base of the villi called crypts.

Each villus is served by about six crypts, and each crypt
can produce cells that migrate onto more than one villus. The
crypts in the mouse contain about 250 cells in total, 150 of
which are proliferating rapidly and have an average cell cycle
time of 12 hours. The cells move from the mouth of the crypt
at a velocity of about 1 cell diameter per hour, and dl this
movement can be traced, in the small intestine, back to a cell
position about 4 cell diameters from the base of the crypt. The
very base of the crypt, in mice and humans, is occupied by
a small population of functional differentiated cells called
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Paneth cells. Cell migration tracking and innumerable cell
kinetic experiments all suggest that the stem cells that repre-
sent the origin of al this cell movement are located at the
fourth position from the base of the crypt in the small intes-
tine, and right at the base of the crypt in some regions of the
large bowel.

The crypt is aflask-shaped structure with about 16 cellsin
the circumferential dimensions. Mathematical modeling sug-
gests that each crypt contains about five cell lineages and,
hence, five cell lineage ancestor stem cells. Under steady-state
kinetics, these cells are responsible for all the cell production,
producing daughters that enter a dividing transit lineage of
between six and eight generations in the small and large
bowel, respectively (see Figures 2-1 and 2-2). The stem cells
in the small intestine divide with a cycle time of approxi-
mately 24 hours and, hence, in the lifetime of a laboratory
mouse divide about 1000 times. It is assumed that these cells
are anchored or fixed in amicroenvironmental nichethat helps
determine their function and behavior. The uniquely attractive
feature of this model system from a cell biological point of
view is that in the absence of stem cell specific markers, the
behavior and characteristics and response to treatment of these
crucial lineage ancestor cells can be studied by studying the
behavior of cells at the fourth position from the bottom of the
crypt in the small intestine. When thisis done, one of the fea-
tures that seems to characterize a small population of cells at
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Diagrammatic representation of a growing anagen hair follicle and a resting or quiescent telogen follicle. The diagram shows the spatial dis-

tribution for the stem cell compartments shown in Figure 2-4.

this position (about five cells) is that they express an exqui-
Site sengitivity to genotoxic damage such as are delivered by
small doses of radiation. They appear to tolerate no DNA
damage and activate a p53-dependent altruistic suicide (apop-
tosis). It is believed that thisis part of the genome protection
mechanisms that operate in the small intestine and account for
the very low incidence of cancer in thislarge mass of rapidly
proliferating tissue.

Clonal regeneration techniques also devel oped by Withers
have been used extensively. These techniques suggest the
presence of a second compartment of clonogenic or potential
stem cells (about 30 per crypt) that possess a higher radiore-
sistance and a good ability to repair DNA damage. These
observations, together with others, suggest a stem cell hierar-
chy of the sort illustrated in Figures 2-1 and 2-2, with the com-
mitment to differentiation that distinguishes dividing transit
cells from stem cells occurring about three generations along
the lineage. Virtually identical lineage structures can be
inferred for the colonic crypts.

There has been an absence of stem cell-specific markers
in the past, but some may now be available. Antibodies to
Musashi-1, an RNA binding protein identified as playing a
role in asymmetric division control in neural stem cells,
appearsto be expressed in very early lineage cellsin the small
intestine (see Figure 2-6).

Very recent studies have indicated that the ultimate stem
cells in the crypt possess the ability to selectively segregate
old and new strands of DNA at division and retain the old tem-
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plate strands in the daughter cell destined to remain a stem
cell. The newly synthesised strands which may contain any
replication-induced errors are passed to the daughter cell des-
tined to enter the dividing transit population and to be shed
from the tip of the villus five to seven days after birth from
division. Cairns developed this a concept in 1975. This selec-
tive DNA segregation process provides a second level of
genome protection for the stem cells in the small intestine,
protecting them totally from the risk of replication-induced
errors, thus providing further protection against carcinogenic
risk and an explanation for the very low cancer incidence in
this tissue (see Table 2-1). This mechanism of selective DNA
segregation allows the template strands to be labeled with
DNA synthesis markers at times of stem cell expansion (i.e.,
during late tissue devel opment and during tissue regeneration
after injury). The incorporation of label into the template
strands persists (label-retaining cells), thus providing a truly
specific marker for the lineage ancestor cells (see Figure 2-6).
Figure 2-6 also illustrates some other ways in which intestinal
stem cells may be distinguished from their rapidly dividing
progeny.

Stem Cell Organization on the Tongue

Oral mucosae are keratinizing, stratified epithelia, similar to
epidermis in their structural organization. The dorsal surface
of the tongue is composed of many small, filiform papillae
that have a very uniform shape and size. Detailed histologi-
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Figure 2-6. Photomicrographs of longitudinal sections of the small intestinal crypts from the mouse illustrating a range of possible ways of identifying the
stem cell compartment. Making use of the selective strand, segregation hypothesis template strands of DNA can be labeled, generating labelretaining cells
at the fourth position from the bottom of crypts. Musashi-1, an RNA binding protein, is expressed in early lineage cells and under some labeling conditions
can show specificity for individual cells at around cell position 4. Part of the regenerative or potential stem cell compariment can be seen by S-phase label-
ing (Bromodeoyuridine labeling) at critical phases following cytotoxic injury when these cells are called info regenerative mode. The example shown here is
a labeling pattern at 24 hours affer two doses of 5 Fluorouracil when the only cells in S phase are a few cells scattered around the fourth position from the
base of the crypt. As part of the genome protective mechanism, it is postulated that the ulimate lineage ancestor stem cells have an exquisite sensitivity to
radiation and the induction of genome damage. When this happens, the cells commit suicide via apoptosis, which can be easily recognized and occurs at
about the fourth position from the base of the crypt. These cells do not express p53 protein, at least at the times studied and as defectable by immunohis-
tochemistry. However, some cells do express p53 protein at high levels following radiation exposure, and it is postulated that these are the surviving poten-
tial stem cells in cell cycle arrest to allow for repair prior o entering rapid regenerative cell cycles. Under appropriate immunohistochemical preparative
procedures, individual wildtype P53 profein expressing cells can be seen at around cell position 4.

cal investigations, together with cell kinetic studies performed
by Hume, showed that each papilla is composed of four
columns of cells, two dominant and two buttressing columns.
The dominant anterior and posterior columns represent mod-
ified versions of the epiderma proliferative units and are
called tongue proliferative units. The cell migratory pathways
were mapped (like the studies in the intestinal crypts), which
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enabled the position in the tissue from which al migration
originated to be identified, this being the presumed location
of the stem cell compartment. The lineage characterizing this
epithelium is similar to that seen in the dorsal epidermis of
the mouse — that is, self-replacing asymmetrically dividing
stem cells, occurring at a specific position in the tissue, and
producing a cell lineage that has approximately three genera-
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Generalized Scheme

tions (Figure 2-7). The stem cells here have a particularly pro-
nounced circadian rhythm.

Generalized Scheme

For the major replacing tissues of the body, hierarchical or
cell lineage schemes appear to explain the cell replacement
processes. These schemes may involve isolated, single stem
cells that under steady-state circumstances must be presumed
to divide asymmetrically, producing a dividing transit popu-
lation. The size of the dividing transit population differs
dramatically from tissue to tissue, the number of generations
defining the degree of amplification that the transit population
provides for each stem cell division. Thisis related inversely
to the frequency that stem cells will be found within the pro-
liferating compartment (see Figure 2-8).

For some systems such as the bone marrow and the intes-
tine, the commitment to differentiation that separates the

TABLE 2-1
Why Do Small Intestinal Stem Cells Not Develop More Cancers?

When one considers that the tissue is:

e 3-4 times greater in mass (length)

e 1.5 times more rapidly proliferation

e 2-3 times more total stem cells

e 3—4 times more stem cell divisions in a lifetime
Compared with the large intestine:

The small intestine has 70 times fewer cancers.

Dorsal Tongue

dividing transit compartment from the stem cell compart-
ment appears to be delayed until a few generations along the
lineage. This generates a stem cell hierarchy with cells of
changing (decreasing) stemness or, conversely, increasing
commitment, leading to the concept of committed precursor
cells. In the small intestine, this delay in the commitment to
differentiation to a dividing transit population provides the
tissue with a reserve population of potential stem cells that
can repopulate the tissue if the lineage ancestor cells are
destroyed; this gives an added level of tissue protection in this
extremely well-protected tissue.

With regard to the bone marrow, committed precursors, or
even earlier cells, appear to circulate in the blood and may
lodge in various tissues. Given appropriate microenviron-
ments and local signals, some of these lodged cells may be
instructed to differentiate down unusua pathways. This has
prompted research into using such cells to repopulate the
liver of patients with specific gene defects that result in life-
threatening, hepatic metabolic deficiencies.

Although the transdifferentiation theory is attractive,
recent research indicates that the apparent plasticity of stem
cells may be less clear-cut. Transplantation experiments in
mice with specific gene disorders suggest that transplanted
bone marrow cells may “fuse” with liver cells and hence,
complement any gene deficiency in the hepatocytes. These
hybrid cells will be viable and undergo clonal expansion.
Experimental findings do, indeed, show that cells forming
functional liver tissue in the gene-deficient animals have spe-
cific genetic markers for both the donor and the host animal.
Our concepts of stem cells clearly require further development
and refinement.

Filiform
papillae

Basal
1/ Lol oY= Layer
- T TG
DP

Figure 2-7. A histological section through the dorsal surface of the tongue (left panel) and a diagrammatic representation of this fissue showing the fongue
proliferative units (the dominant anterior column AC, and posterior column PC). Cell migratory pathways have been identified based on cell positional analy-
ses and cell marking and the location of the stem cells identified in the basal layer. The stem cells in this fissue express one of the strongest circadian rhythms

in proliferation seen anywhere in the body.
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Figure 2-8. A diagrammatic representation of a stem cellderived cell lineage showing the approximate positions for the number of cell generations in the
dividing transit population for a range of murine fissues. Stratified keratinizing epithelia such as the tongue and epidermis tend to have the shortest lineages,
and the bone marrow and the testis tend to have the longest lineages. Also shown is the degree of theoretical amplification that the dividing transit lineage
provides for each stem cell division and the inverse relationship between the degree of amplification and the proportion of the proliferative compartment that

the stem cells occupy.

Summary

Stem cell concepts have evolved dramatically over the last
few years from the simple ideas in the literature in the mid-
twentieth century. This has culminated in a rapid expansion
of interest in both embryonic and adult tissue stem cellsin the
last five years with the devel opment of interest in gene therapy
and tissue engineering. This chapter explores the evolution of
stem cell concepts as applied to adult epithelial tissues. These
tissues are characterized by a high degree of polarization and
very distinct cell maturation and migration pathways, which
permit theidentification of specific locationsin the tissues that
represent the origins of all this cell movement. Cells at the
origin of the migratory pathways must represent the cells upon
which thetissueisultimately dependent and the cellsthat have
a long-term (permanent) residence in the tissue, that is, the
stem cells. A variety of cell kinetic studies, together with
lineage tracking experiments, have indicated that in the intes-
tine, the dorsal surface of the tongue, and interfollicular epi-
dermis, the proliferative compartment of the tissue is divided
into discrete units of proliferation each with its own stem cell
compartment. In the skin, the evolving stem cell studies
suggest at least three distinct stem cell populations providing
a source of cells for the epidermis, for the growing hair folli-
cle, and areserve regenerative highly potent population in the
upper follicle region. In the small intestine there are indica-
tions that the stem cell compartment itself is hierarchical, with
a commitment to differentiation occurring two to three gen-
erations down the lineage, resulting in a population of actual
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stem cells that perform their function in steady state, and a
population of potential stem cellsthat can be called into action
if the actual stem cells are killed. Until recently, there have
been no reliable markers for adult intestinal stem cells;
however, new developments have indicated ways in which
these cells may be identified. Cancer israre in the small intes-
tinal epithelium, which is surprising since this tissue repre-
sents a large mass with many stem cells dividing many times.
This suggests that effective genome protective mechanisms
have evolved, and some aspects of these mechanisms have
now been identified.

KEY WORDS

Actual functional stem cells  The cells on which the tissue is ulti-
mately dependent for day to day cell replacement.

Dividing transit cells - The amplifying cells derived from stem cells
that continue to divide severa times before undergoing terminal
differentiation (maturation) into the functional cells of the tissue.

Epidermal proliferative unit  The functiona group of proliferative
basal cells derived from a single stem cell, together with the dis-
tally arranged functional differentiated cells.

Potential stem cell  Cell that retains the capacity to function fully
as a stem cell if needed. Normally, these cells are displaced with
time into the dividing transit population, but they retain the undif-
ferentiated status of the ultimate stem cell until such time that they
are displaced into the dividing transit populations.

Self-maintenance probability  The probability that stem cells make
other stem cells on division. It applies to populations of stem cells
rather than individual cells. In steady state it is 0.5, but during sit-
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uations where stem cell populations expand it can be between 0.5
and 1.0.

A modified version of the epidermal pro-
liferative unit identified in thefiliform papillae on the dorsal surface
of the tongue.
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“Adult” Stem Cells: Tissue Specific or Not2

Catherine M. Verfaillie

Stem Cedlls; Definition

Stem cells are defined by the following three criteria. First,
stem cells undergo self-renewing cell divisions; that is, they
can give rise to at least one daughter cell that is identical to
the initial cell, a characteristic required to maintain the stem
cell pool. Second, stem cells undergo lineage commitment and
differentiation, giving rise to more differentiated progenitors,
precursor cells, and ultimately terminally differentiated cells.
Differentiation is defined by acquisition of cell type specific
morphological, phenotypic, and functional features. When
differentiation is not restricted to a given tissue, stem cellsare
termed pluripotent, whereas most adult stem cells are consid-
ered multipotent; that is, they differentiate into multiple cell
types that are, however, restricted to a given tissue. Third,
stem cells repopulate in arobust fashion a given tissuein vivo.
This requires that stem cells home to a given tissue, where
they differentiate in response to specific cues to differentiate
into cell types of that tissue that can take over the function of
that tissue.

That stem cells exist in postnatal tissues has been recog-
nized since the 1960s, with the first conceptual proof that
blood or bone marrow (BM) contains cells that can rescue
humans and animals from BM failure. Full characterization of
hematopoietic stem cells (HSCs) was not accomplished,
however, until the last decade, during which the phenotype of
murine, and to a lesser extent human HSCs, was defined.
Proof has been obtained that even a single murine HSC can
fully reconstitute all blood cell types following transplanta-
tion in lethally irradiated animals and that progeny of such
cells can reconstitute the hematopoietic system in secondary
lethally irradiated recipients. HSCs therefore fulfill al char-
acteristics of stem cells. Although HSCs are commonly
obtained from postnatal tissues, such as BM and those circu-
lating in the blood, they can also be obtained from prenatal
tissues, including umbilical cord blood, BM, liver, the aorta-
gonad mesonephros region, and the yolk sac. Although the
degree of self-renewal may differ for cells from ontogenically
earlier or later HSCs, all HSCs, regardiess of ontogeny, have
the same functional characteristics.

Since then, severa other tissue-specific stem cells have
been defined, as is described elsewhere in this book. For
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instance, neural stem cells (NSCs) can be found in postnatal
as well as prenatal brain in a number of different neurogenic
areas of the brain, including the subventricular zone and the
rostromigratory pathway. Human NSCs, like HSCs, can be
prospectively identified by selecting cells based on cell
surface determinants, including AC133 and CD24. Culture
of single AC133/CD24" cells leads to the formation of neu-
rospheres that differentiate into neurons, astrocytes, and
oligodendrocytes. Transplantation in vivo in immunodeficient
animals leads to differentiation to the same cell types. No data
exists currently as to whether these cells can functionally
reconstitute areas of the brain. Therefore, human NSCs do not
totally fulfill the criteria for stem cells. However, murine or
rat NSCs can functionally reconstitute at |east some compart-
ments of the brain, such as, for instance, the dopamine-
producing cellsin the substantianigra, or result in remyelination
in shiverer mice, caused by deletion of the animal model for
demyelinating diseases.

Mesenchymal stem cells (MSCs), aso termed marrow
stromal cells (MSCs), have been isolated from multiple
tissues, foremost from BM aspirates, but also subcutaneous
adipose tissue and fetal lung. MSCs were first described by
Fridensthein and colleagues as cells capable of giving rise to
fibroblast-like colonies that could differentiate into osteocytes
and adipocytes. Since then, the phenotype of MSCs present
in bone tissue and BM and of cultured human M SCs has been
elucidated, and antigenic determinants have been defined
that allow selection of MSCs from rodent and human BM
to amost homogeneity. Using single-cell sorting and ring
cloning, investigators have shown that M SCs differentiate not
only into osteocytes and adipocytes, but also chondrocytes,
skeletal myocytes, and smooth muscle myocytes. In addition,
grafting of MSC in animals with cartilaginous or bone defects
resultsin engraftment and tissue-specific differentiationin vivo.

Usually, stem cells give rise to at least two differentiated
cell types. However, some stem cells, such as endothelial and
corneal stem cells, give rise to only one differentiated cell
type. Recent studies have suggested that endothelial “stem
cells” may persist into adult life, where they contribute to the
formation of new blood vessels, in a process known during
embryonal development as vasculogenesis, and not solely on
angiogenesis, known as the formation of new blood vessels
by sprouting from preexisting vessels. Asfor HSCs and NSCs,
the phenotype and the in vitro and in vivo differentiation
potential of angioblasts, which can be isolated from BM and
peripheral blood, have been characterized.
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Adult Stem Célls: Plasticity

Most tissue-specific stem cells are thus thought to be multi-
potent, but no longer pluripotent, like embryonic stem (ES)
cells. Indeed, “adult” stem cells are generated during devel-
opment beyond the stage of gastrulation. During gastrulation,
pluripotent cells are fated to become mesoderm, endoderm,
and ectoderm, and subsequently tissue-specific fate decisions
are made. Therefore, adult stem cells have lost pluripotency
and have acquired tissue-specific, restricted differentiation
abilities. However, in the past few years more than 200 reports
have suggested that presumed tissue-restricted stem cells may
possess developmental capabilities resembling those of more
immature, pluripotent cells such as ES cells. Although the
recent reports of greater potency of adult stem cells have been
received with great enthusiasm by the lay and scientific com-
munity, they have also met with amostly healthy dose of skep-
ticism. If the concept were true, this would suggest that our
previous understanding of lineage commitment and restric-
tion of differentiation potential of stem cells acquired during
development may not be correct, and thus challenge the estab-
lished dogmas developed in biology over the past century.

In this book, individual chapters describe in detail the find-
ings of apparent plasticity of adult tissue-specific stem cells. It
is therefore unnecessary to describe the individua studies in
detail. Rather, we will here try to put the studies, pitfalls, and
possible explanations for these observations in perspective.

Adult Stem Céll Plasticity: Criticisms
and Pitfalls

The major criticism regarding the claim that stem cells are
more potent than previously thought comes from the fact that
the majority of studies describing plasticity do not fulfill
the criteria commonly used to describe stem cells: (1) self-
renewing single cells that (2) differentiate into functional
progeny and (3) reconstitute a damaged organ in vivo. Fur-
thermore, a number of potential technical difficultiesin deter-
mining the donor origin of the presumed lineage-switched
cells plague the interpretation of some of the findings.

CRITICISMS

To demonstrate clonality in vitro, several methods can be
used, including limitation of dilution analysis, isolation of
cells using cloning rings, single-cell deposition using either
fluorescence-activated cell sorting or via micromanipulators,
or retroviral marking and characterization of the viral inser-
tion site in the host cell genome. As the chance for integra-
tion of a retrovirus in the same location in the host cell
genome is less than 1/10,000-1/100,000, this method repre-
sents the most stringent assessment of clonal origin of differ-
entiated progeny. Single-cell deposition by Flourescence
activated cell sorting (FACS) or using micromanipulators is
generally also considered fool-proof evidence of single-cell
derivation of cell progeny, even though it is theoretically pos-
sible that two cells closely attached to one another may be co-
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deposited. In contrast, isolation of single cells by limiting
dilution or via cloning rings always includes the risk that two
or more cells were isolated. For in vivo studies, single-cell
transplantation or viral marking studies represent the only
means to determine single-cell derivation of differentiated
progeny. The majority of studies published to date have not
definitively proven that the greater potency of adult stem cells
can be ascribed to a single cell capable of differentiation into
the tissue of origin but one or more additional studies. There-
fore, they do not prove true stem cell plasticity. Notable
exceptions include the study by Krause et al. (2001) in which
a single homed HSC was shown to yield not only hematopoi-
etic chimerism, but also cells present in epithelium of lung,
liver, gastrointestinal tract, and skin. The level of contribution
seen in the nonhematopoietic system by progeny of a single
cell in the Krause study far exceeded that seen in a study by
Wagers et al. (2002) in which a single HSC obtained by
prospective phenotypic isolation from fresh murine BM
reconstituted the hematopoietic system, but far fewer cells
were detected in epithelial tissues.

Differencesin the HSC used for grafting may explain these
differences, in view of the notion that will be discussed |ater,
that even highly purified stem cell populations may still be
heterogeneous and represent a spectrum of different poten-
tialities. Grant et al. showed that transplantation of a single
HSC into irradiated recipients results not only in the recon-
stitution of the hematopoietic system, but also endothelial
cells provided that injury was induced in the retinal capillary
bed. Another example is the study by Jiang et al. (2002),
showing that a single BM-derived multipotent cell injected in
the blastocyst contributed to most, if not al, tissues of the
ensuing mouse.

The nature of adifferentiated cell is characterized by mor-
phological, phenotypic, as well as functiona features. The
majority of studies published, however, have only shown that
a cell acquires morphological and phenotypic characteristics
of a novel cell type. Because cell-surface or intracellular
antigenic determinants are not necessarily associated with a
single-cell type, these criteria alone do not suffice to identify
differentiated cells. For instance, although CD34 represents
an antigen on hematopoietic cells, it has become clear that
CD34 can a'so be found on angioblasts, or on progenitor cells
from liver. Expression, moreover, is not stable, and cells
commonly thought to express certain antigens may lose this
expression following cell activation or cell proliferation. Spu-
rious expression of antigens, or absorption of proteins from
culture medium and, therefore possibly in vivo from serum or
the microenvironment, in or on cells, may interfere with inter-
pretation of lineage switch.

Better proof that differentiation in atissue-specific manner
has occurred is obtained if donor cells express a marker trans-
gene such as Green Flourescent Protein (GFP) or B-Gal
expressed from atissue-specific promoter, as has been used to
demonstrate muscle differentiation from BM cells. However,
unlike the saying “it looks like a duck, walks like a duck and
quacks like a duck,” proof of differentiated cell function is
required to claim lineage switch. Such proof has only been
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achieved in a few studies claiming stem cell plasticity. The
first study showed that transplantation of highly enriched
HSC leads to restoration of liver function in hereditary
tyrosinemia type | (HT-I) mice, which have the fumary-
lacetoacetate hydroylase gene deleted, which leads to liver
failure unless the animals are maintained on 2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC). They
demonstrated that grafting of highly enriched HSCs leads to
independence of NTBC because of the generation of fumary-
lacetoacetate hydrolase (FAH) expressing hepatic parenchy-
mal cells. As mentioned earlier, Grant et al. showed that a
single HSC can give rise to functioning endothelial cells.
Likewise, there is evidence that a single BM cell differenti-
ates into functioning endothelial cells, as well as into cells
with morphological, phenotypic, and functional characteris-
tics of hepatocytes.

Final proof for greater potency of adult stem cells is that
the second cell type can robustly and functionally restore an
organ in vivo. Some would say that this needs to be achieved
in the absence of tissue damage. HSC can indeed engraft in
the absence of BM damage, provided that very large doses of
HSC aretransplanted. Poor engraftment in the absence of irra-
diation isin part related to an issue of “space,” that is, lack of
stem cell niches available for engraftment, and may in part be
due to lack of cytokine and other signals needed for robust
clona expansion of HSC. Because space and tissue-specific
cues are more abundantly present in the presence of tissue
damage, engraftment may occur better under circumstances
of tissue damage. For instance, engraftment of HSC-derived
cells in the endothelial capillary bed of the retina was only
seen following vascular damage. Aside from space and pro-
liferative signals, engraftment requires that stem cells are
specifically attracted to the tissue, in a process that has been
described as stem cell homing in hematopoietic transplanta-
tion. Thisisthe result of chemokines and cytokines generated
by the tissue and expression of the correct complement of
adhesive ligands to which the engrafting cell can adhere,
which increase when the tissue is inflamed.

Nevertheless, even in the setting of tissue damage such as
lethal irradiation, or inflammatory and degenerative damage
to muscle or other tissues, reported levels of engraftment of
BM cells, enriched HSC, or other stem cells in tissues other
than the tissue of origin have in general been low. One possi-
bility is that the low numbers of lineage switched cells are a
reflection not of plasticity at the stem cell level, but trans-
differentiation of mature cells. If that isthe case, plasticity will
not have clinical implications. A second possibility is that the
cues for clonal expansion are insufficient. Better understand-
ing of those signals emanated by the microenvironment might
then ultimately lead to clinically useful plasticity. Although
significant progress has been made in understanding factors
responsible for inducing self-renewal and differentiation of
stem cells in their niche in lower species, such as in sper-
matogenesis in drosophila, the nature of the niche, and the
nature of factors that govern self-renewal, lineage commit-
ment, and differentiation of mammalian stem cells, are still
unknown, even for the best characterized HSC.

25

TECHNICAL DIFFICULTIES

The majority of studies suggesting that plasticity exists have
been done in rodent models, or using retrospective analyses
of human tissues following BM or organ transplantation.
Demonstration of donor origin of cells has depended on a
number of rodent studies, and most human studies, on pres-
ence of the Y-chromosome in presumed lineage switched
cells. Although hybridization with Y-chromosome specific
probes has been widely accepted to detect donor cells in
grafted animal and human tissues, when used to evaluate
engraftment in tissue slices, care needs to be taken that spe-
cific hybridization is accomplished and that a signal ascribed
to one cell nucleus is not the result of detection of a second
nucleus in a plane underneath or above the one of that spe-
cific cell nucleus.

For rodent studies, presence of marker genes in donor
cells, including B-galactosidase (B-Gal) and eGFP, has been
used to demonstrate the donor origin of presumed lineage
switched cells. While B-Gal as a transgene is theoretically
easy to use, endogenous galactosidase present in lysosomes
of mammalian cells may interfere with the specificity of donor
cell detection, despite the fact that endogenous mammalian 3-
Gal has activity detectable at pH 6, whereas bacterial enzyme
works well at higher pH, and most staining protocols readily
distinguish between endogenous galactosidase activity.
Although detection of GFP fluorescence is simple, because of
autofluorescence of certain cell types, specific detection of
GFP fluorescence may be difficult. One novel development in
the use of transgenes has been that the B-Gal or the GFP gene
can be expressed from tissue-specific promoters, alowing
detection not only of donor origin of the cell, but also tissue-
specific differentiation.

In analogy to HSC transplantation studies in which exten-
sive use is made of the polymorphism in the Ly5 gene or the
glucosephosphate isomerase gene to detect donor cells,
studies describing plasticity have used donor cells expressing
acell surface marker that islacking on recipient cells, such as
CD26 on liver cells. Alternatively, one could exploit differ-
encesin major histocompatibility antigens between donor and
recipient cells, athough this is only applicable in the setting
of allogeneic transplantation.

Adult Stem Céll Plasticity: Possible
Explanations

To many, stem cell plasticity may be a new concept, but the
ideais actually aimost a century old. For instance, already in
the late 1800s, it was recognized that epithelial changes occur
in tissues in response to different stresses, which was termed
metaplasia. For instance, a change from sguamous epithe-
lium to columnar epithelium due to gastric reflux occurs in
Barrett's esophagus. Furthermore, numerous examples exist
of lineage switch in lower species. In Drosophila, undiffer-
entiated cellsin imaginal discs are the precursors for legs and
wings. When cells from one imaginal disc are transferred to
another imaginal disc, positional identity is sometimes lost
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and the cells acquire the identity of the new location, a phe-
nomenon known as transdetermination. Young Urodeles can
regenerate whole limbs, thought to be the result of reactiva-
tion of specific homeobox genes in the regenerating blastema
such as, for instance, MSX1. When MSX1 is expressed in
murine myotubes, they undergo de-differentiation and can
redifferentiate not only into myoblasts, but also into
osteoblasts, chondrocytes, and adipocytes And then there is
“Dolly.”

What, then, are the mechanisms underlying the observed
plasticity? Four plausible explanations may exist. First, there
is evidence that stem cellg/progenitor cells for a given organ
may exist in a distant organ. It is well known that HSCs not
only exist in the BM, but aso circulate in the blood and can
be harvested from distant organs such as muscle. Obviously,
hematopoietic reconstitution following transplantation of non-
purified or partially purified cells from muscle or other tissues
that are contaminated with HSCs cannot be defined as
plasticity.

Second, apparent plasticity can be the result of fusion
between donor cells and recipient cells. That this is possible
has long been established in the laboratory, since the creation
of heterokaryons. This technique is commonly used for anti-
body production. During the last one to two years, this phe-
nomenon has come to the forefront in the field of stem cell
plasticity as fusion between cellsin vitro and cellsin vivo has
been shown. This may explain at least some of the observa-
tions. In 2002, two independent groups showed that co-culture
of ES cells with either BM cells or NSCs can lead to fused,
tetraploid, and aneuploid cellsthat function like ES cellswhile
maintaining expression of some of the genes from the BM
cells or NSCs. The frequency of the fusion event was low
(1/10*-10°), and this required considerabl e selectable pressure
to occur. The resultant ES cells could form embryoid bodies
in vitro and could contribute to some tissues when injected in
the blastocyst. More recently, at least two groups demon-
strated that the remarkable tissue replacement seen following
HSC or BM transplantation into HT-I mice is in large part
the result of fusion between HSC-derived monocytes and
parenchymal hepatocytes, providing the hepatocytes with the
missing FAH gene and alowing them to survive in the
absence of NTBC. The frequency of fusion events was low
(1/20° cells), and the cells only expanded in vivo in the setting
of selectable pressure (i.e., remova of NTBC leading to the
death of nonfused cells but survival of fused cells). Interest-
ingly, the genetic program of the HSC-derived cell was
silenced, and the donor nucleus had started to transcribe
hepatic genes. Therefore, this demonstration of nuclear repro-
gramming from one cell fate to another could be considered
as plasticity. However, what was not shown is that this
happens at the stem cell level, and that a hepatic stem cell was
generated from an HSC. Although one might consider cell
fusion as one method to genetically correct tissues, the fact
that the fused cells were, as was described for the fused cells
in vitro, tetraploid and aneuploid, gives one pause.

How widespread is the fusion phenomenon in the field of
stem cell plasticity? No studies have definitively shown that
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adonor stem cell fuses with a recipient stem cell, resulting in
reprogramming at the stem cell level, with subsequent clona
growth of the fused stem cell. However, most investigators
who have demonstrated stem cell plasticity are reevaluating
the phenomenon to address this question specifically. As fused
cells do contain more than 2N DNA, plasticity would be
expected more often in tissues where multinucleated cells are
common. These include multinucleated skeletal myotubes
generated through cell fusion.

Although BM to skeletal muscle transdifferentiation may
be caused by this phenomenon, some studies have shown
that BM-derived cells can give rise to mononucleated muscle
satellite cells, the progenitor for myoblasts, that subsequently
fuse with resident muscle fibers. As the etiology of the cell
contributing to the satellite compartment was not identified, it
is not clear whether this constitutes stem cell plasticity or
transfer of satellite cells present inthe BM graft. Other tissues
include cardiac muscle that become multinucleated by
endoduplication, hepatic cells, and within the hematopoietic
tissue, macrophages. It is thus possible that macrophages gen-
erated by hematopoietic cells can fuse with cells of other
tissues. Then no new stem cells would be generated. Rather,
one would find individua cells located outside of presumed
stem cell niches in different organs, as has been described in
anumber of studies demonstrating plasticity.

Whether the single-donor-derived cells detected in numer-
ous epithelia tissues where they apparently acquired charac-
teristics of the novel tissue are the result of transdifferentiation
or from cell fusion is not known. Some recent studies have
elegantly shown that cells can be more definitively shown or
eliminated by exploiting the ability of the recombinase gene,
Cre, to excise DNA marked by flanking Lox-P sites. In these
studies Cre expressed in the grafted cells from a universal
promoter or a tissue-specific promoter can only activate, for
instance, GFP, placed between Lox-P sites in recipient cells,
if cell fusion occurs. However, again there are studies that
demonstrated using the Cre-Lox system, that fusion may not
explain all events of apparent lineage switch.

A third possible explanation for the observed plasticity is
that different stem cell populations may be even more het-
erogeneous than previously thought. Over the last decade it
has become clear that even the best characterized stem cell
population, namely, HSCs, is more heterogeneous than previ-
ously thought. For instance, investigators have identified cell
subpopulations in mouse and humans HSCs that are respon-
sible for long-term hematopoietic repopulation, short-term
hematopoietic repopulation, or cells that can repopulate the
lymphoid or the myeloid lineage. It is therefore not incon-
celvable that aside from cells committed to long-term
hematopoietic repopulation, even earlier stem cells, com-
mitted to a hemangioblast fate, a mesodermal fate, or even
earlier truly pluripotent cells, may persist within the so-called
HSC population, and co-purified using similar cell surface
antigenic determinants. Then, differentiation would be to the
hematopoietic lineage when the cell persistsin its BM niche,
but cells could differentiate into endothelium, other mesoder-
mal cell lineages, or even ectoderma or endodermal cell
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types, when transferred into appropriate microenvironments.
If that were the case, then this would constitute not plasticity,
but rather persistence of more pluripotent stem cells.

The final possibility is that stem cells can truly be repro-
grammed, in a manner similar to that observed during
metaplasia, as is seen in lower species, or in nuclear trans-
plantation. To prove this and to eliminate the possibility that
plasticity is the reflection of heterogeneity at the stem cell
level, lineage tracing of individual stem cellswill be required.

Potential Use of Adult Stem Ceélls

What speaks most to the imagination isthat stem cells can one
day be used to replace defective body parts, by in vivo infu-
sion, or by creation of bioartificia tissues. Although this may
be possible in the future, the immediate potential benefit of
stem cells lies in the fact that they constitute powerful tools
to study cell self-renewal and differentiation. Investigators
have used HSCs and, more recently, other defined stem cell
populations and their intermediate committed progeny cellsto
identify the growth factor requirement of their development.
This has yielded clinically used cytokines, including erythro-
poietin, granulocyte colony stimulating factor, keratinocyte
growth factor, and many more. With the completion of the
human and mouse genome projects, stem cells and their dif-
ferentiated progeny can now be used to define genetic pro-
grams that need to be activated and inactivated for cell
differentiation to occur, leading to further insight in their
developmental programs and to the creation of both protein
growth factors and small molecules that can activate such
programs.

If stem cell plasticity is due to de- and re-differentiation,
understanding the genetic mechanisms underlying these
processeswill beinvaluable. “ Cell reprogramming” is aready
underway in the clinical setting, for instance, by using
demethylation agents and histone deacetlyases to reactivate
fetal hemoglobin in patients with hemoglobinopathies.
Insights in processes that reprogram one tissue-specific stem
cell into another may then enhance the level of plasticity and
make it perhaps clinicaly relevant.

Hematopoietic disorders and patients with other malig-
nancies undergoing intensive chemo-/radiation-therapy have
been treated for the last two to three decades with HSCs. With
progress being made in defining the nature and differentiation
potential of stem cell populations for other tissues, such as
NSC, keratinocyte stem cells, and corneal stem cells, stem cell
therapy may become a mainstay for treatment of inherited or
acquired defects in these tissues. If studies indicating that
adult stem cells may have greater differentiation potential can
be confirmed, adult stem cells may be used to treat degener-
ative or genetic disorders of many more organs. Adult stem
cells might then be used without prior differentiation in vitro,
as there is so far no evidence that undifferentiated adult stem
cells will cause tumor formation. Adult stem cells might also
be used as autologous grafts, even though such personalized
therapies may be prohibitively expensive. Furthermore, for
acute illnesses, such as myocardia infarctions, or immune-
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based diseases, such as diabetes, allogeneic therapy may be
needed, which will then require that strategies be developed
to overcome immune rejection.

Summary

Until recently the dogma was that embryonic stem (ES) cells
were the only pluripotent cells and that tissue specific stem
cells found in postnatal life have a differentiation potential
that is limited to a single organ-system. However, several
recent reports have challenged this concept and have sug-
gested that the stem cells residing in one postnatal organ can
differentiate to cells of an entirely different organ-system and
may thus be able to cross lineage and even germ layer bound-
aries. Although such greater potential has caused significant
excitement in the scientific and non-scientific community, the
reports have also been viewed with skepticism. This arises
from severa factors, including the low levels of putative
trans-differentiation observed, the fact that some studies could
not be repeated, and most of all the fact that this phenomenon
would contradict the dogmathat somatic stem cells have been
lineage primed and committed early during development.
Several theories have been proposed to explain the apparent
plasticity of postnatal stem cells, most of which can be
supported with scientific observations. In this chapter we
reviewed criteria that characterize stem cells and that thus
should be used to characterize plasticity of stem cells, discuss
the evidence for stem cell plasticity, and then review poten-
tial mechanisms that may explain stem cell plasticity.

KEY WORDS

Fusion between cells giving rise to “heterokaryons’ in
which genetic information of the donor cell can efface part or all
of the genetic information and hence the fate of the acceptor cell.

The loss of genetic
information that provides cell identity with acquisition of a more
primitive (de-differentiation, as in “Dolly”) or different (as in
apparent stem cell plasticity) cell identity.

Apparent ability of a stem cell/progenitor cell
fated to a given tissue to acquire a differentiated phenotype of a
different tissue.
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Molecular Bases of Pluripotency

Fatima Cavaleri and Hans Scholer

I ntroduction

Early mammalian embryogenesis is characterized by a
gradual restriction in the developmental potential of the cells
that constitute the embryo. The zygote and single blastomeres
from a 2—4 cell morula are totipotent. As the embryo contin-
ues to cleave, the blastomeres lose the potential to differenti-
ateinto al lineages. The blastocyst isthe first landmark of the
embryo in which lineage restriction is apparent. At this stage,
the outer cells of the embryo compact into the trophectoderm,
from which the placenta will derive. The inner cells, termed
inner cell mass (ICM), will giveriseto all cell lineages of the
embryo proper but cannot contribute to the trophoblast and
thus are considered pluripotent. Once isolated and cultured
in vitro under permissive conditions, the ICM may be propa-
gated as an embryonic stem (ES) cell line. As amatter of fact,
these cells are thein vitro substitutes for embryosin the search
for the genetic switches and molecular mechanisms required
to ensure pluripotency. Mutations affecting the ability of ES
cells to self-renew or differentiate and contribute to distinct
cell lineages provide the necessary tools to unravel the molec-
ular network underlying pluripotency.

In an attempt to define the molecular basis underlying
pluripotency, we will focus on four main aress:

1. Influence of extracellular factors on pluripotency and self-
renewal (ligands, cytokines, receptors).

2. Signaling pathways activated in pluripotent cells (Jak-
STAT and ERK cascades).

3. Gene transcriptional programs operating in pluripotent
cells (mainly Oct4 and its target genes).

4. Gene function during development of the early mammalian
embryo.

Cellular Models to Study Pluripotency

Three different types of pluripotent cell lines are currently
available as cellular models for the study of mechanisms of
pluripotency: EC, ES and EG.

EC: Embryonal carcinoma (EC) cells are historicaly the
first pluripotent stem cells derived from mouse embry-
onic or fetal tissues. EC cells are self-renewing un-
differentiated cells derived from teratocarcinomas —
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gonadal malignant tumors containing undifferentiated
cells mixed with various differentiated tissues of the
three primary germ layers. Teratocarcinomas, first
observed in some strain of mice as naturally developing
tumors, were derived from preimplantation/pregastru-
lating embryos or primordial germ cells (PGCs) that had
been ectopically grafted in vivo. EC cells can re-form
teratocarcinomas in vivo and differentiate in vitro when
cultured in suspension. They provide a suitable model
system to study cellular commitment and differentia-
tion, but have a mgjor disadvantage: EC cells are tumor
cells, and consequently they are typically aneuploid.
Although they can integrate into a developing embryo
and contribute to adult tissues, their contribution is
extremely poor and lacks consistency and reproducibil-
ity. Most importantly, EC cell contribution to the germ
line was shown to be a very rare event.

ES EC cells set the technical stage for derivation and
handling of ES cells a few years later. In 1981, two
different scientists, Evans and Martin, reported the
establishment of pluripotent cell lines from blastocyst
stage mouse embryos. The pluripotentiality of these
cells was considered proven by their capability to form
teratocarcinoma upon subcutaneous injection into syn-
genic mice in vivo and to differentiate from embryoid
bodies into tissues of al germ layers in vitro. Although
prone to discard the Y-chromosome, ES cells are in
genera euploid and constitute an ideal, direct in vitro
link to and from the embryo. In 1984, Bradley showed
that pluripotent ES cells could be efficiently used to alter
the mouse body composition and germ line through
generations. A few years later the basis of modern
mouse developmental genetics was laid down with the
generation of genetically modified mice derived from
ES cells that had been manipulated by retroviral or
homol ogous recombination methods.

EG cells: In addition to EC and ES cells, athird type of
pluripotent stem cells, called embryonic germ or EG
cells, has been isolated from mouse. Migratory PGCs
form colonies that are morphologically indistinguish-
able from ES colonies when grown on feeder cells in
the presence of serum and a cocktail of growth factors,
namely, LIF (leukemia inhibitory factor), bFGF (basic
fibroblast growth factor) and SCF (stem cell factor).
Like ES cells, EG cells show full developmental capac-
ity, being able to differentiate into derivatives/lineages
of al germ layersin vitro, form teratocarcinomain vivo,
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and contribute to all tissues of chimeric mice, including
germ line, upon injection into host blastocysts.

In summary, pluripotent murine embryo-derived ES and
EG cells exhibit unique properties that make them an
extremely powerful model system to unveil the molecular
basis of plurypotency both in vivo and in vitro:

Unlimited self renewal: they can be grown in large numbers
and indefinitely passaged in vitro.

Stable karyoype.

Refractoriness to senescence, that is, they are virtually
immortal.

Highly efficient and reproducible differentiation potential:
they can giveriseto derivatives of all three embryonic germ
layersin vitro and in vivo.

Germ line colonization.

Clonogenicity: they grow as separate colonies that can be
expanded as independent subclones following genetic
manipulations.

High versatility to genetic manipulation without loss of
pluripotency, asintroduction of foreign DNA does not affect
their ability to be fully integrated into the founder tissue of
a host embryo or to colonize its germ line.

The Stem Cell Environment: Cytokines
and Pluripotency

The stem cell niche: In many cases, the culture of stem cells
has been complicated by the lack of knowledge of their
cellular environment or niche. Hematopoietic stem cells, for
example, wereidentified more than 40 years ago, in 1961, but
conditions still have to be established to ensure their mainte-
nance in vitro. In addition, they might require complicated
three-dimensiona arrangements of specific stromal cells in
order to proliferate.

The EScell niche: In contrast, ES cells are relatively easy
to betechnically handled. The establishment of thefirst murine
embryonic stem lineswas achieved by culturing early embryos
onalayer of mitotically inactivated mousefibroblasts. Without
such a “feeder” layer, cultured embryonic cells would not
remain pluripotent, suggesting that fibroblasts either promote
self-renewal or suppress differentiation, or both.

LIF and other cytokines: Fibroblasts maintain pluripotency
of ES cells by secreting a factor, which was identified as
leukemiainhibiting factor (L1F), also known as differentiation
inhibiting activity (DIA). LIF is amember of the interleukin-
6 family of cytokines, including IL-6, oncostatin M (OSM)),
ciliary neurotrophic factor (CNTF), and cardiotrophin-1
(CT-1). The IL-6 family cytokines are structurally and func-
tionally related. They act on a variety of cells (i.e,, they are
pleiotropic) and can mediate proliferation or differentiation or
both according to thetarget cell types. For example LIF, OSM,
and IL-6 are competent to induce myeloma growth and to
inhibit macrophage differentiation of M1 cells. The redun-
dancy in biological function is due mainly to the structural
similarity of the receptor complex involved in signal trans-
duction (see below).
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Redundant cytokine functions and development: The
absence of a developmental phenotype in IL-6-, LIF-, and
CTNF-null mice confirms that IL-6-related cytokines are
indeed functionally redundant. However, LIF mutant females
are infertile, as the interaction between embryo and uterine
wall (decidual reaction) strictly depends on a surge of estro-
gen on the fourth day of gestation, which coincides also with
a surge in LIF production by the uterus. As a consequence,
LIF —/— females fail to support embryo implantation, LIF —/—
embryos can implant and develop to term in a normal uterus.

ES self-renewa dependence on cytokine supply can be
attributed to several factors. LIF may influence the rate of cell
proliferation or cell cycle progression and act on the stem cell
phenotype by activating a signaling cascade that operates
on the up- or down-regulation of genes that are exclusively
expressed in “pluripotent” or differentiated cells, respectively.
Analysis of the ES expression profile does not favor either
one of the two above-mentioned explanations, since LIF
withdrawal triggers disappearance and appearance of pluripo-
tent and differentiated markers, respectively, within 24h. A
complete and systematic analysis of the target genes lying
downstream of the LIF-induced signaling pathways is neces-
sary to clarify the cytokine modus operandi on the ES cell
phenotype.

Cytokine-Receptor Binding on ES Célls:
Multiple Relay Stations

Structure: The receptors involved in the IL-6 family cytokine
signaling cascade belong to the cytokine receptor class |
family. The extracellular domain of all members of cytokine
receptor class | family is composed of a variable number of
fibronectin type |11 modules. Two of the fibronectin modules
are conserved among al members of the family and consti-
tute the cytokine-binding module. The cytoplasmatic domain
of the receptor contains three conserved motifs, called box 1,
box 2, and box 3 in a membrane proximal to distal order, and
lacks intrinsic kinase activity. These three subdomains are
responsible for transmitting the extracellular signal into the
cytoplasm.

Dimerization: Binding of the IL-6 family cytokine to their
cognate receptors leads to homodimerization of gp130 or het-
erodimerization of gp30 with the cytokine cognate receptor.
For example, IL-6/IL6R and IL-11/1L-11-R complexesinduce
gp130 homodimerization. Both LIF and CT-1 bind to LIFR
and induce LIFR/gp130 heterodimerization. CTNF engages
LIFR/gp130 as a signaling competent complex through an
association with CTNF/CTNFR, whereas OSM engages the
LIFR/gp130 or OSMR/gp130 by binding to the gp130 portion
of the heterodimers (see Figure 4-1). All the described re-
ceptor complexes share gpl30 as the common component
critical for signal transduction, which explains the observed
redundancy in cytokine functions.

LIF and LIFR: LIF and LIFR have areciprocal pattern of
expression in the mouse blastocysts: the cytokineis expressed
in the trophectoderm and the receptor in the ICM. This pattern
of distribution was suggestive of a paracrine interaction
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Schematic structure of the cytokine receptor complexes sharing gp130 as a common subunit. 1:6/I1L6R and I1-11/I-11-R complexes induce
gp130 homodimerization. Both LIF and CT-1 bind to LIFR and induce LIFR/gp130 heterodimerization. CTNF engages LUFR/gp130 as a signohng compe-
fent complex through an association with CTNF/CTNFR, whereas OSM engages the LIFR/gp130 or OSMR/gp130 by binding to the gp130 portion of

the heterodimers.

between trophoblast and ICM whereby production of LIF by
trophoblast could sustain the pluripotent ICM.

Expression of cytokine receptors and ligands: Although
gpl30 is widely expressed in various tissues, ligand-specific
receptor components display a more restricted expression.
LIFR, OSMR, and CTNFR are expressed in ES cells; conse-
quently, CT-1, OSM, and CNTF and LIF are interchangeable
in preventing ES cell differentiation and supporting ES cell
derivation and maintenance of ES cells in culture. IL-6 and
IL-11 cannot substitute for CT-1; OSM and CNTF as the IL-
6 and IL-11 receptors are not expressed in ES cells. However,
IL-6 can prevent ES differentiation if delivered in conjunction
with a soluble form of the IL-6 receptor, which retains ligand
binding activity and capability to induce gp130 homodimer-
ization (see Figure 4-1).

Genetic studies: LIFR-null embryos die shortly after birth,
and exhibit reduced bone mass and profound loss of moto-
neurons. Embryos homozygous for the gpl130 mutation die
between 12 and 18 days postcoitum (dpc) because of placen-
tal, myocardial, hematological, and neurological disorders.
CTFR-deficient mice exhibit perinatal death and display pro-
found motor neuron deficits.

Receptor gene function in ES cells and diapause: The late
embryonic lethaity of the gpl30 —/— fetuses is in conflict
with the gp130 requirement for ES cell self-renewal in vitro.
Delayed or quiescent blastocysts were used for the initial
experiments of ES cell derivation. Lactating females can con-
ceive while still nursing their pups but cannot support blasto-
cyst implantation because they do not produce estrogen at the
fourth day of gestation. Consequently, embryonic develop-
ment is arrested and resumes under favorable conditions for
optimal development. This phenomenon, termed diapause,
can be artificially induced by ovariectomy after fertilization.
The embryos reach the blastocyst stage, hatch from the zona
pellucida, and float in uterus in a quiescent status for up to 4
weeks. In this scenario, the epiblast, which normally preserves
its pluripotent status for about three days (from 3.5dpc, when
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it forms, up to 6.5dpc, when gastrulation starts), can be main-
tained for longer time periods and resumes devel opment when
an estrogen-rich environment is established.

The possibility that cytokine receptors may then have an
embryonic function in the quiescence embryo state was inves-
tigated. LIFR—/— and gp130 —/— delayed embryos are unable
to resume embryogenesis after 12 and 6 days of diapause,
respectively. The number of cells that constitute the ICM of
delayed gp130 —/— blastocysts is gradually reduced by apop-
tosis during the 6-day period of diapause. Moreover, ICMs
isolated from delayed gp130 null blastocysts cannot form a
pluripotent outgrowth in vitro, as they differentiate exclu-
sively into parietal endoderm.

Thus, it appears that maintenance of the epiblast during
digpause is temporaly dependent on different cytokines
and that Gp130 plays a more critical role than LIFR in this
process. Two models may explain why epiblast cells enter
apoptosis in the absence of gpl130 signaling:

1. gp130 relays a cell survival signal from the extracellular
compartment to the nucleus. This model is supported
by the anti-apoptotic activity of the transcription factor
STAT3 in avariety of cells.

. gp130 suppresses epiblast differentiation. In the absence of
gp130 signal, epiblast cells may differentiate inappropri-
ately (as shown by the endoderm formation solely) and
consequently die.

Signal Transduction: Cascades to the
Stem Cell Nucleus

Homo- or heterodimerization of gpl130 results in the activa-
tion of receptor-associated kinases of the Janus family Jak1,
Jak2 and Tyk2.

These tyrosine kinases congtitutively interact with the
conserved regions box 1 and box 2 of gpl30. The receptor
complex isinactive until ligand-induced receptor dimerization
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Schematic description of the signaling pathways induced by I1:6 family cytokine. Following gp130 hetero- or homodimerization, activated
JAKs phosphorylate the intracellular domain of gp130 on Y126,173, 265, 275, and 118. STAT3 association with phosphorylated Y126-275 leads to
STAT3 phosphorylation, dimerization, and franslocation to the stem cell nucleus. Association of SHP-2 with phosphorylated Y118 leads via adaptor proteins
fo acfivation of the Ras pathway and translocation of ERK1/2 to nucleus. STAT3 activation induces ES selfrenewal, whereas ERK activation causes cell

differentiation.

brings the associated Jak kinases within sufficient proximity
to alow transphosphorylation and activation of the kinase
catalytic domain. Activated Jaks phosphorylate specific
tyrosines on the intracellular domain of gpl30, creating
docking sites for the recruitment of SH2 proteins to the
activated receptor complex. When gp130 is phoshorylated,
severa signaling pathways are activated, involving STAT1
and STAT3, the SH2-domain containing tyrosine phosphatase
(SHP2), ERK1 and ERK2 (extracellular signa receptor
kinases or mitogen-activated kinases (MAPK), growth-factor
receptor-bound protein (Grb) 2, Grb2-associated binder
protein (Gab) 1, and phosphatidylinositol-3 kinase (PI3K)
(see Figure 4-2).

STAT: Latent Transcription Factors
Transmitting Signals

The STAT family: STAT proteins belong to a group of latent
cytoplasmic transcription factors that play a central role in
transmitting signals from the membrane to the nucleus, hence
their name (signal transducers and activator of transcription).
Seven major STAT proteins have thus far been identified in
mouse (STAT1 to STATS, including STAT5a and STAT5h).
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With the exception of STAT4, which is restricted to myeloid
cellsand testis, STAT factors are ubiquitously expressed. They
are activated in many cell types by abroad range of cytokines,
growth factors, and interferons (IFNs), and they are substrates
for tyrosine kinases of the Src and Jak families.

Structure: STAT proteins share several conserved struc-
tural and functional domains. A tetramerization and a leucine
zZipper-like domain are located at the amino terminus, fol-
lowed by a DNA binding domain, a Src homology domain 3-
like region (SH3, proline rich motif binding domain), a Src
homology domain 2 (SH2), a critical site of tyrosine phos-
phorylation (Y705 in STAT3), and a carboxy-terminal trans-
activation domain. No evidence has emerged so far to suggest
an SH3 function.

The SH2 domain plays three important roles:

 Recruitment to activated receptor complexes.
* Interaction with Jaks.
o STAT dimerization and DNA binding.

Regulation: The regulation of STAT signaling is mostly
post-translational and involves both tyrosine and serine
phoshorylation.
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Phosphorylation of the conserved tyrosine (Y 701 for
STAT1, Y705 for STAT3) results in dimerization of
STAT1/STAT3 through the intermolecular interaction of the
SH2 domains and the domain containing the phosphorylated
tyrosine. STAT1 and STAT3 homo- and heterodimers trans-
locate to the nucleus, where they activate gene transcription
by binding to specific DNA sequences. Consistent with the
requirement for dimerization-induced activation, the con-
sensus hinding sites are symmetrical dyad sequences. In order
to achieve maximal transcriptional activity, the C-terminal
transactivation domain of both STAT1 and STAT3 requires
phoshorylation at serine 727 by MAPK family members,
suggesting a cross talk between MAPK and JAK/STAT
pathways.

STAT3: STAT3 was originaly identified as an acute
response factor which, upon IL-6-family cytokine stimula-
tion, induces the expression of a variety of genes, referred
to as acute response genes, whose expression dramatically
increases with tissue injury and inflammation.

Targeted disruption of STAT3 genein vivo leads to embry-
onic lethality. STAT3 null embryos devel op into elongated egg
cylinder but degenerate at around E7.0. At this stage wild-type
embryos start to express STAT3 in the viscera endoderm.
Embryonic lethality is then explained as a consequence of the
failure in establishing metabolic exchanges between embryo
and maternal blood. STAT3 thus plays a unique crucial role
during embryonic development that cannot be compensated
by other members of the STAT family.

LIF and STAT3: The initial studies conducted on LIF-
dependent transcriptional activation in embryonic stem cells
showed induction of a DNA binding activity that correlated
with LIF treatment (Hocke et al., 1995) (Boeuf et al., 1997).
Steady-state levels of STATL, 3, 5, and 6 were unaffected by
LIF treatment. In contrast, co-immunoprecipitation experi-
ments indicated STAT3 as being a component of the tyrosine-
phosphorylated complex formed upon LIF induction. In
addition, tyrosine kinase inhibitors were shown to impair
formation of the activated STAT3 complex and to alter un-
differentiated ES cell morphology versus a differentiated
phenotype.

STAT3: ES cell renewal and the undifferentiated state:
Identification of STAT3 as a key determinant of ES renewal
came from the elegant studies conducted in A. Smith’slab and
T. Yokota's lab. Granulocyte colony-stimulating factor recep-
tor (G-CSF-R) belongsto class | cytokine receptor family and
isnot expressed in ES cells. In order to characterize the func-
tiona role of the receptor intracellular domains or residues
in signal transduction, chimeric receptors constituted of the
extracellular domain of G-CSF-R fused to the transmembrane
and cytoplasmic region of gpl30 or LIFR were engineered.
G-CSFR/gp130 and G-CSF-R receptors can support ES self-
renewal at higher and lower efficiency, respectively, whereas
the G-CSF-R/LIF-R chimera cannot support formation of
stem cell colonies. Thisresult suggests that gp130 is an essen-
tial component in signaling self-renewal in ES cells and that
G-CSF-R and gp130 intracellular domains activate common
signaling pathways.
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The intracellular domain of gp130 harbors four consensus
motifs YXXQ whose phosphorylated tyrosines were shown
to function as docking sitesfor STAT3. Single or double muta-
tion of thesetyrosine residues (Y 126, 173, 265, and 275, enu-
meration starting from the transmembrane domain) did not
affect self-renewal appreciably (see Figure 4-2). Rather, muta-
tions of Y265/275 completely abolished STAT3-induced
binding activity and formation of undifferentiated colonies.
These data demonstrate that STAT3 docking sites are essen-
tia in mediating transmission of the signal from gp130 to
STAT3 in self-renewing ES cells, although the tyrosine
residues are not functionally equivalent. Moreover, condi-
tional expression of STAT3F, containing a phenylanine sub-
stituting for Tyrosine 705, caused complete differentiation of
ES cells even in the presence of LIF.

In the work from Matsuda, STAT3 activation was shown
to be sufficient to maintain the undifferentiated status of
mouse embryonic cells. In order to uncouple STAT activation
from any signaling pathway induced at a membrane receptor
by extracellular factors, the authors constructed a fusion
protein composed of the STAT3 entire coding region and
the ligand-binding domain of the estrogen receptor. The
STAT3ER chimeric protein was specifically tyrosine 705
phosphorylated in the presence of the synthetic steroid ligand,
4-hydroxytamoxifen (4HT). Parental ES and ES expressing
STAT3ER were grown in the presence of LIF or 4HT. The
compact colonies formed by STAT3ER ES in the presence of
either LIF or 4HT demonstrated that STAT3 activation is suf-
ficient to maintain the undifferentiated phenotype of ES cells.
Most importantly, besides being morphologically undifferen-
tiated, cells grown for one month in 4HT widely contributed
to all tissues of chimeric mice.

STAT3 independent ES cell renewal: The striking paradox
created by STAT3- or gpl30-null phenotypes and the strict
dependence on gp130-STAT3 signaling pathways for mainte-
nance of pluripotent ES cells is suggestive of the existence of
aternative pathways governing pluripotency in vivo. Dani
et al. presented some evidence of STAT3 independent signal-
ing pathways operating in self-renewing ES cells. When ES
cells are grown at high density in the absence of LIF, the
newly differentiated cells start synthesizing LIF, which inturn
alows the expansion of undifferentiated cells. In order to
eliminate the L1F-dependent pathways of self-renewal, aLIF-
deficient ES céll line was generated. Strikingly, LIF-/— cells
can still produce undifferentiated colonies, though at lower
efficiency than wt or heterozygous lines when induced to dif-
ferentiate. ES cell renewal factor, or ESFR, can support the
pluripotential character of ES cells upon blastocyst injection.
Interestingly, ESFR does not operate via LIFR or gpl30
because it is effective on LIFR-deficient ES cells and is not
blocked by anti-gp130 antibodies. STAT3 is not induced in
the presence of ESRF.

SHP-2/ERK Signaling

STAT 1 and 3 are only two of the downstream effector mol-
eculesinduced by cytokine signaling viagp130. LIF treatment
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of ES cells increases MAP kinase activity and induces phos-
phorylation of ERK 1 and ERK 2. The bridging factor between
cytokine receptor and MAP kinase is the widely expressed
tyrosine phosphatase SHP-2.

SHP-2 structure: SHP-2 contains two N-terminal SH2
domains and a C-terminal catalytic domain. SHP-2 interacts
with the intracellular domain of Gp130 through phosphory-
lated Tyrosine 118, located inside the consensus Y STV
sequence. Recruitment to the activated receptor induces SHP-
2 phosphorylation, which leads to an increase in phosphatase
activity by preventing an intramolecular interaction between
the SH2 and the catalytic domain of SHP2. In BAF-B03 pro-
B cells, mutation of gpl30 Tyrosine 118 into phenylaanine
was shown to block SHP-2 phosphorylation and induction of
ERK?2 activation.

SHP-2-ERK signaling and ES cells: G-CSFR responsive
ES cells provided an excellent tool for establishing the role
played by the SHP-2-ERK signaling in ES cell propagation.

A mutant G-CSFR-gp130 chimeric receptor that cannot be
phoshorylated on Y 118 (and that consequently cannot induce
SHP-2 phosphorylation) does not impair the self-renewal of
ES cells (see Figure 4-2). In contrast, the mutated chimera
makes ES more sensitive to G-CSF, as they can be maintained
at a lower concentration of G-CSF (1000-fold less) than the
one required by ES cells expressing the unmodified receptor.
Moreover, the signa started at the phosphorylated Y118
mediates attenuation of activated STAT3, as shown by slower
decay of phosphorylated STAT3.

Enhanced ES self-renewal is observed when either a cat-
alyticaly inactive SHP-2 is overexpressed or ERK phospho-
rylation is chemically blocked. These results indicate that
SHP-2 and ERK activation isnot required for the maintenance
of self-renewal signaling, but rather they inhibit it. This
conclusion is confirmed by enhanced LIF sensitivity and
increased proliferation rates observed in ES cells, and embry-
oid bodies derived thereof, expressing a ASH2-SHP-2 protein.
However, cardiac/epithelial differentiation of SHP-2 mutant
cells is inhibited and delayed, indicating that SHP-2 plays a
positiverolein ES differentiation. In conclusion, ES cell self-
renewa is a consequence of the precise balance of antago-
nistic signaling pathways.

SHP2 communicates with ERKs: Activated ERK's undergo
nuclear translocation, which enables them to modulate the
activities of transcription factors that govern proliferation,
differentiation, and cell survival. SHP-2 interaction with
two adapter molecules, Grb2 and Gabl, provide two aterna-
tive routes that couple cytokines to the activation of ERK
pathways.

SHP-2/Grb2 association leads to Ras activation through
the GTP-GDP exchange protein SOS. SHP-2 has also been
shown to associate with the scaffold Grb2-associated binder
protein Gabl and PI3-kinase and activate ERK MAP kinase
via a Ras dependent pathway.

Grb2 and Gabl adapter proteins: Like most adapter pro-
teins, Grb-2 contains SH2 and SH3 domains. The SH2 domain
mediates Grb2 binding to SHP-2 while the SH3 domain medi-
ates interaction with SOS. Tyrosine phosphorylation of Gabl
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following stimulation with cytokines depends on the gp130
site (Y118) docking SHP-2, but is independent from the
gp130 C-terminal domain interacting with STAT3. Gp130-
mediated ERK2 activation is enhanced by Gabl expression
and inhibited by a dominant negative Ras.

Functional ablation of Grb2 in ES cells: Null mutation of
the Grb2 gene leads to embryonic lethality at around 7.5dpc.
The differentiation potential of Grb2-null ICM cells is com-
promised as cultured blastocysts lack either visceral or
parietal endodermal cells. The ability of Grb2 to support
endoderm differentiation is abrogated by mutation in the
SH2 or SH3 domain. Interestingly, transformation of Grb2-
deficient ES cells with an activated variant of Ras restores
endoderm differentiation, indicating that the Grb2-Ras
pathway is essential for early specification of the endoderm
tissues.

The Consequences of L1FR/gp130
Interaction at the Gene Expression L evel

The phenotype of a particular cell type is the culmination of
awell-defined and unique pattern of gene expression charac-
terized by the activation of some genes and repression of
others. Therefore, elucidation of the molecular basis of a
pluripotency is based primarily on the identification of the key
transcription factors involved in regul ating gene expression at
the pluripotent “state.” In a very simplistic model, genes that
promote and maintain an undifferentiated cellular state would
be expressed in pluripotent cells, while those activated during
stem cell differentiation would be repressed. Conversely,
in terminally differentiated cells, pluripotency-related genes
would be silenced, whereas those required for the differenti-
ated cell state would be expressed. Elementsthat influence the
transcriptional regulation of gene expression include epige-
netic modifications of the genome, such as methylation and
histone deacetylation, which determine what types of interac-
tions are allowed between DNA and transcription factors and
modulating cofactors.

Oct4 Isa Key Transcription in
Pluripotency

Oct4 is atranscription factor belonging to the class V of POU
factors. The POU family of transcription factors binds to
the octamer motif ATGC(A/T)AAT found in the regulatory
domains of cell type-specific as well as ubiquitous genes.
POU factors have acommon conserved DNA binding domain,
called the POU domain, which was originally identified in the
transcription factors Pit-1, Oct-1, Oct-2, and Unc86. The POU
domain is comprised of two structurally independent sub-
domains — the POU specific domain (POUs) and the homeo-
domain (POU,;) — connected by a flexible linker of variable
length.

The POU domain of Oct4 is characterized by several prop-
erties that confer the Oct4 protein an impressive versatility in
the operational mode of transcriptiona regulation:
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 Flexible amino acid-base interactions allowing recognition
of moderately variable cognate DNA elements.

e Variable orientation, spacing, and positioning of DNA-
tethered POU subdomains relative to each other on the
DNA, as evidenced by the different arrangement on the
palindromic Oct factor recognition sequences.

» Cooperative binding of the two subdomains to the DNA.

« Interaction with other transcription factors and regulatory
modul ators.

* Post-translational modifications modulating Oct4 transacti-
vation in various cell types.

The POU domain binds to DNA via interaction of the third
“recognition” helix of the POU with basesin the DNA major
groove at the 3’A/TTTA rich portion of the octamer site. The
POU,, domain is structurally similar to other homeodomains.
The POUs domain exhibits site-specific, high-affinity DNA
binding and bending capability. Both the POUs and POU,
subdomains function as structurally independent units with
cooperative high-affinity DNA-binding specificity. Functional
cooperation between the two subdomains may occur indi-
rectly viathe DNA by overlapping base contacts from the two
subdomains.

In addition to the DNA binding function, both the POUy
and POUs subdomains can participate in protein—protein
interactions. In ES cells, Oct4 activates gene transcription
regardless of the octamer motif distance from the transcrip-
tiona initiation site. However, Oct4 can transactivate only
from a proximal location in differentiated cells. In this sce-
nario, interaction between the adenovirus protein E1A or
human papillomavirus E7 oncoprotein and Oct4 POU domain
is sufficient for Oct4 to elicit transcriptional activation from
remote binding sites. E1A and E7 proteins would therefore
mimic unidentified embryonic stem cell specific coactivators
that serve a similar function in pluripotent cells.

Two domains spanning the N- and C-termina portion of
Oct4 protein define the transactivation capacity of the POU
transcription factor. The N-termina region (N domain) is a
proline and acid residue-rich region, whereas the C-terminal
domain (C domain) is a region rich in proline, serine, and
threonine residues. The N-terminal domain can function asan
activation domain in heterologous cell systems. However, the
C-terminal domain of Oct4 exhibits a POU domain medi-
ated cell type-specific function. Intramolecular interactions
between the POU domain and C-terminal domain may lead
to cell type-specific interactions with different cofactors or
kinases. An interesting regulation model of the C-domain pre-
dictsthat association between the Oct4 POU domain and other
factors can alter the phosphorylation status of the protein and
ultimately modulate the activity of the C-domain.

OCT4 Expression

IN THE MOUSE

Oct4, otherwise designated Oct3, or POUSF1, isamaternally
inherited transcript that is developmentally regulated in mice.
Itisexpressed at low levelsin all blastomeres until the 4-cell
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stage at which time the gene undergoes zygotic activation
resulting in high Oct4 protein levels in the nuclel of al blas-
tomeres until compaction. After cavitation, Oct4 is maintained
only in the inner cells (ICM) of the blastocyst and is down-
regulated in the differentiated trophectoderm (TE). Following
implantation, Oct4 expression is restricted to the primitive
ectoderm (epiblast), although it is transiently expressed at
high levels in cells of the forming hypoblast (primitive
endoderm). During gastrulation, starting at 6.0-6.5dpc, Oct4
expression becomes down-regulated in the epiblast in an
anterior-posterior manner. From 8.5dpc on, Oct4 becomes
restricted to precursors of the gametes or primordial germ
cells (PGCs). Oct4 isalso expressed in undifferentiated mouse
embryonic stem (ES), embryonic germ (EG), and embryonic
carcinoma (EC) cell lines. ES and EC cell treatment with the
differentiation-inducing agent retinoic acid (RA) induce rapid
Oct4 down-regulation in both cell types. Oct4 isnot expressed
in differentiated tissues. Recently, a very low amount of Oct4
messenger was detected in multipotent adult precursor cells
(MAPCs) and human breast cancer cells.

IN HUMANS

Oct4 is highly expressed in ICM cells relative to TE cellsin
discarded human embryos. It is aso expressed in pluripotent
human EC and ES/EG lines.

OCT4 Activity in Assays

Gene inactivation experiments indicate that Oct4 plays a
determinant role in the specification of mouse pluripotent
cells. However, Oct4 function is not confined to pluripotent
cells. Extrapolation of the data obtained by manipulating
Pou5f1 expression in ES cells indicates that Oct4 is a master
regulator of cell fate in al three tissues of a preimplantation
embryo.

EMBRYOS WITH NO OCT4

Oct4-deficient embryos die at the peri-implantation stage and
form empty decidua (or implantation sites) that contain tro-
phoblastic cells but are devoid of yolk sac or embryonic struc-
tures. The embryos develop up to the 3.5dpc blastocyst stage,
with an unaltered number of cells in the ICM or trophoblas-
tic compartment compared with wild-type embryos, suggest-
ing that in the absence of Oct4 protein, during early stages of
development, cell proliferation is not affected. In vitro cul-
tures of cellsimmunosurgically isolated from the inner region
of Oct4 —/— 4 dpc blastocysts contain trophoblastic giant cells
but do not contain a pluripotent outgrowth or extra-embryonic
endoderm. These results indicate that the ICM of Oct4-
deficient blastocyst is defined only by the stereo arrangement
of not-pluripotent cells, which are diverted to a trophoblastic
phenotype. These findings are consistent with the concept that
Oct4 isessentia in the establishment of the ICM pluripotency.

ES CELLS WITH LOW AND HIGH LEVELS OF OCT4

Based on Oct4 expression levels during the first two events
of lineage commitment in the early embryo, it is not entirely
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surprising that a critical amount of Oct4 has recently been
reported to be crucia for the maintenance of ES cell
self-renewal.

ES cells containing a bacterial genetic system for the con-
ditional expression and repression of Oct4 transgene allowed
researchers to determine the cellular phenotype linked to vari-
able levels of Oct4 protein. Briefly, ES cells in which one or
both endogenous Oct4 alleles had been inactivated were trans-
fected with constructs for a tetracycline-regulated transacti-
vator and a responsive Oct4 transgene, whose precise level
of expression was modulated by variable amounts of the
antibiotic.

A 50% decrease in the endogenous Oct4 levels relative to
that of undifferentiated ES cells resulted in the commitment
of ES cells to trophoectoderm lineages, containing both pro-
liferating and endoduplicating giant cells based on the culture
conditions. This result is consistent with the phenotype of
Oct-4—/- embryos and the observation that trophoblastic dif-
ferentiation of outer cells of the morula is accompanied by
Oct4 down-regulation.

However, an increase beyond the 50% threshold level of
Oct4 leads to the concomitant differentiation of ES cells into
extra-embryonic endoderm and mesoderm. Interestingly, LIF
withdrawal leads to the specification of the same lineages.
Less subtle changes in Oct4 level (both increase or decrease)
do not affect ES cell self-renewal.

In conclusion, the precise level of Oct4 protein governs
commitment of embryonic cells aong three distinct cell fates
(self-renewal, trophectoderm, or extra-embryonic endoderm
and mesoderm).

The conditional Oct4-null ES line was used in a com-
plementation essay to establish which domains of the Oct4

protein are sufficient to maintain ES cells. The complementa-
tion assay was based on the ability of a proper Oct4 molecule
to rescue the self-renewal capability of cells that would
otherwise differentiate due to Oct4 down-regulation. Oct4 is
the only POU protein that has the ability to rescue the self-
renewing phenotype, as Oct2 or Oct6 has no effect on cell fate
in this system.

A truncated Oct4 protein containing the Oct4 POU domain
and either the N- or C-terminal domain can support ES
cell self-renewal as the wild-type counterpart. Furthermore,
gene expression analysis reveaded that Oct4 transactivation
domains, though equivalent in sustaining the undifferentiated
stem cell phenotype, elicit activation of different target genes.
It would be interesting to determine the consequences of
either the N or C domain deletion on pluripotency and embryo
development in vivo.

Regulation of Oct4 Expression

Use of Oct-4/LacZ transgenes has allowed the identification
of two distinct enhancer elements reciprocally driving the cell
type-specific expression of Oct4. The distal enhancer or DE,
located approximately 5Kb upstream the promoter, regulates
Oct4 expression in preimplantation embryos (morula and
ICM), PGCs, and in ES, F9 EC, and EG cells. However, the
DE isinactivein cells of the epiblast. The proximal enhancer
or PE, located approximately 1.2Kb upstream, directs Oct4
expression in the epiblast, including Oct4 down-regulation in
the anterior to posterior direction after gastrulation, and in P19
EC cells, including RA-dependent Oct4 down-regulation (see
Figure 4-3). Two similar inverted elements, the 2A site of DE
and the 1A site of the PE, are bound by transcription factors

Upstream regulator

DE PE PP ATG
[SR) s \ 4 \
= So—sss— - H- I o
Site 2A Site 1A 1B 1 2 3 4 5
GCbox HRE
DE PE

Preimplantation embryo:
oocyte through morula stage
Postimplantation embryo: P19 EC cells
PGCs

ES cells
EG cells
F9 EC cells

Postimplantation embryo:
Embryonic ectoderm

Genomic structure of the Oct4 gene. Open boxes indicate the conserved regions included in the proximal and distal enhancer. Black boxes
indicate the five exons of the gene. The cell specificity conferred by the two enhancers is also depicted.
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invivo in undifferentiated ES and EC cells. Upon RA-induced
differentiation, protection of thesetwo areasislost. These data
suggest that these elements are involved in regulating Oct4
transcription probably through local signals and/or cell type-
specific factors.

The Oct4 gene comprises a TATA-less promoter contain-
ing a GC-rich Spl-like sequence and three hormone response
element half sites— (HRE) R1, R2, and R3.

Oct4 and SF1 (steroidogenic factor-1) expression patterns
are inversely correlated to the germ cell nuclear factor
(GCNF) expression pattern in P19 cells. Both SF1 and GCNF
are orphan nuclear receptor. During RA-induced differentia-
tion of P19 cells, SF1/Oct4 down-regulation is followed tem-
porally by GCNF up-regulation first and then by induction of
the orphan receptors ARP-1/COUP-TFII and EAR-3/COUP-
TF-1, which act as negative regulators of Oct4 promoter-
driven transcription. SF1 binding to a site overlapping the R3
and part of the flanking R2 repeat in undifferentiated P19 cells
can activate the Oct4 promoter in synergism with retinoic acid
receptor (RAR). GCNF hinds to the R2 repeat in vivo and
represses transcription driven by the proximal enhancer-
promoter (PEP) in P19 cells (see Figure 4-3).

Analysis of GCNF-deficient embryos has emphasized the
impact of GCNF-induced repression of the Oct4 gene. Low
GCNF expression is detected in the whole mouse embryo at
6.5dpc. At 7.5dpc, increasing GCNF and decreasing Oct4
MRNA levels are observed in neural folds and at the posterior
of the embryo. As mentioned above, at the end of gastrulation
Oct4 is maintained only in PGCs at the base of the allantois.
In 8.0-8.5dpc GCNF-deficient embryos, Oct4 mRNA is
detected in the putative hindbrain region and posterior of the
embryo, which indicates that loss of GCNF leads to loss of
Oct4 repression in somatic cells and loss of GCNF-induced
restriction of Oct4 in the germ line. The same phenotype is
observed in GCNF-deficient mice containing a targeted dele-
tion of the DNA binding domain of GCNF. These findings
thus implicate GCNF in the restriction of the mammalian
germ line and embryonic stem cell potency.

DNA methylation constitutes an important mechanism of
gene expression regulation during embryogenesis. A global

loss of DNA methylation occurs during cleavage prior to the
16-cell stage. Following implantation, a wave of de novo
DNA methylation occurs in al genes, except those contain-
ing CpG islands. In vivo analysis of the PEPregion of the Oct4
gene reveals that Oct4 is not methylated from the blastula
stage up to 6.25dpc, atime during which other genes undergo
de novo methylation. Interestingly, a cis-specific demethy-
lation element exists within the Oct4 PE. Mutational analy-
sis shows that site 1A within PE is involved in preventing
methylation. The presence of this cis-specific demodification
element causes demethylation of sequences that had been
methylated prior to their introduction into EC cells and
protects from de novo methylation in vivo. Interestingly,
methylated PE sequences induce a decrease in transcriptional
activation both of areporter gene and the endogenous Oct4 in
P19 cells. According to the model proposed by Gidekel and
Bergman, binding of trans-acting factors to the PE element
offers protection against de novo methylation, which can
begin soon after gastrulation, when these factors are down-
regulated. At the end of gastrulation, these factors would be
present only in the germ cell lineage, the sole lineage to
express Oct4 by 8.5dpc.

Target Genes

A few putative Oct4 target genes have been identified to date
and are briefly discussed below (see Figure 4-4). Human
chorionic gonadropin (hCG) is required for implantation and
maintenance of pregnancy. HCG is secreted by the trophec-
toderm of peri-implantation blastocyst. Oct4 has been shown
to silence the expression of o and B subunit genes of hCG
in human choriocarcinoma cells. Oct4 binding to a unique
octamer motif (ACAATAATCA) in the hCGB-305/-249 pro-
moter considerably reduces both hCG § mRNA and protein
levelsin JAr choryocarcinomacells. Although Oct4 is a potent
inhibitor of hCGo. expression, no octamer binding site has
been identified in the promoter region of hCGa.

Like CG in humans, tau interferon (IFN-1) is needed to
prevent regression of the maternal corpus luteum during the
early stages of pregnancy in ruminant species. In cattle,
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Schematic structure of the Oct4 protein functional domains: NHer and C-er activation domains (AD) and POU specific and homeodomains
[POUs and POUH). Also shown is the Oct4 effect on the transcription of ifs target genes.
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members of the multigene IFN-t family are expressed in the
TE from the blastocyst stage up to the beginning of the
placentation process. Expression of IFN-t gene is activated
from an Ets-2 enhancer located in the promoter region at
—79/-70. IFN-t repression by Oct4 is specific, as neither Octl
nor Oct2 interferes with Ets-2-induced activation of IFN-t
promoter in JAr cells. The mechanism of repression is based
on protein—protein interactions between the Oct4 N-POU
domains and the region localized between the activation and
the DNA binding domain of Ets-2. These data, taken together
with the observation that reduced Oct4 protein level triggers
differentiation of murine ES cells into trophoectoderm, sug-
gest that silencing of Oct4 in the TE is a prerequisite for up-
regulation of hCGs and IFN-t.

The Rexl (Zfp-42) gene, which encodes a zinc finger
protein, is expressed at high levelsin ES and EC cells, and is
down-regulated upon RA treatment. Both processes are medi-
ated by the octamer motif located in the promoter region of
Rex1. Low levels of Oct4 protein are sufficient to activate
Rex1 promoter in P19 RA-differentiated cells, whereas high
Oct4 or Oct6 level inhibit transcription in F9 cells. Distinct
Oct4 protein domains €licit the observed effects, suggesting
different molecular mechanisms of Oct4 mediated transcrip-
tional activation and repression.

Expression of the platelet-derived growth factor o recep-
tor (PDGFoR) in undifferentiated human EC Tera2 cells
depends on a canonical octamer motif within the gene pro-
moter. Mutation of the octamer site has been shown to
decrease the promoter activity and PDGFoR expression.

Oct4 Does Not Play Solo

Regulation of the FGF4 and UTF genes has provided insight
into an Oct4-induced activation model based on parternship
with the transcription factor Sox2.

Sox2 belongsto the Sox (Sry-related HM G box-containing)
family of proteins that bind to DNA through the 79-amino
acid HM G domain (High Mobility Group). In contrast to most
DNA binding proteins, which access to DNA through the
major groove, the HMG box interacts with the minor groove
of the DNA helix and, as a consequence, induces a dramatic
bend in the DNA molecule. As a result of this energetically
high-cost interaction, Sox proteins bind to DNA with a high
dissociation constant. Sox2 is co-expressed with Oct4 in the
ICM of preimplantation embryos, ES cells, EC cells, and germ
cells.

Distinct regulatory elements govern FGF4 gene expression
in the mouse ICM, myotomes, and developing limbs. FGF4
expression in the ICM and in ES/EC cells is conferred from
a distal enhancer localized in the 3" UTR of the gene. Oct4
(or Octl) and Sox2 bind to the respective cognate sites in the
embryonic enhancer and form a unique ternary complex that
elicits strong synergistic transcriptional activation. Formation
of an activeternary complex ishighly dependent on the spatial
arrangement of the adjacent Sox and Oct binding sites on the
DNA, sinceinsertion of 3 base pairs between the Sox and Oct
recognition sequences of the FGF4 gene severely impairs the

38

enhancer function. The C-terminal domains of both Sox2
and Oct4 contribute to the functional activity of Sox2/
Oct4 complex. Activity of the Oct4 C domain requires a Sox2/
Oct4 complex. In fact, the synergistic action of Sox2 and Oct4
results from two distinct, yet concerted, events. The first event
involves cooperative binding of Sox2 and Oct4 to the DNA
via their respective DNA binding domains. The tethering of
each factor to the enhancer region on FGF4 ameliorates the
intrinsic activity of the activation domains of each protein.
Upon formation of the ternary Sox2/Oct4 complex, novel
DNA—protein and protein—protein interactions induce confor-
mational changes that may lead to activation of latent domains
and constitute a new, distinct platform for the recruitment
of other co-activators. In line with this model, synergistic
activation of FGF4 transcription by Sox2 and Oct4 in HelLa
fibroblast cells is mediated by p300, a potential bridging
factor, which should promote enhancer—promoter interac-
tions. The embryonic FGF4 enhancer sequences are con-
served in the mouse and human genes.

Embryonic stem cell-specific expression of UTF1 is regu-
lated by the synergistic action of Sox2 and Oct4 as well. The
binding sites for these two factors are arranged with no inter-
vening spacing in the second intron of the UTF1 gene. Inter-
estingly, one base difference in the canonical octamer binding
sequence enables the recruitment of an active Oct4/Sox2
complex and prevents binding of a transcriptionally inactive
complex containing Octl or Oct6. The sequence ACTAGCAT
(canonical sequence: ATTA/TGCAT) is recognized specifi-
caly by Oct4, while Octl and Oct6 can bind to it only by
exploiting half of the 3" adjacent Sox site (AACAATG). The
POU,, domain of Oct4 is essential for Oct4 to exhibit unique
DNA hinding ability on the UTF1 consensus sequence.

A noncanonica binding site for Oct4 and Sox2 has been
foundinthe 3’ regulatory region of the Sox2 gene, called SRR2,
and is involved in Sox2 expression in ES/EC cells. Sox2 and
Oct4 or Oct6 can bind simultaneousdly, but not cooperatively, to
SRR2. Oct6 or Oct4 (but not Octl) have been shown to dlightly
increase Sox2-dependent transcription of the Sox2 gene.

The F-box containing protein 15 is expressed predomi-
nantly in ES cells. Embryonic expression of Fbx15 results
from the cooperative binding of Oct4 and Sox2 to cognate
Sites juxtaposed in the ES specific enhancer. Mutation of
either binding site abolishes the activity of the enhancer.

Analysis of Sox2-deficient embryos supports the hypoth-
esis that functional association between Oct4 and Sox2
constitutes a new paradigm of gene activation in the early
embryo. Sox2-deficient embryos fail to survive shortly after
implantation, at 6.0dpc, with abnormal implants showing dis-
organized extra-embryonic tissues and lacking Oct4-positive
epiblast cells. At the egg cylinder stage, Sox2 is expressed in
the epiblast and in the adjacent extra-embryonic ectoderm
(EXE) of wild-type embryos. Postimplantation lethality cannot
be attributed to lack of Sox2 expression in EXE, as wild-type
ES cell can rescue development in Sox2-deficient mice.

Immunosurgically isolated Sox2-null ICMs are diverted
to a trophoectodermal and endodermal phenotype. In Sox2-
deficient blastocysts, Oct4 expression is detected by RT-PCR,
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indicating that a pluripotent ICM can be specified but not
maintained. However, complete knockout of the Sox2 gene
is not feasible during early development, as maternal Sox2
protein persists throughout preimplantation development. A
Sox2-null ES cell line cannot be established, confirming the
role of Sox2 in the maintenance of pluripotent stem cells.

The structural flexibility of the linker sequence between
the two independent POU subdomains endows Oct4 with the
ability to form homodimers on specific DNA sequences. A
novel Palindromic Oct factor Recognition Element (PORE),
composed of an inverted pair of homeodomain-binding sites
separated by 5bp (ATTTGaaatgCAAAT), has been identified
in first intron of the EC/ES cell-specific osteopontin (OPN)
gene enhancer.

OPN is an extracellular phosphoprotein which, binding to
specific integrins, modulates cell migration and adhesion of
the primitive endoderm cells. In the mouse embryo, OPN
is co-expressed with Oct4 in ICM and forming primitive
endoderm at 4.0dpc, and is downregulated in the epithelia
hypoblast of E 4.5 embryos. In EC and ES cells, OPN expres-
sion isinversely correlated with Sox2 protein levels.

The POU transcription factors Oct1, Oct6, and Oct4 bind
to the DNA PORE element as monomers, homodimers and
heterodimers. Oct4 monomer does not elicit transcriptional
activation viathe PORE in EC cells. Rather, activation of gene
transcription is highly dependent on Oct4 dimerization on the
PORE. In fact, mutation in the palindromic element of either
homedomain-binding sites drastically impairs dimerization
and transcriptional activation. Interestingly, Sox-2 represses
Oct4 mediated OPN gene transactivation by binding to the
cognate site adjacent to the PORE in the OPN intron. Sox-2
may interfere with Oct4 dimer formation.

Dimerization on the PORE creates a specific conforma-
tional surface that may be suitable for interaction with uniden-
tified co-activators. In fact, Octl/ or Oct-2/PORE dimers can
interact and synergize in transcriptional activation with the
lymphoid specific co-activator OBF-1. According to a model
of the PORE Oct4 dimer structure, Isoleucine 21 (121) of the
POUs and Serine 107 (S107) of the POU, of two distinct Oct4
mol ecules make specific contact in the PORE dimer interface.
Mutation of either residue impairs dimerization on the PORE
element. S107 corresponds to a conserved phosphorylation
siteidentified in Octl and Pit1. Phosphorylation of this serine
has been shown to influence Octl binding to DNA and may
provide an additional level of regulation of Oct4 dimer activ-
ity. Mutation of S107 into glutamate might structurally mimic
a phosphorylated serine.

To date, OPN is the only known Oct4 target gene to be
transcriptionally regulated by Oct4 dimers. Mutant mice with
impaired dimerization of the Oct4 protein might be valuable
in identifying new Oct4 dimer target genes and the function
of these genes during early development.

Nanog

Two recent reports have highlighted the importance of a new
player on the stage of pluripotency. Nanog, a divergent home-
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obox factor, is expressed in vivo in the interior cells of com-
pacted morulae, in the ICM or epiblast of a preimplantation
blastocyst, and in postmigratory germ cells. In vitro Nanog is
a marker of al pluripotent cell lines, from ES (both murine
and human) to EG and EC. Hence the name Nanog, after the
Celtic land of the ever young Tir nan Og.

Nanog-deficient embryos die soon after implantation due
to a failure in the specification of the pluripotent epiblast,
which is diverted to endodermal fate. Similarly, Nanog dele-
tion in ES cells causes differentiation into parietal/visceral
endoderm lineages. These data demonstrate that Nanog is
essential for maintenance of a pluripotent phenotype both
in vivo and in vitro and that endoderm specification depends
on Nanog down-regulation. Nanog overexpression renders
ES cells independent from LIF/STAT3 stimulation for self-
renewal. LIF and Nanog have an additive effect on the prop-
agation of undifferentiated versus differentiated colonies. The
differentiation potential of ES cells overexpressing Nanog
is both reduced and retarded, but removal of Nanog trans-
genereverses the cells' status to that of the parental stem cell.
Nanog expression does not seem to be regulated by Oct4, but
the two homeo-factors work in concert in order to maintain a
pluripotent phenotype.

FoxD3, FGF4, FGFR2, B-integrin

Genes whose disruption causes pre- and postimplantation
embryonic lethality are the best candidates as gatekeepers of
early development.

FoxD3, a transcription factor belonging to the forkhead
family, is expressed in mouse and human ES cells, and during
mouse embryogenesis in the epiblast and neural crest cells.
FoxD3-deficient blastocysts present aregular pattern of Oct4,
Sox2, and FGF4 expression at 3.5dpc. Nevertheless, mutant
mouse embryos die at 6.5dpc, showing a reduced epiblast,
extended proximal extra-embryonic endodermic and ectoder-
mic tissues, and lack of a primitive streak. These results indi-
cate that FoxD3 is required for maintenance of the epiblast
but not for differentiation of extra-embryonic tissues. This has
been confirmed by the observation that FoxD3-deficient ICMs
fail to expand after prolonged culture in vitro. Oct4 and
FoxD3 proteins interact in solution, and Oct4 inhibits FoxD3
activation of the FoxA1 and FoxA2 endodermal promotersin
a heterologous cell system.

Fibroblast growth factor 4 (FGF4) is produced by ICM
cells and was first postulated to function in an autocrine
fashion to promote the proliferation and expansion of the
ICM. Later on it was discovered that it was involved in the
patterning of the extra-embryonic ectoderm by stimulating
the proliferation of trophoblast stem cells. FGF4- and fibro-
blast growth-factor receptor (FGFR) 2(FGFR2)-null embryos
cannot form an egg cylinder and die soon after implantation.
When cultured in vivo, their ICMs fail to expand and eventu-
aly degenerate. Although FGFR2 ES cells have not been
derived to date, FGF4 —/— ES cells praliferate in the absence
of the growth factor, suggesting that at least in vitro FGF4 is
not required for ES cell proliferation.
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B-integrin-deficient embryos lack a proper TE epithelium
and blastocyst cavity and consequently fail to implant at the
preimplantation stage.

Genetic deletion of B-myb, Taube Nuss, and Chk1 lead to
early embryonic lethality and severe defects in the outgrowth
of the ICM. This phenotype can be attributed to inactivation
of housekeeping genes, involved either in proliferation or
cell cycle checkpoints or apoptosis. These processes affect the
ICM more than TE cells due to the difference in the prolifer-
ation rate of the two lineages.

A Genetic Model for Molecular Control
of Pluripotency

Oct4 cannot be considered to be a master gene for pluripo-
tency, since it cannot prevent differentiation of ES cells upon
LIF withdrawal. This finding implies that Oct4 and LIF prob-
ably activate two different pathways of gene activation, with
the second relying on STAT3. The fact that both Oct4 up-
regulation and LIF withdrawal lead to the same pattern of ES
cell differentiation can be explained by assuming a cross-talk
between the two pathways.

Hitoshi Niwa has suggested a model of the known molec-
ular mechanisms controlling ES cell phenotype, which is
outlined below:

Oct4 target genes can be subdivided into three categories:

A Those activated by Oct4 and Sox2 (FGF4, UTF).

B Those repressed by Oct4 (hCG a, B).

C Those activated by Oct4, but also repressed by a squelch-
ing mechanism when Oct4 is overexpressed (Rex1). This
last group of genesis considered to comprise the cross-talk
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junction between the Oct4 and the LIF-STAT3 signaling
pathway, as they should be co-activated by Oct4 and
unidentified X factors which lie downstream the STAT3
activation cascade.

STAT3 is hypothesized to activate ES “ state” genes or to sup-
press endodermal/mesodermal genes or both.

As described above, activated STAT3 and subtle changes
in the Oct4 expression are compatible with maintenance
of a pluripotent ES cell fate. In order to achieve a pluripo-
tent status, group A and C genes need to be activated and
group B genes need to be silenced by Oct4. Group B genes
are activated only when Oct4 expression falls below the 50%
threshold and are specific for the trophoectoderm lineages. A
50% increase in the expression of Oct4, or LIF withdrawal,
induces down-regulation of group C genes, either by squelch-
ing of the X-co-activators, lying downstream the STAT3
pathway, or by down-regulation of STAT3-induced trans-
criptional program, leading to a differentiation into
mesoderm/endoderm.

The validity of this model is supported by the existence of
the E1A-like activities postulated to exist in ES cells, which
may likely represent the mentioned co-activators X. Nanog
would be incorporated within this model as an essentia
determinant of pluripotency, which induces ES state gene
activation and/or repression of visceral/parietal state genes
(see Figure 4-5A). Identification of Oct4 co-activators and
Nanog/STAT 3 target genes is required to enrich and validate
the described transcriptional network.

In vivo Oct4 is essential for the specification of a pluripo-
tent ICM. Nanog and Oct4 would be critical for maintenance
of the epiblast during formation of the hypoblast. Postim-

Late
blastocyst

Larly
blastocyst

Postimplantation
LEgg cylinder

A. Model relative to the integrated roles played by Oct4, Nanog, and LIF on ES cells fate specification according to variable concentration
of Oct4 and Nanog. B. Model relative to the role played by Oct4, Nanog, Sox2, and FoxD3 during early mouse development.
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plantation maintenance of the epiblast would be dependent on
Oct4, Sox2, and FoxD3 (see Figure 4-5B).

Plenty of questions regarding the mechanisms of pluripo-
tency remain unanswered: how are the Oct4, STAT3, Nanog
transcriptional pathways regulated, and how do they cross-
talk? Are any other genesregulating pluripotency? And, in par-
ticular, is there any one master gene controlling pluripotency?

Discovery of such a master gene(s) would constitute the
panacea of modern human regenerative medicine, asit would
obviate the need for human cloning with al its genetic impli-
cations and ethical considerations. However, it appears that
pluripotency is most likely achieved through the combination
of properly sequenced processes that control chromatin acces-
sibility, chromatin modifications, activation, and repression of
specific genes. Thisis further complicated by potential sensi-
tivity to subtle changes in gene expression levels.

Future Directions

The advent of DNA microchip technology has granted
scientists an easy and rapid method of comparing the gene
expression profiles of pluripotent and differentiated cells. In
the last three years, a number of reports have obliterated the
old concept that adult stem cells are restricted in their poten-
tial to only give rise to cell lineages of their tissue of origin.
However, it appears that adult stem cell plasticity is mostly
linked to environmental cues of the early embryonic blasto-
cyst milieu. The transdifferentation potential of adult stem
cells in vitro is very low and inefficient. In addition, genetic
manipulation of adult stem cells via homol ogous recombina-
tion has not been reported.

Euploid pluripotent ES cell lines have been derived from
human blastocysts (Thomson et al., 1998), which may even-
tually help to create a renewable source of donor cells with
reduced immunogenicity for use in transplantation therapy.
We are very far from using human ES cells in clinical trials.
However, investigating the molecular mechanisms underlying
pluripotency using the mouse model is the simplest present-
day tool available for scientists that will eventualy lead to
human ES cell-based therapy.

KEY TERMS

Preimplantation mammalian embryo, consisting of an
outer layer of trophectoderm cells, surrounding an inner cell mass.
Ableto giveriseto differentiated cells of al three germ

layers. Cells of the inner cell mass and ES cells are pluripotent.

4]

A cell that is capable of both self-renewa and differ-
entiation.

Ableto giverise to all cell types, including cells of the
trophectoderm lineage. In mammals only the fertilized egg and
early cleavage stage blastomeres are totipotent.
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Stem Cell Niches

D. Leanne Jones and Margaret T. Fuller

I ntroduction

The ability of adult stem cells to both self-renew and produce
daughter cells that initiate differentiation is the key to tissue
homeostasis, providing a continuous supply of new cells to
replace short-lived but highly differentiated cell types, such
as blood, skin, and sperm. The critical decision between stem
cell self-renewa and differentiation must be tightly con-
trolled. If too many daughter cells initiate differentiation, the
stem cell population may become depleted. Alternatively,
unchecked stem cell self-renewa could abnormally expand
the number of proliferative, partialy differentiated cells in
which secondary mutations could arise, leading to tumorigen-
esis. A detailed understanding of how the choice between stem
cell self-renewal and the onset of differentiation is determined
may facilitate the expansion of adult stem cell populations in
culture while maintaining essential stem cell characteristics.
This is a critical first step toward harnessing the potentia of
adult stem cells for tissue replacement and gene therapy.

Stem Cell Niche Hypothesis

Two classic developmental mechanisms can give rise to
daughter cells that follow different fates. First, asymmetric
partitioning of cell fate determinants in the mother cell can
produce daughter cells that follow different cell fates, even
though the two daughter cells reside in the same microenvi-
ronment. Second, the orientation of the plane of division can
place two daughter cells in different microenvironments,
which may then specify different cell fate choices through
intercellular signaling. Ultimately, stem cell number, division,
self-renewal, and differentiation are likely to be regulated by
the integration of intrinsic factors and extrinsic cues provided
by the surrounding microenvironment, now known asthe stem
cell niche.

The concept of the stem cell niche arose from observations
that many adult stem cells, such as hematopoietic stem cells,
lose the potential for continued self-renewa when removed
from their normal cellular environment and the idea from
developmental biology that different signaling microenviron-
ments can direct daughter cells to adopt different fates. In the
stem cell niche hypothesis, signals from the local microenvi-
ronment, or niche, specify stem cell self-renewal. If space
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within the niche were limited such that only one daughter cell
could remain in the niche, the other daughter cell would be
placed outside of the niche, where it might initiate differenti-
ation due to lack of self-renewal factors. However, if space
within the niche is available or an adjacent is empty, both
daughters of a stem cell division can retain stem cell identity.
Therefore, the stem cell niche hypothesis predicts that the
number of stem cells can be limited by the availability of
niches with the necessary signals for self-renewal and sur-
vival. As a conseguence, the niche provides a mechanism to
control and limit stem cell numbers.

The existence of a stem cell niche has been proposed for
severa adult stem cell systems. The precise spatia organiza-
tion of the stem cellswith respect to surrounding support cells
playsanimportant rolein the ability of the nicheto adequately
provide proliferative and antiapoptotic signals and to exclude
factors that promote differentiation. In each case, stem cells
are in intimate contact with surrounding support cells that
serve as a source of critica signals controlling stem cell
behavior. Adhesion between stem cells and either an underly-
ing basement membrane or the support cells themselves
appears to play an important role in holding the stem cells
within the niche and close to self-renewal signals. In addition,
the niche could provide polarity cues to orient stem cells
within the niche so that, upon division, one cell is displaced
outside of the niche into an alternate environment that encour-
ages differentiation.

In this chapter, we review current knowledge of the role
of the niche and the control of stem cell self-renewal using
the Drosophila male and female germ lines as model systems.
We then extrapolate from the molecular mechanisms revealed
in the analysis of Drosophila germ-line stem cell niches to
suggest paradigms for controlling stem cell behavior within
other adult stem cell systems.

Stem Cell Niches in the Drosophila
Germ Line

The Drosophila germ line has emerged as a valuable model
system, providing significant insight into the regulation of
stem cell behavior and the importance of the stem cell niche.
Although in many systems stem cells are rare and can be dif-
ficult to locate, the precise identity and location of the germ-
line stem cells (GSCs) in the Drosophila ovary and testis are
known. In addition, the availability of many mutants, a
sequenced genome, and powerful genetic tools for cell type-
specific ectopic expression has provided the opportunity to
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address essential questions regarding how stem cells interact
with their surrounding microenvironment.

In Drosophila, the ability to generate clones of cells that
are geneticaly distinct from neighboring cells alows both
lineage tracing and analysis of the effects of lethal mutations
during late stages of the life cycle, when lethality would
already have occurred in a entirely mutant animal. Lineage
tracing by clonal marking analysis has led to the identifica-
tion of GSCs in both the male and the female germ lines
in vivo, within their normal environment. These genetically
marked GSCs can be observed to continually produce a series
of differentiating germ cells. Clonal analysis also alows the
generation of mutant GSCs in an otherwise wild-type animal,
allowing the analysis of a specific gene's function on stem cell
maintenance, self-renewal, and survival.

In Drosophila, both male and female GSCs normally
divide with invariant asymmetry, producing precisely one
daughter stem cell and one daughter cell that will initiate
differentiation. In both the ovary and the testis, GSCs are in
intimate contact with surrounding support cells that provide
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critical self-renewal signals, maintenance signals, or both,
thereby constituting a stem cell niche. Oriented division
of stem cells is important for placing one daughter cell
within the niche while displacing the other daughter cell
destined to initiate differentiation outside of the germ-line
stem cell niche.

GERM-LINE STEM CELL NICHE IN THE
DROSOPHILA OVARY

The adult Drosophila ovary consists of approximately 15
ovarioles, each with a specialized structure, the germarium, at
the most anterior tip (Figure 5-1A). Two to three GSCs lie at
the anterior tip of the germarium, close to several groups of
differentiated somatic cell types, including the termina fila-
ment, cap cells, and inner germarial sheath cells (Figure 5-1A,
Figure 5-1B). When a female GSC divides, the daughter cell
that lies closer to the terminal filament and cap cells retains
stem cell identity; the daughter cell that is displaced away
from the cap cells initiates differentiation as a cystoblast. The
cystoblast and its progeny undergo four rounds of cell divi-

Germine stem cell niches in the Drosophila ovary and testis. (Al Schematic of a Drosophila germarium, which houses the germ-ine stem cells

(GSCs), anterior to the left and posterior fo the r\'ghl. The terminal ﬂ\omem, cap, and inner sheath cells express molecules important for the maintenance and
selfrenewal of female GSCs and comprise the stem cell niche. GSCs undergo asymmetric cell division, producing one daughter cell that will retain stem cell
identity and one daughter cell, o cystoblast, that will initiate differentiation. As these divisions take place, the more mature cysts are displaced toward the
posterior of the germarium. Cyst encapsulation by the somatic stem cell (SSC) derivatives occurs in region 2A-2B. Mature encapsulated cysts budding from
the germarium make up region 3. (B) In the immunofluorescence image of a Drosophila germarium, germ cells are labeled with an antibody to the germ
cellspecific protein, Vasa. Antibodies to the membrane protein a-spectrin label the somatic cells within the germarium, as well as a vesiculated, cytoplasmic
ballshaped structure known as the spectrosome in GSCs (arrow) and cystoblasts. (C) Schematic of the early steps in Drosophila spermatogenesis. GSCs sur-
round and are in contact with a cluster of postmitotic, somatic cells known as the apical hub. The hub cells are a primary component of the male GSC
niche. Each GSC s surrounded by two somatic stem cells, the cyst progenitor cells. The GSC undergoes asymmetric cell division, generafing one daughter
cell that will retain stem cell identity and one daughter cell, a gonialblast, which then undergoes four rounds of cell division with incomplete cytokinesis to
produce 16 spermatogonia. The gonialblast is surounded by cyst cells, which ensure spermatogonial differentiation. (D) In the immunofluorescence image
of the apical tip of a Drosophila testis, the germ cells are labeled with an anfibody o Vasa, and the somatic hub is labeled with an antibody to the
membrane-associated protein, Fasciclin Ill. Eight GSCs (arrowheads) surround the apical hub.
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sion with incomplete cytokinesis. Of the 16 germ cells, only
one will become the oocyte; the other 15 cells become nurse
cells, which support the growth of the oocyte. The terminal
filament, cap cells, and inner germaria sheath cells express
molecules that regulate critical aspects of GSC behavior, con-
stituting the germ-line stem cell niche in the ovary.

Xie and Spradling (2000) directly demonstrated the exis-
tence of afunctional stem cell niche that can program cellsto
assume stem cell identity in the ovary. Taking advantage of a
mutation that increases the rate at which stem cells are lost,
Xie and Spradling (2000) showed that an empty stem cell
niche is quickly filled by the division of a neighboring stem
cell. In this case, the mitotic spindle of the GSC became reori-
ented parallel to the terminal filament and cap cells, and the
stem cell divided symmetrically so that both daughters of the
stem cell division became stem cells. This kind of GSC
replacement assay has not been performed for the Drosophila
testis due to the much larger number of stem cells in that
organ.

In the ovary, the vertebrate bone morphogenetic protein
(BMP) 2/4 homolog Decapentaplegic (Dpp) is required for
maintenance of GSCs. The cap cells and inner germarial
sheath cells express dpp, which activates the Dpp signaling
pathway in adjacent GSCs. Dpp binds and facilitates the asso-
ciation of type | and type Il serine/threonine kinase receptors,
alowing thetype Il receptor to phosphorylate and activate the
type | receptor, which in turn phosphorylates the downstream
mediator mothers against Dpp (Mad). Mad facilitates nuclear
trandocation of Medea (Med), a transcriptional activator that
stimulates Dpp target gene expression.

Excessive Dpp signaling can block germ cell differentia-
tion in the Drosophila ovary. Overexpression of dpp resultsin
enlarged germaria filled with cells resembling GSCs. TGF-B
pathway signaling is aso required for long-term maintenance
of GSCs. Loss of function mutations in the type | receptor
saxophone (sax) shortens the half-life of GSCs from one
month to one week and slows the rate of GSC divisions.
Clona analysis revealed that the downstream signaling
components mad and Med are required cell autonomously
in the germ line for maintaining the norma half-life of
GSCs. In the current working model, Dpp, secreted from
cap cells and inner germarial sheath cells, signals to regulate
the maintenance and rate of division of female GSCs. As
differentiating germ cells are also in contact with inner ger-
marial sheath cells, which also express dpp mRNA, the model
may require an additional mechanism to ensure germ cell
differentiation even in the presence of Dpp. This raises the
possihility that Dpp signaling from the niche may play a per-
missive rather than an instructive role in specifying stem cell
mai ntenance.

The Piwi protein is also expressed in the termina filament
and cap cells and has been shown to act nonautonomously to
support GSC maintenance in the Drosophila ovary. The piwi
gene family, implicated in RNA silencing and translational
regulation, plays crucial roles in stem cell maintenance in
many organisms. In Drosophila, piwi mutant ovaries contain
anormal number of primordia germ cells (PGCs) at the third
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instar larval stage, but adult ovaries contained only afew dif-
ferentiating germ cells. Overexpression of piwi in the soma
leads to an increase in GSCs in the germarium, suggesting a
role in GSC self-renewal. Piwi is also expressed in the germ
line, where it appears to play a cell-autonomous role in con-
trolling the rate of GSC division in the ovary. Null mutations
in piwi also result in a failure to maintain Drosophila male
GSCs, although the mechanism by which Piwi acts on GSCs
in the male has not been established.

GERM-LINE STEM CELL NICHE IN THE
DROSOPHILA TESTIS

The Drosophila adult testis is a long, coiled tube filled with
cells at al stages of spermatogenesis. In adult Drosophila
melanogaster, approximately nine GSCs lie at the apical tip
of the testis, forming aring that closely surrounds a cluster of
postmitotic somatic cells called the hub (Figure 5-1C, 5-1D).
When amale GSC divides, it normally produces one cell that
will retain stem cell identity and one cell, called agonialblast,
that is displaced away from the hub and will initiate differen-
tiation (Figure 5-1C). The gonialblast and its progeny undergo
four rounds of transit-amplifying mitotic divisions with
incompl ete cytokinesis, creating acluster of 16 interconnected
spermatogonia.

In the Drosophila testis, signaling through the Janus
Kinase-Signal Transducer and Activator of Transcription
(JAK-STAT) pathway has been shown to specify stem cell
self-renewal of male GSCs.2° The somatic apical hub cellsare
amajor component of the GSC niche in the testis. Hub cells
express the ligand Unpaired (Upd), which activates the JAK -
STAT pathway in the adjacent stem cells and specifies stem
cell self-renewal. Drosophila melanogaster has one known
JAK, encoded by the hopscotch (hop) gene and one known
STAT, Stat92E. In males carrying a viable, male sterile hop
allele, theinitial round of germ cell differentiation occurs, but
GSCs are lost soon after the first rounds of definitive stem
cell divisions at the onset of spermatogenesis.®**® Mosaic
analysis of homozygous mutant germ cells demonstrated that
Sat92E activity isrequired cell autonomously inthegermline
for stem cell self-renewal. Upd is normally expressed exclu-
sively in the hub cells, and ectopic expression of upd in early
germ cells resulted in an enlarged testis tip filled with
thousands of small cells resembling GSCs and gonialblasts.
Together, these data suggest that the hub cells contribute to
the germ-line stem cell niche by secreting the ligand Upd,
which specifies stem cell self-renewal by activating the JAK-
STAT pathway in GSCs. Experiments in tissue culture suggest
that Upd protein associates with the extracellular matrix upon
secretion. If binding to the extracellular matrix restricts Upd
diffusion in vivo, then only cells that maintain direct contact
with the hub may receive sufficient levels of Upd to retain
stem cell identity. Consistent with this hypothesis, activation
of Stat92E, the sole Drosophila STAT homolog, is observed
only in hub cells and the adjacent GSCs. In situ analysis
showed that the gene encoding the receptor for Upd, dome-
less, is broadly expressed in the testis, excluded only from
postmeiotic spermatocytes and spermatids.
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COORDINATE CONTROL OF GERM-LINE STEM
CELL AND SOMATIC STEM CELL MAINTENANCE
AND PROLIFERATION

Multiple stem cell populations can reside within a common
anatomical location — for example, hematopoietic and mes-
enchymal stem cells in the bone marrow. Coordinated control
of the proliferation of different stem cell types may be espe-
cialy important when the two stem cell types generate
differentiated cell populations that must work together to
maintain a tissue. The Drosophila female and male gonads
provide excellent systems in which to study how the behav-
ior of two such stem cell populations, somatic and germ line,
can be coordinately controlled.

In the Drosophila ovary, the germarium houses a second
population of stem cells in addition to GSCs. These somatic
stem cells (SSCs) (Figure 5-1A, 5-1B) produce the many spe-
cialized follicle cellsthat cover each devel oping egg chamber.
Lineage tracing, achieved through clona analysis, demon-
strated that SSCs are located severa cell diameters from the
female GSCsin the ovariole (Figure 5-1A). Each cyst of inter-
connected germ cellsis encapsulated by somatic follicle cells
in region 2A—2B before budding from the posterior end of the
germarium (Figure 5-1A, 5-1B).

The Hedgehog (Hh) signal transduction pathway has been
implicated in controlling the proliferation and differentiation
of the SSCs and their progeny. Hhis strongly expressed in ter-
minal filament and cap cells at the tip of the germarium
(Figure 5-1A). Loss of hh activity reduced the number of
somatic cells in the germarium. Consequently, fewer follicle
cells are available to intercalate between adjacent germ-line
cysts, resulting in an accumulation of unencapsulated cystsin
the germarium. Overexpression of hh in the ovary leads to
hyperproliferation of somatic cells, resulting in increased
numbers of cells that separate adjacent egg chambers and
increased numbers of specialized follicle cells at the poles of
developing egg chambers. At thistime, it is not clear how hh,
expressed in the terminal filament and cap cells, might regu-
late SSC proliferation, as the SSCs lie several cell diameters
away. It is possible that the SSCs receive the Hh signa
directly or that Hh is aso signaling through some other
somatic cell type, the inner sheath cells, for example, to
control the proliferation of SSCs indirectly (Figure 5-1A).

In the ovary, the fs(1)Yb gene may serve as an upstream
regulator of both GSC and SSC proliferation in the
Drosophila ovary. Mutations in fS(1) Yb |ead to precocious dif-
ferentiation of GSCs without apparent self-renewal. Conse-
quently, ovarioles consist of several differentiating germ-line
cysts and a germarium devoid of germ cells. There is a con-
comitant reduction in the number of somatic cells. Con-
versely, overexpression of Yb leads to increased numbers of
both GSCs and somatic cells in the germarium.

Yb protein is expressed in the termina filament and cap
cells, and Yb mutants exhibit reduced expression of Hh and
Piwi protein in cap cells and somewhat reduced expression in
terminal filament cells. Loss of function of Yb resultsin loss
of GSCs, similar to that observed in piwi mutants. Also, the
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phenotypes resulting from overexpression of Yb are similar to
those seen upon ectopic expression of piwi and Hh. Based on
these observations, Yb may regulate the expression of piwi
and Hh within the GSC niche and, in doing so, coordinately
control the behavior of GSCs and SSCs in parallel pathways.

In the Drosophila testis, apopulation of somatic stem cells,
caled cyst progenitor cells (CPCs), self-renew and generate
the somatic cyst cells. The CPCs flank the male GSCs and
directly contact the apical hub cells using thin cytoplasmic
extensions (Figure 5-1C). As for GSCs, the daughter cell that
remains adjacent to the hub retains stem cell identity, and the
daughter cell displaced from the hub becomes a cyst cell and
does not divide again. Two somatic cyst cells, which may be
the functional equivalent of mammalian Sertoli cells, enclose
each goniablast and its progeny and play a major role in
ensuring spermatogonial differentiation (Figure 5-1C).

In the testis, self-renewal of both GSCs and CPCs may be
regulated by the same signal, the Upd ligand. In the testis,
both the GSCs and somatic CPCs reside adjacent to the apical
hub cells. The number of early somatic cells at the testis tip
decreases dramatically in hop mutant testes. Reciprocally, the
number of early somatic cells increases in response to ectopic
expression of Upd in early germ cells. Upd secreted from the
apical hub could signal directly to the somatic as well as to
the GSC populations to specify stem cell self-renewal. Alter-
natively, Upd signaling to the germ line could control somatic
stem cell proliferation indirectly by causing germ cellsto send
asecond signal to neighboring CPCsto specify stem cell iden-
tity. CPCs and cyst cells are present in agametic testes, which
supports the first model over the second. If Upd signals
directly to both GSCs and CPCs to specify stem cell identity,
then a requirement for a signal from the apical hub to direct
stem cell self-renewal may serve to spatially coordinate an
asymmetric outcome to stem cell divisionsin both the somatic
and germ-line lineages.

STRUCTURAL COMPONENTS OF THE NICHE

In Drosophila gonads, adhesion between GSCs and the sur-
rounding support cells is important for holding stem cells
within the niche, close to self-renewal signals and away from
differentiation cues. GSCs in the ovary and testis appear to
make direct cell—cell contact with surrounding support cells.
Clusters of adherens junctions are observed between female
GSCs and cap cells, as well as between male GSCs and the
adjacent hub cells. Immunofluorescence analysisreveal ed that
the Drosophila E-cadherin homolog Shotgun (Shg) and j3-
catenin homolog Armadillo (Arm) are highly concentrated at
the interface between the GSCs and the cap cells in females
and between the GSCs and the hub cells in the male. Song et
al. recently demonstrated that recruitment into and mainte-
nance of female GSCs within the niche requires the activity
of both shg and arm. Removal of shg activity from the germ
line using clonal analysis resulted in failure of female GSCs
to be efficiently recruited into their niches in the developing
ovary. Furthermore, shg mutant GSCs that were recruited to
the niche were not maintained, suggesting that DE-cadherin-
mediated cell adhesion is required for holding GSCs in their
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niche in the germarium, which in turn is required for efficient
stem cell self-renewal.

Gap junctiona intercellular communication viatransfer of
small molecules may also be involved in the survival and dif-
ferentiation of early germ cellsin the Drosophila ovary. Muta-
tionsin the zero population growth (zpg) gene, which encodes
a germ-line-specific gap junction protein, result in loss of
early germ cells at the beginning of differentiation in both
males and females. Zpg protein is concentrated on the germ
cell-soma interface in males and females and between adja-
cent germ cellsin developing egg chambers. Transfer of small
molecules, nutrients, or both from surrounding support cells
to germ cells via gap junctions may be essential for the sur-
vival of early germ cells undergoing differentiation. The pres-
ence of gap junctions between female GSCs and adjacent
support cells, coupled with the eventual loss of GSCs in zpg
mutants, also suggests that signaling via gap junctions may
play arole in stem cell maintenance or may help physicaly
maintain GSCs in their niche.

In summary, the male and female germ lines of Drosophila
have provided a genetic system in which to test the principles
and investigate the basic underlying mechanisms of the stem
cell niche theory. Clonal marking experiments conclusively
identified GSCs in situ in both the testis and ovary, alowing
the study of the relationship between these stem cellsand their
surrounding microenvironment. Several themes arising from
the analysis of Drosophila male and female GSCs offer poten-
tial paradigms for analysis of stem cell niches in mammalian
systems. First, stem cells are usualy located adjacent to
support cellsthat secrete factors required for maintaining stem
cell identity: the hub cells at the apical tip of the testis and the
cap cellsin the germarium at the tip of the ovary. The signal
transduction pathwaysinvolved in stem cell maintenance may

spermatocyte

spermatogonia @

myoid cell

not be conserved between male and female GSC systems, nor
are they necessarily conserved between GSC and SSC popu-
lations within the gonads. Second, cell—cell adhesion between
GSCs and niche cells is required for stem cell maintenance,
physically maintaining stem cells within the niche and ensur-
ing that GSCs are held close to self-renewal signals emanat-
ing from the microenvironment.

Stem Cell Niches Within Mammalian
Tissues

Specialized niches have been proposed to regulate the behav-
ior of stem cellsin several mammalian tissues maintained by
stem cell populations, including the male germ line, the
hematopoietic system, the epidermis, and the intestinal epithe-
lium. Many of these niches share several characteristics with
stem cell nichesin the Drosophila germ line, specifically sig-
naling molecules secreted from the surrounding microenvi-
ronment and cell adhesion molecules required for anchoring
stem cells within the niche.

MAMMALIAN TESTIS

The seminiferous tubules of the mammalian testis are the site
of ongoing spermatogenesisin the adult. In the embryo, PGCs
divide and migrate to the genital ridges. In males, the PGCs,
gonocytes, home to the basement membrane of the semi-
niferous tubules, differentiate into spermatogonial stem cells.
TheA; (single) spermatogonia, the presumptive stem cells, are
found close to several groups of supporting somatic cells,
including the peritubular myoid and Sertoli cells, which may
contribute to the stem cell niche (Figure 5-2).
Spermatogonial stem cells taken from a fertile mouse or
rat can be transplanted into the seminiferous tubules of an

Lumen

Organization of germ cells and somatic cells within a seminiferous tubule. Spermatogenesis occurs inside the seminiferous tubules that make
up the festis. The mammalian male germline stem cells (A, spermatogonial lie af the periphery of the seminiferous tubules adjacent to the basement mem-
brane (asterisk], and differentiation proceeds through multiple stages, creating spermatogonia, spermatocytes, spermatids, and spermatozoa, which are
released info the lumen of the tubule. The spermatogonia are in close association with several somatic cell types, including the peritubular myoid cells and
Sertoli cells. Sertoli cells flank germ cells of all stages and are joined continuously around the tubule by tight junctions (arrowheads). Sertoli cells and myoid
cells are strong candidates for cellular components of the stem cell niche within the tesfis.
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immunodeficient mouse recipient. These exogenous stem
cells are able to migrate through layers of differentiating germ
cellsand Sertali cell tight junctions to find the stem cell niche
along the basement membrane and establish colonies of
donor-derived spermatogenesis. The availability of a sper-
matogonia stem cell transplantation assay has allowed char-
acterization of the stem cell niche in the mammalian testis.
For example, both the number of stem cells and the available
niches increase with age and testis growth; the microenviron-
ments within testes from immature pups were better at allow-
ing colonization events, whether the donor stem cell wasfrom
an adult or from a pup.

Secreted signaling molecules that specifically direct self-
renewa of mammalian male GSCs have not yet been identi-
fied. However, Sertali cells produce a growth factor, glia cell
line-derived neurotrophic factor (GDNF), that affects the
proliferation of premeiotic germ cells, including stem cells.
Depletion of stem cell reserves is observed in mice lacking
one copy of GDNF. Conversely, mice overexpressing GDNF
under the control of apromoter that drives preferential expres-
sion in the germ line show accumulation of undifferentiated
spermatogonia that neither differentiate nor undergo apopto-
sis. Older GDNF-overexpressing mice regularly form non-
metastatic testicular tumors, thus suggesting that GDNF
contributes to paracrine regulation of spermatogonia prolif-
eration and differentiation.

The development of a transplantation assay to test the
function of mammalian male GSCs has provided aframework
on which to begin the molecular characterization of sper-
matogonia stem cells and of the stem cell niche in the adult
mammalian testis. Enrichment of stem cells using FACS
sorting and monoclonal antibodies for specific surface
markers, followed by transplantation of sorted populations,
has led to identification of o6 integrin as a candidate surface
marker for spermatogonia stem cells, raising the possibility
that attachment of stem cells to the ECM may be important
for stem cell maintenance. The association of spermatogonia
and differentiating spermatocytes with Sertoli cells is likely
to be mediated in part by adherens junctions, although the
precise cadherin and cadherin-like molecules involved in this
cell—cell interaction have not been conclusively identified.
Meanwhile, Sertoli cells lining the tubules are continuously
joined by tight junctions that regulate the movement of cells
and large molecules between the basal compartment and the
lumen of the seminiferous tubules (Figure 5-2).

HEMATOPOIETIC SYSTEM

The major anatomical sites of hematopoiesis change during
ontogeny. Hematopoietic stem cells (HSCs) are first present
in the embryonic yolk sac and the aorta-gonad-mesonephros
(AGM) region, followed by the fetal liver and spleen. Just
before birth, HSCs migrate to the bone marrow, where blood
formation is maintained throughout the lifetime of the animal.

Characterization of the HSC niche and of the signaling
molecules that influence HSC maintenance and self-renewal
isintheinitia stages. HSCs reside along the inner surface of
the bone, and differentiating cells migrate toward the center
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of the bone marrow cavity. Recently, the bone-forming
osteoblasts have been proposed to be a magjor component of
the HSC niche, as increases in the number of osteoblasts led
to a concomitant increase in the number of long-term HSCs.
These osteoblasts secreted an elevated level of the Notch
ligand Jagged-1, suggesting that activation of the Notch
signaling transduction pathway in HSCs may support HSC
proliferation. Furthermore, the cell adhesion molecule N-
cadherin, which is expressed by the spindle-shaped N-
cadherin+ CD45" osteoblasts, may be responsible for holding
HSCs within the niche and close to self-renewal and survival
signals.

A stromal cell linethat can maintain highly purified murine
and human HSCs in vitro has been isolated and molecularly
characterized. The AFT024 cell line was derived from murine
fetal liver and can support HSC growth from four to seven
weeks. These cultured stem cells retain the ability to recon-
stitute hematopoiesis in vivo after transplantation comparable
to freshly purified HSCs. Studies of the growth factors
secreted by this cell line, combined with the cell—cell and
cell-ECM adhesion molecules present on the surface of these
cells, may also serve as a source for candidate molecules that
will be important components of the HSC niche in the bone
marrow.

Recent studies have shown that signaling through the
canonical Wnt pathway can direct HSC self-renewal in vitro
and in vivo. Wnt is a secreted growth factor that binds to
members of the Frizzled (Fz) family of cell surface receptors.
The B-catenin molecule serves as a positive regulator of
the pathway by mediating transcription in cooperation with
members of the Lef—TCF transcription factor family. In the
absence of a Wnt signal, cytoplasmic B-catenin is quickly
degraded through the ubiquitin—proteasome pathway.

Transduction of HSCs with a retrovirus encoding a con-
stitutively active B-catenin molecule resulted in self-renewal
and expansion of HSCs in culture for at least four weeks and
in some cases as long as one to two months under conditions
in which control HSCs did not survive in culture beyond 48
hours. The cultured cells resembled HSCs morphologically
and phenotypicaly and were capable of reconstituting the
entire hematopoietic system of lethally irradiated mice when
transplanted in limiting numbers. Proliferation of wild-type
HSCs cultured in the presence of growth factors was blocked
by a soluble form of the ligand-binding domain of the Fz
receptor, suggesting that Wnt signaling is required for the pro-
liferation response of HSCs to cytokines within their niche.
Because no other cell typeswere present in these cultures, this
result raises the possibility that a Wnt secreted from HSCs
may act as an autocrine signal to promote HSC proliferation.

The cell—cell and cell-ECM adhesion molecules involved
in anchoring HSCs within the bone marrow have not yet been
identified. Interestingly, HSCs are mobile and detectable in
the periphera blood, spleen, and liver, suggesting that HSCs
can migrate out of the niche. Although circulating HSCs and
progenitor cellsare quickly cleared from the peripheral blood,
the number of bloodborne HSCs is fairly stable, suggesting
that the flux of HSCs into and out of the blood is roughly
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equivalent. The mechanisms that recruit HSCs back into the
niche after migration or homing of HSCs to the bone marrow
after transplantation have not been clearly elucidated,
although cellular adhesion molecules and chemokine recep-
tors are likely involved. However, the mobility of HSCs
suggests that adhesion between HSCs and niche cells may be
highly regulated.

MAMMALIAN EPIDERMIS

The mammalian epidermis is comprised primarily of ker-
atinocytes, a subpopulation of which are stem cells. Epider-
mal stem cells are multipotential; they produce progeny that
differentiate into interfollicular epidermis and sebocytes and
contribute to al the differentiated cell types involved in
forming the hair follicle, including the outer root sheath, inner
root sheath, and hair shaft.

It is not yet understood whether one “primordia” epider-
mal stem cell createsthe stem—progenitor cell populationsthat
maintain the interfollicular epidermis, the hair follicle, and
sebaceous gland, or whether the stem cells that maintain each
of these specific cell types are equivalent, with their fate
determined by thelocal environment. However, accumulating
evidence supports a model whereby the microenvironment, or
niche, affects differentiation toward particular lineages. For
example, cultured rat dermal papillae cells can induce hair fol -
licle formation by rat footpad epidermis, in which follicles are
not normally found. These data suggest that stem cells that
normally maintain the interfollicular epidermis can be repro-
grammed to act as hair follicle stem cells by signals emanat-
ing from the surrounding microenvironment. For this chapter,
we consider the stem cells that generate the hair follicle and
the interfollicular epidermis separately.

Hair Follicle

After placement and formation of the hair placode during
mammalian embryonic development, the lower portion of
the hair follicle cycles through periods of growth (anagen),
regression (catagen), and quiescence (telogen). The prolifera-
tive cells that generate the inner root sheath and hair shaft are
called matrix cells, atransiently dividing population of epithe-
lial cells at the base of the hair follicle that engulfs a pocket
of specialized mesenchymal cells, caled the dermal papilla
(Figure 5-3A).

By using multiple strategies, a stem cell niche for the
mammalian epidermis has been located along the upper
portion of the hair folliclein aregion called the bulge. Specif-
ically, the bulge is located along the outer root sheath, which
is contiguous with the interfollicular epidermis (Figure 5-3A).
As the hair follicle regresses during catagen, the dermal
papilla comes into close proximity with the follicular bulge.
It has been suggested that one or more signals from the dermal
papilla may cause stem cells, transit-amplifying cells, or both
in the bulge to migrate out and begin proliferating to regen-
erate the hair follicle.

Both in human and in mouse epidermis, B1 integrin
expression is enriched in cells within the bulge region of the
outer root sheath. Targeted disruption of the B1 integrin gene
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[A) Schematic of the components of a hair follicle (modified
from Watt, 2001). The follicular bulge (asterisk) has been proposed to act
as a stem cell niche, which houses cells that can contribute to all the differ-
entiated cell types involved in the formation of the hair follicle, including the
outer root sheath, inner root sheath, and hair shaft. Stem cells within the bulge
can also generate sebocytes and the cells that maintain the inferfollicular
epidermis. The bulge is located along the outer root sheath, which is con-
tiguous with the interfollicular epidermis (dotted line). (B] Drawing of a
cross-section of the interfollicular epidermis. The stem cells that maintain the
interfollicular epidermis are within the basal layer of the epidermis and divide
to produce the transitamplifying cells, which undergo a process of terminal
differentiation as they migrate toward the surface of the skin. Dead squamae
are shed from the surface of the skin. Interfollicular epidermal stem cells are
found in paiches, surrounded by transitamplifying cells that form an inter-
connecting network between the stem cell clusfers.

in the outer root sheath cellsdid not disrupt thefirst hair cycle.
However, proliferation of matrix cells was severely impaired,
resulting in progressive hair loss and dramatic hair follicle
abnormalities. Proliferation of interfollicular keratinocytes
was also significantly reduced, and by seven weeks, these
mice completely lacked hair follicles and sebaceous glands,
suggesting that B1 integrin function isrequired for normal epi-
dermal proliferation. It is possible that one role of B1 integrin
isto anchor stem cells within the bulge, close to self-renewal
signals.

To date, no candidate growth factors that might be secreted
by cells in and around the bulge to control stem cell self-
renewal have been definitively identified. However, both the
Sonic hedgehog (Shh) and the Wnt/B-catenin signaling path-
ways have been shown to affect some aspects of cell prolif-
eration and differentiation in the epidermis and epidermal
appendages. Shh signaling appears to specify hair follicle
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placement and growth during embryogenesis, as well as
postnatal follicle regeneration. Shh is expressed at the distal
portion of the growing hair follicle, adong one side of the
matrix closest to the skin surface (Figure 5-3A). Interestingly,
fibroblast growth factors (FGFs) and BMPs, expressed in the
dermal papilla, affect hair follicle growth by regulating Shh
expression in matrix cells (Figure 5-3A).

Loss of Shh function leads to disruption in hair follicle
growth, while ectopic expression of Shh target genes induces
follicular tumors. In addition, basal cell carcinomas, caused
by mutations in downstream components of the Shh pathway,
are composed of cells similar to hair follicle precursor cells.
Shh expression in the epithelium results in the expression of
target genes such as Patched (Ptc) in both the proliferating
matrix cells and the adjacent dermal papilla. Because Shh
targets are expressed in both the epidermis and the underly-
ing dermal tissue, it is unclear whether the effect of Shh on
epithelial cell proliferation is direct or indirect.

Whnt signaling also plays an important role in the forma-
tion of hair follicles during embryogenesis and postnatal spec-
ification of matrix-derived cells into follicular keratinocytes.
Overexpression of a stabilized form of B-catenin in murine
skin leads to the formation of ectopic hair follicles and hair
follicle-derived tumors. Alternatively, a skin-specific knock-
out of PB-catenin attenuated hair germ formation during
embryogenesis and dramatically restricted specification of
cell fates by the multipotent bulge stem cells after completion
of theinitial hair cycle. At the initiation of the second growth
phase, B-catenin-deficient stem cells were incapable of dif-
ferentiating into follicular epithelial cells and were restricted
to producing interfollicular keratinocytes.

Several members of the Lefl-TcF family, as well as
numerous Whnits, are expressed in the skin. Cells within the
bulge and the lower outer root sheath express Tcf3; Lefl is
highly expressed in the proliferative matrix cells and differ-
entiating hair-shaft precursor cells. Experiments suggest that
Tcf3 may act as a repressor to maintain characteristics of the
bulge and the lower outer root sheath cells and may do so
independently of binding to B-catenin. Thisimplies that Tcf3
likely acts in a Wnt independent manner to direct the differ-
entiation of cellswithin the bulge and lower outer root sheath.
Lef1, on the other hand, requires binding to 3-catenin and pre-
sumably activation by one or more Wnts to mediate its effects
on hair follicle differentiation. Although these data reempha-
size arole for Wnt signaling in hair follicle generation, there
isstill no evidence that Wnts directly control the proliferation,
maintenance, or self-renewal of epidermal stem cells.

Stabilization of B-catenin through Wnt signaling, in
concert with the activation of Lef1 transcription by repression
of BMP signaliing by noggin, acted to repress E-cadherin
expression and to drive follicle morphogenesis. Conditional
removal of o-catenin also resulted in the arrest of hair fol-
licle formation and the subsequent failure of sebaceous gland
formation. Together, these results highlight the importance
of Wnt signaling and of the regulation of adherens junction
formation in the development and maintenance of hair
follicles.
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Interfollicular Epidermis

Stem cells in the bulge can migrate superficially to maintain
the interfollicular epidermis. The stem cells that maintain the
interfollicular epidermis are within pockets in the basal layer
of the epidermis and divide to generate the transit-amplifying
cells, which undergo a process of terminal differentiation as
they migrate toward the surface of the skin (Figure 5-3B).
Interfollicular epidermal stem cells are found in patches, sur-
rounded by transit-amplifying cells that form an intercon-
necting network between the stem cell clusters.

Adhesion to the extracellular matrix promotes stem cell
identity and prevents differentiation of keratinocytes. Human
or mouse basal keratinocytes can be grown and cultured in
vitro, and cultured adult human keratinocytes have been used
as autografts in the treatment of burn victims for the past 20
years. The ability to culture keratinocytes in vitro has also
allowed the development of potential strategies to use cuta
neous gene therapy to correct various skin disorders and
chronic wounds.

When cultured keratinocytes are placed in suspension,
they immediately cease cell division and initiate differentia-
tion. Keratinocytes express a variety of integrins, and
although some are generally expressed, others are induced
only during development, wounding, and disease. All cells
within the basal layer of the epidermis express 1 integrin.
However, the cells most likely to be stem cells within
theinterfollicular epidermis express surface levels of B1 inte-
grin two- to threefold higher than those of transit-amplifying
cells. High levels of B1 integrin with signaling through
the mitogen-activated protein kinase cascade were demon-
strated to promote stem cell identity in basal keratinocytes.
As a result, a high level of B1 integrin is commonly used
as a visual marker for stem cells within the interfollicular
epidermis.

Activated B-catenin and signaling through TcF has been
demonstrated to increase the proportion of stem cells in ker-
atinocyte cultures. Cultured mouse keratinocytes exposed to
Whnt3a- and noggin-conditioned media showed a significant
increase in B-catenin and Lefl levels and in localization of
Lefl to the nucleus. These two signaling pathways could act
to reduce E-cadherin expression in interfollicular basal ker-
atinocytes, similar to the manner in which they act to regulate
E-cadherin expression during hair follicle morphogenesis.
Interestingly, stem cells in the interfollicular epidermis have
surface levels of E-cadherin lower than those of transit-
amplifying cells.

Notch signaling has been suggested to promote differenti-
ation of interfollicular keratinocytes. High levels of the Notch
ligand, Deltal, in cultured human epidermal keratinocytes
signal to adjacent cellsto differentiate while the stem cells are
protected from this signal. Notch signaling has also been
demonstrated to stimulate differentiation in mouse epidermal
cells. Accordingly, conditional removal of Notch from basal
keratinocytes resultsin epidermal hyperplasia, suggesting that
Notch negatively regulates epithelial stem cell proliferation
and may act as atumor suppressor in mouse epidermis. Inter-
estingly, Notchl deficiency also results in increased levels
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of B-catenin and Lefl and in the formation of basal cell
carcinomarlike tumors.

GUT EPITHELIUM

The inner lining of the colon and small intestine is a simple
columnar epithelium constantly renewed by the proliferation
of stem cells residing within pockets, or crypts, along the
intestinal wall. Intestinal cells leave the crypt at a rate of
200-300 cells/day and migrate onto ciliated villi that protrude
into the gut lumen (reviewed by Winton, 2001; Figure 5-4A).
No cell-specific marker has been characterized that allows
conclusive identification and characterization of intestinal
stem cells. However, lineage-tracing experiments have located
the presumptive stem cells of both the small intestine and the
colon near the base of each crypt. Within a crypt, approxi-
mately four to five stem cells generate transit-amplifying
cells, which are capable of up to six transit divisions. Migra-
tion of these transit-amplifying cells out of the proliferative
zone isrequired for the onset of differentiation (Figure 5-4B).
The stem cells may be maintained at the base of crypts,
embedded in the intestinal wall, for protection from toxins
passing through the gut lumen.

Whnt signaling is involved in controlling the proliferation
and differentiation of intestinal epithelia cells. In humans,
mutations in the adenomatous polyposis coli (APC) gene, a
negative regulator of Wnt signaling, are etiologicaly linked
to the development of colorectal cancers. Also, constitutively

B.

A

4 . differentiation
|=—villus
[ 4 proliferation
® zone

\F crypt

active nuclear complexes of Tcf4—f3-catenin are found in
APC™ colon carcinoma cell lines or in cell lines that have a
stable form of B-catenin, suggesting that hyperactivation of
Tcf4 may contribute to cellular transformation. Loss of the
Tcf4 transcription factor, which is expressed in the intestinal
epithelium, leads to the depletion of stem cells and the failure
to maintain the proliferative compartments in the intervillus
pockets of the neonatal small intestine. This phenotype was
not evident in the colon, suggesting that another TcF family
member may act redundantly with or instead of Tcf4 in the
large intestine.

If crypts serve as a niche to support the self-renewal of
intestinal stem cells, this implies that cells near the intestinal
stem cells may be the source of a secreted self-renewal signal.
Nuclear B-catenin is found only in the cells at the base of the
crypts within the adult mouse small intestine, suggesting acti-
vation of the Wnt pathway in these cells (Figure 5-4B). There-
fore, mesenchymal cells underlying the crypt epithelium
could be a source for a secreted Wnt ligand that could act as
aparacrine signal to direct the proliferation of stem cells, pro-
genitor cells, or both in the intestinal epithelium.

NEURAL STEM CELLS

Neurogenesis persists in particular regions of the adult brain,
occurring in both the subventricular zone (SVZ) of the lateral
ventricle and the hippocampus. Neural stem cells that have
the capacity to self-renew and produce precursors that will

200-300 cells/day

putative stem cells

l—— Paneth cells

pericryptal
fibroblast

[A) Drawing showing the relationship between small intestinal villi and crypts. (B) Schematic representation of a small intesfinal crypt. Llineage-
tracing experiments in both the small intestine and the colon have led to the conclusion that stfem cells reside near the crypt base. The approximate location
of stem cells in the small intestine is at position 4 from the crypt base above the differentiated Paneth cells. Colonic crypts do not contain Paneth cells, and
the stem cells in the colon have been localized to the base of the crypt. Other differentiated cells migrate out toward the lumen of the gut. Factors secrefed
by the pericryptal fibroblasts could contribute to stem cell maintenance and proliferation; therefore, these cells are likely candidates for cellular components

of the stem cell niche within the gut.
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differentiate into both neurons and glia can be cultured from
the SVZ and hippocampus. When cultured in vitro, cells from
these tissues can generate free-floating, spherica clusters
called neurospheres that contain mixed populations of stem
cells and precursor cells. Although growth factors such as
FGF-2 and EGF can support the growth of neurospheres in
culture, the physiologically relevant signaling molecules that
support stem cell self-renewal in the adult brain have not yet
been identified.

Cellsisolated from many regionsin the adult brain, includ-
ing nonneurogenic regions, can generate neurons both in vitro
and, after grafting back to neurogenic regions, in vivo. These
data suggest that neural stem cells may be distributed through-
out the adult central nervous system and that the local envi-
ronment, or niche, may determine their developmental fate.

Astrocytes from both the SVZ and the hippocampus can
provide neurogenic signalsto progenitor cells, suggesting that
astrocytes may be acritical component of the neural stem cell
niche. Astrocytes from the adult spinal cord have no effect on
the growth of neural stem cells in culture, indicating that
astrocytesfrom different regions of the central nervous system
exhibit different capabilities for regulating the fate choice of
adult stem cells.

Summary

Stem cell niches have been proposed to play acritical rolein
the maintenance of stem cells in the male germ line, the
hematopoietic system, the epidermis, the intestina epithe-
lium, and the adult nervous system. Characterization of these
stem cell niches depends on the ability to identify stem cells
in vivo in their normal environment. Through comparison of
different stem cell systems, some themes emerge that indicate
possible general characteristics of the relationship between
stem cells and their supporting niche.

First, secreted factors elaborated by or induced by cells
composing the stem cell niche can function to direct stem cell
fate decisions. However, the precise signaling pathway or
pathways may be different for each stem cell type and within
each stem cell niche. Studies in Drosophila indicate that
support cells adjacent to stem cells secrete factors required for
maintaining stem cell identity and for specifying stem cell
self-renewal. Both JAK-STAT signaling and TGF-$ signaling
have been implicated in the regulation of stem cell behavior
by surrounding support cells in Drosophila. In mammals, the
Whnt signal transduction pathway has been demonstrated to
play a role in specifying stem cell self-renewal in HSCs,
although the Wnt signal may be secreted from the stem cells
themselves and may act in an autocrine loop to control stem
cell proliferation. Wnt signaling may aso be involved in
directing the proliferation of stem cells, transit-amplifying
cells, or both in the intestinal epithelium. However, the same
signaling pathway may be exploited for distinct purposes in
different stem cell systems. In the mammalian epidermis, Wnt
signaling is likely involved in specifying the fate of hair fol-
licle precursors rather than in specifying self-renewal of the
multipotent stem cells in the bulge.
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Second, cell adhesion is also emerging as an important
characteristic of the interactions of stem cells with the niche.
Adhesion between stem cells and niche cells is required for
stem cell maintenance in the Drosophila male and female
germ line, ensuring that GSCs are held close to self-renewal
signals emanating from the niche. Attachment to niche cells
or to abasal laminamay also be important for stem cell main-
tenance within adult mammalian tissues— hence the high
levels of the B1 integrin characteristic of stem cells in the
interfollicular epidermis and in the multipotent stem cells
within the bulge region of the outer root sheath. Interestingly,
targeted disruption of B1 integrin in cells within the bulge
region of the outer root sheath severely impaired the prolifer-
ation of precursor cells that contributed to the interfollicular
epidermis, hair follicle, and sebaceous glands. Thus, similar
to the role of adherens junctions in maintaining Drosophila
GSCs in the niche, B1 integrin-mediated adhesion may be
required to hold multipotent epidermal stem cells within the
niche and close to self-renewal signals. In the mammalian
testis, a6 integrin has been identified as a cell surface marker
for the enrichment of spermatogonia stem cells, athough a
specific role for a6 integrin in spermatogonia stem cell main-
tenance has not yet been directly demonstrated. Similarly, 0.6
integrin is expressed by basal keratinocytes in the epidermis;
however, thereis no strong correlation between o6 expression
and proliferative potential. Therefore, although cell adhesion
is frequently a conserved feature of stem cell maintenance in
supportive niches, the specific types of junctions and cell
adhesion molecules that play roles may differ among differ-
ent stem cell niche systems.

Third, the precise cellular organization of stem cells with
respect to surrounding support cells may play an important
role in the regulation of appropriate stem cell numbers. In the
Drosophila ovary and testis, where the stem cells normally
divide with invariant asymmetry, the mitotic spindle is ori-
ented to place the daughter cell that will retain stem cell iden-
tity within the stem cell niche; the daughter cell destined to
differentiateis placed outside of the niche and away from self-
renewal signals. Either attachment to niche cells or the extra-
cellular matrix via junctional complexes or localized signals
within the niche may provide polarity cuestoward which stem
cells can orient during division. This stereotyped division
plane can in turn specify an asymmetric outcome to stem cell
divisions, in which one daughter cell retains attachment to
niche cells and the other is displaced out of the stem cell niche.
As stem cells are definitively identified in vivo, in the context
of their normal support cell microenvironment, it will beinter-
esting to determineif stem cell divisions are likewise oriented
in the seminiferous tubules, bone marrow, follicular bulge,
and intestinal crypts and within neurogenic regions of the
adult brain.
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KEY WORDS

Relatively undifferentiatied precursor cells that
maintain the ability throughout adult life to proliferate, producing
some progeny cells that maintain stem cell identity, renewing the
stem cell population, and other progeny cells that initiate differen-
tiation along one or more defined lineages.

The human adenomatous polyposis coli gene, a negative reg-
ulator of Wnt signaling. Also, a structural protein associated with
the cytoplasmic face of adherens junctions. Mutations in the APC
gene are linked to the development of colorectal cancer.

Cyst progenitor cell — stem cell for the somatic cyst cellsin
the Drosophila testis.

Germ-line stem cell.

Hematopoietc stem cell.

The local microenvironment that supports stem cell mainte-
nance and self-renewal.

A secreted growth factor that binds to members of the
Frizzled (Fz) family of cell surface receptors.

FURTHER READING

Alonso, L., and Fuchs, E. (2003). Stem cells in the skin: Waste not, Wnt
not. Genes Dev. 17, 1189-1200.

53

Gage, F. H. (2000). Mammalian neural stem cells. Science 287,
1433-1438.

Gonzalez-Reyes, A. (2003). Stem cells, niches, and cadherins: A view
from Drosophila. J. Cell Sci. 116 (Pt. 6), 949-954.

Kiger, A. A., Jones, D. L., Schulz, C., Rogers, M. B., and Fuller, M. T.
(2001). Stem cell self-renewal specified by JAK-STAT activation in
response to a support cell cue. Science 294, 25422545,

Oro, A. E., and Scott, M. P. (1998). Splitting hairs: Dissecting roles of
signaling systems in epidermal development. Cell 95, 575-578.

Spradling, A., Drummond-Barbosa, D., and Kai, T. (2001). Stem cellsfind
their niche. Nature 414, 98-104.

Tuling, N., and Matunis, E. (2001). Control of stem cell self-renewal in
Drosophila spermatogenesis by JAK-STAT signaling. Science 294,
2546-2549.

Watt, F. M. (2001). Epidermal stem cells. In Stem cell biology (D. R.
Marshak et al., eds.), pp. 439-453. Cold Spring Harbor Press, Cold
Spring Harbor, NY.

Watt, F. M., and Hogan, B. L. (2000). Out of Eden: stem cells and their
niches. Science 287, 1427-1430.

Winton, D. J. (2001). Stem cells in the epithelium of the small intestine
and colon. In Stem cell biology (D. R. Marshak et al., eds). pp.
515-536. Cold Spring Harbor Press, Cold Spring Harbor, NY.

Xie, T., and Spradling, A. C. (2000). A niche maintaining germ line stem
cellsin the Drosophila ovary. Science 290, 328-330.

Yamashita, Y., Jones, D. L., and Fuller, M. T. (2003). Orientation of asym-
metric stem cell division by the APC tumor suppressor and centrosome.
Science 301, 1547-1550.


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

6

Mechanisms of Stem Cell Self-Renewal

Hitoshi Niwa

Self-renewal of embryonic stem (ES) cells is achieved by
symmetrical cell division while maintaining pluripotency.
This can be modulated by extrinsic factors such as a cytokine
leukemia inhibitory factor (LIF) for mouse ES cells. External
signals control gene expression by regulating transcription
factors. Oct-3/4 acts as a pivotal player in determining self-
renewa or differentiation. However, it is still a mystery as
to how self-renewal is achieved, since cell cycle regulation,
apoptosis, and telomerase activity have not been analyzed
well in ES self-renewal. More information is needed to reach
a better understanding of self-renewal in ES cells.

If a question can be put at all, then it can also be answered.
Ludwig Wittgenstein

Stem cells possess mystical qualities. As a result, we feel
that even if al possible scientific questions are answered, the
main problem of stem cells has not been touched at all.
However, what we can only do is ask proper questions and
seek answers for them. We believe that if it can be said at all,
it can be said clearly.

Self-Renewal of Pluripotent Stem Cells

The capacities for self-renewal and differentiation are the two
characteristic potentials of stem cells. Self-renewal can be
defined as making a complete phenocopy of stem cells
through mitosis, which means that at least one daughter cell
generated by mitosis possesses the same capacity of self-
renewa and differentiation. In stem cell self-renewal, sym-
metric cell division generates two stem cells; asymmetric cell
division results in one stem cell and either one differentiated
progeny or a stem cell with a restricted capacity for differen-
tigtion. Self-renewal by symmetric cell division is often
observed in transient stem cells appearing in early embryonic
development to increase body size. In contrast, self-renewal
by asymmetric cell division can be found in permanent stem
cells in embryos in later developmental stages and in adults
to maintain the homeostasis of the established body plan.

ES cells are pluripotent stem cells derived from pre- or
peri-implantation embryos (Figure 6-1). Thefirst ES cell lines
were established from the mouse inner cell mass (ICM) of
blastocyst-stage embryos in 1981 by Gail Martin as well as
Martin Evans and Matthew Kaufman. A pluripotent stem cell
population appears only transiently during early embryogen-

Essentials of Stem Cell Biology
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esis, so competency for deviation of ES cells exists in a very
narrow range of developmental stages. In the case of mouse
development, the pluripotent stem cell population isfirst seen
as|CM by segregation of trophectoderm during the formation
of blastocyst at 3.5 days postcoitum (dpc). At 4.5dpc, a prim-
itive endoderm layer can be seen at the surface of ICM, and
the remaining pluripotent cell population covered by primi-
tive endoderm is designated as epiblast. After implantation,
epiblast cells start to proliferate rapidly and increase in size.
At 6.0dpc, apoptotic cell death eliminates the central part of
the epiblast, resulting in the formation of an epithelialized
monolayer of pluripotent stem cells designated as primitive
ectoderm (Figure 6-2). Primitive ectoderm undergoes differ-
entiation to embryonic germ layers through gastrulation, and
it is there that cells lose pluripotency. After 7.0dpc, only pri-
mordial germ cells retain latent pluripotency, which can be
shown by the establishment of embryonic germ (EG) cellsin
vitro as reported by Yasuhisa Matsui et al., 1991.

ES cells are not equivalent to the pluripotent stem cellsin
the ICM, athough they are directly derived from the ICM.
The ICM pluripotent stem cells divide slowly. In the delayed
blastocyst generated by ovariectomy after fertilization, the
doubling time of ICM—epiblast cellsis estimated at 96 hours
or longer. However, mouse ES cells grow more rapidly than
these cells, and they display adoubling time of 12 to 14 hours.
Such rapid growth of pluripotent stem cells is observed only
in the epiblast after implantation, and it may be triggered by
the signals from the primitive endoderm and extraembryonic
ectoderm. Their doubling time at 5.0dpc is 11 to 12 hours,
amost the same as ES cells, and it reaches 4 to 5 hours at
6.0dpc. Because the epithelia characteristics and atered
pluripotency are evident in primitive ectoderm that cannot be
found in ES cells, ES cells are most similar to the pluripotent
stem cells in the epiblast at 5.0dpc. Expression patterns of
stage-specific marker genes al so suggest that the patternin ES
cellsis most similar to the epiblast between 4.75 and 5.0dpc.

Molecular M echanism to Retain
ES Cédll Saf-Renewal

The ability of continuous self-renewal in vitro is one of the
characteristic phenotypes of ES cells. As found in the case of
other cellular phenotypes, it should be regulated by transcrip-
tional control in the nucleus by extracellular signals (Figure
6-3). At the molecular level, self-renewal can be defined as
the combinatorial phenomenon of keeping pluripotency and
stimulating cellular proliferation.
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EXTRACELLULAR SIGNALS FOR ES CELL SELF-RENEWAL

Prior to the establishment of ES cells in routine culture,
researchers manipulated embryonal carcinoma (EC) cells. EC
cells are pluripotent stem cells derived from a particular type
of tumor, teratocarcinoma. This tumor consists of tissues
derived from multiple, and often al three, germ layers. Tera-
tocarcinomas are derived from ectopically migrated primor-
dial germ cells, and they continuously grow by self-renewal
and differentiation of the remaining pluripotent stem cells.
Because many different types of cell lines had been estab-
lished from various tumors, such an interesting characteristic
of teratocarcinomas intrigued researchers and spurred them to
establish pluripotent cell lines. In their effortsto do so, several
important strategies for the culture of pluripotent stem cells
were developed. The first EC cell line from a mouse terato-
carcinoma was established in 1970. Thereafter, several tech-

Scanning electromicroscope view of mouse ES cells. Mouse
ES cells form compact colonies in which cells are in tight contact.
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niques, such as co-culture with feeder cells, were developed
to improve the proper self-renewal of EC cellsin vitro.

One of the first mouse ES cell lines was established by the
culture of ICM on feeder layers in the presence of an EC-
conditioned medium, and another was derived from delayed
blastocysts cultured on feeder cells. Therole of feeder cells as
a source of soluble growth factors was suggested by the effi-
cient replacement of such cells with a medium conditioned by
buffalo rat liver cells. It wasthen that acytokine LIF wasiden-
tified as a responsible factor mediating this phenomenon by
Austin Smith et al. (1988). LIF had been originally identified
as a cytokine-inducing differentiation and as preventing self-
renewal of the particular leukemia cell line M1, but against
ES cells it exhibited the opposite effect — inhibition of dif-
ferentiation while retaining the capacity for self-renewal.
Using recombinant LIF, researchers can maintain ES cells
with pluripotency on gelatinized dishes during long-term
culture in vitro. Moreover, new ES cell lines can be estab-
lished under such conditions from blastocysts of the genetic
background named 129, indicating that the presence of LIF is
sufficient to maintain ES cell self-renewal in this case.

What is the role of LIF in maintaining ES cell self-
renewal? Since the removal of LIF results in differentiation
mainly toward primitive endoderm, one of its effects on ES
cells is to inhibit differentiation. Reports have suggested
that the action of LIF is limited to inhibiting differentiation
without stimulating proliferation, but it is still hard to state
this clearly because al of these experiments were done under
crude experimental conditions in the presence of fetal calf
serum (FCS) in the culture medium.

LIF belongs to the IL-6 cytokine family, whose members
share the transmembrane glycoprotein gp130 as a common
component for signal transduction of their receptors. The
high-affinity LIF receptor consists of a heterodimer of gp130
and LIF receptor-B (LIFRB). LIFRB possesses its own cyto-
plasmic domain homologous to that of gpl130, but our ex-
periment using the chimeric molecules consisting of the
extracellular domain of granulocyte colony-stimulating factor
receptor and the intracellular domain of either gpl30 or
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Peri-implantation development of mouse embryos. A pluripotent cell population is in the inner cell mass (ICM), epiblast, and primitive ecto-
derm. ES cells are most similar to the epib\osl in their characteristics, ohhough Ihey are normoHy derived from the ICM.
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Molecular mechanism govering ES cell selfrenewal. The mechanism can be divided into three categories: exirinsic factors, franscriptional

regulators, and effectors.

LIFRP revealed that only gp130 isresponsible for signal inte-
gration to retain ES cell self-renewal. One of the major path-
ways of signal transduction using gpl130 is the JAK-STAT
pathway, and its importance in ES cells has been shown by a
series of genetic manipulations. We demonstrated that the
blockage of activation of the signal transduction molecule
STAT3 by overexpression of its dominant-negative mutant in
the presence of LIF induces differentiation similar to that
induced by the withdrawal of LIF, indicating that STAT3 acti-
vation is essential for LIF action. On the other hand, it was
shown that activation of STAT3 is sufficient to maintain ES
cell self-renewal in the absence of LIF. They transduced ES
cells with the chimeric molecule consisting of STAT3 and the
ligand-binding domain of the mutant estrogen receptor, which
can be dimerized by the artificial estrogen derivative tamox-
ifen. Their results showed that self-renewal of these ES cells
can be maintained by tamoxifen without LIF as efficiently as
with LIF.

Although the LIF action on mouse ES cells is dragtic, its
physiological action during development appears to be
restricted. Elimination of the function of LIF, gp130, LIFR,
or STAT3 by gene targeting did not interfere with the self-
renewal of pluripotent stem cells during early embryogenesis.
The role of gpl30 in the pluripotent cell phenotype was
evident only when the delayed blastocysts were carefully ana-
lyzed. The ICM of delayed blastocysts normally maintains
pluripotency, but gp130™ blastocysts could not maintain
pluripotency during the delayed period. Since the mainte-
nance of blastocysts in the uterus without implantation is a
characteristic feature in rodents, the responsiveness of ES
cells to gp130 signaling has its origin in this adaptive physi-
ological function. Moreover, it may be the reason why LIFs
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do not show obvious effects on ES cells of other species, espe-
cidly primates. However, the function of the gp130-STAT3
pathway in germ cell development is evolutionally conserved,
since it can be found in invertebrates. This may suggest that
the role of this system in rodent ES cells is a small evolu-
tionary cooption derived from the maintenance of germ cells.

Although LIF is the only extrinsic factor to date for pro-
moting ES cell self-renewa, its action is not unique. It was
reported that the activity of a medium conditioned by parietal
endoderm cells could replace LIF for short-term culture
without activating STATS3, indicating that a different molecu-
lar mechanism can support ES cell self-renewal in the absence
of LIF. Unfortunately, it remains a mystery as to what kind of
signals mediate this phenomenon, since the responsible sub-
stance named ES cell renewal factor (ESRF) has not been
identified. It is clear that neither LIF nor ESRF is sufficient to
maintain ES cell self-renewal because the culture to detect
their activity aways contains FCS, a cocktail of several
soluble factors. FCS can be replaced by artificial chemical
components, but such a simple replacement is limited in the
presence of feeder cells. In the feeder-free condition, ES cells
can be maintained in high-density culture conditions but not
in clonal-density conditions, indicating that a community
effect is evident under such conditions. Since this community
effect is masked in the presence of FCS or feeder cells, it can
be conducted by soluble factors and may be replaced by
cell—ell interaction using adherent molecules.

Recently, Qi-Long Ying et al. reported that a combination
of LIF and bone morphogenic factor (BMP)-4 alows propa-
gation of mouse ES cellswithout feeder and FCS, and we also
established feeder- and serum-free culture of mouse ES cells
by providing an excess amount of adrenocorticotropic
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hormone (ACTH) into the culture with LIF, indicating that ES
cells require only a few factors for maintaining self-renewal.
The contribution of the Wnt pathway was also reported, sug-
gesting that there is functional overlap and cross-talk between
different types of signals.

TRANSCRIPTIONAL REGULATION
FOR ES CELL SELF-RENEWAL

STAT3

STAT3, activated by LIF, acts as a transcriptional regulator in
nuclei. However, its function is not commonly found in
various pluripotent stem cells. Many mouse and human EC
cell lines propagate in an LIF-independent manner, as found
in primate ES cells, and overexpression of dominant-negative
STAT3 in LIF-independent EC cells does not affect their self-
renewal. These data clearly rule out the possibility that inde-
pendence against exogenous LIF is not simply caused by the
presence of autocrine or intracellular activation of its signa
transduction pathway. In mouse ES cells, we previously pro-
posed that STAT3 might activate the expression of a partner
of Oct-3/4, which has yet to be identified, to maintain ES cell
self-renewal (see later sections of this chapter).

Oct-3/4

The molecular mechanism governing self-renewal and differ-
entiation of pluripotent stem cellswasfirst characterized using
EC cells because of their longer history and convenience of
culture in vitro. Many EC cell lines have been adapted to in
vitro culture in the presence of FCS without particular sup-
plemental factors such as feeders. These EC cells undergo dif-
ferentiation synchronously with chemical inducers such as
all-trans retinoic acid. Thus, many trials have been conducted
using these EC cells to identify genesinvolving the transition
from self-renewal to differentiation. In 1990, three different
groups identified the same gene, which encodes a transcrip-
tion factor of the POU family, by its specific expression in
undifferentiated stem cells followed by down-regulation
during differentiation. This gene is Oct-3/4, which was ini-
tially reported as Oct-3 or Oct-4, encoded by Pou5f1.
Oct-3/4 expression is tightly restricted in stem cell popu-
lations during development. Its expression is detectable in
totipotent and pluripotent cells— such as fertilized eggs, all
blastomeres of morula, the ICM of blastocysts, the epiblast,
and the primitive ectoderm — and then restricted in latent
pluripotent cells in germ cell lineage, although retention of
expression in differentiating cellsis observed at 8.5dpc, espe-
cidly in neural cell lineage. The function of Oct-3/4 in
pluripotent stem cellswasinitially analyzed by a conventional
gene-targeting strategy. According to the study by Jennifer
Nichols et al. (1998) heterozygous Oct-3/4-deficient animals
developed normally, but homozygous embryos obtained
by their intercross exhibited developmental defects at the
peri-implantation stage. The homozygous embryo was never
recovered at the egg cylinder stage after implantation;
however, implantation was not affected since homozygous
embryos could be recovered from swelling deciduas at
5.0dpc, and it was observed at the blastocyst stage at close-
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to-expected Mendelian frequency. When the ICM was iso-
lated by immunosurgery and cultured in vitro, cells underwent
differentiation to trophectoderm, whereas the ICM derived
from wild-type or heterozygous blastocysts formed astem cell
clump surrounded by parietal endoderm. These data indicated
that the function of Oct-3/4 was essentia in establishing the
proper pluripotency in the ICM of blastocysts, but it was still
unclear whether its function was necessary for the self-
renewal of established pluripotent stem cells.

Our functional analyses of Oct-3/4 in ES cells revealed
their unique characteristics. Loss-of-function phenotype of
Oct-3/4 evaluated by the combination of gene-targeting and
tetracycline-inducible transgene expression revealed that its
function is essential for the continuous propagation of stem
cell populations. Moreover, loss of Oct-3/4 function strictly
determines the differentiated fate of ES cells toward trophec-
toderm, which is merely observed in normal culture condi-
tions, as found in the ICM of Oct-3/4-null embryos. Once the
essential nature of the Oct-3/4 function in ES cell self-renewal
was established, the next question was its sufficiency;
however, this question was hard to address. Unexpectedly,
overexpression of Oct-3/4 induces differentiation toward
primitive endoderm lineage.

Careful estimation of the threshold level to induce differ-
entiation using tetracycline-regul atable transgenesis reveaed
that only a 50% increase over the normal expression level is
sufficient. It was reported that overexpression of Oct-3/4
represses its transcriptional activation using a squelching
mechanism, and high-level expression of Oct-3/4 is detected
in primitive endoderm imaged on the surface of the ICM at
4.5dpc, suggesting that the phenomenon observed in ES cells
might have some physiological significance. Therefore, Oct-
3/4 can be regarded as a three-way switch to determine three
different cell fates— pluripotent stem cells, primitive endo-
derm, and trophectoderm — in a dose-dependent manner. The
original question about its sufficiency in ES cell self-renewal
was finally addressed in Oct-3/4-null ES cells maintained by
atetracycline-regulatable Oct-3/4 transgene. Inthese ES cells,
Oct-3/4 expression is maintained after the withdrawal of LIF,
but they undergo normal differentiation events toward primi-
tive endoderm in the absence of LIF, indicating that Oct-3/4
expression is not sufficient to continue self-renewal without
LIF. This result also revealed that the LIF-STAT3 axis does
not form linear cascade with Oct-3/4 to maintain ES cell self-
renewal, since loss of Oct-3/4 induces differentiation to
trophectoderm in the presence of LIF.

In contrast to STAT3, such Oct-3/4 function appears to be
common in various pluripotent stem cells. Stem cell-specific
expression of Oct-3/4 isreported in primate ES cell lines, and
overexpression of Oct-3/4 induces differentiation in various
mouse EC cell lines. However, Oct-3/4 may be an evolution-
arily new component of the genome because it can be found
only in mammals. In zebra fish, the diverse POU family
member POU2 was identified as an ortholog of Oct-3/4,
indicating its rapid evolution in vertebrates because of the
absence of Oct-3/4- and POU2-like sequences in invertebrate
genomes.™
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Sox-2
Sox-2 is a member of the Sry-related transcription factor
family.** Its function in ES cells was first identified in relation
to Oct-3/4. When the fibroblast growth factor-4 (Fgf-4) gene
was identified as a possible target of Oct-3/4, its enhancer
element specifically active in pluripotent stem cells was ana-
lyzed. It possesses binding elements for the Sox family
members as well as the POU family members. Subsequently,
the Sox family members expressed in ES cells were surveyed,
and Sox-2 was identified. Sox-2 can be regarded as one of the
cofactors of Oct-3/4, since it activates the transcription of
target genes, such as Fgf-4, Utf-1, Fbx-15, and Lefty-1 in
cooperation with Oct-3/4. Moreover, Sox-2 expression is reg-
ulated by Oct-3/4 and Sox-2, indicating that a positive feed-
back mechanism may be involved in the maintenance of ES
cell self-renewal.

Recently, Sox-2 function in pluripotent stem cellswas ana-
lyzed in vivo by gene targeting. According to the study by
Ariel Avilion et al. (2003), heterozygous Sox-2-deficient
embryos develop normally, but homozygous embryos stop
development in the peri-implantation stage, as found in Oct-
3/4 mutants. However, the precise point at which they exhibit
abnormalities is dlightly later than the point in Oct-3/4
mutants (abnormal embryos without an epiblast can be recov-
ered at 6.0dpc). A homozygous blastocyst |ooks healthier than
that of Oct-3/4 mutants, and the isolated ICM generates prim-
itive endoderm as well as trophectoderm. Such a delay of
abnormal phenotype may be caused by the persistence of
maternal transcripts as discussed in the report, but it will be
necessary to confirm the precise role of Sox-2 in ES cells, as
we did for Oct-3/4.

Nanog

Nanog (aso reported as ENK) is a new member of the tran-
scription factors whose functions are essential for keeping
self-renewal identified by Kaoru Mitsui et al. (2003) and lan
Chambers et al. (2003). It encodes an NK2-family homeobox
transcription factor and is named for Tir Na Nog, the name of
the land of the ever-young in Celtic myth, because its forced
expression in mouse ES cells alow self-renewa in the
absence of LIF. However, Nanog expression is not regulated
by STAT3 directly, and Nanog cannot replace the function of
Oct-3/4, so its function is still mysterious. Loss of function in
the embryo resulted in the peri-implantation lethality, and that
in ES cells induced differentiation to parietal endoderm-like
cells with up-regulation of Gata-6. Since overexpression of
Gata-6 triggers a similar differentiation event and its expres-
sion is up-regulated after withdrawal of LIF or STAT3 activ-
ity, one of the possible functions of Nanog might be repression
of the Gata-6 expression.

Transcription Factors Involving ICM Outgrowth
Many possible transcriptiona factors have been reported in
the involvement in self-renewal of pluripotent stem cells. It
was reported that overexpression of the homeobox transcrip-
tion factor Pem replaces the LIF dependency of mouse ES
cells, but strong expression of Pem is observed in differenti-
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ated cell types such as extraembryonic tissues, and Pem-null
animals develop normally without abnormality in pluripotent
stem cells during early embryogenesis. In contrast, inhibition
of Ehox activity resultsin the maintenance of a stem cell phe-
notype in limiting concentrations of LIF, but it will be neces-
sary to confirm its function in vivo.

A defect of ICM outgrowth found in Oct-3/4 or Sox-2
mutant embryos might be regarded as a landmark of gene
function in pluripotent cell populations. However, such a phe-
notype may not always reflect the abnormality of pluripotent
stem cells themselves. For example, a mutation of the signal
transduction adapter protein Disabled-2 (Dab-2) resulted in a
defect of ICM outgrowth in which only primitive endoderm
cells were maintained after one week. However, Dab-2
expression is detectable in primitive endoderm but not in the
ICM, and the homozygous embryos that die at 5.5dpc exhibit
abnormal migration of primitive endoderm cells. Why do
Dab-2-null embryos show a growth defect of pluripotent cell
clumps? We think that it might be because of the functional
deficiency of primitive endoderm cells essential for maintain-
ing pluripotent cells as epiblast. Similar dissociation between
abnormal phenotype in ICM outgrowth and function in
pluripotent stem cells was evident more clearly in Fgf-4.
Homozygous Fgf-4-null embryos showed a defect in ICM
outgrowth, but ES cells lacking Fgf-4 function were estab-
lished by serial gene targeting. Therefore, not only a cell-
autonomous defect but also a non-cell-autonomous defect can
produce the defect of ICM outgrowth. We think that the case
of the forkhead family transcription factor, Foxd3, may be the
latter case because its function on differentiation of primitive
endoderm has been pointed out in ES cells.

EFFECTOR MOLECULES TO RETAIN
ES CELL SELF-RENEWAL

Prevention of Differentiation

To maintain ES cell self-renewal, entering the differentiation
process should be strictly prevented. During differentiation,
expression of various genes is up-regulated in a lineage-
specific manner. The GATA family transcription factors
Gata-4 and Gata-6 are specifically up-regulated during differ-
entiation to primitive endoderm induced by overexpression of
Oct-3/4 or withdrawal of LIF. Their function in primitive
endoderm differentiation in vivo was confirmed by gene
targeting. Loss of Gata-4 resulted in functional deficiency in
visceral endoderm, wheress loss of Gata-6 affected differen-
tiation of primitive endoderm. Interestingly, Junji Fujikura
and co-workers in our group found that ectopic expression of
either Gata-4 or Gata-6 in ES cells activates expression of
endogenous Gata-4 and Gata-6 and induces differentiation
toward parietal endoderm. These data strongly suggest that
one of the functions of Oct-3/4 in maintaining ES cell self-
renewal is the prevention of differentiation by repressing
genes inducing differentiation. In the case of GATA factors,
repression may occur indirectly by activation of a repressor.
In contrast, genes involving trophectoderm differentiation,
such as the homeobox transcription factor Cdx-2, may be
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directly inhibited by Oct-3/4 because their expression is
rapidly up-regulated as Oct-3/4 is repressed. We observed that
ectopic expression of Cdx-2 induced differentiation toward
trophectoderm (unpublished data), indicating the significance
of a gatekeeper function of Oct-3/4.

Maintenance of Stem Cell Proliferation

Proliferation of ES cells is achieved through their self-
renewal. Asin other cell types, it should be regulated by con-
trolling the cell cycle. However, as described in the next
section, cell cycle regulation in ES cells is unusua. For
example, it may lack a major break of cell cycle, since the
retinoblastoma gene is kept in an inactivated state. Unfortu-
nately, no Oct-3/4 target gene involving cell cycle regulation
has been identified. STAT3 can activate several genes involv-
ing cell cycle regulation, such as c-myc in M1 leukemia cells
and MCF7 cells, but none of them has been identified as the
targetsin ES cells.

Recently, anovel Ras family member was identified by its
specific expression in ES cells by Kazutoshi Takahashi et al.
(2003). This gene, E-Ras, encodes a constitutively active form
and stimulates phosphatidylinositol-3-OH kinase. Loss of
ERas activity in ES cellsresultsin slow proliferation and poor
tumorigenicity after transplantation, suggesting that its func-
tion is not essential but important for rapid proliferation of
mouse ES cells.

Unlimited propagation requires the maintenance of telom-
eres. ES cells possess a constitutive telomerase activity, and
loss of this activity resultsin limited growth. ES cells lacking
detectable telomerase activity by deletion of telomerase RNA
showed a reduced growth ratio after more than 300 divisions
and almost zero after 450 cell divisions. Since the induction
of differentiation results in the reduction of telomerase activ-
ity, maintenance of this activity should be coupled with main-
tenance of ES cell self-renewal.

Regulation of apoptosis is aso important for continuous
growth of stem cells. Since stem cells have the proliferative
ability for self-renewal in vivo, they must strictly control it to
reduce the incidence of tumorigenesis. Undifferentiated ES
cells show a higher incidence of apoptosis against various
stresses, such as ultraviolet irradiation, blockage of cell cycle,
and oxidative stress, than differentiated cells. Such high sus-
ceptibility to apoptosis may contribute to keeping the muta-
tionratioin undifferentiated cellsaslow asin thedifferentiated
cells by eliminating the cells that might be damaged. Function
of the tumor suppressor gene p53 in ES cells contributes to
hypersensitivity to UV irradiation, but the contribution of the
p53-independent pathway was also suggested.

Sdalf-Renewal asa Marker of “Stemness’

ADULT PLURIPOTENT STEM CELLS

Since self-renewal is a common feature of stem cells, the
molecular mechanism governing it might be shared among
different types of stem cells, and it could be regarded as a
marker of “stemness.” However, at present, stocked informa-
tion for each stem cell lineis till too little to highlight their
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overlap. Although Oct-3/4 expression is observed in pluripo-
tent stem cells, such as ES, EC, and EG cells, afaint level of
expression, 1/1000 of ES cells, was reported in multipotent
adult progenitor cells. It may not have functional significance,
since a 50% reduction induces differentiation, or it may be
significant if 1 in 1000 cells expresses the level of Oct-3/4
found in ES cells. No other stem cells express detectable
levels of Oct-3/4, although neural stem cells express Sox-2 at
thelevel found in ES cells. Even if the molecule is not shared,
the principle such as a gatekeeper function might be shared
by different transcription factors in different stem cells.

ADULT MULTIPOTENT STEM CELLS: CLASSICAL ADULT
STEM CELLS

Hematopoietic stem cells (HSCs) were adult stem cells iden-
tified and purified first. Analyses of knockout mice identified
several essential genes such as Scl, Gata-2, and Bmi-1 for
self-renewa of HSCs in vivo, and functional screening in
vitro revealed the stimulatory effect of Hoxb4 on self-renewal
of HSCs. Moreover, severa soluble factors have been iden-
tified on their ability to accelerate the proliferation of HSCs,
which include LIF and Wnt, but it is still impossible to main-
tain self-renewal of HSCs continuously in vitro, indicating
that there is yet unidentified factor(s) essentia for it. Long-
term self-renewal has been succeeded for neura stem cells
(NSCs), but the typical culture condition, the neurosphere
culture, cannot provide pure population of NSCs since they
form aggregate with differentiated progenies. There is no
functionally essential gene reported previously, athough
several marker genes for NSCs are available such as Nestin
and Musashi. In contrast, the essential role of the paired-class
homeobox gene Pax-7 was reported in the satellite cells of
skeletal muscle, a candidate of muscle stem cells. Mes-
enchymal stem cells and endotherial stem cellsare an intrigu-
ing source of variety of cell types because of their wide range
of multipotency, but a molecular mechanism supporting their
self-renewal has not been revealed, which might be due to
their heterogeneity.

Summary

ES cell self-renewal has been analyzed in the past two decades
using mouse ES cells, and many principal molecules have
been identified. The isolation of human ES cells has acceler-
ated studies on ES cells of various organisms except rodents,
and they have revealed both the common and different char-
acteristics of these ES cell lines with different origins. Since
we now know that there is some difference in the mechanism
to maintain self-renewal between human and mouse ES cells,
we will need to characterize human ES cells carefully in com-
parison to mouse ES cells for their future application on
regenerative medicine. However, athough our knowledge is
still far from complete in understanding the molecular mech-
anisms governing self-renewal, ES cells can be regarded as
one of the best characterized among stem cells. Therefore,
results from ES cell studies can provide good modelsfor other
stem cell systems.
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A differentiation ability to differentiate varieties of
cells that belong to al three germ layers, at least one cell type for
each. In contrast, totipotency is defined as an ability to generate a
whole animal autonomously, whereas multipotency is defined asan
ability to give multiple cell types that belong to particular germ
layers, not all three. Unipotency means an ability to give a single
differentiation cell type that is most limited ability of stem cells
such as germ-line stem cells.

A style of cell division characteristic for stem cells
that give at least one daughter cell with the same differentiation
ability asthe parental stem cells. Symmetric self-renewal generates
two stem cells, whereas the asymmetric one gives one stem cells
and one differentiated progeny. On the molecular level, this event
can be divided into two mechanisms for preventing differentiation
and promoting cell division.

A cell that has abilities to self-renew and differentiation.
Stem cells can be found as transient populations during develop-
ment and stable onesin adult tissue. Embryonic stem cells are spec-
ified as stem cells derived from the pluripotent stem cells in
early-stage embryos.
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Cell Cycle Regulators in Stem Cells

Tao Cheng and David T. Scadden

I ntroduction

Adult stem cells have defined therapeutic roles evident in
clinical bone marrow transplantation. The promise of broader
therapeutic use for adult stem cells has been fueled by the
recent controversial finding that cells derived from one tissue
type may display phenotypic characteristics of other tissue
types under appropriate environmental cues. Therapeutic effi-
cacy of stem cellsin part depends on their proliferation; there-
fore, strategies to manipulate them require understanding of
their cell cycle control. A significant hurdle restricting broader
use of adult stem cellsis their limited number and differenti-
ation in response to proliferative stimuli, thus compromising
ex vivo expansion efforts. Cell cycle regulators play key roles
in this process. In this chapter, we do not intend to detail the
biochemical pathways of general cell cycle regulation because
they werelargely obtained from other model systemsand have
been extensively reviewed elsewhere. Instead, we focus on
the distinct cell cycle kineticsin stem cell populations and its
molecular base exemplified by the defining roles of the CKls
in murine HSCs. Admittedly, those studies do not give the
whole picture with regard to how the cell cycle in stem cells
is controlled. Nevertheless, they underscore the importance of
further investigation of other cell cycle regulatorsin stem cell
biology and offer new paradigms for therapeutic manipula-
tions of stem cells.

Cell Cycle Kinetics of Stem Cellsin Vivo

Aslargely modeled in the hematopoietic system, maintenance
of mature cell production requires a cytokine-responsive pro-
genitor cell pool with prodigious proliferative capacity and a
much smaller population of stem cells intermittently giving
rise to daughter cells, some of which constitute the prolifera-
tive progenitor compartment. Under activating conditions
such as after transplantation, an increase in stem cell divisions
takes place as evidenced by depletion of cycling cells using
the S-phase toxin (5-fluorouracil [5-FU] or hydroxyurea).
However, relative quiescence or slow cycling in the stem cell
pool appears to be essential to prevent premature depletion
under conditions of physiologic stress over the lifetime of the
organism. Therefore, the highly regulated proliferation of HSCs
occurs at a very limited rate under homeostatic conditions.
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Stem cell proliferation has been directly measured by bro-
modeoxyuridine (BrdU)-labeling experiments, and cell cycle
lengths have been estimated at approximately 30 daysin small
rodents, or only about 8% of the cells cycling daily. Similar
analyses using population kinetics have estimated that stem
cells replicate once per 10 weeks in cats. In higher order pri-
mates, the frequency of cell division in the stem cell pool has
been estimated to occur once per year. However, it is still not
clear whether the relative quiescence reflects a complete cell
cyclearrest of most cellsin the stem cell compartment, termed
the clonal succession model, or a very prolonged G, or G,
phase of cycling stem cells. Although the retrovirus-based
clonal marking studies indicated a dormancy of most stem
cells at a given time, which supports the clona succession
model, this view has been challenged by the competitive
repopulation model and by BrdU incorporation in defined
stem cell pools.

In contrast, the essential feature of the progenitor popula-
tion isthat it irreversibly develops into maturing cells and in
the process undergoes multiple, rapid cell divisions. The
progenitor cell pool essentially operates as a cellular amplifi-
cation machine generating many differentiated cells from the
few cells entering the system. Therefore, it is directly respon-
siblefor the number of terminally differentiated cells. Itisalso
termed the transit, amplifying cell pool. The differences
between the stem and progenitor cell populations in different
stages has been regarded as a phentotype distinction marking
the stage of a cell within the hematopoietic cascade. However,
an alternative model recently proposed is that the specific
position in a cell cycle determines whether a primitive cell
functions as a stem or a progenitor cell. In this model, stimuli
received at distinct positions in the cell cycle provoke prolif-
eration—differentiation and yield either stem or progenitor cell
outcomes, thereby challenging the traditional view of “hier-
archy” within the hematopoietic differentiation. In either
model, “stemness’ associates with the limited rate of cell
proliferation.

Relative arrest of the cell cycle distinguishes stem from
progenitor cellsin other tissue systems as well. In the central
nervous system (CNS), for example, evidence suggests that
the proliferative pools of adult neural progenitors are derived
from a quiescent multipotent precursor or neuronal stem cell
(NSC). Ablation of the proliferative zone containing the
lineage-committed neuronal progenitor cell (NPC) can be
repopulated from a small number of quiescent NSCs. Perhaps
largely because of this quiescence, endogenous NSCs do not
produce compl ete recovery in cases of severe injury, although


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

7. Cell Cycle Regulators in Stem Cells

they do participate in self-repair after brain damage. Another
example is found in the mouse dermal stem cell population.
There are about fourfold fewer cells in S-G,/M in the stem
cell population compared with the progenitor pool, athough
both cell populations constantly proceed through the cell
cycle. In summary, the dichotomy of relative resistance to pro-
liferative signals by stem cells and the brisk responsiveness
by progenitor cellsis generaly believed to be a central feature
of tissue maintenance, although the distinctions between stem
and progenitor cellsin many nonhematopoietic organs are yet
to be fully defined.

Stem Cell Expansion Ex Vivo

The relative quiescence of stem cells may prevent their
premature exhaustion, but it is problematic in the context of
the in vitro expansion necessary for transplantation and gene
therapy. Methods for inducing stem cell proliferation have
long been sought as a means to expand the population of cells
capable of repopulating the marrow of ablated hosts and to
render stem cells transducable with virus-based gene transfer
vectors. Although great effort has been made to directly
expand stem cells using different combinations of hematopoi-
etic growth factors (cytokine cocktails), few culture systems
have been applied in the clinical setting at least in part because
of the lack of proof that any of the culture conditions support
expansion of long-term repopulating HSCs in humans.
Gene-marking studies in large animals, including primate and
human, indicate poor transduction in the stem cell compart-
ment during long-term engraftment. These cytokine-based
efforts to expand stem cells have often resulted in increased
cell numbers but at the expense of multipotentiality and
homing ability. Although data suggest that under some
specific conditions murine HSCs may divide in vitro, net
expansion is achieved in limited fashion and is aways
associated with, and often dominated by, cellular differentia-
tion. Recent studies on the potent effect of Notch ligands and
wnt proteins on stem cell expansion in vitro are promising.
However, whether such “successful” protocols can be adapted
to clinically useful human HSC expansion remains to be
determined.

Alternative approaches aimed at targeting the negative
regulatory cytokines have also been sought to activate or
expand stem cells. Factors such as TGFB3-1 and macrophage
inhibitory protein-1o. (MIP-1at) have been noted to play arole
in dampening hematopoietic cell growth kinetics. In particu-
lar, TGFB-1 has been shown to be able to selectively inhibit
the growth of HSCs and progenitor cells. Antisense oligonu-
cleotides, or specific neutralizing antibodies, have been shown
to permit primitive hematopoietic cell entry into the cell cycle
and to enhance the efficiency of retroviral transduction into
those cells. However, long-term engraftment after in vitro
manipulation by these methods remains to be defined in anin
vivo model. Furthermore, more efficient and specific methods,
such as RNA interference technology, aimed to knock down
the essential elements in the inhibitory circuits of stem cell
expansion have yet to be devel oped.

Although HSCs may be induced to divide in vitro, it
remains unclear which combination of factors is specific
for stem cell proliferation without differentiation. The
complex microenvironments (“niches’) in which the stem
cells reside and the intrinsic properties of HSCs in relation to
the environmental cues are largely unknown. The ultimate
success of stem cell expansion in vitro will require greater
understanding of theinterplay between stem cell and microen-
vironment and the signaling circuitry involved in achieving
self-renewal.

Mammalian Cell Cycle Regulation and
Cyclin-dependent Kinase Inhibitors

The molecular principles of cell cycle regulation have been
largely defined in yeast, and with orthologous systems it is
applicable to the mammalian cell cycle. A number of surveil-
lance checkpoints monitor the cell cycle and halt its progres-
sion, mainly via the p53 pathway, when DNA damage occurs
and cannot be repaired. In eukaryotic cells, factors that deter-
mine whether cells will continue proliferating or cease divid-
ing and differentiate appear to operate mainly in the G, phase
of the cell cycle (Figure 7-1). Cell cycle progression is regu-
lated by the sequential activation and inactivation of CDKs.
In somatic cells, movement through G, and into S phase is
driven by the active form of the Cyclin D1, 2,3/CDK4, 6
complex and the subsequent phosphorylation retinoblastoma
(Rb) protein. Once Rb is phosphorylated, the critical tran-
scription factor, E2F-1, is partidly released from an inhibited
state and turns on a series of genes, including cyclin A and
cyclin E, which form a complex with CDK2 and cdc25A
phosphatase. The cdc25A is able to remove the inhibitory
phosphates from CDK2, and the resultant cyclin E/CDK2
complex then further phosphorylates Rb, leading to a com-
plete release of E2F and the transcription of multiple other
genes essential for entry into S-phase and DNA synthesis. In
parallel, the c-myc pathway also directly contributes to the
G,-S transition by elevating the transcription of genes for
cyclin E and cdc25A (Figure 7-1). CDK activity is strictly
dependent on cyclin levels that are regulated by ubiquitina-

16 INK4a
15 INK4b
18 INK4c

|Mitogens|
p 19 INK4d|

64

21 °P1 | -
227 o1 _—— Ffb/EZIiv 1
p57 k2 [Ro®) % o
AS
--------------------------- Myc
Cell cycle regulators in G; and S phases (description detailed
in the text).


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|
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tion and subsequent proteolysis. On mitogenic stimulation,
cyclin D serves as an essential sensor in the cell cycle machin-
ery and interacts with the CDK4/6-Rb-E2F pathway.

In addition to regulation by cyclins and phosphorylation/
dephosphorylation of the catalytic subunit, CDKs are largely
controlled by CKls. Two families of low molecular weight
CKls, Cip/Kip and INK4, are capable of interacting with
CDKs to impair progression through the G, phase. The
Cip/Kip family, which includes p21CPY"a1 n274PL and p57XiP?
(p21, p27, and p57 hereafter), may interact with a broad range
of cyclin~-CDK complexes, whereas the INK4 family,
plGINKAA, p15INK4B’ p18|NK4C, and plglNK4D (p16’ p15, p18, and
p19 hereafter), specifically inhibit CDK4 and CDK6 kinases.
The detailed biochemical roles of CKls have been reviewed
by Sherr and Roberts (1999). Both families have been shown
to have essential roles in arresting cell cycle progression in a
number of model systems. Studies using antisense strategies
have been able to release the cells in G, stage into the cell
cycle. Knockout analysis in rodent models has provided a
strong basis for further exploring those moleculesin stem cell
biology. Interestingly, the CKls p27 and p18 have a profound
effect on overall cellularity and organ size, resultingin alarger
whole animal when either gene is knocked out.

In addition, there appears to be adistinct cell cycle control
operating in stem cells to maintain their stemness. This has
been shown in mouse embryonic stem (ES) cells with a
“defective” Rb pathway and a nonresponsive p53 pathway.
Finally, because stem, progenitor, and more differentiated
cells share many common cytokine receptors, it is likely that
the distinct cell cycle profile in stem cells must be mediated
by either distinct upstream intracellular mediators or unique
combinatorial relationships of common hiochemical media-
tors limiting the intensity of signals to enter into cell cycle.
Defining the basis for the participating mechanisms in the
stem cell response requires stepwise analysis of individual cell
cycle regulators and ultimately a systems approach to define
how these cell cycle regulators interact with one another and
intersecting signaling pathways.

Roles of Cyclin-dependent Kinase
Inhibitorsin Stem Cell Regulation

Although significant progress has been made in our under-
standing of how the cell cycleisregulated in avariety of other
model systems, little is known about how the cell cycle is
molecularly controlled in stem cells. Given the relative qui-
escence of stem cellsin vivo, areasonable starting point is the
analysis of cell cycle inhibitors and whether reduction of their
cell cycle blockade may be a mechanism for enabling stem
cell entry into the cell cycle (Figure 7-2).

CKls have been demonstrated to be involved in a number
of stem and progenitor cell systems. Dipio, an analog of
p21/p27 in Drosophila, has been reported to control embry-
onic progenitor proliferation. Recent studies of knockout mice
and cells that lack a specific CKI have begun to clarify their
unique activity in stem cell populations. An increased stem or
progenitor cell potential has been found in p21-/— or p27-/-
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mice when dermal, neural, or otic tissues were assessed. |n the
hematopoietic system, most CKI family members have been
found to be expressed in CD34" cells, although the expression
patterns differ. One CKI with abundant mRNA in quiescent
HSCs with reduced levels in progenitor populations is p21.
Functional assessment of this CKI in stem cell biology has
been carried out using p21-/— mice.

ROLES OF p21 IN STEM CELL REGULATION

In the absence of p21, HSC proliferation and absol ute number
were increased under normal homeostatic conditions. Expos-
ing the animals to cell cycle-specific myelotoxic injury
resulted in premature death because of hematopoietic cell
depletion. Furthermore, self-renewal of primitive cells was
impaired in serialy transplanted bone marrow from p21-/-
mice leading to hematopoietic failure. Therefore, p21 governs
cell cycle entry of stem cells, and, in its absence, increased
cell cycling leads to stem cell exhaustion. Under conditions
of stress, restricted cell cycling is crucia to prevent prema-
ture stem cell depletion and hematopoietic death. These
findings have been recently extended to human cells and to a
nondevelopmental context. Using postnatal CD34" CD38"
human cells, it was shown that interrupting p21 expression
with lentivectors ex vivo resulted in expanded stem cell
number, which was validated by increased function in the
transplantation assay using irradiated NOD/SCID mice recip-
ients. Such a study further supports an aternative paradigm
for increasing HSC numbers by releasing the brake on cell
cycle entry rather than focusing on combination of pro-
proliferative cytokines. Importantly, these data further sup-
ported the notion that postnatal human stem cell proliferation
can be uncoupled from differentiation in ex vivo settings.
Interestingly, the role of p21 has been paradoxically noted
to positively affect proliferation capability following cytokine
stimulation in progenitor cell pools. This may be due to the
requirement for p21 to promote the association of CDK4 with
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D-type cyclins. LaBaer and colleagues demonstrated that low
concentrations of p21 promote assembly of active kinase
complexes and thereby entry into cycle, whereas higher
concentrations are inhibitory. The stoichiometry of p21 and
cyclin~CDK complexes appears to be crucial in determining
therelative effect on movement of the cell through late G, into
S phase. This was further confirmed in a study showing that
p21 and p27 are essentia activators of cyclin D-dependent
kinases in murine fibroblasts. Mantel et al. noted that bone
marrow progenitor cells from mice proliferated poorly and
formed few colonies with thymidine treatment except when
transduced with a p21-encoding retroviral vector. Similarly,
we noted atransient risein p21 immediately following release
of cell cycle arrest in 32D cells. Therefore, as observed in
other systems, p21 has a dua function in the hematopoietic
system depending on the differentiation stage and CDK
complex type and status. In addition, complex roles of p21in
apoptosis or differentiation may participate in stem cell
regulation, although these functions are yet to be thoroughly
investigated.

Why p21 expression is elevated in HSCs is unclear, but
two upstream regulators have been assessed. WTI is known
to induce p21 transcription, and overexpression of WTI results
in altered stem cell cycling and differentiation in primary
hematopoietic cells. However, null mutant mice for WTI do
not appear to have a stem cell defect. It is well known that
p21 is also transcriptionally regulated by p53 and serves as a
downstream mediator of cell cycle arrest induced by the p53
pathway. It would be logical to expect the HSC phenotype of
the p53-/— animal to be similar to that of p21-/—. Interest-
ingly, in the absence of p53, HSC function has been reported
to be significantly enhanced under stress conditions in a
manner opposite to that in the absence of p21. Because p53
mediates apoptosis in many cell types, the enhanced function
of HSCs in the absence of p53 suggests that in some settings
increased survival may dominate over accelerated prolifera-
tion of HSCs.

ROLES OF p27 IN STEM CELL REGULATION

Of particular interest to tissue regeneration is p27 because of
its direct involvement in cell cycle-mediated hyperplasia
Direct flow cytometric analysis shows p27 expression in
primitive cells and in more mature progenitors, supporting the
hypothesis that p27 has a role in hematopoiesis. This role is
also supported indirectly by improved retroviral transduction
following knockdown of p27 with an antisense oligonu-
cleotide. The p27 appears to accumulate at points in which
signals for mitosis affect cell cycle regulators and has been
shown to serve as an important regulator at a restriction point
for mitogenic signals. Because progenitor cells have a robust
response to growth factors, p27 likely plays a specific rolein
progenitor cell pools. Its role may be quite distinct from that
of p21, which is shown to be a molecular switch for stem cell
cycle control. Disruption of the p27 gene has resulted in a
mouse with hyperplasia of a number of organs (including
hematopoietic tissues) and spontaneously generated tumors of
specific type.
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Using p27—/— mice, researchers havereported that p27 does
not affect stem cell number, cell cycling, or self-renewal but
markedly alters progenitor proliferation and pool size. When
competitively transplanted, p27-deficient stem cells generated
progenitors that eventually dominated blood cell production.
Thus, modulating p27 expression in a small number of stem
cells may translate into effects on most mature cells, thereby
providing a strategy for potentiating the impact of transduced
cellsin stem cell gene therapy. Such a dramatic effect of p27
absence on hematopoietic reconstitution was also observed in
liver regeneration, and a specific role of p27 in the committed
progenitor cells not at the stem cell level was aso reported in
the mouse CNS. Therefore, distinct rolesfor p27 and p21 have
been defined in hematopoiesis, and indirect evidence suggests
that these distinctions may be preserved across stem and
progenitor pools from multiple different adult tissues.

OTHER CYCLIN-DEPENDENT KINASE INHIBITORS
AND THE RETINOBLASTOMA PATHWAY IN STEM
CELL REGULATION

One of the best studied pathways in cell cycle regulation is
that of Rb, which directly interacts with Cyclin D and the
INK4 proteins in early G, phase and serves as a critical and
initial interface between mitogenic stimuli and cell fate
commitment following division. A role for Rb in stem cell
regulation is indirectly supported by the finding that ES cells
do not have intact G, machinery but that acquisition of Rb
pathway products induces the transition from symmetric to
asymmetric cell division, which is acritical feature of mature
stem cell function. Mice deficient in Rb are not viable and
show defects in multiple tissue types, including the
hematopoietic lineage.

Although deficient hematopoiesisin Rb—/— mice indicated
that this protein might be critical to stem cell function, more
definitive studies in the stem cell compartment have not been
reported, likely because of the early lethality of the Rb null
embryo. Instead, INK4 proteins closely associated with Rb
have been studied in the context of stem cell biology. These
studies include a recent report indicating that Bmi-1, an
upstream inhibitor of p16™***(p16) and p19™*P (p19),
expression, is critical for HSC self-renewal. In the absence of
Bmi-1, self-renewal of HSCs and neural stem cellsis dimin-
ished, an effect dependent on the expression of p16. In mice
engineered to be devoid of pl6, a complex HSC phenotype
has been observed, with a decreased number of stem cellsin
younger mice but enhanced self-renewal in seridly trans-
planted animals.

The INK4 family member, p18'™N““C (p18 hereafter), is
expressed in multiple tissue types including hematopoietic
cells, the loss of which in mice results in organomegaly with
higher cellularity and an increase in the incidence of tumors
with advanced age or in the presence of carcinogens. Fur-
thermore, it has been suggested that p18 is involved in the
symmetric division of precursor cells in mouse developing
brain. Recently, it has been reported that the absence of p18
increases HSCs. Similar to the p21 null setting, but unlike
p21, an increase in stem cell self-renewal is observed.
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Summary

Systematic evaluation of proximate molecular regulators
of cell cycling is, therefore, yielding acomplex picture of how
each influences primitive cell function. Different members of
the CKI subfamilies appear to play distinct roles in stem or
progenitor cell populations. The function of these different
CKls appears to be highly differentiation-stage specific and
confers an important level of regulation in stem or progenitor
cells to maintain homeostasis. Cooperative effects between
members of the two CKI subfamilies are likely, with evidence
of such interplay between p15 and p27 now documented. How
the CKls exert distinct effects and the pathways converging
on these regulators are the subject of ongoing study and will
potentially provide further insight for manipulation of stem
and progenitor populations. Whether these pathways are
shared among primitive populations of cellsin al tissues is
not yet clear, but preliminary data suggest that such isthe case.

RELATION BETWEEN CYCLIN-DEPENDENT KINASE
INHIBITORS AND TRANSFORMING GROWTH
FACTOR B-1

TGFB-1 has been documented to have varied effects on
hematopoietic cells, including enhancement of granulocytes
proliferation in response to granulocyte-macrophage colony-
stimulating factor or inhibition of progenitor cell responsive-
ness to other growth-promoting cytokines. The detailed roles
of TGFB-1 in signaling pathways and in hematopoiesis have
been extensively reviewed elsewhere. TGFB-1 has been
extensively characterized as a dominant negative regulator of
hematopoietic cell proliferation, including inhibiting primi-
tive progenitor cells. Antisense TGFB-1 or neutralizing anti-
bodies of TGFB-1 have been used to induce quiescent stem
cellsinto the cell cycle and to augment retroviral gene trans-
duction in conjunction with down-regulation of p27 in human
CD34" subsets. Based on the roles of CKls in hematopoietic
cells as described previously, the link between TGF3-1 and
CKls in stem cell regulation has been recently addressed.
TGFB-1-induced cell cycle arrest has been shown to be medi-
ated through p15, p21, or p27 in multiple cell lines or cell
types, including human epithelial cell lines, fibroblast cells,
and colon and ovary cancer cell lines. Recently, it was pro-
posed that p21 and p27 are key downstream mediators for
TGFB-1in hematopoietic cells, and a study examined whether
p21 or p27 was a proximal mediator for TGF3-1-induced cell
cycle exit in primary hematopoietic cells. Using fine mapping
of gene expression in individua cells, researchers docu-
mented TGF3-1 and p21 to be up-regulated in quiescent,
cytokine-resistant HSCs and also in terminally differentiated
mature blood cells as compared with immature, proliferating
progenitor cell populations. Type Il TGFB-1 receptors were
expressed ubiquitously in these subsets of cells without appar-
ent modulation.

To provide further biochemical analysis of whether the
coordinate regulation of TGF3-1 and p21 or p27 represented
a dependent link between them, the cytokine-responsive 32D
cell line was analyzed for p21 or p27 up-regulation following
cell cycle synchronization and release in the presence or
absence of TGFpB-1. Despite marked antiproliferative effects

67

of TGFB-1, neither the transcription of p21 mRNA nor the
expression of p21 or p27 was atered. To corroborate these
observationsin primary cells, bone marrow mononuclear cells
derived from mice engineered to be deficient in p21 or p27
were assessed. Both progenitor and primitive cell function
was inhibited by TGFj3-1 equivalently in knockout and wild-
type littermate controls. This data indicated that TGFjB-1
exerts its inhibition on cell cycling independent of p21 and
p27 in primitive hematopoietic cells.

Other data have recently reported examining the Cip/Kip
CKI family member p57 in hematopoietic progenitors. The
absence of p57 was associated with a lack of responsiveness
to TGFB, failing to arrest cell cycling. Furthermore TGF was
noted to induce p57 expression, arguing for a direct link
between TGFp and the cell cycle regulatory function of p57.
In addition, Dao et al. reported that blocking TGFB-1 could
down-regulate p15 expression in human CD34 cells and that
TGFB-1 may act through the INK4 family and the Cip/Kip
family in hematopoietic cells. However, extensive biochemi-
cal analysis in primary hematopoietic cell subsets is needed
to further address this question.

CKIS AND NOTCH

Notchl has been well defined as a mediator of decisions at
multiple steps in the hematopoietic cascade, including stem
cell self-renewal versus differentiation. Variable effects on
cell cycling have been reported, including inhibition of pro-
liferation and, in contrast, maintenance of proliferation but
with adecreased interval in the G, phase of the cell cycle. The
latter observation has been followed up by more extensive
analysis of an interaction between Notchl and CKI regula-
tion. It has been reported that the basis for Notch influencing
G, may be through ateration in G,—S check point regulator
stability, specifically affecting the proteasome degradation of
CKI, p27. The links of receptor mediated effectors of stem
cell function and cell cycle regulators are, therefore, begin-
ning to emerge and provide an essential component of the
larger regulatory network.

Summary

Further therapeutic potential of stem cellsis envisioned to be
broadened if the biology of the stem cells can be exploited to
permit efficient ex vivo manipulation and enhance repopula-
tion in vivo. Given the relative quiescence of HSCs that has
not been satisfactorily overcome by cytokine manipulation
in vitro, direct intervention in the control of the cell cycle has
been sought as an approach to disassociate cell proliferation
from cell differentiation, thereby potentialy bypassing a
major hurdle in current stem cell expansion strategies. CKls
appear to be compelling candidates for the latter approach. In
particular, we have learned that p21 and p27 govern the pool
size of hematopoietic stem or progenitor cells, respectively,
and their inhibitory roles in hematopoietic cells are not
dependent on the action of TGFB-1. Therefore, targeting spe-
cific CKlstogether with TGF3-1 may provide complementary
strategies for enhancing hematopoietic stem or progenitor cell
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expansion and gene transduction. Controlled manipulation of
specific CKls directly or through their upstream mediators
may also be relevant for the expansion or possible regenera-
tion of other non-HSC pools.

As the roles of cell cycle regulators in the molecular
control of stem cells are explored, many issues remain to be
addressed. Much work is needed to delineate the roles of indi-
vidual members of the cell cycle machinery within the context
of tissue-specific stem cell types. Furthermore, how these
relate to one another and to signal transduction pathways that
operate uniquely in specific stem cell populations has yet to
be elucidated. Coupling extrinsic signals to cycle control will
be essential first steps before understanding how a stem
responds to the complicated setting of its microenvironment.
Piecing together the components and their interactions by
either areductionist or systems approach will offer targets for
amore rational manipulation of the stem cell.
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Intracellular molecules with low molecu-
lar weight specifically inhibiting the activities of cyclin-dependent
kinases during cell cycle progression. There are two subfamilies of
CKls, including Cip/Kip (p21°PYWe n274P1 and p57€72) and INK 4
(plelNKAA’ p15INK4B’ plSINKAC, and plglNKAD)'
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Mitotic quiescence or slow cycling of adult
stem cells in comparison with the lineage-committed progenitor
cells. It is generally associated with G, or prolonged G, phase in
cell cycle.

The process by which a stem cell replicates
itself. It is not a synonym of stem cell proliferation since the
proliferation may be also accompanied by cell differentiation.
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Epigenetic Mechanisms of Cellular Memory
During Development

N. D. Montgomery, T. Magnuson, and S. Bultman

I ntroduction

CHROMATIN AND TRANSCRIPTIONAL REGULATION
DURING DEVELOPMENT

Regulation of gene expression is inherently more complicated
in eukaryotes than in prokaryotes because the transcriptional
machinery must recognize a chromatin template instead of
naked DNA (Li, 2002; Jenuwein and Allis, 2001) (Figure
8-1). Consequently, chromatin-modifying factors must play
crucial roles in transcriptional regulation and be involved in
the ability of stem cells to proliferate and differentiate
into genetically identical but functionally diverse cell types.
This supposition is supported by the fact that mutations in
chromatin-modifying factors generated by gene targeting
in the mouse confer mutant phenotypes ranging from early
embryonic lethality to neoplasia (Li, 2002). As described
below, the significance of chromatin-modifying factorsisalso
demonstrated by normal and abnormal epigenetic events that
have been documented in cloning experiments.

THE IMPORTANCE OF CHROMATIN IS UNDERSCORED
BY UNEXPECTED DEVELOPMENTAL DEFECTS IN
CLONED ANIMALS

The first cloned cat, called Cc for either copy cat or carbon
copy, is of particular interest because she has different coat-
color markings than her genetic donor, despite being geneti-
cally identical. This observation indicates that DNA sequence
aoneis not sufficient to confer certain genetic traits. Instead,
a heritable influence must exist that is not based on DNA
sequence. This influence, referred to as epigenetics, is not as
well understood as the genetic code, but it is becoming
increasingly clear that it involves the ability of chromatin
structure to affect transcription at the level of individual
genes, clusters of genes, or even whole chromosomes. In the
case of Cc, the apparent paradox of her unexpected coat-color
markings can be reconciled by an epigenetic event called
X-chromosome inactivation. Female mammals have two X-
chromosomes, whereas males have only one. Consequently,
one of the two X-chromosomes is inactivated stochastically
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on acell-by-cell basisin females during early embryogenesis
and maintained in a clonal manner throughout the numerous
cell divisions that occur during development.

The primary result of this process is to achieve the same
level of X-linked gene activity in females as males (i.e.,
dosage compensation), but the stochastic nature of X-
chromosome inactivation also results in individual females
having unique distributions of cells where one or the other X-
chromosome is inactivated. This mosacism is usualy not
visibly evident, but it can be readily observed in Cc because
her two X-chromosomes carry different alleles of a pigmen-
tation gene partly responsible for calico coat color. The allele
conferring orange color was inactivated in a different subset
of pigment producing cells (i.e., melanocytes) than the cat
from which she was derived, so Cc had a different pattern of
orange, black, and white coloration.

Not surprisingly, cloning is a very inefficient process
compared to in vitro fertilization or more conventional em-
bryological manipulations. In fact, Cc was the only clone to
survive out of over 200 nuclear transfer attempts, which is
consistent with success rates of less than 1% up to 3% for
cattle, sheep, goats, pigs, and mice. Many clones fail to reach
the blastocyst stage and successfully implant into the uterus.
Clones that progress beyond this stage often die in utero
because of placental defects or die shortly after birth with
increased birth weight, respiratory distress, and/or cardio-
vascular defects (Li, 2002). Furthermore, athough it is too
soon to assess the long-term health of cloned cattle, sheep,
goats, and pigs that have survived, cloned mice are known
to have impaired immune systems, become obese, and die
prematurely.

Unlike X-chromosome inactivation, which occurred
normally in Cc, the embryonic and postnatal lethality and the
adult obesity in many other clones is probably due to abnor-
mal epigenetic events stemming from inappropriate chromatin
structure, leading to deregul ated expression of Oct4 and many
other genes (Li, 2002). This notion is supported by evidence
that cloned embryos sometimes exhibit aberrant patterns of
DNA methylation at CpG dinucleotides and abnormal expres-
sion of both imprinted and nonimprinted genes. Many more
chromatin-based abnormalities will probably be detected uti-
lizing chromatin immunoprecipitation (ChlP) assays.
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Figure 8-1. Chromatin and covalent histone modifications. (A) Schematic
of chromatin structure. 147-bp segments of DNA (top level) wrap 1.65 fimes
around histone octamers to form nucleosomes [second level). Arrays of nucle-
osomes assemble into 30-nm solenoid structures (third level), considered to
be the fundamental unit of higherorder chromatin. Extensive looping (fourth
level) and condensation (fifth level) brought about by various proteins result
in the final configuration of the inferphase nucleus, which undergoes further
condensation to yield metaphase chromosome during mitosis (bottom panel).
After returning to inferphase, some regions of the genome remain highly con-
densed and are referred fo as heterochromatin. Reproduced with permission
from Nature. (B) Methylation (M|, acetylation (A}, and phosphorylation (P)
of specific amino acids on H3 N-erminal tail. Position of lysines (K) are indi-
cated. Except for R19 (black), which functions in a contextdependent manner,
all of the modifications either promote (green) or inhibit (red) transcription.
Moreover, K9 methylation is mutually exclusive with certain neighboring mod-
ifications (indicated above). Histone methyltranferases are shown below the
residues they are able to modify.
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COORDINATE ACTION OF
CHROMATIN-MODIFYING FACTORS

Over the last few years, chromatin research has made tremen-
dous progress by utilizing genetic, biochemical, and mole-
cular approaches in a broad range of model organisms. An
important theme that has emerged from these multidiscipli-
nary efforts is that DNA methylation, histone modifications,
and ATPase chromatin-remodeling complexes are function-
ally interdependent. It is becoming evident that these inter-
actions also apply to DNA replication and repair during
interphase of the cell cycle, chromosome segregation in
mitosis, and recombination in meiosis. A second important
theme is that chromatin-modifying factors from each of
these three general categories underlie some of the most
well-studied epigenetic processes: position-effect variegation
(PEV), X-chromosome inactivation, Polycomb group (Pc-G)
silencing and trithorax group (trx-G) activation, and monoal-
lelic expression in both genomic imprinting and allelic exclu-
sion. Recent work has provided considerable insight into the
molecular mechanisms and has revealed striking similarities.

In the sections that follow, we review what is currently
known about DNA methylation, the histone code, and ATPase
chromatin-remodeling complexes. Subsequently, we discuss
the role of these factors in PEV, X-chromosome inactivation,
Pc-G silencing and trx-G activation, and imprinting.

Chromatin-M odifying Factors

DNA METHYLATION

Mammalian genomes are extensively methylated, particularly
at cytosines of CpG dinucleotides, which are symmetrically
methylated on complementary strands of DNA (Bird, 2002).
Programmed changes in patterns of this cytosine methylation
during embryogenesis suggest that methylation may play
an important role in cell fate specifications. Shortly after
fertilization, the male pronucleus is rapidly and actively
demethylated. Interestingly, the female pronucleus is resistant
to this active demethylation, perhaps because the paternal
genome only becomes accessible to putative demethylases
during the protamine-to-histone conversion. From the two-
cell stage to the blastocyst stage, DNA methyltransferases are
largely excluded from nuclei, and both the paternal and mater-
nal genomes undergo passive demethylation, such that the
genome of implantation stage embryos is globally demethy-
lated. Important exceptions are imprinted genes and certain
retroviral-like elements, which maintain their methylation
status during cleavage divisions. After implantation, cells of
the mouse embryo proper are remethylated. In contrast, mouse
extraembryonic cells experience only modest remethylation,
suggesting that DNA methylation plays a less prominent role
in these tissues.

Independent waves of demethylation and remethylation
also occur in the germ line. Primordial germ cells are actively
demethylated in both sexes beginning around mouse embry-
onic day (E) 10.5 and finishing by E12.5. This demethylation
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erases the parental legacy of alleles and is presumably criti-
cal for imprinting. Subsequently, male germ cells are remethy-
lated late in embryonic development during the leptotene
stage of meiosis; female germ cells are remethylated postna-
tally, at around P6, during oocyte maturation.

Severa DNA methyltransferase enzymes have been iden-
tified and characterized. These enzymes are separated into two
functional classes— the de novo and maintenance methyl-
transferases. DNMT3A and DNMT3B are de novo methyl-
transferases responsible for remethylation in postimplantation
embryos and in germ cells. De novo methyltransferase activ-
ity is stimulated by DNMT3L, which resembles DNMT3A
and DNMT3B but lacks the methyltransferase catalytic
domain and thus is thought to lack methyltransferase activity
of its own. DNMT1 represents the second functional class of
DNA methyltransferases. DNMT1 is a maintenance methyl-
transferase that prefers hemimethylated templates and is
recruited to actively replicating DNA through an association
with PCNA, the replication fork clamp. Once recruited,
DNMT1 propagates the methylated state by copying methy-
lation onto the nascent strand.

DNA methylation is not inherently repressive, and the
transcriptional consequences of DNA methylation appear to
be mediated by interplay with other chromatin-modifying
factors. Cytosine methylation alters the substrate presented to
DNA binding proteins, imposing alosteric constraints that
favor some interactions but block others. Methylated CpG
dinucleotides in and around promoters often block trans-
criptional activator binding and recruit chromatin-modifying
enzymesthat promote higher-order, repressive chromatin con-
formations. Methyl-CpG binding proteins, such as MBD2
and MeCP2, can recruit histone deacetylase, histone methyl-
transferase, and ATP-dependent nucleosome remodeling
complexes, which all work in concert to restrict access of the
general transcription machinery to the DNA.

The importance of DNA methylation to cell physiology is
perhaps best illustrated by the pathol ogies that result when the
process of establishing and reading these marks go awry.
Much as the exquisite fidelity of DNA replication is not
absolute, somatic cells accumulate epimutations during aging
and carcinogenesis. A variety of tumor suppressors, including
RB and p16, are silenced by aberrant methylation of promoter
CpG idlands in human tumors, and mutations in DNMT3B
cause a disease caled ICF (Immunodeficiency, Centromeric
region instability, and Facial abnormalities). In other diseases,
methylation patterns are maintained more or less appropri-
ately, but the cellular machinery responsible for recognizing
those marks is disrupted. For instance, mutation of MECP2
causes a neurological disorder known as Rett syndrome, and
mice mutant for Mbd2 exhibit behavioral defects, including
compromised maternal nurturing of pups.

THE HISTONE CODE

DNA methylation is important for the proper expression of
many genes and is perturbed in some diseases, but it cannot
account for many other aspects of transcriptional regulation.
First, most CpG islands are unmethylated, regardiess of
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whether or not the associated gene is expressed. Second, many
cell types are properly specified despite having globally
hypomethylated genomesin Dnmt1”~ embryos. Lethality does
not occur until closer to midgestation at E9.5-10.5. Third,
and perhaps most importantly, the nematode Caenorhabitis
elegans lacks detectabl e cytosine methylation, and the fruit fly
Drosophila melanogaster hasonly trace levelsrestricted to the
earliest stages of embryogenesis. Thus, evolutionary con-
served mechanisms other than DNA methylation must be
crucial for transcriptional regulation.

Inthisregard, histones areintimately associated with DNA
and are among the most abundant and highly conserved pro-
teins from yeast to human. Not only have the amino-acid
sequences and three-dimensional structures been conserved to
aremarkable extent but so have avariety of post-translational
modifications. These modifications are covalent and consist of
acetylation, methylation, phosphorylation, ubiquitination, and
polyribosylation of specific residues of H2A, H2B, H3, and
H4, usually in the N-terminal tails that protrude away from
nucleosomes. For example, Figure 8-1B shows the position
and nature of modifications that occur on H3 N-terminal tails.
Each of these modifications either promotes or inhibits tran-
scription. The situation is complicated by the fact that some
of the opposing modificationsinhibit each other and are there-
fore mutually exclusive. All of these modifications and the
interplay that occurs between them are referred to as the
histone code (Jenuwein and Allis, 2001). Briefly, enzymes
such as histone acetyltransferases (HATS) and histone methyl-
transferases (HMTs) write the code by introducing specific
modifications. These modifications then serve as docking sites
for proteins that read and execute the code. For example,
acetylated lysines can be recognized by the bromodomains of
subunits of ATPase remodeling complexes to promote tran-
scription. In contrast, certain methylated lysines can be bound
by the chromodomain of HP1, or Pc-G proteins, to facilitate
higher-order chromatin structures that inhibit transcription.
Considerable interplay and a two-way flow of epigenetic
information also occurs between histone modifications and
DNA methylation. For example, just as DNA methylation can
influence histone deacetylation, genetic screens in Arabadop-
sis and Neurospora have uncovered mutations in HMTs
(DIM5 and KRYPTONITE) that influence DNA methylation.
It seems likely that this will aso be the case in mammals,
especialy since mutations in other putative chromatin-
modifying factors perturb DNA methylation (see the follow-
ing section, ATPase Chromatin-Remodeling Complexes).

Covalent modifications of histones must be labile so that
the transcriptional status of a particular gene can be reversed.
HATSs are counteracted by histone deacetylases (HDACs), and
kinases are counteracted by phosphatases. However, an
exception may be histone methylation. Even though lysines
can be mono-, di-, or tri-methylated and gene activity
increases when histone 3 lysine 4 (H3-K4) is converted from
a di- to tri-methyl state, no histone demethylases have been
identified which can remove these methyl groups or those
from other lysine or arginine residues. Instead, there has been
speculation that the most N-terminal amino acids, including
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methylated residues, might sometimes be proteolyticaly
cleaved. Such a mechanism would not be very precise or
dynamic but would reverse the effect of methylation until new
histones are synthesized and assembled into nucleosomes
during S phase. However, it is also possible that clipped tails
might serve as a signal to be replaced by histone variants.
Unlike core histones, some histone variants are expressed
during G1 and G2 of the cell cycle and can be incorporated
into nucleosomes of nondividing cells where they confer
unique properties. For example, H3.3 differs from H3 at only
four amino acids but has been associated with rDNA arrays
and other transcriptionally active loci. In addition, CENP-A
replaces H3 at centromeres, and H2A X islocalized to double-
strand breaks during DNA repair.

ATPASE CHROMATIN-REMODELING COMPLEXES

In addition to enzymes that covalently modify histones, there
is a second evolutionarily conserved mechanism that modu-
lates chromatin structure, which is carried out by SWI/SNF
and a variety of other ATPase chromatin-remodeling com-
plexes (Narlikar et al., 2002). SWI/SNF does not possess
significant DNA binding ability of its own but is recruited
to promoters by sequence-specific transcription factors. The
energy derived from ATP hydrolysis alows the complex to
alter the conformation and position of nucleosomes. DNA-
histone contacts are broken, and histone octamers can be
slid several hundred base pairs upstream or downstream. As
a result, a core promoter can be made nucleosome-free and
accessible to the RNA Polymerase |1 holoenzyme so that tran-
scription can beinitiated. However, SWI/SNF can be recruited
to other loci by transcriptional repressors and have the oppo-
site effect by inhibiting transcription. Gene expression profil-
ing with whole-genome oligonuclectide arrays demonstrated
that approximately 300 genes, or about 5% of the total number
in the yeast genome, are regulated by SWI/SNF complexesin
a positive or negative manner.

SWI/SNF complexes have been shown to work in concert
with HAT complexes (Narlikar et al., 2002). Sequence-
specific transcription factors can recruit HAT complexes
to promoters to acetylate histone tails. Acetylated lysine
residues can then serve as docking sites for bromodomains
of SWI2/SNF2-related catalytic subunits, resulting in an
increased affinity of SWI/SNF complexes for their chromatin
targets. At other loci or at different stages of the cell cycle
(late mitosis), the order is reversed, with SWI/SNF-related
complexesrecruited first and HAT complexes second. Genetic
interactions between SWI/SNF (swi2/snf2) and HAT (gcn5)
mutationsin yeast indicate that the coordinated recruitment of
their gene products must be important in vivo. Compared to
single mutants, double mutants exhibit synergistic effects in
the deregulated expression of downstream target genes and
grow very slowly with mitotic defects on some backgrounds
and are not viable on others. It is possible that these pheno-
types are not due entirely to transcriptional deregulation
because, much like histone modifying enzymes, ATPase
chromatin-remodeling complexes have been implicated in
DNA repair, replication, recombination, and mitosis.
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Additional ATPase chromatin-remodeling complexes have
been characterized that are distinct from SWI/SNF, although
each one has a catalytic subunit with sequence similarity to
the DNA-dependent ATPase domain of SWI2/SNF2 (Narlikar
et al., 2002). At this point, more similarities than differences
have been identified between the various complexes in vitro,
and it is not clear whether the differences are relevant in vivo.
Therefore, it isnot clear why such diversity has been selected
for during evolution, but it is tempting to speculate. Some
complexes may modulate higher-order chromatin structure,
whereas other complexes might act on nucleosome arrays.
Different complexes could act at distinct promoters or overlap
at alarge subset of loci. It is also possible that two complexes
perform fundamentally different tasks at the same promoter
to influence transcriptional initiation, or one could act down-
stream to influence transcriptional elongation. A precedent for
this sort of division of labor comes from a recent report that
the FACT and SWR1 complexes disassemble nucleosomesin
coding regions during transcriptional elongation.

Thediversity of chromatin-remodeling complexesislikely
to be even greater than is currently realized. Numerous
SWI2/SNF2-related genes have been identified by reduced
stringency hybridization or genome sequencing projects, and
some of these genes probably encode “orphan” catalytic sub-
units of complexes that await identification and purification.
Some of these putative catalytic subunits have interesting
properties, such as the ability to regulate DNA methylation.
A targeted mutation of Lsh (lymphoid specific helicase)
results in a 50 to 70% reduction in cytosine methylation
throughout the genome. Homozygotes die shortly after birth,
possibly because of renal failure. (The gene is lymphoid-
specific in adults but widely expressed in embryos.) Interest-
ingly, expression and activity of de novo and maintenance
DNA methyltransferases are unaffected. Instead, Lshl is
expressed during S phase and may facilitate localization
of Dnmtl to hemimethylated DNA following replication or
protect against demethylase activity. Mutations in ATRX,
another SWI2/SNF2-like gene, reduce DNA methylation in
rDNA arrays and other repeats and result in mental retarda-
tion, a-thalassemia, and fertility defects in humans.

Epigenetic Processes

POSITION-EFFECT VARIEGATION

Shortly after discovering the mutagenic properties of X-
irradiation, Muller described the isolation of several radiation-
induced mutations of the D. melanogaster white (w) eye-color
genein 1930. Interestingly, the mutant eyes contained patches
of wild-type cells with red pigmentation intermingled with
patches of mutant cells lacking pigmentation and appearing
white. Six years later, it was demonstrated that the X-rays
induced a chromosomal rearrangement in each mutant line,
such as an inversion in In(1)w™ (abbreviated w™ for white
mottled 4), that resulted in heterochromatin being juxtaposed
with the w locus. The regulatory elements and coding
sequence of the w gene were not perturbed in any of these
mutants, but heterochromatin would spread across the break-
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point and silence transcription in a subset of eye progenitor
cells during development. In contrast, the heterochromatin
would not spread far enough to reach the w gene in other eye
progenitor cells, and it would be transcribed at wild-type
levels. Clonal expansion of these cell populations subse-
quently produced patches of white and red eye color, respec-
tively. This silencing process must be stochastic because even
geneticaly identical flies exhibit unique patterns of white and
red coloration. This epigenetic process, which has been
documented at other loci in D. melanogaster and in other
organisms, is appropriately called position-effect variegation
(PEV).

Because W™ is such a visual example of PEV, it served as
the foundation of genetic screensto identify genesthat modify
the extent of heterochromatin spreading in PEV. E(var) muta-
tions were recovered that enhance PEV, resulting in increased
heterochromatin spreading, and cause the w gene to be
silenced in agreater percentage of eye cells. Therefore, E(var)
mutants have eyes that are more white than typical w™ flies.
In contrast, Su(var) mutations were recovered that suppress
PEV, inhibiting the spread of heterochromatin, and cause the
w gene to be transcribed in a greater percentage of eye cells.
These mutants have eyes that are more red than w™ and there-
fore more closely resemble wild type. In these screens, most
of the E(var)s and Su(var)s were isolated as dominant muta-
tions. When homozygosed, more than half of these mutations
are lethal, indicating that the majority of the corresponding
gene products are essential.

Chromatin and Molecular Basis or PEV

Although E(var) and Su(var) gene products are not strictly
defined by conserved features, most of those that have been
characterized at the molecular level contain domains or motifs
present in Pc-G, trx-G, or other chromatin-modifying factors.
The connection between PEV and chromatin has also been
strengthened by observations that histone, HAT, HDAC, Pc-
G, and Trx-G mutations can behave as E(var)s or Su(var)s.
On amechanistic level, the most significant progress has come
from analysis of Suv39hl and HPlo which are mammalian
orthologs of D. melanogaster Su(var)3-9 and Su(var)2-5
(which encodes heterochromatin protein 1 or HP1), respec-
tively (Richards and Elgin, 2002). Suv39hl methylates the
lysine 9 residue of histone H3 (H3-K9) in pericentric regions
of the genome, and this covalent modification serves as a
docking site for the chromodomain of HPlo (Figure 8-2B).
HP1a isastructural component of heterochromatin, and, once
situated at a particular H3-K9 residue, it is thought to utilize
a second domain, called the chromo shadow domain, to
directly or indirectly bind another Suv39hl molecule. This
recruitment step results in H3-K9 methylation at an adjacent
nucleosome and is followed by more HP1o, binding, thereby
creating a feedback 1oop such that heterochromatin can prop-
agate or spread over Mb intervals throughout pericentric
regions. This feedback loop is quite dynamic and is aso able
to maintain pericentric regions as heterochromatin throughout
the numerous cell divisions that occur during embryogenesis
and in adults. This form of cellular memory is accomplished
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by the HP1a. chromo shadow domain directly interacting with
the molecular chaperone chromatin assembly factor (CAF-1),
which is localized to replication forks by proliferating cell
nuclear antigen (PCNA) during S phase and which incorpo-
rates newly synthesized histones into nascent nuclesosomes.

The importance of Suv39h1 and Suv39h2 (aclosely related
paralog) has been confirmed by gene targeting. Single mutants
do not exhibit a detectable phenotype, but double homozy-
gotes often die during fetal development. As expected from
the model presented above, double mutants are devoid of H3-
K9 methylation in pericentric regions, but not elsewhere,
which results in chromosomal instability in somatic tissues
and the germline. As a result, surviving double mutants are
runted, prone to B-cell lymphomas, and infertile. Neither
HPZ1o nor two other HP1-related genes have been knocked
out yet in the mouse, but mutations in Drosophila Su(var)2-5
are lethal.

RNAI and Sequence Specificity of PEV
Suv39hl does not exhibit any specificity other than the fact
that it methylates H3-K 9, so what directsits activity to histone
tails located in pericentric chromosomal regions, known to be
particularly rich in heterochromatin, but not other regions of
the genome? Work from the Schizosaccharomyces pombe
counterparts of Su(var)3-9 (Clr4) and HP1 (Swi6) suggest that
an RNAI-like mechanismiscrucial (Richards and Elgin, 2002;
Jenuwein, 2002) (Figure 8-2A). In wild-type fission yeast,
DNA repeats that are highly enriched in pericentric regions
are transcribed in a bidirectional manner to produce 1.4- and
2.4-kbp double-stranded transcripts that are processed by
dicer into approximately 22 nucleotide sense and antisense
RNASs. Similar to short interfering RNAs (SSRNAS) or micro-
RNAs, these RNA oligonucleotides physically associate with
argonaute and other proteins to comprise RNA-induced initi-
ation of transcriptional gene silencing complexes (RITS).
However, unlike conventional ssRNAs, which move to the
cytoplasm to bind and degrade cognate mRNAS, the hete-
rochromatin-derived ssRNAs remain in the nucleus. It is
thought that they direct the RITSs to the corresponding DNA
repeats and indirectly recruit Clr4, which methylates H3-K9
and enables Swi6 binding (Figure 8-2A).

The studies described above could be performed in a
straightforward manner in S. pombe because the genes encod-
ing the RNAI machinery exist as singletons. There is mount-
ing evidence, however, that RNAi-like directed changes
in chromatin structure exist in other organisms and might
not be restricted to pericentric heterochromatin. dsRNAswith
homology to transgenes can mediate DNA methylation and
transcriptional silencing of transgenes in plants. In addition,
mutations in Pc-G genes perturb RNAi and co-suppression in
both D. melanogaster and C. elegans. Pc-G gene products
have been implicated in chromatin structure and trans-
criptional silencing but not RNA degradation or post-
transcriptional regulation. These results therefore suggest that
RNA-directed silencing may not be carried out entirely at the
post-transcriptional level but might also influence chromatin
structure and act at the transcriptional level. This notion is
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Figure 8-2. Specificity and propagation of epigenetic marks in PEV. (A) Specificity: DNA repeats in pericentric region are franscribed in a bidirectional
manner (1). Doublesiranded RNAs are cleaved by dicer (2) and processed by RNAlike machinery (3) fo yield RNA oligonucleotides that associate with
RITS (red circle]. RNA oligonucleotides are thought fo interact with the segment of pericentric repeat that served as template (4) and directly or indirectly
recruit Clr4 histone methyliransferase [yellow circle). (B) Propagation: Clr4 (yellow circle) methylates H3-KS (CH3) (upper right panel), which serves as
a docking site for the chromodomain of Swi6 (black part of box) (lower left panel). The chromo shadow domain of Swié (white part of box| is thought to
directly or indirectly recruit more Clr4, which methylates H3-K9 on adjacent nucleosome (barrel) (lower left]. Recruitment of more Swi6 to nascent H3-K9

methyl group enables next nucleosome fo be modified (lower right panel).

supported by the finding that RNAIi decreases hnRNA levels
in addition to mRNA.

Although RNAI is thought to have arisen as a defense
against RNA viruses and the mobilization of transposable
elements, it is tempting to speculate that SRNAs may play
a more genera role in regulation of gene expression. It is
conceivable that ssRNAs provide sequence specificity to other
enzymes involved in chromatin modifications. In this regard,
only rarely have DNA methyltransferases and HMTs been
shown to interact with sequence-specific activators or re-
pressors. Ironicaly, Jacob and Monod proposed that the lac
repressor might encode an RNA molecule and that RNASs
might have an important role regulating operons, but this
notion was never embraced and was subsequently dismissed
as a possible mechanism for eukaryotic transcriptiona
regulation.

X-CHROMOSOME INACTIVATION

Similar to Drosophila PEV, certain chromosome rearrange-
ments result in mosaic silencing of coat-color genesin female

74

mice. However, whereasw isjuxtaposed to pericentric regions
inw™, the pink-eye dilution (p) and albino (c) coat-color loci
are juxtaposed to the X-chromosome in t(X;7) translocations
(Figure 8-3). Because a stochastic choice is made to silence
one of the two X-chromosomes to achieve dosage compensa-
tion in a process caled X-chromosome inactivation, some
cells choose to inactivate the translocated X and therefore
silence p and c. Other cells choose to inactivate the intact X
and express p and ¢. As with PEV, this choice is made early
in development (around implantation) and then propagated
clonaly.

The similarities between PEV and X-chromosome in-
activation extend to molecular and mechanistic levels. Both
employ noncoding RNAs that direct similar chromatin
modifications. In the case of X-chromosome inactivation,
repressive epigenetic marks are targeted by Xist, a 17-kb,
untranslated RNA that is transcribed from the inactive but not
the active X-chromosome (Plath et al., 2002). After being
transcribed, Xist does not diffuse away from the inactive X
(Xi) but coats the chromosome in cis, which allows it to
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Mosaic coat color in t{X:7) mice. (A) Schematic of mouse
chromosomes X (gray) and 7 (blue). The coatcolor genes pink-eyed dilution
[pl and albino (c) are located on chromosome 7. A reciprocal 1(X:7) translo-
cation fuses the two chromosomes (right). Translocation breakpoints are indi-
cated with squiggles. (B) Schematic of {{X:7) coatcolor mosaicism. Brown
and white circles represent pigmented and unpigmented melanocytes, respec-
fively. Intact X and chromosome 7 are shown to the left of X:7 derivatives.
The white segment of the intact chromosome 7 represents p and ¢ mutations
i.e., the cells are heferozygous for both genes). The black box indicates the
inactivated X-chromosome. Pigment cells that inactfivate the translocated X
silence the only functional p and ¢ alleles and do not produce pigment. Cells
that inactivate the infact X maintain expression of the p and ¢ genes on the
translocated chromosome and produce pigment.

directly or indirectly localize chromatin-modifying complexes
to the Xi. Complementary genetic approaches underscore
Xist's role in X-inactivation; a targeted mutation in Xist
inhibits inactivation of the mutated chromosome; and Xist
expressed from an autosomal transgene can lead to ectopic
inactivation of the transgenic autosome, similar to t(X;7)
trandocations. Thus, Xist is both necessary and sufficient
to initiate long-range silencing in cis. Because of this potent
silencing capability, cells must count their X-chromosomes
and repress Xist on one chromosome, the active X (Xa), per
diploid cell. In the mouse, Xist repression on the Xais accom-
plished by expression of Tsix, another large untranslated RNA
that is partially antisense to Xist (Plath et al., 2002). However,
itisnot clear whether Tsixisutilized in all mammals, and even
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in the mouse, the exact mechanism by which Tsix blocks Xist
is not known.

The Xi is cytologically distinguishable as late-replicating,
condensed heterochromatin at the nuclear periphery. In recent
years, antibodies have been developed that detect histone
marks and chromatin-associated proteins, some of which are
enriched on the heterochromatic Xi and underrepresented on
the Xa. Staining of differentiating ES cells with these anti-
bodies has established a sequence of epigenetic modifications
that apparently initiate and maintain X-inactivation (Figure
8-4). Histones associated with the Xi are hypoacetylated,
hypomethylated at H3-K4, and hypermethylated at H3-K9
and H3-K27. All of these marks are consistent with repressive
higher-order chromatin conformations such as those found in
pericentric heterochromatin. In addition, some reports have
suggested that the histone variant macroH2A is enriched on
the Xi and that a separate variant H2A.Z is excluded from the
Xi. Finaly, in mouse extraembryonic tissues, the Xi is DNA
hypermethylated relative to the Xa. However, the Xi is not
hypermethylated in mouse extraembryonic tissues, which
undergo imprinted rather than stochastic X-inactivation. This
discrepancy is consistent with amore prominent role for DNA
methylation in the embryo proper.

A number of genes on the Xi escape X-chromosome inac-
tivation. These loci contain epigenetic marks enriched on the
Xa(e.g., histone hyperacetylation), are biallelically expressed,
and replicate synchronously with the corresponding Xaalleles,
indicating that they escape all aspects of X-inactivation. Some
of these genesresidein the pseudoautosomal region that carries
functional homologs on the Y-chromosome. Thus, these genes
are essentially diploid in both males and females, precluding
any need for dosage compensation. Other genes escape X-
inactivation despite lacking homologs on the Y. Organisms
appear to be less sensitive to dosage of these gene products.
Presumably, escaping genes are protected from the spread of
repressive chromatin marks by flanking insulator elements.
However, the mechanisms of escape are poorly understood.

POLYCOMB AND TRITHORAX GROUPS

Polycomb Group (Pc-G) Slencing

Genetic screens in Drosophila have identified many Poly-
comb group (Pc-G) genes required for the proper expression
of homeotic genes (Simon and Tamkun, 2002). Whereas gap
and pair-rule gene products are required to establish homeotic
gene expression, Pc-G factors are required for maintenance.
Not unexpectedly, these distinct classes of regulatory factors
act in concert. Gap and pair-rule genes encode DNA binding
factors that bind to enhancers and promoters of homeotic
genesin the Antennapedia (ANT-C) and bithorax (BX-C) com-
plexes, and, in so doing, directly activate or repress transcrip-
tion. However, these genes are transiently expressed and the
corresponding gene products decay by mid-embryogenesis,
yet homeotic gene expression is properly maintained through-
out the remainder of development. Some gap and pair-rule
proteins that repress transcription are thought to directly or
indirectly recruit Pc-G factors before decaying. These Pc-G
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Figure 8-4. Sequential epigenefic marks during X-chromosome inactivation. For all histones (H2A, H2B, H3, and H4), green represents covalent modifi-
cations or variants associated with transcriptional activity, whereas red represents transcriptional repression. H2B is white because no covalent modifications
or variants are known to be enriched on the inactive X-chromosome (Xi). (1) Inifially, both X chromosomes are H3 and H4 hyperacetylated, H3-K4 hyper-
methylated, and DNA hypomethylated. (2) Xist coats one of the two X-chromosomes, which is destined to be the Xi, as the first step of the inactivation process.
[3) Next, the EedEzh2-Hdac mplex is recruited and mediates H3 deacetylation and H3-K? and H3-K27 methylation. Concomitant with these Pc-G-
mediated modifications, H3-K4 is demethylated. Subsequently, H4 is deacetylated (4), and macroH2A replaces H2A in many nucleosomes on the Xi (5).

(6) Finally, CpGs on the Xi become methylated.

factors assemble into at least two complexes and alter
chromatin structure. In so doing, the Pc-G complexes act as a
form of cellular memory to keep inactive homeotic genes in
apermanent “off” state over the course of many cell divisions
(Simon and Tamkun, 2002). This regulation is crucia for
proper anterior-posterior (A-P) patterning because homeotic
genes, which are expressed in stem cell populations in the
imaginal discs, control cell fate decisionsin the head, the three
thorax segments, and the eight abdominal segments.
Accordingly, Pc-G mutants exhibit ectopic homeotic gene
expression and A-P patterning defects. In fact, going back to
the original genetic screens, many Pc-G mutants were isolated
as heterozygotes that have two or three thorax number one
segments (T1-T1-T3 or T1-T1-T1) instead of the normal T1-
T2-T3 pattern. These T2-to-T1 and T3-to T1 homeotic trans-
formations are most evident in male flies because mating
structures, called sex combs, which are normally found only
on the first pair of legs emanating from T1, are found on the
first two or al three pairs of legs. This observation accounts
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for the names of quite afew Pc-G genes: Polycomb (Pc), extra
sex combs (esc), additional sex combs (Asx), sex combs on
the midleg (Scm), posterior sex combs (Psc), and so on. More-
over, when many of these same mutations are made homo-
zygous, homeotic gene expression is altered to a greater
extent, homeotic transformations are more severe and wide-
spread, expression of other types of genes is perturbed, and
embryonic or larval lethality often results. In addition, robust
genetic interactions among mutations in distinct Pc-G genes
exacerbate these mutant phenotypes.

The first suggestion that Pc-G factors might modulate
chromatin structure came from the molecular analysis of PC
and the realization that it shares a chromodomain with HPL.
More recently, E(Z) has been shown to share a SET domain
with SU(VAR)3-9 and have HMT activity. Coupled with con-
ventional chromatography and protein—protein interaction
data, these observations have led to a model analogous to
Suv39h/ClIr4 and HP1/Swi6 in PEV (Figure 8-5). Like PEV,
one Pc-G member interacts with PCNA and may facilitate the
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Homeotic gene regulation by Polycomb- and frithorax-groups. Schematic illusirating antagonistic roles of Pc-G silencing and <G activation
in homeotic gene regulation. A single nucleosome in the ANT-C or BX-C is shown with an H3 N+erminal fail projecting to the right (top panel). Pc-G silenc-
ing is initiated by the addition of repressive covalent modifications: E(Z) methylates (met) K27, and RPD3 deacetylates K (upper lefi). PRCT complex binds
met K27 (lower left). trxG activation is initiated by the addition of other covalent modifications: TRX and ASH1 methylate (met) K4, and dCBP acetylates
[Ac) K9 (upper right). A SWI/SNF-related BRM complex is recruited to Kd-methylated, KQ-acetylated nucleosomes (lower right). PRC1 and BRM recruitment
are mutually exclusive (lower panels). VWhereas PRC1 recruitment represses homeotic gene franscription, BRM promotes expression (botom panel).

reestablishment of repressive complexes following DNA
replication. It is also quite possible that the spreading of
Pc-G silencing is blocked by insulator elements. However,
there are some differences. Pc-G complexes are distributed
more widely throughout the genome (antibodies detect about
100 sites on polytene chromosomes) than Suv39h/Clr4
and HPL/Swi6, which are primarily restricted to pericentric
regions. Pc-G complexes also act more locally. They appar-
ently spread over tens of kb to around 100kb, whereas
Suv39h/Clr4 and HP1/Swi6 spread over Mbp intervals. Both
of these differences could be due, in part, to cis-acting ele-
ments, called Polycomb Response Elements (PRESs), which
are enriched in the ANT-C and BX-C and can be bound by a
Pc-G member (PHO) that associates with E(Z)-ESC complex.
It also is not clear how other Pc-G factors contribute to the
silencing process.

Mammalian Pc-G gene products are more numerous, due
to duplication and divergence events during vertebrate evolu-
tion, but comprise similar complexes and perform similar
roles in development. Null mutations of Ezh2, Eed, and YY1,
al of which encode components of the first complex, result
in early embryonic lethality. However, it is clear that the func-
tion of this complex is not restricted to early embryogenesis
but isinstead involved in a variety of biological processesin
many different tissues. An Ezh2 conditional mutation in B
cells demonstrates that the wild-type gene product is required
for VDJ recombination. Ezh2 is also overexpressed in human
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prostate cancer tumors, and, conversely, RNAi down-
regulation of Ezh2 inhibits the proliferation of prostate cancer
cells in vitro. Although Eed null mutants exhibit severe A-P
patterning defects during gastrulation, they die before many
Hox genes are expressed. However, an ENU-induced hypo-
morph mutant line misexpresses Hox genes and exhibits
homeotic transformations. It also has placental defectsand has
been implicated in T-cell lymphomas. It has also become clear
that Eed plays a role in X-chromosome inactivation and
genomic imprinting.

In contrast, null mutations of Pc-G genes that encode com-
ponents of the mammalian PRC1 complex generaly do not
confer embryonic-lethal phenotypes. MPc2/M33/Cbx2, Bmil,
Mel18, and Rae28/Mphl homozygotes exhibit altered
Hox gene expression and homeotic transformations, which are
manifested by changes in vertebral identities, as well as cell
proliferation defects in the hematopoietic system. One excep-
tion is Ring1B/Rnf2, but, although null mutants die during gas-
trulation, hypomorphs are viable and do exhibit altered Hox
gene expression and homeotic transformations. Of all these
genes, Bmil is particularly noteworthy because it inhibits the
Inkda tumor suppressor locus and is required for continued
proliferation of hematopoietic stem cells. It also regulates
proliferation in more differentiated cellsin several hematopo-
ietic lineages. Gain-of-function mutations down-regul ate both
Inkda gene products (the pl6 and pl9 cyclin-dependent
kinase inhibitors) and cooperate with c-Myc in B- and T-cell
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lymphomas. Conversely, loss-of-function mutations lead to
increased expression of p16 and p19 and decreased prolifera-
tion of erythrocytes, resulting in anemia. Moreover, this phe-
notype is suppressed by an Ink4a targeted mutation.

Trithrax Group (trx-G) Activation

Genetic screens in Drosophila identified loss-of-function
mutations in trithorax (trx) and a number of other genes that
suppress dominant Pc mutant phenotypes (Simon and
Tamkun, 2002). This trx group (trx-G) of genes also encode
proteins that have avariety of interesting domains and motifs,
some of which are shared with Pc-G members but have the
opposite effect on transcription. For example, the TRX protein
has a SET domain, just like E(Z), but methylates H3-K4
instead of H3-K9/H3-K27 and is involved in transcriptional
activation of homeotic genesinstead of transcriptional repres-
sion (Figure 8-5). Consequently, mutationsin trx or other trx-
G genesresult in decreased homeotic gene expression instead
of ectopic expression. Of course, the fact that trx-G and Pc-
G counteract each other at the molecular level is not surpris-
ing, but is expected, considering that the two groups have an
antagonistic relationship at the genetic level (Simon and
Tamkun, 2002).

Genetic and molecular interactions among other trx-G
genes, which encode various chromatin-modifying factors,
are common and important at the mechanistic level. TRX
physically bindsto another HMT called ASH1, and both TRX
and ASH1 bind to the dCBP histone acetyltransferase. TRX
also binds to a subunit of a SWI/SNF-related complex, called
SNR1, which includes OSA, BRAHMA (BRM), and MOIRA
(MOR). Like Suv39 and HP1 or E(Z) and PC, TRX and/or
ASH1 may provide acovalently modified histoneinterface for
the BRM complex (Figure 8-5). Mammalian counterparts of
trx-G genes are important for many aspects of development,
ranging from implantation to Hox gene expression, erythro-
poiesis, and neural tube closure at midgestation to postnatal
fitness and cancer prevention. With respect to Hox gene reg-
ulation, trx-G and Pc-G factors counteract each other just as
they do in Drosophila.

CTCF

Epigenetic Mechanisms of Cellular Memory During Development

IMPRINTING

Mammals are diploid for al autosomal loci, inheriting one
copy of each gene from each parent. Presumably, both alleles
of most genes are utilized. For a growing number of charac-
terized genes, however, only one alele is used per cdl, a
process termed monoallelic expression. For genes subject to
monoallelic expression, each cell is functionally hemizygous,
expressing either the maternally or paternally inherited alele
but not both.

The best studied type of monoallelic expression isimprint-
ing, whereby genes are expressed according to their parental
origin (Reik and Walter, 2001). For example, only maternally
inherited copies of H19 are expressed (paterna aleles are
silenced), and only paternally inherited copies of Igf2
are expressed. Such parent-of-origin expression explains the
inability of mammalian partheongenotes, gynegenotes, and
androgenotes, as well as certain uniparental disomies, to
develop to term. Imprinted genes tend to be tightly linked.
To date, more than 10 clusters encompassing roughly
60 imprinted genes have been identified in the mouse
(www.mgu.har.mrc.ac.uk/imprinting/all_impmaps.htmt).
These clusters are generally associated with regions of DNA
that are differentially methylated in sperm and oocytes. These
regions, termed imprinting control regions (ICRs), appear to
regulate entire imprinting clusters. Targeted deletion of ICRs
leads to loss of imprinting (biallelic expression or silencing)
of al of the genesin the cluster. In addition, Dnmt1™~ embryos
exhibit loss of imprinting of almost al imprinted genes, and
the progeny of both Dnmt3L and Dnmt3a’, Dnmt3b’~
females exhibit loss of imprinting of maternally imprinted
genes. These findings have led to a general consensus
that DNA methylation is a critical part of the biochemical
imprint that distinguishes maternal and paterna aleles at
imprinted loci.

Some ICRs act as methylation-sensitive insulator ele-
ments. At the H19/Igf2 imprinting cluster on mouse chromo-
some 7, the ICR includes clustered binding sites for the
insulator CTCF (Figure 8-6). Here, alele-specific methylation
drives allele-specific, methylation-sensitive insulator binding,
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Coordinated transcription of two imprinted genes. Top: Maternal allele includes an unmethylated ICR (three white circles| between Igf2 and
H19 and binds CTCF (blue oval), which blocks the association of Igf2 with enhancers (three barrels) downstream of H19, leading to Igf2 silencing (red).
Because the CTCF binding sites do not separate H19 and these enhancers, H19 is franscribed (arrow, green). Bottom: Methylated paternal allele ICR is
methylated (three black circles] and cannot bind CTCF, which facilitates inferaction between Igf2 and its downstream enhancers, leading to Igf2 transcrip-
tion (arrow, green). Conversely, H19 promoter is methylated (1 black circle), recruits MeCP2 (orange box| and is silenced (red).
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which reciprocally regulates H19 and 1gf2 by blocking mater-
na Igf2 with its downstream enhancer (Figure 8-6). Other
ICRs are associated with noncoding RNAs. At the imprinted
cluster on mouse chromosome 17, the noncoding, paternally
transcribed Air RNA acts in cis to silence reciprocally
imprinted genes, including Igf 2r. Such a phenomenon isrem-
iniscent of silencing of the X-chromosome by Xist, but the
mechanism of RNA-mediated silencing at imprinted loci is
poorly understood.

Recently, additional epigenetic marks that distinguish
parental aleles at imprinted loci have begun to emerge.
Nucleosomes associated witih active aleles tend to be hyper-
acetylated on H3 and H4 tails and methylated at H3-K4. Con-
versely, histones associated with silenced aleles tend to be
hypoacetylated and methylated at H3-K9. The enzymes
responsible for these modifications at imprinted loci remain
largely undefined. Loss-of-function mutations in the Pc-G
gene Eed lead to biallelic expression of several imprinted
genes, including Mash2 and Cdknlc in the Beckwith-Wiede-
man syndrome (BWS) imprinting cluster on mouse chromo-
some 7. EED is associated with EZH2, a HMT with activity
directed against H3-K9 and H3-K27. Future work will need
to address allele-specific association of the latter mark at
imprinted loci. Interestingly, allele-specific DNA methylation
remains intact at genes affected in Eed”’~ embryos. This
observation suggests that covalent histone modifications at
imprinted loci are either parallel to or downstream of DNA
methylation and that allele-specific DNA methylation may
drive dlele-specific transcriptionally repressive chromatin
marks.

Summary and Future Directions

Drawing upon several models of epigenetic inheritance, much
has been learned about chromatin-modifying factors and how
they act and interact to regulate transcription. It is becoming
increasingly clear that these factors and their corresponding
epigenetic marks dictate developmental potentials. The present
challengeisto understand better chromatin-remodeling mech-
anismsin cell fate decisions, cell proliferation and differenti-
ation, and plasticity. In addition to providing considerable
insight into many aspects of embryogenesis and postnatal
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development, this knowledge should prove valuable for
improving the prospects of stem cell technologiesin the clin-
ical setting.

KEY TERMS

Differential expression of an alele depending upon
maternal versus paternal inheritance.

Chromatin-based gene silencing mech-
anism, originaly identified for its role in Hox gene repression
during development.

Mosaic silencing of a gene due to a
chromosomal rearrangement.

Chromatin-based mechanism required
to counteract Polycomb group silencing and originally identified
for its role in Hox gene expression during devel opment.

Mammalian dosage compensation
mechanism involving inactivation of one X-chromosome in
females.
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Cell Fusion and the Differentiated State

Penny Johnson and Peter W. Andrews

I ntroduction

Cell fusion recently surfaced as an issue in analyzing data
from experiments designed to demonstrate the pluripotency of
various adult stem cells. However, the phenomenon of spon-
taneous cell fusion has been known for a considerable time,
and experimentally induced cell fusion has been widely used
for years, for both genetic analysis and studies of the differ-
entiated and determined states.

In studies made over 40 years ago, Sorieul and Ephrussi
(1961) found that the co-culture of two mouse cell lines with
differing marker chromosomes resulted in the appearance of
asignificant proportion (up to 10%) of spontaneously derived
hybrid cells during about three months of continuous culture.
Subsequently, it was shown that specific drug selection tech-
niques could be used to isolate such hybrid cells and the
hypoxanthine-aminopterin-thymidine (HAT) selection system
to eliminate parental cells separately deficient in hypoxan-
thine phosphoribosyl transferase (HPRT), and thymidine
kinase (TK) was introduced. Genetic complementation result-
ing in expression of both enzymes allowed for survival of the
hybrids. It was then found that a substantial loss of human
chromosomes occurs in spontaneous hybrids between diploid
human fibroblasts and mouse L-cells, while the complete set
of mouse chromosomes is retained. This phenomenon of spe-
cific chromosome loss coupled with the subsequent discovery
that cell fusion could be induced by inactivated Sendai virus,
or by incubating cellsin polyethylene glycol (PEG), provided
a powerful new method for human gene mapping, which was
widely used during the 1970s. Thus, by correlating the expres-
sion of human traits in such hybrids with the retention of par-
ticular human chromosomes, individual human genes could be
|ocated on specific chromosomes or even parts of chromosomes.

Hybrid Cells and Differentiated
Phenotypes

Simultaneous with the development of techniques for pro-
ducing hybrid cells, John Gurdon and his colleagues demon-
strated that a nucleus obtained from a differentiated cell of a
tadpole, when transferred to an enucleated frog oocyte, sup-
ported the development of an adult frog. The general conclu-
sion from these studies was that all differentiated cells retain
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full genetic potential for development and that the differenti-
ated states of functionally distinct cell types must therefore
arise from differential regulation of gene activity. What, then,
would be the result of combining the genomes from different
cell types in asingle hybrid cell?

In 1965, Henry Harris had described the behavior of dif-
ferent nuclei in heterokaryons formed between various cell
types. The most striking of these combinations was the fusion
of HelLa cells with mature chicken erythrocytes in which,
unlike mammalian erythrocytes, the chromatin is condensed
and the nucleus isinactive. In the resulting heterokaryons, the
chicken erythrocyte nuclei became active for both DNA and
RNA synthesis and reexpressed chicken-specific genes.

This result was confirmed and shown to be the result of
cytoplasmic factors. For example, chicken erythrocyte nuclei
were found to be reactivated when introduced into enucleated
cytoplasms. Furthermore, the reactivated chicken nucleus in
cells reconstituted with fibroblast cytoplasm supported syn-
thesis of chicken globin.

Attempts to discern genera rules from the fusion of cells
of different phenotypes, however, proved difficult. Despite the
results with erythrocyte heterokaryons, an early conclusion
was that the fusion of cells expressing two distinct states of
differentiation frequently resulted in the loss of those differ-
entiated functions in the hybrid cells. For example, hybrids
formed between fibroblasts and melanomas did not produce
melanin, and globin synthesis was not inducible in hybrids
between fibroblasts and Friend erythroleukemia cells. On the
other hand, hybrids between human leukocytes and mouse
liver tumor cell lines sometimes expressed liver-specific pro-
teins from the human genome contributed by the fibroblasts.
Similarly, rat hepatoma—mouse lymphocyte or fibroblast
hybrids often expressed mouse albumin. In other studies,
hybrids between neuroblastoma cells, which exhibit a variety
of neural features, and mouse L-cells, which are long-
established, immortalized fibroblastoid cells, retained at |east
some of the neura features of the neuroblastoma parental
cells, notably their electrical activity.

Apart from attempting to investigate the control of specific
differentiated states, Harris and his colleagues, in particular,
sought to use cell hybridization to establish the mode of
genetic control of the transformed state of cancer cells, in par-
ticular whether the genetic changes that underlie the trans-
formed state of tumor cells were the result of the loss or gain
of gene function. In a conclusion that presaged the identifica-
tion of tumor suppressor genes, they reported that malignancy
acted as a recessive trait at the cellular level, as fusion of
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malignant cells with nonmalignant partners resulted in the
formation of nonmalignant hybrid cells in which malignancy
reappeared with subsequent chromosome loss. Clearly, such
a result is not always the case, as might be inferred from
our current knowledge of oncogenes as well as tumor sup-
pressor genes. Perhaps the most notable exception to this
rule was the formation of immortal and tumorigenic “hybrido-
mas’ that produced monoclonal antibodies following the
fusion of terminaly differentiated plasma cells and a lym-
phoid cell line.

Generally, it seemed that hybrids of cells with distinct
phenotypes did not express a hybrid phenotype. Rather,
they tended to express genes associated with one or other
of the parent cells but not both. For example, mouse
hepatoma—Friend erythroleukemia hybrids were described,
which continued expressing liver functions but in which
globin expression was extinguished. Furthermore, in some
cases, the gene expression typical of one parental phenotype
was activated from the genome of the other parental cell.
However, no clear rules emerged as to which phenotype
would predominate.

The mechanisms by which one phenotype predominates
over another in such hybrids largely remains poorly under-
stood. In some cases, at least, the genome of one contributing
nucleus retained the capacity for reactivation of its tissue-
specific genes even when extinguished in the initial hybrid
cells. For example, in Chinese hamster fibroblast—rat hepa-
toma hybrids, rat liver functions were extinguished, only to
reappear in some subclones on subsequent passage, possibly
because of the loss of particular chromosomes. This result
implies a stable modification to the genome responsible for
the maintenance of its epigenetic state and not erased in hybrid
cells. In other situations, experiments with phenomena such
as imprinting and X-inactivation indicate that DNA methyla-
tion and histone acetylation can play a role in the heritable
regulation of gene activity. Similar mechanisms are likely to
play arole in the maintenance of a stable differentiated phe-
notype and might underlie results such as these.

On the other hand, dynamic regulatory factors must also
be important because the early heterokaryon experiments
clearly suggest that any repression of gene activity can be
overcome by diffusible factors. Perhaps the earliest and clear-
est identification of afactor that can play arolein the dynamic
regulation of gene activity was the discovery of the
helix— oop-helix transcription factor, MyoD. The presence of
MyoD alone, introduced into a cell by transfection with
appropriate expression vectors, is sufficient to activate
muscle-specific genes from several distinct cell types. MyoD
is aso subject to positive autoregulation so that, once
expressed in a cell, it tends to maintain its own expression,
thus establishing a dynamic system for maintenance of the
muscle-differentiated state.

Nevertheless, and not surprisingly, even this story is not so
simple. In some cells, MyoD is not sufficient to activate
muscle gene expression; other somatic cell hybrid experi-
ments show that MyoD itself is subject to negative regulators
specified by loci elsewhere in the genome. If these patterns of
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regulation also apply to other key regulatory genes, it would
not be unexpected that the outcome of fusion experiments
between distinct types of differentiated cells would depend on
the parental cells, the interactions of structural modifications
to chromatin and DNA, and the dynamic, diffusible regula-
tory factors pertinent to those cells.

Hybrids of Pluripotent Cells

The behavior of hybrids of pluripotent cells has attracted con-
siderable interest ever since lines of embryona carcinoma
(EC) cells were established in vitro. Indeed, the first descrip-
tion of established cultures of mouse EC cells included a
report of the outcome of fusing EC cells and fibroblasts; in
those experiments, the fibroblast phenotype predominated.

EC cells are the malignant, pluripotent stem cells of tera-
tocarcinomas, which occur spontaneously in male mice of the
129 strain and in young human males, as testicular tumors of
germ cell origin. Teratocarcinomas may contain an array of
differentiated cell types corresponding to somatic cells of any
of the three germ layers of the developing embryo or to
extraembryonic cell types of the yolk sac or the trophoblast
(in man but not mice). The stem cell status of EC cells was
first clearly demonstrated experimentally by the landmark
study by Kleithsmith and Pierce, and the relation of these cells
to theinner cell mass or primitive ectoderm of the early stages
of embryonic development, at least in the mouse, became
evident through a series of studies during the 1970s. Those
studies laid the foundations for the derivation of embryonic
stem (ES) cells directly from the blastocyst of both mouse and
primate, including human, embryos. ES cells are evidently the
“normal” counterparts of tumor-derived EC cellsin both mice
and humans. A closely related pluripotent cell type is the
embryonic germ (EG) cell, lines of which have been derived
from cultures of primordial germ cells from the genital ridges
of both mouse and human embryos.

In the late 1970s, severa groups reported experiments to
investigate the consequences of fusing EC cells with somatic,
differentiated cells. In those experiments, hybrids of EC cells
with thymocytes retained an EC phenotype. Others found
similar results in fusions of EC cells with various lymphoid
cells. Typicaly, the hybrids extinguished differentiated
markers of the lymphoid parents and retained pluripotency. In
several cases in which the parental EC cells had lost their
ability to differentiate (nullipotent EC cells), the hybrids
regained that ability. The most likely explanation for this
result is that the nullipotent EC cells had accumulated muta-
tions that limited their ability to differentiate. Such mutations
would be expected to provide EC cells with a strong selective
advantage because differentiation istypically accompanied by
the loss of extended growth potential. Fusion with awild-type
cell could then alow genetic complementation and restore
pluripotency, provided that the overall phenotype of the
hybrid was that of an EC cell. Recently, a pluripotent human
EC cell line, NTERAZ2, has been fused with a nullipotent line,
2102Ep. In that case, the hybrid cells did retain an ability to
differentiate, suggesting that “loss-of-function” recessive
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mutations in 2102Ep were principally responsible for its
inability to differentiate. However, although the hybrids dif-
ferentiated, they did not give rise to neural differentiation, as
the parental NTERA2 cells are well documented to do. Thus,
the 2102Ep cells had evidently acquired dominant mutations
that interfered with expression of that particular lineage in
NTERAZ2 cells.

One circumstance in which the extinction of the somatic
cell genes was variable was expression of the class 1, major
histocompatibility complex (MHC) antigens. In mouse EC
cells, the MHC antigens of the H2 complex are typically not
expressed, although they are expressed in human EC cells. In
some hybrids with lymphoid cells, expression of the somatic
parent’s H2 genes was suppressed; in others, it was not. In
fusions of mouse EC cells with human lymphoid cells, most
human chromosomes are lost, as generally occurs in
mouse-human hybrids, and the hybrids retained an EC phe-
notype. However, in those retaining human chromosome 6,
the human MHC antigens of the human lymphocyte antigen
complex remained active.

Not all combinationsof EC cellswith somatic cellsresulted
in hybrids expressing an EC phenotype. Generally, hybrids
with fibroblasts or fibroblastoid cells yielded fibroblastoid
hybrids, as originally reported. In some hybrid combinations,
for example, EC cell-hepatomas, both phenotypes were extin-
guished. However, intriguing results were obtained in EC
cell-Friend erythroleukemia cell hybrids. Such hybrids gen-
erally expressed the phenotype of the erythroleukemia cells
and wereinducible for globin expression, which was specified
by the EC-derived genome as well as the erythroleukemia
genome. Nevertheless, when the EC cell parent wastetraploid,
some hybrids retained an EC phenotype. Apparently, an
increased dosage of the EC genome was sufficient to overcome
the dominant effect of the erythroleukemia cell.

Reprogramming Somatic Cell Nuclel
with EC, ES, or EG Cell Cytoplasm

Not only in frogs but also in mammals, nuclear transfer into
enucleated eggs has resulted in the birth of live animals and
illustrates the plasticity of nuclei derived from fully differen-
tiated somatic cells. The ability of the egg or oocyteto “repro-
gram” the somatic cell nucleus to such a profound extent is
remarkable. These experiments raised the prospect of deriv-
ing embryonic stem cells genetically identical to a prospec-
tive patient, who might receive transplants of differentiated
derivatives of those stem cells to replace diseased or damaged
tissues. However, the technique is demanding and inaccessi-
ble for many researchers, and the availability of human donor
eggs is limited and ethically problematic. An attractive alter-
native for both study and practical application would be to
“reprogram” somatic cells using pluripotent ES, EG, or EC
cells. However, despite the extensive earlier studies of
EC—somatic cell hybrids, none clearly demonstrated repro-
gramming of the genome derived from the somatic cell parent.
It is formally possible that the somatic genome was silenced
and that maintenance of the pluripotent state was actively
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dependent on continued gene expression from the EC cell-
derived genome alone.

In more recent experiments, EG cells have been fused with
thymocytes from transgenic mice carrying a neo®/lacZ trans-
gene. As in the EC x thymocyte hybrids, EG-thymocyte
hybrids expressing lacZ and drug resistance were isolated and
retained a pluripotent EG-like phenotype. When the thymo-
cytes came from transgenic mouse thymocytes engineered to
express green fluorescent protein (GFP) under the transcrip-
tional control of the Oct-4 promoter, the hybrids but not the
thymocytes expressed GFP. Because Oct-4 is transcribed
exclusively in germ cells, early embryos, and ES and EC cells,
GFP should only be expressed when reprogramming of the
thymocyte nucleus occurred. In addition, in both ES and EG
hybrids with female thymocytes, and in similar EC hybrids,
reactivation of the inactive thymocyte X-chromosome was
observed. Thus, these experiments have now provided formal
evidence that the somatic genome is indeed reprogrammed in
these hybrids.

That the reprogramming ability is conserved between
species was demonstrated in reciprocal fusions using mouse
or human EC cells and cells of lymphocytic origin. Hybrids
formed from fusion of the human T-cell line, CEM C7A, to
mouse pl9 EC cells expressed the endogenous human Oct-4
and Sox2 genes and adopted the morphology of the murine
EC cells, with a high nuclear: cytoplasm ratio, prominent
nucleoli, and growth in tight, well-defined adherent colonies.
In the murine EC-human T-lymphocytes, there was consider-
able heterogeneity of expression between colonies and within
asingle colony over time. Thus, expression of human markers
of cells of endoderm (collagen IV, laminin B1) and ectoderm
(nestin) origin was noted in colonies that also expressed Oct-
4 and Sox2. These data suggest that cross-species reprogram-
ming had occurred in the hybrids and that subsequent
spontaneous differentiation resulted in the human partner
expressing the potential to adopt a fate not previously avail-
abletoit. Thereciprocal cross, using human 2102Ep EC cells
and murine thymocytes, resulted in expression of the endoge-
nous murine Oct-4 gene. Collectively, these data demonstrate
that the ability to reprogram somatic nuclei is not the exclu-
sive domain of the egg and oocyte but can also be achieved
by pluripotent ES, EG, and EC cells.

Interestingly, in a fusion of thymocytes with ES or EG
cells, both EG and ES cells are capable of reprogramming
thymocytes but display different capacities for erasure of
imprints. Imprinted genes are those for which the maternal
and paternal alleles exhibit differential expression in somatic
cells. Imprinting is established during gametogenesis and
most likely involves methylation at specific loci. After fertil-
ization, the imprinted pattern of those specific genes is
retained in al cells of the devel oping embryo except that, nec-
essarily, such imprints are erased in the primordial germ cells
(PGCs) and are reinstated prior to the completion of gameto-
genesis in preparation for the next generation. Thus, in ES
cells derived from the blastocyst, monoallelic expression of
imprinted genes is evident, but imprinting is absent from EG
cells that have been derived from PGC after imprints have
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been erased. In EG—thymocyte hybrids, the H19 and p57Kip2
loci, normally methylated on the paternal allele and preferen-
tially expressed from the maternal alele in thymocytes, were
denuded of the paternal imprints. Similarly, the maternally
methylated Pegl/Mest allele was demethylated in the
EG-thymocyte hybrids, and both maternal and paternal alleles
were expressed. Furthermore, ordinarily methylated but not
imprinted genes, such as Aprt, Pgk2, and globin, were
demethylated in these hybrids just as they are in PGCs. Thus,
the EG cells appeared to possess the same capacity as PGC
to erase imprints. By contrast, methylation at the imprinted
loci, H19 and 1 gf 2r, was maintained in ES-thymocyte hybrids.
Similarly, it was also found that imprinting was not erased in
EC—thymocyte hybrids, although the nonimprinted allele, nor-
mally silent in thymocytes, was expressed in the hybrids.
These data strongly suggested that although extensive remod-
eling of the chromatin sufficient to establish pluripotency
occurred, reprogramming does not extend to imprinting if the
pluripotent partner itself retains imprinting. The erasure of
imprints was aso found to be dominant in ES-EG hyhbrids.

These observations on epigenetic imprinting in stem cell
hybrids have relevance to the development of embryos
derived after somatic nuclear transfer to enucleated oocytes,
and fusions using ES, EG, and EC cells may serve as useful
models of the process. The efficiency with which somatic
nuclei generate living clones is notoriously low. Dolly the
sheep, the first mammal cloned from a fully differentiated
adult cell nucleus, was the single success in more than 300
nuclear transfer experiments. Epigenetic abnormalities that
are the result of inappropriate imprinting are probably one
important reason for the poor success rate and questionable
health of clones living to term. A constellation of 70 to 80
genes was shown to be inappropriately expressed in mouse
embryos cloned from adult nuclei. In addition, many cloned
embryos are subject to developmental abnormalities indica-
tive of faulty imprinting at severa loci.

During normal embryogenesis, PGCs, which eventually
differentiate into male or female gametes, are erased of
imprinting. During the development of the gametes in
embryos resulting from normal fertilisation, correct imprint-
ing is reestablished. However, because a cloned individua
does not result from fertilization by mature sperm of an egg
but rather from adonated diploid nucleusinjected into an enu-
cleate egg, the process of erasure and reinstatement of correct
imprinting never occurs. The cell fusion experiments using
ES, EG, and EC cells previously described may help to elu-
cidate the process of imprinting and reprogramming and to
provide further information about why embryo cloning is a
risky and inefficient process.

Cdll Fusion and the Demonstration of
Stem Céll Plasticity

Recently, there have been myriad discussions and reports
regarding adult stem cells and their apparent capacity not only
to regenerate their own tissue of origin but also to regenerate
lineages other than those from which they derive. For
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example, hematopoietic stem cells and mesenchymal stem
cells have been reported to generate neurons, muscle, hepato-
cytes, and a host of other tissues. Similarly, fetal neural cells
have been reported to create hematopoietic and other tissues.
A degree of controversy has surrounded these reports, and sci-
entists have been at pains to design experiments that unequiv-
ocally demonstrate that a single such adult stem cell can
generate cells of more than one lineage.

Cell fusion occurs spontaneously under appropriate con-
ditionsin vivo, aswell asin vitro, and in vivo can be anormal
physiological process during the development of severa
organs and tissues. For example, myoblast-myoblast and
myoblast—myotube fusions occur as part of normal skeletal
muscle development, and fusion of trophoblast cells to form
the giant cells occurs in the development of the placenta
Recent genetic studies in Drosophila and Caenorhabditis
elegans have determined some of the genes required for these
developmental fusion events.

The existence of genetically regulated, physiologically rel-
evant cell fusion in vivo, as well as evidence of reprogram-
ming of somatic cells following cell fusion, may confound
many of the observations of adult stem cell plasticity. Two
separate examples have recently been reported of spontaneous
fusion of cells, in the absence of an external fusogenic agent,
between populations of pluripotent stem cells and other cell
types kept in co-cultures. For example, in mixed cultures
using murine ES and genetically tagged bone marrow cells
grown under conditions favoring the outgrowth of hybrids it
was revealed that ES-bone marrow hybrids could be isolated
at afrequency of 10-°-107°. Spontaneous fusion was depend-
ent on the presence of IL-3 and the leukemiainhibitory factor,
which obligates cytokines for hematopoietic lineages and the
maintenance of pluripotency and self-renewa in ES célls,
respectively. In similar experiments using mixed cultures of
murine ES and genetically marked cells taken from fetal and
adult mouse brain, it was also found that spontaneous hybrid
formation occurred at ten-fold frequency. In both reports,
resulting hybrids displayed the morphology and pluripotency
of the ES partner. Where once the somatic partner in these
hybrids was restricted in its developmental fate to producing
the repertoire of hematopoietic lineages or central nervous
system lineages, respectively, fusion with the ES cell allowed
expression of new potential fates. These spontaneously
formed hybrid cells were capable of contributing to all three
germ layers after injection into blastocysts. Thus, in any
demonstration of lineage plasticity of adult stem cells, it
becomes important to rule out the possibility of fusion with
another endogenous pluripotent stem cell that reprograms the
test cell.

A further development in cell fusion hasrecently been doc-
umented in two reports examining the nature of hepatocytes
derived from hematopoietic stem cells, previously one of the
most robust arguments for adult stem cell plasticity. Using
mice engineered to be susceptible to liver degeneration
through tyrosinemia because of ablation of the fumarylace-
toacetate hydrolase gene, the regeneration of hepatocytes
from transplanted, lineage-depleted bone marrow was
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unequivocally shown. However, ordinarily, the liver contains
asubset of polyploid cells, suggesting that cell fusion may be
acharacteristic feature of this organ. The two followup studies
report that the hepatocyte outgrowth as a result of hematopoi-
etic stem cell transplantation almost certainly occurred
because of the fusion of hematopoietic cells with preexisting
hepatocytes. In another study, some of the regenerated liver
cellswere diploid rather than tetraploid, as would be expected
when two diploid cells fuse. This suggests that it is possible
to generate a diploid cell from a tetraploid hybrid and still
maintain the reprogrammed phenotype.

The identity of the fusion partner derived from bone
marrow was not determined in these reports. Nevertheless, the
authors speculate that it is probably not the hematopoietic
stem cell itself but a later progenitor. In the liver regeneration
model, the authors speculate that the hematopoietic partner
cells are phagocytic Kupffer cells, macrophages, B- or T-cells;
this view is supported by the finding that liver regeneration
occurred after the hematopoietic lineages had been repopu-
lated. However, because liver injury did not mobilize asimilar
response, it is unlikely that this is a generalized response to
tissue damage; rather, it may be the result of the artificial con-
straints of the experimental design.

Others have observed indications of engraftment in distant
tissues by cells introduced during the transplantation of
donated organs or tissues. For example, Y-chromosome-posi-
tive cells with apparent neuronal or cardiomyocyte function
have been noted in the brains and hearts, respectively, of
female bone marrow transplant recipients. These observations
have been interpreted as evidence of transdifferentiation of the
incoming donor cells and subsequent population of host
organs. However, given the findings described previoudly, it
now seems plausible that these may have been the result of
spontaneous fusion of host and donor cells.

Summary

The study and use of cell fusion has an extensive history. It
has been an invaluable tool in somatic cell genetics, and it has
highlighted the complexity of the mechanisms that regulate
the maintenance of the determined and differentiated states.
Although it is difficult to make strong claims that the study of
cell hybrids has contributed substantially to understanding
those mechanisms, the ability of pluripotent stem cells to
reprogram somatic nuclei to a primitive, pluripotent state
increases the potential of achieving somatic cell reprogram-
ming in an efficient manner for therapeutic purposes without
resorting to nuclear transfer to oocytes — so-called therapeu-
tic cloning. The phenomenon of spontaneous fusion is also an
issue that now has to be addressed in the analysis of any
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claimsfor plasticity of otherwise lineage-restricted, adult stem
cells.
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The process whereby the cell membrane between two
juxtaposed cells breaks down and reforms to incorporate the cyto-
plasm and nuclei of both cellsinto a single, viable cell.

The immediate result of fusing two different cells
which yields a single cell with two or more identifiable intact
nuclei, one from each parental cell.

The cell that arises when a heterokaryon resulting from
cell fusion enters mitosis, with breakdown of the nuclear mem-
branes of the individua nuclei and formation of a single nucleus
in each daughter cell containing the genetic material from the orig-
inal parental cells. Note, however, that there is often significant
genome loss during this and subsequent divisions, so the hybrid
cell may not contain all of the genetic material from each parental
cell.
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How Cells Change Their Phenotype

David Tosh and Marko E. Horb

I ntroduction

Until recently, it was thought that once a cell had acquired a
stable differentiated state, it could not change its phenotype.
We now know thisis not the case, and over the past few years
a plethora of well-documented examples have been presented
whereby already differentiated cells or tissue-specific stem
cells have been shown to alter their phenotype to express func-
tional characteristics of a different tissue. In this chapter, we
examine evidence for these examples, comment on the under-
lying cellular and molecular mechanisms, and specul ate about
possible directions of research.

Metaplasia and Transdifferentiation:
Definitions and Theoretical I mplications

Metaplasia is defined as the conversion of one cell type to
another, and it can include conversions between tissue-
specific stem cells. Transdifferentiation, on the other hand,
refers to the conversion of one differentiated cell type to
another and should therefore be considered a subset of meta-
plasia. Historically, metaplasia has been the term used by
pathologists, but in recent years transdifferentiation has
become the favored term, even when discussing the conver-
sion of tissue-specific stem cells to unexpected lineages.
Within the medical community, the idea of metaplasia is not
controversial, but in the scientific community, some skepti-
cism still surrounds the phenomenon of transdifferentiation —
it being attributed to tissue culture artifacts or cell fusion.
Nevertheless, it is important to study metaplasia and transd-
ifferentiation to gain a better understanding about the regula-
tion of cellular differentiation, which may lead to new
therapies for a variety of diseases, including cancer.

Why Study Transdifferentiation?

Regardless of which definition is applied, we consider the
study of transdifferentiation and metaplasia to be important
for four reasons. Firgt, it allows us to understand the normal
developmental biology of the tissues that interconvert. Most
transdifferentiations occur in tissues that arise from neigh-
boring regions in the developing embryo and are therefore
likely to differ in the expression of only one or two tran-

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
All rights reserved.

87

scription factors. If the genes involved in transdifferentiation
can beidentified, then this might shed somelight on the devel-
opmental differences that exist among adjacent regions of the
embryo.

Second, it isimportant to study metaplasia because it pre-
disposes to certain pathological conditions, such as Barrett's
metaplasia (see later sections for further details). In this con-
dition, the lower end of the esophagus contains cells charac-
teristic of the intestine, and there is a strong predisposition
to adenocarcinoma. Therefore, understanding the molecular
signals in the development of Barrett's metaplasia will help
to identify the key stepsin neoplasia and may provide us with
potential therapeutic targets as well as diagnostic tools.

Third, understanding transdifferentiation will help to iden-
tify the master switch genes and thus allow us to reprogram
stem cells or differentiated cells for therapeutic purposes.

The fourth reason is that we will be able to identify the
molecular signals for inducing regeneration and therefore to
promote regeneration in tissues that otherwise do not regen-
erate (e.g., limb regeneration).

Examples of the Phenomenon

Despite the controversy surrounding transdifferentiation,
there are numerous examples that exist in both humans and
animals; here we will focus on a select few. The examples we
have chosen to examine in detail include the conversions of
pancreasto liver, liver to pancreas, esophagus to intestine, iris
to lens, and bone marrow to other cell types. Other chapters
in this book describe some of these aswell as additiona exam-
ples in more detail.

PANCREAS TO LIVER

The conversion of pancreas to liver is one well-documented
example of transdifferentiation. Thistype of conversionis not
surprising since both organs arise from the same region of the
endoderm and both are thought to arise from bipotential cells
in the foregut endoderm. In addition, the organs share many
transcription factors, displaying their close developmental
relationship. The appearance of hepatocytes in the pancreas
can be induced by different protocols, including feeding rats
a copper-deficient diet with the copper chelator Trien, over-
expressing keratinocyte growth factor in the islets of the
pancreas, or feeding animals a methionine-deficient diet and
exposing them to a carcinogen. It has a so been observed nat-
uradly in a primate, the vervet monkey. Although the func-
tional nature of the hepatocytes has been examined in detail,
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until recently, the molecular and cellular basis of the switch
from pancreas to liver was poorly understood.

Two in vitro models have been produced for the transdif-
ferentiation of pancreasto liver. The first model uses the pan-
creatic cell lineAR42J, and the second uses mouse embryonic
pancreas tissue in culture; both rely on the addition of gluco-
corticoid to induce transdifferentiation. AR42J cells are
amphicrine cells derived from azaserine-treated rats, and they
express both exocrine and neuroendocrine properties. That is,
they are able to synthesize digestive enzymes and express
neurofilament. The dua nature of this cell line is evident in
that when exposed to glucocorticoid, they initially enhance
the exocrine phenotype by producing more amylase, but when
cultured with hepatocyte growth factor and activin A, the cells
convert to insulin-secreting B-cells. These properties of the
AR42] cells suggest that they are an endodermal progenitor
cell type with the potential to become exocrine or endocrine
cell types.

The transdifferentiated hepatocytes formed from pancre-
atic AR42J cells express many of the proteins normally found
in adult liver —for example, abumin, transferrin, and
transthyretin. They also function as normal hepatocytes; in
particular, they are able to respond to xenobiotics (e.g., they
increase their catalase content after treatment with the perox-
isomal proliferator, ciprofibrate). Although the mouse embry-
onic pancreas also expresses liver proteins after culture with
dexamethasone, it is not clear whether the same cellular and
molecular mechanisms are in operation asin the AR42J cells.
It is possible that, rather than the hepatocytes arising from
already differentiated cell types, theliver-like cellsare derived
from a subpopulation of pancreatic stem cells.

To determine the cell lineage of hepatocyte formation from
pancreatic AR42J cells, we performed a lineage experiment
based on the perdurance of green fluorescent protein (GFP)
and used the pancreatic elastase promoter. After the transdif-
ferentiation, some cells that expressed GFP also contained
liver proteins (e.g., glucose-6-phosphatase). This result sug-
gests that the nascent hepatocytes must have once had an
active elastase promoter; therefore, they were differentiated
exocrine cells. To elucidate the molecular basis of the switch
in cell phenotype, we determined the expression of severa
liver-enriched transcription factors. Following treatment with
dexamethasone, C/EBPP became induced, the expression of
the exocrine enzyme amylase was lost, and liver genes (e.g.,
glucose-6-phosphatase) were induced. These properties of
C/EBPB make it a good candidate to be an essential factor
involved in the transdifferentiation of pancreas to liver.
Indeed, C/EBP is sufficient to transdifferentiate AR42J cells
to hepatocytes. Therefore, C/EBP appears to be a good can-
didate for the master switch gene distinguishing liver and
pancreas.

LIVER TO PANCREAS

The numerous examples of pancreas-to-liver transdifferentia-
tion suggest that the reverse switch should also occur readily;
nevertheless, examples of this type of conversion are infre-
guent. The presence of pancreatic tissue in an abnormal loca-
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tion is known as heterotopic, accessory, or aberrant pancress,
and the frequency has been reported to range from 0.6 to
5.6%. In most cases (70-90%), the heterotopic pancreas is
found in the stomach or intestine and is considered to be an
embryological anomaly. In contrast, intrahepatic pancreatic
heterotopia has only been reported in six individuals, com-
prising less than 0.5% of all cases of heterotopic pancreas. In
general, heterotopic pancreatic tissue can be composed of
exocrine, endocrine, or both types of cells. In almost every
case of pancreatic heterotopia in the liver, however, only
exocrine cells are present; only one case describes the pres-
ence of endocrine cells. Unlike the other cases of accessory
pancreas, these rare incidents of intrahepatic pancreatic tissue
cannot be explained as the result of a developmental error.
In fact, in most of these cases, the patients were diagnosed
with cirrhosis, suggesting that the heterotopic pancreas arose
as a metaplastic process. Results with the animal models
concur.

In other animal's, pancreatic exocrine tissue can be induced
in the liver by feeding rats polychlorinated biphenyls or by
exposing trout to various carcinogens, such as diethylni-
trosamine, aflatoxin By, or cyclopropenoid fatty acid. In these
examples, the hepatic exocrine tissue is most often associated
with tumors or injury, such as hepatocellular carcinomas
(which arise from hepatocytes) or cholangiolar neoplasms
(which arise from the bile duct), or adenofibrosis. Much like
the human cases, these results suggest that during carcino-
genesis, a metaplastic event occurs that generates pancreatic
tissue. Indeed, pancreatic metaplasia in trout can be inhibited
by the addition of the glucosinolate indole-3-carbinol, a
known anticancer agent. Whether inhibiting metaplasia pre-
vents neoplasia remains to be determined. The ability of one
cell (liver) to transdifferentiate into another (pancreas), no
matter how rare, suggests that it should be possible to iden-
tify the molecular signals involved in switching a cell’s phe-
notype and thus to learn how to control and direct this
conversion for therapeutic purposes.

Two recent reports have shown that it is possible to exper-
imentally convert liver cells into pancreatic cells. Each has
used a different approach to bring about transdifferentiation
— by changing either the extracellular or the intracellular
environment. In the first example, hepatic oval cells wereiso-
lated and maintained in tissue culture media supplemented
with leukemia inhibitory factor (LIF). Upon the removal of
LIF and the addition of high concentrations of glucose
(23mM) in the medium, the oval cells transdifferentiated to
pancreatic cells. The oval cells were converted into a variety
of pancreatic cell types, including glucagon, insulin, and pan-
creatic polypeptide-expressing cells. Functionally, these oval
cell-derived endocrine cells were able to reverse hyper-
glycemiain streptozotocin-induced diabetes. The mechanism
whereby glucose induces the transdifferentiation is not
known, though previously it was shown that glucose can
promote the growth and differentiation of B-cells in the
normal pancreas; perhaps a similar mechanism operates here.

In the second example, hepatic cells (either in vivo or in
vitro) were induced to transdifferentiate by overexpression of
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a superactive form of a known pancreatic transcription factor,
Pdx1. Pdx1 is expressed early in the endoderm prior to overt
morphological development of the pancreas and has been
shown to play a fundamental role in the development of the
entire pancreas. Although a previous study showed that con-
tinuous overexpression of the unmodified Pdx1 in the liver
increased hepatic insulin production, it is not known if this
represents a true transdifferentiation or simply the activation
of the insulin gene.

In the study using modified Pdx1, the transdifferentiation
appears to be relatively complete in that both exocrine and
endocrine cells were produced, including insulin, glucagon,
and amylase-expressing cells. On its own, Pdx1 is unable to
convert liver to pancreas and requires an extra activation
domain, VP16. This might be because of the lack of appro-
priate protein partners or the presence of some inhibitory pro-
teins in the liver cells, since sequence-specific transcription
factors are known to require other tissue-specific coactivators
to stimulate transcription. To overcome this problem, the
VP16 activation domain was fused to Pdx1 — the VP16 acti-
vation being able to activate transcription directly by binding
to various coactivators as well as the basal transcription
machinery, eliminating the need for other tissue-specific
proteins. When Pdx1-VP16 was overexpressed in the liver,
using the liver-specific promoter transthyretin, it was able to
induce the transdifferentiation of liver to pancreas. Thisis an
example whereby a known transcription factor essential for
pancreas development was engineered to act as a master
switch gene.

In conclusion, the preceding results demonstrate that it is
possible to transdifferentiate liver cells, whether fully differ-
entiated or not, into pancreatic cells. Since the liver has the
ability to regenerate, this tissue can provide an abundant
resource for the production of pancreatic cells with the aim of
curing diabetes. The first study shows that an extracellular
factor, glucose, can be used; the second reveals that a
modified intracellular tissue-specific transcription factor,
Pdx1-V P16, is sufficient. These studies suggest that if we can
identify the key factors involved in the physiological regula-
tion of the adult pancreas as well as in embryonic develop-
ment, this will play an important role in understanding and
promoting the transdifferentiation of various cell types into
pancreas. However, overexpression of a single transcription
factor may not be sufficient; the ability to change a cell’s
phenotype may therefore require the use of modified or
engineered transcription factors (e.g., Pdx1-VP16) that can
artificially recruit the transcriptional machinery.

BARRETT’'S METAPLASIA

Barrett's metaplasia (or Barrett's esophagus, as it is some-
times called) is the clinical situation in which intestinal cells
are found in the tissue of the lower end of the esophagus. In
the strictest terms, it is the conversion of stratified squamous
epithelium to columnar epithelium and is characterized by the
presence in biopsy material of acid mucin-containing goblet
cells. The importance of Barrett's metaplasia stems from the
rise in apparent incidence of the disease and its risk associ-
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ated with the development of adenocarcinoma of the esopha-
gus. It is not known why metaplastic cells have a greater dis-
position toward neoplastic progression.

One of the proposed mechanisms for development of
Barrett’s metaplasiais gastrooesophageal reflux. It is assumed
that prolonged acid reflux from the stomach (generaly with
bile acids) promotes damage to the epithelia at the end of the
esophagus. Presumably, in the early stages of the disease, the
normal stratified squamous epithelium isreplaced. Eventually,
reepithelialization results in the formation of columnar as
opposed to stratified squamous epithelium, most likely
because of repeated exposure to an acid environment. It is not
clear whether the different intestinal cell types formed in the
esophagus arise from the same stem cell in the basal layer or
whether there is a transdifferentiation of columnar cells to
goblet cells. It is aso not understood why some patients with
efflux disease do not go on to develop Barrett’'s metaplasia.

The molecular events underlying Barrett’s metaplasia are
not well understood. However, good candidate genes include
the caudal-related homeobox genes cdxl and cdx2. Several
lines of evidence support this statement. First, both genes
are expressed in the intestine (but not in the stomach or in
the esophagus) and are known to be important in regulating
intestine-specific gene expression. Second, colonic epithe-
lium is transformed to squamous epithelium (similar to the
esophagus) in mice haploinsufficient for cdx2. Third and
more recently, it was found that ectopic expression of cdx2 in
the stomach can induce intestinal metaplasia, and there is
some evidence for early expression of cdx2 in patients with
Barrett's metaplasia. These results suggest that cdx genes
may provide a target for therapeutic intervention in Barrett's
metaplasia.

REGENERATION

The idea of regenerative medicine or tissue engineering
mainly implies using tissue-specific stem cells to replace
damaged or “lost” organs. However, as more examples of the
plasticity of differentiated cells become known, it may be
more feasible to use them than to use stem cells. Historically,
the classical example of transdifferentiation occurs during
lens regeneration in newts, where the dorsal iris-pigmented
epithelium (IPE) is converted to lens. In other species, it may
be a different source of cells that undergoes transdifferentia-
tion to lens, such as the outer cornea in Xenopus laevis. In a
similar fashion, regeneration of the neura retina occurs by
transdifferentiation of the retinal-pigmented epithelium (RPE)
invarious vertebrates. In both cases, the regeneration has been
shown to occur in adult newts as well as in other vertebrate
embryos, including chick, fish, and rat.

Upon removal of the lens (lentectomy), only the dorsal
IPE transdifferentiates into lens in three phases— de-
differentiation, proliferation, and transdifferentiation — even
though both the dorsal and ventral IPE have the potentia to
become lens. It has been shown that the dorsal and not the
ventral IPE expresses Pax6, Prox1, and FGFR-1, suggesting
that these factors may play an important role in inducing the
transdifferentiation. Indeed, inhibition of FGFR-1 will block
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the transdifferentiation of IPE to lens, and in Xenopus, it has
been shown that FGF-1 can induce the transdifferentiation of
outer cornea to lens. In agreement with this, retina regenera-
tion in chick embryos can be promoted by the addition of either
FGF-1 or FGF-2 but not other growth factors such as TGFj.
These results show that the microenvironment in which a cell
resides plays a critical role in regulating transdifferentiation.

Why one cell changes its phenotype (dorsal IPE) but
another does not (ventral IPE) in response to exogenous
growth factors may depend on the competence of each cell
(e.g., the presence of the appropriate receptors). It is possible
that FGFs may be responsible for inducing de-differentiation
of thetissue and that the expression of particular transcription
factors induces both proliferation and transdifferentiation.
This classical model of lens regeneration illustrates that the
molecular signalsinvolved in transdifferentiation can be iden-
tified and used to promote regeneration of cells normally con-
sidered unable to alter their phenotype.

BONE MARROW TO OTHER CELL TYPES

Some cell-type conversions using bone marrow-derived stem
cells have been shown to occur across what was previously
considered to be germ-line boundaries (i.e., mesoderm to
endoderm). In this situation, it is not evident whether the cell
must first become a different stem cell and then differentiate
along adifferent pathway or if it directly transdifferentiates to
another phenotype. However, some doubt has been cast on
these observations, and it has been suggested that the result
is caused by an artifact from fusion of the circulating
hematopoietic stem cells with resident cells. (See chapters
3,9, and 32 in this volume for a description of these types of
transdifferentiations.)

De-differentiation as a Prerequisite for
Transdifferentiation

A question arises: If transdifferentiation is to occur, must the
parent cell lose its phenotype before acquiring a new identity?
In some examples (IPE to lens), there is an intermediate phe-
notype in which the cells do not express markers for either
cell type (Figure 10-1B). However, examples of direct trans-
differentiation do occur. Perhaps the best exampleisthe trans-
differentiation of pancreas to liver (pancreatic exocrine to
hepatocyte) (Figure 10-1A). Whether a cell undergoes trans-
differentiation directly, through a de-differentiated state, or
through a stem cell may vary depending on which cell types
are being studied (Figure 10-1). In other words, does the
parent cell contain the necessary information to change its
phenotype directly, or doesit require the synthesis of new pro-
teins? In direct transdifferentiation, the cell’s competency is
already established, and it isthe removal of an inhibitor or the
addition of an activator that pushes the fate of the cell over
the final hurdle. For de-differentiation and stem cell interme-
diates, it may be necessary to establish the competency of
the parent cell before it can undergo transdifferentiation.
Further studies examining the transdifferentiation potential
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Examples of transdifferentiation. Transdifferentiation can
occur in different stages: (A Transdifferentiation of pancreas to liver can occur
without cell division or an infermediate phenotype. (B] Transdifferentiation of
pigment epithelium fo lens requires an intermediate stage in which the cell
does not possess the characteristics of either phenotype. (C) The pluripotency
of stem cells is shown by their ability to convert to different cell lineages. In
this example, the switch is direct and there is no conversion fo another fissue-
specific stfem cell.
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of individua transcription factors and various cell types
will help to bring about an understanding of the rules of
transdifferentiation.

How to Change a Cell’s Phenotype
Experimentally

The ability to change a cell’s phenotype will greatly facilitate
the design of therapies for diseases such as diabetes, liver
failure, and neurodegenerative disorders (e.g., Parkinson's
disease). We suggest six steps to follow to try and change a
cell’s phenotype experimentally.

1. IDENTIFY POTENTIAL FACTORS TO INDUCE
TRANSDIFFERENTIATION

Transdifferentiation may be achieved in several ways using
extracellular growth factors, individual transcription factors,
or combinations of the two. An understanding of how indi-
vidual organs or cell types form will help to identify those
molecular factors that can be used to direct the transdifferen-
tiation of other cell types. We believe that those factors essen-
tial for the initial development of an organ will work best,
since they sit at the top of the hierarchy of the signaling
cascade. Functional screens, such as those used previously
to identify novel mesoderm-inducing factors, should aid
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the identification of new factors with the potential to direct
transdifferentiation.

2. CHOOSE A CELL TYPE TO CONVERT

In many cases of transdifferentiation, only certain cells can
undergo a specific transdifferentiation, suggesting that there
are restrictions on whether a cell has the competence to
undergo transdifferentiation. Therefore, choosing the cell type
initidly is important. We suggest that using closely related
cell types will greatly improve the chances for transdifferen-
tiation. Examplesinclude the use of pancreatic AR42J cellsin
the conversion of pancreasto liver. Ultimately, either primary
cultures of well-defined cell types or in vivo experiments will
be necessary for this to be of therapeutic use.

3. CHOOSE THE METHOD OF OVEREXPRESSION

It is important to determine whether continuous or limited
overexpression of a particular factor is required. On the one
hand, tissue-specific promoters will alow the factor to be
expressed for only arelatively short time; upon transdifferen-
tiation, the promoter will no longer be active. Ubiquitous
promoters, on the other hand, will express the chosen factor
continuously and may produce undesired results. Many tran-
scriptional  regulators are expressed only transiently and
require a strict temporal regulation for proper development to
occur. For example, continuous overexpression of HIxb9 in
the normal pancreas interferes with the differentiation of both
exocrine and endocrine cells. Thus, the use of the constitutive
promoters, such as cytomegalovirus, may not be suitable. We
believe that the use of tissue-specific promoters is best suited
to the type of experiments described here to prevent the
chosen factor from interfering with the proper differentiation
of the new phenotype.

4. IDENTIFY WHETHER A MODIFICATION OF THE
FACTOR IS REQUIRED

It is possible that after identifying the factor, no transdiffer-
entiation occurs. There may be severa reasons for this, but
we suggest testing a superactive version of the same factor
before dismissing it. The easiest way to do thisisto make use
of a strong activation domain that has already been charac-
terized, such as VP16. Whether it is fused to the N- or C-
terminus should not matter, but we suggest that the VP16 be
fused to the whole open reading frame of the transcription
factor and not just to the DNA-binding domain.

5. CHARACTERIZE THE NEW PHENOTYPE

Initially, use of areporter construct will greatly help the iden-
tification of a successful conversion — for example, the use
of the elastase promoter driving GFPin the conversion of liver
to pancreas. It is best to initially use a promoter expressed in
all cell typesin a particular organ rather than one specific to
an individua cell type within that organ. Three questions can
be addressed under this heading. First, is the transdifferentia-
tion specific to producing a single cell type or, if the organ
contains numerous cell types, are severa types produced? In
the case of the transdifferentiation of liver to pancreas, ectopic
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expression of Pdx1-VP16 produces more than one type of
pancreatic cell. Second, what is the identity of the new cell
type, and can theloss of the other phenotype be demonstrated?
Third, is the transdifferentiation stable? For a cell-type con-
version to be a true transdifferentiation, the phenotype of the
new cell must be stable.

6. TEST THE TRANSDIFFERENTIATION ACTIVITY IN
OTHER CELL TYPES

As mentioned previously, in many instances, only a subset of
cells can undergo a particular transdifferentiation. Therefore,
itisessentia to identify which cells can be transdifferentiated
and why one cell is able to respond but another is not. An
understanding of the competence of individual cells will lead
to a greater understanding of what is necessary for transdif-
ferentiation to occur — for example, is de-differentiation a
necessary prerequisite? The question of whether it will be pos-
sible to direct the transdifferentiation of cells into one partic-
ular cell type, such as an insulin-secreting B-cell, remains to
be seen.

Summary

The recent demonstration that adult stem cells and even dif-
ferentiated cells are more versatile than previously thought
means that abundant tissue for therapeutic purposes can be
obtained from these cell types. Since some scientists and
members of the public are averseto the use of embryonic stem
cellsfor any form of clinical treatment, using either adult stem
cells or differentiated cells induced to transdifferentiate may
obviate the use of embryonic tissue. In the end, the ethical
issues raised by some may not apply to transdifferentiated
cells.
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A transcription factor that is sufficient to
induce the transdifferentiation of one cell type to another; is asso-
ciated with theloss of one set of differentiated properties (e.g., pan-
creatic) and the gain of another phenotype (e.g., hepatic). Master
Switch Genes are normally involved in coordinating the differen-
tiation of a particular cell fate through the activation of various
downstream targets.

The conversion of one cell type to another; can include
conversions between tissue-specific stem cells.
The al-or-none conversion of one regenerat-
ing body structure into another.
The conversion of one differentiated cell type
to another; a subset of metaplasia.
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Nuclear Cloning and Epigenetic
Reprogramming

Zhongde Wang, Alexander Meissner, and Rudolf Jaenisch

I ntroduction

Successful cloning by nuclear transfer (NT) requires the
reprogramming of a differentiated genome into a totipotent
state that can reinitiate normal embryogenesis (Figure 11-1).
Embryonic genes silenced in the donor nucleus must be reac-
tivated, and donor nucleus specific genes detrimental to the
totipotent state need to be silenced. A chromatin structure that
ensures such gene expression patterns has to be established in
the donor genome. This process, broadly defined as epigenetic
reprogramming, must occur within hours to a few days fol-
lowing NT to allow the development of a reconstructed
embryo. Faulty epigenetic reprogramming in cloned embryos
leads to widespread irregularities in gene expression that
might result in the developmental abnormalities and embry-
onic lethality frequently observed in cloning. Indeed, cloning
by NT is characterized by extremely low efficiency in al
species to which this technique has been applied. Most clones
die before birth, and the rare clones that survive to term or
adulthood display a range of developmental abnormalities.
Among these abnormalities are circulatory problems, respira-
tory distress, obesity, immune dysfunction, kidney or brain
malformation, and early death. Noticeably, an increase in
placental and birth weight, a cross-species phenotype referred
to as large offspring syndrome (LOS), is often observed. At
present, little is known about the events that take place during
reprogramming and about the moleculesin the egg cytoplasm
responsible for this process.

A better understanding of the molecular mechanisms
governing epigenetic reprogramming would provide great
insights into the developmental abnormalities associated with
cloning. In this chapter, we discuss recent advances in the
understanding of the molecular and cellular aspects of epige-
netic reprogramming following NT. We begin by reviewing
the role of DNA methylation, a key epigenetic modification
known to control normal development and gene expression.
Then, we discuss the aberrant DNA methylation patterns
observed in clones and how they might lead to abnormalities
intheanimals. Finally, we review what is known about factors
that may affect epigenetic reprogramming.

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
All rights reserved.
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Epigenetics and Epigenetic
Reprogramming in Cloning

After fertilization, the genetic content of a zygote is inherited
by all somatic cells of the developing organism. However,
only a subset of the genes is active in a given cell type. For
normal development to proceed, it is essential to turn on the
appropriate genes and turn off genes not required in a par-
ticular cell. This process generally involves DNA methylation
and chromatin modifications that impose stable but reversible
marks on the genome. Such stable alterations resulting in dif-
ferential gene expression are often referred to as epigenetic.

Because each somatic nucleus within an organism has
acquired a certain tissue-specific epigenetic state during
development, cloning from somatic cells requires the reset-
ting of a differentiated nucleus to a totipotent, embryonic
ground state. One likely explanation for cloning-associated
abnormalities is inadequate epigenetic reprogramming of the
donor genome. Microarray experiments have shown that hun-
dreds of genes are abnormally expressed in newborn cloned
animals. Furthermore, DNA methylation patterns in cloned
preimplantation embryos and in tissues from cloned animals
have been shown to be aberrant compared with controls. The
most direct evidence for the notion that cloning phenotypes
are epigenetic rather than genetic comes from the observation
that the abnormal phenotypes of cloned animals are not trans-
mitted to their offspring.

DNA METHYLATION DURING NORMAL DEVELOPMENT

DNA methylation provides heritable information to the DNA
that is not encoded in the nuclectide sequence. In higher
eukaryotes, DNA methylation is the only covalent modifica-
tion of the DNA. It occurs at position 5 of the pyrimidinering
of cytosines and is almost exclusively restricted to CpG din-
ucleotides in somatic cells. In contrast, embryonic stem (ES)
cells and early embryos seem to contain significant amounts
of non-CpG methylation (mostly CpA). Currently, the func-
tiona role of this non-CpG methylation is not clear.

DNA methylation has been implicated to participate in a
diverse range of cellular functions and pathologies, including
tissue-specific gene expression, cell differentiation, genomic
imprinting, X-chromosome inactivation, regulation of chro-
matin structure, carcinogenesis, and aging. In general, methy-
lation is found in CpG-poor regions; CpG-rich areas (CpG
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Figure 11-1. Generation of cloned mice. The metaphase spindle is removed from a metaphase-llarrested oocyte using micromanipulators and the donor
nucleus is injected directly info the cytoplasm. Three different approaches to subsequently generate cloned mice are depicted. First, to minimize the time in
culture 2-cell embryos can be transferred fo the oviduct of a recipient female. Second, to further assess the developmental potential of the reconstructed
embryos in vitro, clones can be cultured unfil the blastocyst stage (day 3.5) and then be transferred to the uterus of a recipient female. Finally, ES cells can
be derived from the Inner Cell Mass (ICM) of the cloned blastocyst and by using tetraploid embryo complementation multiple identical clones that are solely

derived from the donor ES cells can be generated.

islands) seem to be protected from this modification and are
generally associated with active genes. Thisis consistent with
the fact that methylated CpG islands are found on the inac-
tive X-chromosome and on the silenced alele of imprinted
genes. The methyl group is positioned in the major groove of
the DNA, where it can easily be detected by proteins inter-
acting with the DNA. The effects of DNA methylation on
chromatin structure and gene expression are likely mediated
by afamily of proteins that share a highly conserved methyl
CpG-binding domain (MBD). Two of these, Mecp2 and
Mbd1, have been suggested to be involved in transcriptional
repression based on hiochemical observations that they form
complexes with histone deacetylases and other proteins
important for chromatin structure.

DNA methylation patterns are extremely dynamic in early
mammalian development. Within 1 to 2 cell divisions after
fertilization, a wave of global demethylation takes place.
It has been suggested that the paternal genome is actively
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demethylated during the period of protamine-histone
exchange and that the materna genome subsequently
becomes demethylated, presumably through a passive DNA
replication mechanism. By the morula stage, methylation is
found only in some repetitive elements and imprinted genes.
After implantation, genomewide methylation levels increase
dramatically, establishing a differential pattern between the
cellsof theinner cell mass and those of the trophectoderm and
resulting in the formation of methylation patterns found in the
adult. Primordial germ cells (PGC) aso undergo global
demethylation. In contrast to demethylation during preim-
plantation, all parental-specific epigenetic marks are erased
in the PGC by embryonic day 13-14. As a result, PGC and
diploid germ cells are the only cell types in which the pater-
nal and maternal genomes are equivalent. Upon initiation of
gametogenesis, PGC remethylation begins, and the parental-
specific methylation patterns that will code for monoallelic
expression of imprinted genes are established.
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Maintenance and establishment of DNA methylation are
accomplished by at least three independent catalytically active
DNA methyltransferases. Dnmtl, Dnmt3a, and Dnmt3b.
There are two isoforms of Dnmt1: an oocyte-specific isoform
(Dnmtlo) and a somatic isoform. Somatic Dnmt1 is often
referred to as the “maintenance” methyltransferase because it
is believed to be the enzyme responsible for copying methy-
lation patterns after DNA replication. The oocyte-specific
isoform of Dnmt1 is believed to be responsible for maintain-
ing but not for establishing maternal imprints. The Dnmt3
family (Dnmt3a, 3b, 3l, and several isoforms) is required for
the de novo methylation that occurs after implantation, for the
de novo methylation of newly integrated retroviral sequences
in mouse ES cells, and for the establishment of imprints
(Dnmt3l). It was recently shown that Dnmt3a has a strong
preference for unmethylated DNA.

The essential role of DNA methylation in mammalian
development is highlighted by the fact that mutant mice
lacking each of the enzymes (generated by gene targeting) are
not viable and die either during early embryonic development
(Dnmtl and Dnmt3b) or shortly after birth (Dnmt3a). The
knockout of Dnmt3l leads to male infertility and the failure to
establish imprints in female eggs. Disruption of Dnmt2 did
not reveal any obvious effects on genomic DNA methylation.
The biological role of Dnmt2 is still elusive; however, a
possible role in centromere function has been suggested.

ABNORMAL DNA METHYLATION PATTERNS
IN CLONES

Considering the fundamental role of DNA methylation in
development, it seemslikely that any cloned embryo will need
to recapitulate afunctional pattern of epigenetic modifications
to proceed through normal embryogenesis. Severa research
groups have investigated DNA methylation patternsin cloned
embryos and reported finding abnormalities in DNA methy-
lation. In cloned bovine embryos, satellite sequence methy-
lation levels are closer to the donor cells than to control
embryos. However, methylation patterns of single-copy gene
promoters in cloned bovine blastocysts appeared to be nor-
mally demethylated. In addition, the satellite sequences, not
the single-copy genes, showed more methylation in the tro-
phectoderm than in the inner cell mass of cloned bovine blas-
tocysts. Using antibodies against 5-methyl cytosine, two
independent studies showed that the cloned bovine embryos
did not undergo global demethylation in early embryogenesis
and even showed precocious de novo methylation, with
abnormally hypomethylated euchromatin and abnormally
hypermethylated centromeric heterochromatin. These findings
suggest that different chromosomal regions might respond dif-
ferently to demethylation in the egg cytoplasm. Interestingly,
when the same satellite sequences examined in bovine were
analyzed in a different species (porcine), methylation levels
at the blastocyst stage of cloned embryos were more compa-
rable to those of fertilized control embryos, suggesting
species-specific differences. A recent study that analyzed
severa imprinted genes in cloned murine blastocysts showed
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that most of the examined genes displayed aberrant methyla-
tion and expression patterns.

It would be interesting to know if aberrant methylation
patterns during preimplantation devel opment contribute to the
low efficiency of generating clones and to what extent the
clones can tolerate such variation. Unfortunately, analyzing
the methylation status in preimplantation embryos provides
only indirect correlations, preventing satisfactory resolution
of this question.

To establish a potential correlation between global DNA
methylation levels and the developmental potential of cloned
embryos, one study compared the genomewide methylation
status among spontaneously aborted cloned fetuses, live
cloned fetuses, and adult clonesin bovine. When genomewide
cytosine methylation levels were measured by reverse-phase
high performance liquid chromatograph (HPLC), they found
that a significant number of aborted fetuses lacked detectable
levels of 5-methylcytosine. In contrast, when seemingly
healthy adult, lactating clones were compared to similarly
aged lactating cows produced by artificial insemination, com-
parable DNA methylation levels were observed. The authors
suggested that the survivability of cloned cattle is related to
the global DNA methylation status. All evidence suggests that
a correct global methylation status is required for develop-
ment. However, subtle changes might be compatible with
normal development and result only in minor or no pheno-
types. For example, by applying restriction landmark genome
scanning (RLGS) in two seemingly healthy cloned mice, it
was shown that methylation patterns at several sites in each
clone differed from those in the controls.

The reason for the frequent abnormal DNA methylation
patterns in cloned embryos is still unclear. It is likely that,
because of the epigenetic difference between the somatic
donor cell and the gametes, the somatic nucleus responds dif-
ferently to the egg cytoplasm, affecting subsequent events
during embryogenesis. For example, the highly coordinated
demethylation process in the pronuclei of the maternal and
paternal genome upon fertilization might not happen appro-
priately in the somatic donor genome following NT. It is not
clear whether all of the somatic epigenetic marks imposed by
DNA methylation during differentiation can be removed from
the donor nucleus. Any falure to demethylate the DNA
sequences normally demethylated during early cleavage
stages of development might be stably passed on to progeny
cells. Another possible explanation for the aberrant methyla-
tion patterns in clones may result from the ectopic expression
of the somatic form of Dnmt1 in the egg- and cleavage-stage
cloned embryos. In the mouse oocyte and preimplantation
embryo, the oocyte-specific form (Dnmt10), but not the longer
somatic form, is expressed. It has been shown that a trans-
location of Dnmtlo between nucleus and cytoplasm is
tightly regulated during murine preimplantation development.
In contrast, cloned preimplantation mouse embryos were
reported to aberrantly express the somatic form of the Dnmt1
gene, and the translocation of Dnmtlo was absent. As men-
tioned previously, DNA methyltransferases (Dnmt1, 3a, 3b,
and 3l) play important roles in setting up and maintaining
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DNA methylation patterns. It is reasonable to speculate that
dysregulation of any of these enzymes in clones may alter
DNA methylation patterns.

These abnorma DNA methylation patterns could result in
embryo lethality or phenotypic abnormality. Little is known
about the developmental role of dynamic changes in DNA
methylation during preimplantation, although recently, the
importance of early embryonic methylation patternsin setting
up the structural profile of the genome was shown. The failure
to establish correct methylation patterns early in devel opment
might therefore have far-reaching effects on the chromatin
structure. Interestingly, mouse embryos deficient for Dnmt1
and Dnmt3b die around embryonic day 9.5, but Lsh mutant
mice die only after birth, despite showing a substantial loss of
methylation throughout the genome. This would suggest that,
at least for embryogenesis, high levels of DNA methylation
are not essential.

Factors That May Affect Epigenetic
Reprogramming in Cloning

Studies have shown that epigenetic reprogramming seems to
be incompletein most, if not all, of the clones. In this section,
we discuss some of the aspects of the donor genome shown
to directly affect cloning efficiency. In addition, we discuss
the role of the recipient egg cytoplasm in reprogramming a
donor genome.

EPIGENETIC STATE OF THE DONOR GENOME

Mature gametes have the full potential to initiate embryoge-
nesis as a result of epigenetic modifications acquired during
gametogenesis. In contrast, cloning shortcuts this process by
omitting al the epigenetic modifications acquired during
germ cell development. A somatic donor nucleus has an epi-
genetic state radically different from that of the zygote.

Cloning Efficiency and Developmental Stage of
the Donor Cell

Clones have been successfully produced using cells derived
from different developmental stages in severa species. An
active research topic has been whether cloning efficiency
depends on the developmental stages of the animals from
which the donor cells are used. In amphibians, the develop-
mental stage of a donor cell directly correlates with cloning

efficiency. Cells from undifferentiated blastula were found to
be more efficient to clone than cells from differentiated gas-
trula, neurula, or tail bud stage cells. As aresult, no frog has
been cloned from an adult donor cell so far. In mammals,
however, the comparison of somatic cells from different
stages of mammalian development has generated controver-
sid results. For example, in bovine, the devel opment of clones
both at preimplantation (blastocyst formation rate) and at
postimplantation stages are similar when fetal, newborn, and
adult cells were compared, regardless of the donor cell types
used. Yet others have shown that blastocysts generated from
cultured bovine fetal cells have higher success rates for both
pregnancy and calving compared to those derived from cul-
tured adult cells. An unexplained exception found in these
experiments was that among all the fetal and adult cells com-
pared, adult cumulus cells produced the highest pregnancy
and calving rates.

In mice, a consistent difference in the cloning efficiency
between embryonic cells (2.4%), fetal cells (1.0% for female
and 2.2% for male), and adult cells (0.5% for female and 1.7%
for male) was found. In rabbits, it was found that nuclel from
morula cells and fetal fibroblasts are more efficient than the
nuclei from fibroblasts derived from young or aged animals
when used to produce cloned blastocysts. Because cells from
different tissues and even from the same tissue at a particular
stage of development are not necessarily in the same epige-
netic state, we believe that the comparison is informative only
if the exact differentiation state of the donor cells is known.

Cloning Efficiency and the Differentiation Sate of the
Donor Cell

Our laboratory recently compared clones derived from mouse
ES and cumulus cells for the extent of epigenetic reprogram-
ming by monitoring the activation of Oct-4 and 10 other
embryonic genes. Significantly, all ES clones expressed these
genes normally, but 38% of the cumulus cell-derived clones
failed to do so. In addition, it was found that blastocysts
derived from ES cells develop to term between aten-fold and
twenty-fold higher efficiency than those derived from somatic
cells (Table 11-1). Because ES cells express Oct-4 and other
pluripotency genes, they likely require little or no epigenetic
reprogramming following NT to support embryogenesis.
This raised the question of whether fully differentiated
cells have the potentia to be reprogrammed. Somatic tissues

Differentiation States of Donor Cells and Their Cloning Efficiencies

Percentage of Clones References
Developed to Term per

Transferred Blastocysts

Percentage of NT Embryos
Developed o Morula or
Blasfocyst Stage

Donor Cell Types

ES cell 10-20% 30-50% Rideout et al., 2000; Eggan et al.,
2001 and 2002

Cumulus cell or fibroblast 60-70% 1-3% Wakayama et al., 1998 and 1999

B- or Tcell 4% ND Hochedlinger et al., 2002;

Jaenisch et al., 2003
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harbor cell types with different epigenetic states, such as
somatic stem cells, progenitor cells, and fully differentiated
cells. Because no definitive marker for the differentiation state
of a donor cells was used in previous somatic cell cloning
experiments, the possibility that most somatic clones pro-
duced thus far were derived from rare adult stem cells could
not be excluded. To clarify these issues, our laboratory
recently cloned mice from fully differentiated B and T cells
in which the genetic rearrangements of the immunoglobulin
and TCR genes were used as stable markers for the identity
and differentiation state of the donor cells. This result is the
first unequivocal demonstration that fully differentiated cells
have the potential to be reprogrammed to a totipotent state.
However, the cloning efficiency was very low by using these
donor cells, and mice could not be produced by directly trans-
ferring the cloned blastocysts into uteri of recipient mice.
Rather, in afirst step, ES cells were derived from the cloned
blastocysts;, monoclonal mice were generated in a second step
by injecting the cloned ES cellsinto tetraploid blastocysts (see
Figure 11-1).

It was also found that B and T cells are much less efficient
than other types of somatic cells (cumulus and fibroblast cells)
in the production of cloned blastocysts (see Table 11-1). This
observation, along with the results obtained from the com-
parison of cloning efficiencies between somatic cells and ES
cells, suggests that the differentiation state of the donor
genome has a direct effect on epigenetic reprogramming. It
will be interesting to determine whether fully differentiated
cellsfrom other tissues are different in their cloning efficiency.
These experiments might help to explain the effect of tissue-
specific epigenetic modifications on the reprogramming
process.

Donor Cell Type-Specific Abnormalities in Clones.
Severa groups have compared cells derived from different
tissues to investigate whether cloning phenotypes are donor
cell-type specific. In bovine, for example, it was found that
calves cloned from cumulus and oviduct cells were not over-
weight, as frequently observed in clonesfrom other cell types.
It was found that mice cloned from Sertoli cells tend to die
prematurely from hepatic failure, tumors, or both, whereas
mice cloned from cumulus cells often become obese. These
findings in mammals have extended the discoveries reported
in early amphibian cloning experiments, in which cloning
phenotypes were found to be correlated with the donor cell
types used for NT. Consistent with these studies, our labora-
tory has recently shown, through microarray experiments, that
asubset of genes, which were abnormally expressed in cloned
animals, were donor cell-type specific. Thisisthe first molec-
ular evidence showing that the tissue origins of donor cells
could directly influence their epigenetic reprogramming.

Environmental Effects on the Donor Genome
Itiswidely established that epigenetic states can beinfluenced
by environmental cues, both in vitro and in vivo. For example,
the DNA methylation status in mouse tissues can be affected
by diet and aging. Moreover, it has been shown that imprinted
gene expression in ES cells can be atered during cell culture.
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Thus, cloning from cellsin which imprinting marks have been
atered would result in abnormal imprinted gene expressionin
the cloned animals. This is because parental-specific imprint-
ing patterns can be established only during germ cell devel-
opment, not by any of the postzygotic developmental stages.
Indeed, mice cloned from mouse ES cells showed abnormal
expression patterns for some of the examined imprinted
genes. Cell culture effects were also found in somatic cell
cloning experiments, in which different porcine fibroblast
subclones derived from the same primary cell line resulted in
different developmental potential when used as nuclear
donors. Because methylation is progressively lost during
in vitro culture of fibroblasts, such variation among cell lines
in producing clones could be the result of changes in DNA
methylation.

Genetic Background of the Donor Genome

Our laboratory investigated the influence of genetic back-
ground on cloning efficiency by comparing mouse ES cells
with either inbred or hybrid backgrounds as donor cells.
Results showed that F1 hybrid ES cells were more efficient
than inbred ES cellsto clone. Although all of theinbred clones
that survived to term died at birth because of respiratory
stress, a certain percentage of F1 clones survived. However,
because similar differences were also found between mice
entirely derived from inbred ES and those derived from F1 ES
cells by ES—etraploid complementation, the beneficial effect
from the more heterogeneous genetic background of F1 ES
cellsisnot limited to cloning. Therefore, it is possible that the
respiratory stress experienced by most inbred clones at their
births was caused by their delayed development rather than
by afailure of epigenetic reprogramming.

Cell Cycle Sage of the Donor Genome and

Reprogramming Efficiency

It has been suggested that donor cells arrested at GO of the
cell cycle are crucia for cloning somatic cells by NT.
However, mammals have been cloned from G1 and M phase
donor cells. To investigate which cell cycle stage is more
advantageous in reprogramming a somatic nucleus, a recent
study compared the development of bovine clones produced
from fibroblasts either at the GO (high-confluence treatment)
or G1 (“shake-off” treatment) stage of the cell cycle. There
was no difference in the blastocyst formation rate of these two
groups. However, when postimplantation development of
these clones was examined in 50 recipients, five calves were
obtained from clones derived from G1 cells, but none of the
GO clones survived beyond 180 days of gestation. The authors
suggested that the donor cell cycle stage is important for the
development of clones— in particular, that G1 cells are more
amenable to supporting late-gestation stage development. The
underlying mechanisms for the correlation between donor cell
cycle and cloning efficiency remain elusive.

RECIPIENT CYTOPLASM

Matured eggs in most mammalian species are arrested at the
metaphase of the second meiosis (MI1), caused by high levels
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of maturation promoting factor (MPF) activity. Upon fertil-
ization or by some artificia stimuli, MPF activity in the eggs
starts to decline, releasing eggs from the MIl arrest to finish
the cell cycle. This process is commonly referred to as egg
activation. Both unactivated (MII, high MPF activity) eggs
and activated eggs (low MPF activity) have been used as
recipients for cloning experiments in mammals. The transfer
of an interphase nucleus into an enucleated M1l egg resultsin
premature chromosome condensation (PCC) and nuclear
envelope breakdown (NEBD), which is induced by high
levels of MPF activity in the MIl eggs. PCC and NEBD can
cause chromosome damage if a nucleus with an incompatible
cell cycle stage is transferred into the MII egg. Elongated
chromosomes with single- and double-stranded chromatids
will form by PCC when G0/G1 and G2 phase nuclei, respec-
tively, are transferred into M1l eggs. In these situations, no
DNA damage seems to occur. When mitotic chromosomes
were transferred into MIl cytoplasm, the chromosomes
remained condensed. However, extensive chromosome frag-
mentation, termed pulverization, occurred when an S-phase
nucleus was used. Thus, to maintain a normal diploid genome
in the cloned embryos, coordination between the cell cycle
stage of the donor nucleus and the recipient egg needs to
be considered. These observations suggested that a donor
nucleus at any cell cycle stage, with the exception of S
phase, is compatible with an egg arrested at the MII stage of
00genesis.

Yet, some reports suggest that activated eggs could be con-
sidered “universal recipients.” This is because activated eggs
have lost MPF activity and do not induce PCC and NEBD,
regardless of the cell cycle stage of the donor cells. Conse-
quently, chromatin damage is avoided. Indeed, cloned goats,
sheep, and cows have been produced using activated eggs as
recipients. However, no mouse was cloned when nuclei from
cleavage mouse embryos were transferred into enucleated
zygotes. Furthermore, when somatic cell nuclei (cumulus
cells) were transferred to enucleated zygotes, severe chromo-
some damage occurred in al of the cloned embryos, and the
authors suggested that endonuclease activity of the recipient
cytoplasm was responsible for the fragmentation of the donor
chromatin. At present, there is no evidence that activated eggs
can be used as “universal recipients,” particularly not in mice.
However, these different observations of mouse and farm
animals remain unsolved.

In addition to the cell cycle compatibility between donor
nucleus and recipient cytoplasm, which isimportant for main-
taining intact diploid genomes of cloned embryos, the poten-
tial difference in reprogramming activities in the unactivated
and activated egg cytoplasm needs to be considered. Several
studies have been performed to address this issue. In bovine,
one study found that, although a cloned calf could be pro-
duced from cumulus cells using M1I eggs all clones arrested
before or at the eight-cell stage when activated eggs were
used. Similarly, another group found that bovine somatic
clones (from skin fibroblasts) could be produced only by MlI
eggs but not by activated eggs. Interestingly, the latter study
also found that embryonic nuclei (from blastomeres) can be
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reprogrammed by both M1l and activated eggs. This differen-
tial requirement for the egg cytoplasmic environment by
somatic and embryonic nuclel is consistent with the idea that
different epigenetic states of donor nuclei require different
degrees of reprogramming.

It is believed that the MPF activity, present in unactivated
eggs but not in activated eggs, is important for the repro-
gramming of somatic genomes. It has also been proposed that
an MIl egg alows more time than a zygote for the donor
nucleus to be remodeled before the first cell cycle starts.
Others have speculated that the enucleated zygotes fail to
reprogram somatic genomes because reprogramming activi-
ties associated with pronuclei are removed during the zygote
enucleation step.

In summary, it remains unclear how the egg cytoplasm
reprograms a differentiated genome. Identifying the molecu-
lar nature of the reprogramming activity might help to
improve cloning efficiency.

Summary

Accumulated evidence suggests that incomplete epigenetic
reprogramming probably occursin al clones. In this chapter,
we discussed faulty epigenetic reprogramming in clones, as
well as the factors that may affect the reprogramming. We
only focused on the abnormalities of DNA methylation pat-
terns in clones because the potential roles of other chromatin
modifications such as histone acetylation and methylation in
NT have yet to be addressed in more detail.

Despite our limited understanding of epigenetic repro-
gramming, we know that even fully differentiated cells can be
reprogrammed by the egg cytoplasm to atotipotent or less dif-
ferentiated state. Thus, a somatic cell nucleus from a patient
could be transferred into an enucleated egg to produce ES
cells possessing the potential to differentiate into different
somatic cells useful for cell therapy. We believe that the
abnormalities found in clones will unlikely interfere with the
therapeutic applications of NT because problems inherent to
the NT technology do not impede the generation of functional
cells for tissue repair. In our laboratory, we successfully
derived ES cells from a tissue isolated from an immune-
deficient adult mouse by NT and subsequently repaired the
gene responsible for such a disease. This result established a
paradigm for the treatment of a genetic disorder by combin-
ing NT with gene therapy.
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Differentiation in Early Development

Susana M. Chuva de Sousa Lopes and Christine L. Mummery

I ntroduction

During the first cleavage divisions, totipotent blastomeres
of the mammalian embryo segregate and eventually become
committed to the extraembryonic, somatic, and germ-line
lineages, losing developmental potency. In mice and humans,
pluripotent embryonic cells can be isolated from early
embryos and maintained in culture as embryonic stem (ES)
cells. In this chapter, we review the development of the
mammalian embryo during preimplantation and the earliest
postimplantation stages as a basis for understanding devel op-
mental potency of ES cells, although it isimportant to realize
that, despite nearly 40 years of research, a number of basic
questions on early mammalian development still remain unan-
swered. On the one hand, thisis due to the small size of early
mammalian embryos and the effort that is required to obtain
them in the large numbers necessary, until recently, for analy-
sis of gene and protein expression. On the other hand, it is
because implantation (and later placentation), through which
the embryo establishes (and maintains) a physical connection
with the mother, makes embryos relatively inaccessible; it has
not been possible to mimic implantation in vitro or monitor
these developmental stages in vivo. However, advances in
techniques for analysis of gene expression in small sample
sizes, in vitro fertilization, clonal analysis of cultured
embryos, and the use of genetic markers are providing new
clues on key developmenta events and alowing important
questions to be addressed.

Among the most important recent conclusions is the real-
ization that early mammalian development in terms of timing
and mechanisms of axis formation is not as entirely distinct
from that in lower vertebrates as was previously thought.

Preimplantation Development

In mammals, fertilization occurs in the oviduct where sperm
encounters and fuses with the oocyte. As a result, the oocyte
nucleus, which had been arrested in metaphase 11, completes
meiosis, and the two parental pronuclei fuse to form the
diploid zygotic nucleus (Figure 12-1A). Progressive demethy-
lation of both paternal and maternal genomes begins after
fertilization, leading later to epigenetic reprogramming.

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
All rights reserved.

Transcription of the embryonic genome starts at the two-cell
stage in mice and at the four- to eight-cell stage in humans.
Until then the embryo relies solely on maternal mRNA, but
after activation of the embryonic genome, maternal transcripts
are rapidly degraded, although maternally encoded proteins
may still be present and functionally important. The embryo
continues cleaving without visible growth (Figure 12-1).

CELL POLARIZATION OCCURS DURING COMPACTION

At the 8-cell stage in mice and the 8- to 16-cell stage in
humans, the embryo undergoes a process known as com-
paction to become a morula, a compact smooth spherical
structure (Figure 12-1D). All blastomeres flatten, maximize
their contacts, and become polarized. Their cytoplasm forms
two distinct zones: the apical domain accumulates endo-
somes, microtubules, and microfilaments, whereas the nucleus
moves to the basal domain. Furthermore, gap junctions form
basally ensuring communication between blastomeres, and
numerous microvilli and tight junctions are formed apically.

The next cleavage plane of some blastomeres is perpendi-
cular to their axis of polarity, resulting in two cells with dif-
ferent phenotypes. One daughter cell is located inside the
embryo, is small and apolar, and contains only basolateral
elements. The other daughter cell is located at the surface of
the embryo, is larger and polar, and contains the entire apical
domain of the progenitor cell and some basolateral elements.
These polar cells inherit the region containing the tight junc-
tions, thereby creating a physical barrier between the inner
apolar cells and the maternal environment.

BLASTOCYST FORMATION (CAVITATION)

After compaction, the presumptive trophectoderm (TE) cells
form the outer layer of the embryo. Intercellular contacts
strengthen between these cells, and a true epithelium is
formed. This thin single-cell layer develops a continuum of
junctional complexes, including gap junctions, desmosomes,
and tight junctions. Furthermore, the composition of the basal
and apical membranes becomes more distinct, with Na'/K*-
ATPases accumulating in the basal membrane. These ion
pumps actively transport sodium ions into the embryo, which
leads to accumulation of water molecules. A fluid-filled
cavity, the blastocoelic cavity, is thus created on one side of
the embryoin a process known as cavitation (Figure 12-1E).
The presumptive inner cell mass (ICM) cells stay closely
associated during this process, not only because of gap junc-
tions, tight junctions, and interdigitating microvilli between
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Figure 12-1. Mouse preimplantation development. After ferfilization, the two parental pronuclei fuse to form the zygote (A). The embryo cleaves, forming
a twocell (B, fourcell (C), and eightcell embryo. The embryo then undergoes compaction to become a smooth spherical structure, the morula (D). Note that
the second polar body remains attached to the embryo (*). The blastocoelic cavity then develops on one side of the embryo fo form an early blastocyst (E).
The cavity enlarges, occupying most of the expanded blastocyst (F, G). Around embryonic day (E) 4.5, the late blastocyst reaches the uterus, “hatches” from
the zona pellucida, and is ready to implant (H). The late blastocyst consists of three cell subpopulations: the trophectoderm (green), the inner cell mass
[orange), and the primitive endoderm (yellow). In the blastocyst three axes can be defined: the embryonic-abembryonic (abemb-emb), the animalvegetal
[an-veg), and a third axis on the same plane but perpendicular to the an-veg axis. (Photomicrographs courtesy of B. Roelen.)

the cells but al so because processes from TE cellsfix the ICM
to one pole of the embryo and partialy isolate it from the
blastocoel. The intercellular permeability seal of the TE cells
prevents fluid loss, and as a consequence the blastocoelic
cavity gradually expands to occupy most of the blastocyst
between the 64- and 128-cell stage (Figure 12-1E to G). At
this stage, the embryo is not radially symmetric around the
embryonic-abembryonic axis but is bilaterally symmetric
(slightly oval).

The outer TE layer and the ICM are composed of descen-
dants of the outer and inner cell population of the morula,
respectively. The TE in turn consists of two subpopulations:
the polar TE contacts the ICM and the mural TE surrounds
the blastocoelic cavity. The TE descendants give rise to
extraembryonic structures such as the placenta but do not con-
tribute to the embryo proper. The cells of the ICM that contact
the blastocoelic cavity differentiate to primitive endoderm,
which is also an extraembryonic tissue. Furthermore, the ICM
gives rise not only to the embryo proper but aso to the vis-
ceral yolk sac, amnion, and the alantois, a structure that will
form the umbilical cord. An overview of cell lineage rela
tionships in the early mouse is shown in Figure 12-2. During
preimplantation development (3 to 4 daysin mice, 5to 7 days
in humans), the embryo has traveled through the oviduct
inside the zona pellucida, a protective glycoprotein coat.
Reaching the uterus, the blastocyst “hatches’ from the zona
pellucida and is ready to implant (Figure 12-1H). Stages of

mouse and human preimplantation development are summa-
rized in Table 12-1.

AXIS SPECIFICATION DURING PREIMPLANTATION IN
THE MOUSE

In lower vertebrates, the body axes are already specified in the
undivided egg or very soon thereafter, whereas in mammalian
embryos, axis specification was thought to be completed only
during gastrulation. This view was supported by the observa-
tion that the mammalian embryo is extremely plastic, ignor-
ing disturbances such as the remova or reaggregation of
blastomeres. The prevailing concept, therefore, became one
of no embryonic prepatterning before gastrulation. Recent
studies, however, have suggested that the mammalian zygote
may in fact be polarized and that the body axes specified at
the time of fertilization are similar to lower vertebrates. In the
mouse zygote, the position of the animal pole, marked by the
second polar body, or the sperm entry point, which triggers
Ca?* waves, have been discussed as defining the plane of first
cleavage. However, it is still unclear whether the positions of
these two cues are directly responsible for the zygote polarity
and subsequent position of the first cleavage plane. Alterna-
tively, zygote polarity and the positions of the second polar
body and the sperm entry point might be determined by an
intrinsic asymmetry aready present in the oocyte.

The first cleavage plane coincides with the embryonic-
abembryonic boundary of the blastocyst, and, interestingly,
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Figure 12-2. Cell lineages in mouse development. Trophectoderm-derived fissues are depicted in green, endoderm-derived tissues in yellow, ectoderm-
derived tissues in orange, and mesoderm-derived in blue. The cell/tissues represented in grey are regarded as pluripotent. All extraembryonic tissues are
enclosed by hatched lines, whereas embryonic fissues are enclosed by solid lines. (Adapted from Hogan ef al., 1994)

TABLE 12-1
Summary of Mouse and Human Preimplantation Development

Stage (M) Time Stage (H) Time Developmental Processes

Zygote 0-20h zygote-2 cell 0-60h Axis determination

2-cell 20-38h 4-8 cell 60-72h Activation of embryo genome

4cell 38-50h

8-cell 50-62h 8-16 cell ~3.5d Compaction

16cell 62-74h ~4.0d Two phenotypically different cells emerge

32-cell ~3.0d 32 cell ~4.5d Blastocoelic cavity forms (cavitation)

O4-cell ~3.5d ~5.5d Blastocyst consists of two cell populations (ICM and TE)
128-256-—ell ~4.5d 166-286 cell ~6.0d Part of ICM differentiates to PrE; hatching, followed

by implantation

During mouse and human development, the fiming of each cleavage division is dependent on environmental factors (in vifro versus in vivo), individual
variation, and mouse strain. The cleavage times presented here are ranges from several published sources. Adapted from Hogan et al. (1994 and Larsen
(1997). d, days; h, hours; H, human; ICM, inner cell mass; M, mouse; PiE, primitive endoderm; TE, trophectoderm.

the fates of the two blastomeres are distinguishable and can
be anticipated. The blastomere containing the sperm entry site
generaly divides first and contributes preferentially to the
embryonic region of the blastocyst, whereasits sister cell pref-
erentially forms the abembryonic region. Parthenogenic eggs
that do not contain a sperm entry point are able to divide and
develop to blastocysts, athough the two blastomeres do not
tend to follow different fates. This indicates that, although
during normal development the site of sperm penetration

correlates with the later spatial arrangement of the blastocyst,
it is not essential for patterning the embryo.

Thereis aclear topographic relationship between the blas-
tocyst and the zygote. The blastocyst has three defined axes,
which correlate with the position of the second polar body
and the plane of the first cleavage. Although the blastocyst
axes also correlate with the three axes of the uterine horn,
a relationship with the body axes of the future fetus is less
clear.
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DEVELOPMENTAL POTENCY OF THE EARLY
MOUSE EMBRYO

In the mouse, both blastomeres of a two-cell stage embryo
transplanted separately into foster mothers develop into iden-
tical mice. To assess the developmental potential of each blas-
tomere of four-cell and eight-cell mouse embryos, Susan
Kelly in 1977 combined isolated blastomeres with geneti-
caly distinguishable blastomeres of the same age, creating
chimeric composites. Each blastomere was shown to con-
tribute extensively to both embryonic and extraembryonic
tissues (TE and visceral yolk sac) and to generate viable and
fertile mice. This indicated that at these developmental
stages al blastomeres are till totipotent. However, Andrzej
Tarkowski and Joanna Wrébleswska in 1967 showed that iso-
lated four-cell and eight-cell stage blastomeres were able to
develop to blastocysts and implant, but were incapable of
generating viable fetuses. This may be explained by the fact
that a defined number of cell divisions (five) occurs before
blastocyst formation. Thus, in contrast to the normal 32-cell
blastocyst, isolated blastomeres from four-cell and eight-cell
embryos resulted in 16-cell and 8-cell blastocysts, respec-
tively. Tarkowski and Wrébleswska postulated that it is the
position of acell inthe blastocyst that determinesitsfate: cells
at the surface of the embryo become TE, whereas cells
enclosed in the embryo become ICM. Blastocysts generated
from isolated four- and eight-cell blastomeres contain pro-
gressively fewer cells in the ICM, making it likely that a
minimum number of ICM cells is necessary for surviva
beyond the blastocyst stage.

Although different phenotypically, the two-cell subpopu-
lations in the 16-cell morula are till plastic and able to
produce cells of the other lineage provided they are at the
correct position in the embryo, that is, inside or at its surface.
Cells of the ICM of 32- and 64-cell embryos are aso still
capable of contributing to all tissues of the conceptus (embry-
onic and extraembryonic) and are thus totipotent. The potency
of TE cells has been difficult to determine because TE cells
are not easy to isolate (tightly connected with each other) and
because they are not readily integrated inside the embryo
(low adhesiveness). After the 64-cell stage, the ICM loses
totipotency.

Once the embryo has implanted (up to embryonic day
[E]7.0), embryonic cells (including the primordial germ cells
formed dightly later in development) lose their ability to
contribute to the embryo when introduced directly into a
host blastocyst. Remarkably, when introduced into genetically
identical adult mice, epiblast cells are able to generate terato-
carcinomas, tumors that contain tissues derived from the three
germ layers (endoderm, mesoderm, and ectoderm) and an
embryonal carcinoma (EC) stem cell population. EC cells are
then able to form mouse chimeras when introduced into
blastocysts, suggesting that, although pluripotency is lost in
the epiblast, it can be regained to a certain extent. Similarly,
primordial germ cells isolated from E8.5 mouse embryos
cultured to become embryonic germ (EG) cells and adult
hematopoietic and neural stem cellsare ableto regain pluripo-

tency and can contribute to the embryo when introduced into
blastocysts.

GENES IMPORTANT DURING PREIMPLANTATION
MOUSE DEVELOPMENT

Before implantation, the embryo is relatively self-sufficient
and can, for example, develop in vitro in ssmple culture media
without growth factor supplements. Only relatively few muta-
tions (specific gene deletions, insertions, and more extensive
genetic abnormalities) have been reported to result in preim-
plantation lethality (Table 12-2). The reasons for this are not
clear, but one may bethat theinitial presence of maternal tran-
scripts in the zygote effectively results in maternal rescue.
Ablation of specific maternal transcripts in the zygote is not
always feasible using conventional knockout techniques
because deficiency in candidate genes often results in
lethality before adulthood. To date, only a limited number of
maternal-effect genes involved in preimplantation develop-
ment have been identified (see Table 12-2).

Interestingly, most genes transcribed during preimplanta-
tion development are detected immediately after genome acti-
vation and continue to be transcribed, resulting in mRNA
accumulation. Therefore, to trigger the different specific
developmental events during preimplantation, post-transcrip-
tional regulation may play an important role.

ES cells are derived from the ICM; therefore, it is not sur-
prising that ES and ICM cells express common genes. Some
of these genes have been described as being necessary for
maintaining the undifferentiated phenotype of ES cells and
could be expected to play important roles in the segregation
of the pluripotent ICM from the differentiated TE cell popu-
lation. However, when deleted in the mouse, most of those
genes appear to be crucial during implantation or gastrulation
but not during the preimplantation period when both ICM and
TE are formed. Most pertinent in this respect are the genes for
leukemia inhibitory factor (LIF) and LIF receptors. Although
mouse ES cells are highly dependent on LIF for maintenance
of pluripotency in culture, deletion of neither receptor nor
ligand genes appears to affect the pluripotency of the ICM
at the blastocyst stage. Interestingly, in vivo LIF appears
important for regulation of implantation (see the section on
implantation).

The transcription factor Oct4 has the best-characterized
involvement in regulating potency in mammals. Oct4 is ini-
tially expressed by all blastomeres, but expression becomes
restricted to the ICM as the blastocyst forms (Figure 12-3).
Thereafter, a transient up-regulation of Oct4 occurs in the
ICM cells that differentiate to primitive endoderm. Interest-
ingly, expression levels of Oct4 in mouse ES cells aso
regulate early differentiation choices, mimicking eventsin the
blastocyst: mouse ES cells lacking Oct4 differentiate to TE,
whereas atwofold increase in Oct4 expression leads to endo-
derm and mesoderm formation. Mouse embryos deficient in
Oct4 are unable to form mature ICM and die around implan-
tation time.

Other genes described as being involved in cell fate deter-
mination during preimplantation development include Taube
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NPM?2
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o-E-catenin
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Thioredoxin (Txn)

Cpt
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Evx1
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Cdx2
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B1 integrin
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TABLE 12-2

lethal Mouse Mutations Affecting Differentiation During Early Development

Mutant Phenotype

Zygote arrest

Zygote to 2-cell stage arrest
Zygote to 2-cell stage arrest
2-cell stage arrest

4- 1o 8-cell sfage arrest
Failure fo form blastocysts

Zygotes fail to undergo mitosis
[background dependent)
2- to Ocell stage embryos fail to
undergo mitosis
2- to 4-cell arrest (background dependent)
Defects in compaction

Defecis in compaction

Defects in compaction

Failure to form blastocysts (background
dependent)

Failure to form blastocysts

Failure to form blastocysts

Failure to form blastocysts

Failure to form blastocysts

Failure fo form blastocysts (TE defect)
Blastocysts fail to hatch

Metaphase arrest at the early blastocyst
stage

Abnormal blastocyst development (fail to
hatch)

Abnormal blastocyst development

Abnormal blastocyst development

Abnormal blastocyst development

Abnormal blastocyst development

Abnormal blastocyst development

Abnormal blastocyst development
Abnormal blastocyst development
Abnormal blastocyst development
Decreased TE cell number
Defects in TE formation

Defects in TE formation

Defects in TE formation

Defects in TE formation

Defects in ICM formation (background
dependent)

Defects in ICM formation

Defects in ICM formation
Defects in ICM formation
Defects in ICM formation
Defects in ICM formation
Defects in ICM formation
Defects in ICM formation
Defects in ICM formation
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The table is divided info three sections. The top lists maternal-effect genes. Embryos lacking these genes develop normally in heterozygous but not homozy-
gous mothers. The middle section includes genes and loci that, when deleted, cause embryonic lethality before implantation. The lower section includes
genes and loci that, when deleted, cause embryonic lethality during implantation but before the formation of the egg cylinder. Embryos deficient in most of
these genes develop to normal blastocysts and are able to hatch and implant, but the whole embryo or selectively the TE or ICM (ICM- or primitive endo-
derm-derived cells) degenerates soon thereafter, leading to resorption. Extensive genetic abnormalities are not included in the table. ICM, inner cell mass;

TE, trophectoderm.
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Oct4 expression at morula and blastocyst stages. GFP
expression driven by distal elements of the Oct4 promoter (kindly supplied
by H. Schéler) was used here to mimic endogenous Oct4 expression. In the
morula, all blastomeres express high levels of Oct4 (A). In the early blasto-
cyst, the inner cell mass expresses high levels of Oct4, whereas weaker
expression is observed in trophectoderm cells (B).

nuss, B-myb, Nanog, Cdx2, and Eomes (see Table 12-2). Both
Taube nuss and B-myb homozygous-deficient mice develop to
normal blastocysts. At the time of implantation, however,
Taube nuss™ ICM cells undergo massive apoptosis and the
embryo becomes a ball of trophaoblast cells; in B-myb knock-
out mice, the ICM also degenerates, but the reason for thisis
unclear. Taube nuss and B-myb seem to be necessary for ICM
survival, whereas Oct4 is required for establishment and
maintenance of the ICM identity but not cell survival. Nanog
is expressed exclusively in the ICM and whereas Oct4 pre-
vents TE differentiation, Nanog prevents differentiation of
ICM to primitive endoderm. In agreement, Nanog™ blasto-
cysts are formed, but the ICM in culture differentiates into
endoderm. In contrast, Cdx2 and Eomes appear to beinvolved
in trophoblast development, and embryos lacking these genes
die soon after implantation probably because of defectsin the
trophoblast lineage.

From Implantation to Gastrulation

The mechanisms used by the mammalian embryo to implant
are species dependent, contrasting with the general develop-
mental steps during the preimplantation period. In addition,

an intimate and highly regulated cross-talk between mother
and mammalian embryo makes implantation a complex
process.

Reaching the uterus, the blastocyst hatches from the zona
pellucida and the TE cells become adhesive, expressing inte-
grins that enable the embryo to bind the extracellular matrix
(ECM) of the uterine wall. The mouse embryo adheres to the
uterine wall viathe mural TE cells of the abembryonic region
andisdlightly tilted. In contrast, human embryos bind through
the embryonic region. Once attached to the uterus, trophoblast
cells secrete enzymes that digest the ECM, allowing them to
infiltrate and start uterine invasion. At the same time, the
uterine tissues surrounding the embryo undergo a series of
changes collectively known as the decidual response. These
changes include formation of a spongy structure known as
decidua, vascular changes leading to the recruitment of
inflammatory and endothelial cells to the implantation site,
and apoptosis of the uterine epithelium.

THE MURINE TROPHECTODERM AND PRIMITIVE
ENDODERM CELLS

Apoptosis occurring in the uterine wall gives TE cells the
opportunity to invade the decidua by phagocytosing dead
epithelial cells. At about E5.0, the mural TE cells cease divi-
sion but continue endoreduplicating their DNA to become
primary trophoblastic giant cells. This cell population is
joined by polar TE cells that migrate around the embryo and
similarly become polytene (secondary trophoblastic giant
cells). However, other polar TE cells continue dividing and
remain diploid, giving rise to the ectoplacental cone and the
extraembryonic ectoderm that pushes the ICM into the blas-
tocoelic cavity (Figure 12-4).

During implantation, the primitive endoderm layer forms
two subpopulations: the visceral endoderm (VE) and the pari-
etal endoderm (PE), both of which are extraembryonic tissues.
The VE is a polarized epithelium closely associated with the
extra-embryonic ectoderm and the ICM (Figure 12-4A); later
in development, it contributes to the visceral yolk sac. PE cells
migrate largely asindividual cells over the TE (Figure 12-4A)
and secrete large amounts of ECM to form a thick basement
membrane known as Reichert’'s membrane. The PE cells
together with the trophoblastic giant cells and Reichert’'s
membrane form the parietal yolk sac.

DEVELOPMENT OF THE MURINE INNER CELL MASS TO
THE EPIBLAST

The ICM located between the recently formed extraembry-
onic ectoderm and the VE givesriseto al cells of the embryo
proper. During implantation, the ICM organizes into a pseu-
dostratified columnar epithelium (also referred to as primitive
or embryonic ectoderm, epiblast, or egg cylinder) surround-
ing a central cavity, the proamniotic cavity (Figure 12-4).
Signals from the VE, including BMPs, are responsible for
apoptosis in the core of the epiblast leading to its cavitation.
Between E5.5 and E6.0, the proamniotic cavity expands to
the extraembryonic ectoderm, forming the proamniotic canal
(Figure 12-5).
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Figure 12-4. Tissue formation and movements during and shortly after implantation of the mouse embryo (E5.0-E5.5). During implantation, the cell
division rate in the embryo increases, leading to rapid growth (A=C|. The primitive endoderm cells segregate info visceral endoderm (VE) and parietal
endoderm (PE). The polar trophectoderm cells (pTE) form the ectoplacental cone (ec) and the extraembryonic ectoderm [ex). pTE cells together with mural
trophectoderm cells (mTE) contribute to form the trophoblastic giant cells (TGC). The inner cell mass (ICM) cavitates and organizes into an epithelium known

as the epiblast [e).

E55 E5.75

ectoplacental cone

extraembryonic ectoderm
extraembryonic VE

proamniotic canal

epiblast
VE
AVE

parietal endoderm

trophoblastic giant cells

E6.0

Figure 12-5. Tissue formation and movements in the pregastrulation mouse embryo (E5.5-E6.0). During this period, the exiraembryonic ectoderm organ-
izes into an epithelium. The proamniotic cavity initially restricted fo the epiblast now expands info the exiraembryonic ectoderm, forming the proamniotic
canal. At E5.5, the most distal visceral endoderm cells (red) express a different set of markers than the surrounding visceral endoderm (VE|. These distal VE
cells move from the distal tip to surround the prospective anterior part of the epiblast and form the anterior visceral endoderm (AVE). The VE surrounding the
extraembryonic ectoderm consists of a columnar epithelium, whereas the VE cells surrounding the epiblast are more flattened. (Adapted from Lu et al., 2001)

After implantation, awave of de novo methylation occurs,
leading to epigenetic reprogramming (finished by E6.5). This
affects the entire genome to a different extent in embryonic
and extraembryonic lineages. After implantation, the rate
of cell division increases, followed by rapid growth. At E4.5,
the ICM consists of approximately 20 to 25 cells, at E5.5 the
epiblast has about 120 cells, and at E6.5 it consists of 660
cells.

At EB6.5, gastrulation starts with the formation of a mor-
phologically visible structurein the future posterior side of the

embryo, the primitive streak. During this complex process, the
three definitive germ layers are formed; the germ line is set
aside; and extraembryonic mesoderm that contributes to the
visceral yolk sac, placenta, and umbilical cord is generated.
An overview of tissue formation and movement during mouse
gastrulation is shown in Figure 12-6.

THE HUMAN EMBRYO

Human development during implantation and gastrulation is
significantly different from that of the mouse. Briefly, the
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Figure 12-6. Tissue formation and movements during the gastrulation of the mouse embryo (E6.5-E7.5). Gastrulation begins with the formation of the
primitive streak (ps) in the posferior side of the E6.5 embryo at the junction of the exiraembryonic ectoderm (ex) and epiblast (e) (A]. As more cells ingress
through the streak, it elongates toward the distal tip of the embryo, between epiblast and visceral endoderm (VE) (B). While the newly formed embryonic
mesoderm (m] moves distally and laterally o surround the whole epiblast, the extraembryonic mesoderm (xm) pushes the extraembryonic ectoderm upwards
and fo the center (C, D). The extraembryonic mesoderm develops lacunae, creating a mesoderm-ined cavity known as exocoelom (exo). The exocoelom
enlarges, and as a consequence, the tissue af the border of extraembryonic and embryonic ectoderm fuses, dividing the proamniotic cavity (ac) in two and
forming the amnion (am) and the chorion (ch) (E). The layer of extraembryonic mesoderm and the visceral endoderm fogether form the visceral yolk sac (vys).
At the posterior side of the embryo the allantois (al) and the primordial germ cells are formed (E, F). The fissues colored green (the exiraembryonic ectoderm
and ectoplacental cone (ec)) are derived from the trophectoderm. The fissues in yellow are derived from the primitive endoderm and epiblast cells that passed
through the sfreak, generating the definitive endoderm. These definifive endoderm cells infercalate with the visceral endoderm in the region of the streak but
also form a larger patch of cells at the distal part of the embryo. This patch of cells moves anteriorly, displacing the anterior visceral endoderm, which moves
toward the extraembryonic region of the embryo. The tissues colored orange are derived from the inner cell mass and remain ectoderm. The fissues colored
blue are formed during gastrulation and represent primitive streak and mesoderm-derived tissues (excluding the primordial germ cells present at the basis of

the allantois). For the lineages of early mouse development see Figure 12-2.

human trophoblast cells invade the uterine tissue and form the
syncytiotrophoblast, a tissue similar to the mouse giant
trophoblast cells. However, the trophoblast cells that contact
the ICM and the blastocoelic cavity remain single cells and
diploid, and are known as cytotrophoblasts. These cells pro-
liferate and fuse with the syncytiotrophoblast. In humans, no
structure equivalent to the murine extraembryonic ectoderm
is formed.

Human primitive endoderm cells, also known as hypoblast
cells, form on the surface of the ICM and proliferate. Some
of these cells migrate to line the blastocoelic cavity leading to
the formation of the primary yolk sac and Heuser's mem-
brane. The human primary yolk sac is not equivalent to the
murine parietal yolk sac, athough both are transient struc-
tures. Moreover, it is still unclear whether human embryos
develop a PE-like cell type. Paralleling the formation of the
murine Reichert's membrane, a spongy layer of acellular
material known as the extraembryonic reticulum is formed
between cytotrophoblast and Heuser’s membrane. Thereafter,
the extraembryonic reticulum is invaded by extraembryonic
mesoderm. The origin of this tissue in humans is still
unknown. The extraembryonic mesoderm proliferates to line
both Heuser’s membrane and cytotrophoblast. The extraem-
bryonic reticulum then breaks down and is replaced by afluid-
filled cavity, the chorionic cavity.

A new wave of hypoblast proliferation generates cells that
contribute to the formation of the definitive yolk sac. This new
structure displaces the primary yolk sac, which buds off and

bresks up into small vesicles that remain present in the
abembryonic pole. The definitive yolk sac in humans is
equivalent to the visceral yolk sac in the mouse.

The human ICM organizes into a pseudostratified colum-
nar epithelium and cavitates, producing the amniotic cavity.
The ICM cellsthat lie on the hypoblast are known as the epi-
blast and give rise to the embryo proper. The ICM cells that
contact the trophoblast form the amnion. The human embryo
forms a bilaminar embryonic disc, similar to chick embryos,
and patterns of cell movement during gastrulation are
conserved between chick and humans.

With such diversity in extraembryonic structures support-
ing the development of the ICM in mice and humans, it is not
surprising that ES cells derived from mice and humans are not
similar. They differ in developmental potency, for example, in
their ability to differentiate to TE. Human ES cells can form
TE in culture, but under normal circumstances mouse ES cells
do not. Furthermore, mouse ES cells in culture have recently
been shown to develop into cells with primordial germ cell
properties. In turn, these cells can develop into sperm- or
oocyte-like cells. The potential of these cells to fertilize or to
be fertilized and generate viable mice is still unknown. It is
not yet known whether human ES cells have this potentia to
form primordial germ cells in culture. Mouse and human ES
cells aso express different cell surface markers; have differ-
ent requirements in culture for self-renewal; and respond dif-
ferently to growth and differentiation cues, the most striking
being the response to LIF.
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IMPLANTATION: MATERNAL VERSUS
EMBRYONIC FACTORS

In mice, the presence of the blastocyst in the uterus is suffi-
cient to trigger ovarian production of progesterone and estro-
gen. These two hormones are absolutely required for embryo
survival because they prime the uterus for implantation and
decidualization. The uterus starts producing L1F and members
of the epidermal growth factor (EGF) family, including
EGF, heparin-binding EGF, transforming growth factor-alpha
(TGFa), and amphiregulin. Those molecules, together with
HoxalO, induce the production of cyclo-oxygenase (COX)
enzymes, the rate-limiting enzymes in the production of
prostaglandins. The embryo, on the other hand, also produces
important molecules that act in autocrine and paracrine ways.
With a few exceptions, all of these factors and corresponding
receptors play crucia roles during this period and when
deleted in the mouse lead to lethality during or soon after
implantation.

The suppression of the maternal immune response is also
essential during implantation but is still incompletely under-
stood. TE cells, the only cell population of the conceptus that
physically contacts maternal cells, have developed several
mechanisms to avoid rejection. Examples are the production
of numerous factors and enzymes, including indoleamine 2,3-
dioxygenase (IDO) by the TE cells that suppress the maternal
immune system and the lack of polymorphic class | and 1l
major histocompatability complex (MHC) antigens in TE
cells.

THE ROLE OF EXTRAEMBRYONIC TISSUES IN
PATTERNING THE MOUSE EMBRYO

Extraembryonic tissues not only are necessary for nutrition
and regulating implantation during development but also play
crucial roles in patterning the embryo before and during gas-
trulation. Unequivocal evidence for this role comes from the
analysis of chimeric embryos generated from blastocysts
colonized with ES cells. In chimeras, ES cells preferentialy
colonize epiblast-derived tissues. It is, therefore, possible to
generate embryos with extraembryonic tissues of one geno-
type and epiblast-derived tissues of another genotype. For
example, nodal is expressed embryonically and extraembry-
onicaly (depending on the developmental stage). Further-
more, nodal-deficient embryos fail to gastrulate. It was thus
initialy difficult to distinguish embryonic from extraembry-
onic functions. However, when nodal™~ ES cells were intro-
duced into wild-type blastocysts, the extraembryonic tissues
were wild-type, whereas epiblast-derived tissue lacked nodal.
The developing chimerawas essentially normal until midges-
tation, suggesting that the presence of nodal (exclusively) in
the extraembryonic tissues is sufficient to rescue embryonic
patterning.

In contrast to the extensive mixing of epiblast cells, labeled
primitive endoderm cells develop as more coherent clones,
consistent with the function of the VE in embryo patterning.
The primitive endoderm cells in the vicinity of the second
polar body preferentially form VE cells surrounding the

epiblast, whereas cells away from the second polar body
preferentially form VE cells surrounding the extraembryonic
ectoderm.

At E5.5, the most distal VE cells are characterized by the
expression of the homeobox gene Hex. This cell population
migrates toward the prospective anterior side of the embryo
during the next day of development, producing an endoder-
mal stripe known as the anterior viscera endoderm (AVE)
(Figure 12-5). The AVE is therefore the first clear landmark
of an anterior—posterior axis in the embryo, preceding the
formation of the primitive streak, at the opposite side of
the embryo during gastrulation.

Before gastrulation, the extraembryonic ectoderm signals
to the proximal epiblast, inducing expression of several genes
important for posterior proximal identity. In contrast, signals
from the distal VE (and later the anteriorly migrating AVE)
seem to inhibit the expression of that same set of genes,
restricting in this way the posterior fate.

Both VE and VE-like cell lines secrete signals that are
able to induce differentiation of mouse and human ES cells
at least toward cardiomyocytes. Making use of the tissues
or sequences of signa transduction pathways used by the
embryo for its own patterning and differentiation might be an
efficient way to study and even direct ES cell differentiation.
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KEY WORDS

Very early animal embryo consisting of a spherical outer
epithelial layer of cells known as the trophectoderm (that forms the
placenta), aclump of cells attached to the trophectoderm known as
theinner cell mass (from which stem cells are derived), and afluid-
filled cavity, the blastocoel. When fully expanded, the blastocyst
“hatches’ from the zona pellucida in which it has developed and
implants in the uterus of the mother.

Organism made up of cells from two or more different
genetic donors. In general, two genetically different very early
embryos (at the morula stage) are aggregated to form one single
embryo or, aternatively, embryonic stem cellsare allowed to attach
toamorulaor areinjected inside ablastocyst. Embryonic stem cells
integrate preferentially in embryonic tissues, whereas the extraem-
bryonic tissues are derived from the recipient embryo.

Process during embryogenesis or in pluri/multipo-
tent cellsin culture in which an increase in the complexity or organ-
ization of a cell or tissue results in a more specialized function.

Process by which the mammalian blastocyst
physically connects with the uterus of the mother. It involves the
displacement of the uterine epithelium cells and extracellular
matrix degradation by proteolytic enzymes secreted by the em-
bryo. Implantation occurs only in mammalian development and
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is necessary to provide the growing embryo with sufficient
protection and metabolic needs.
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Primordial Germ Cells in Mouse and Human

Anne McLaren

I ntroduction

WHAT ARE PRIMORDIAL GERM CELLS?

The germ cell lineage terminates in the differentiation of the
gametes (eggs and spermatozoa). In mammals the lineage
arises in the extraembryonic mesoderm at the posterior end of
the primitive streak. From here the germ cells migrate to the
two genital ridges, which later form the gonads. During this
period, they proliferate at a steady rate and are known as pri-
mordial germ cells (PGCs). Once in the genital ridges, they
may be termed gonocytes. Proliferation ceases in the male
genital ridge when the germ cells transiently arrest in Gy/G;
as prospermatogonia and in the female genital ridge when
they enter prophase of the first meiotic division as oocytes.
These events, which occur before birth in both mouse and
human, mark the initiation of the lengthy processes of sper-
matogenesis and oogenesis, respectively, and the end of the
primordial phase of germ cell development.

PRIMORDIAL GERM CELLS ARE NOT STEM CELLS

Stem cells are commonly defined as cells with a choice: they
can divide to form either two cells like themselves (self-
renewal) or one cell like themselves and one that is embark-
ing on a pathway of differentiation (asymmetric division).
PGCs do not at any stage constitute a stem cell population:
each of the cell divisions that they undergo (9 or 10 in the
mouse, more in the human) moves them further along their
developmental trajectory. At alater stage in the male germ cell
lineage, a true stem cell population forms: spermatogenic
stem cells in the testis divide slowly to form a self-renewing
population throughout the lifetime of the male, giving rise to
waves of proliferating spermatogonia that enter meiosis as
spermatocytes, then differentiate into spermatids, and finally
become mature spermatozoa. PGCs can give rise in vitro to
pluripotent stem cell populations that will proliferate indefi-
nitely, given appropriate culture conditions, but PGCs in vivo
are not stem cells.

Origin of the Germ Cell Lineage

IDENTIFICATION OF PRIMORDIAL GERM CELLS

In many mammals, including mouse and human, PGCs can
be readily identified by staining for alkaline phosphatase

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
All rights reserved.

activity. Tissue nonspecific akaline phosphatase (TNAP) is
expressed in many tissues, but activity is markedly higher in
germ cells than in the surrounding somatic cells throughout
the primordial period. The function of the enzyme is not clear,
because it has been shown that disruption of the Tnap gene
does not appear to affect germ cell development. PGCs have
a so been identified histologically and by electron microscopy
and, more recently, also by a variety of genetic markers (see
the section on gene expression below). The alantois, once it
has started to grow, forms a convenient landmark for spotting
the cluster of PGCs at its base (about 8 days postcoitum [dpc]
in the mouse). According to the study by Ginsburg et al.
(1990), the cluster could first be identified, in the same
location but before an allantois was apparent, at 7.25dpc, in
mid-gastrulation.

EARLY STUDIES

The failure to identify germ cells in the mouse embryo by
morphology, akaline phosphatase activity, or any other
feature at any stage of development earlier than mid-
gastrulation was frustrating because in many invertebrates and
lower vertebrates the germ line could be traced back to very
early development, even to the egg. In Drosophila the germ
line derives from the pole plasm, incorporated in the pole
cells, the first cells to form; in Caenorhabditis elegans the
germ cell determinants (P granules) present in the egg are
asymmetrically segregated during the first four cell divisions,
to form the germ line; in Xenopus and other anuran amphibia,
the germ plasm apparent in the egg can be followed into the
germ cells as they form. Expression of homologs of the germ-
line-specific gene Vasa is localized in “germ plasm” from
early cleavage stages onward in both zebrafish and chick. No
such lineage could be detected in the mouse or any other
mammal. Chimera studies were unable to identify any cells
in the preimplantation embryo that were uniquely associated
with the germ line. Circumstantial evidence had led some
early workers to assert that the germ cell lineage in mammals
had an extraembryonic origin. Subsequently, however,
various lines of evidence, in particular the transplantation
studies of Gardner and Rossant (1979), established beyond
doubt that the ancestors of the germ cell lineage were to be
foundin the epiblast, which is derived from theinner cell mass
of the blastocyst, not from the outer trophectoderm.

TIME AND PLACE OF LINEAGE DETERMINATION

Fate-mapping of the mouse epiblast has been achieved by
injecting along-lasting fluorochrome into single epiblast cells
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of embryos removed from the uterus in early gastrulation.
Subsequent culture of the embryo for 48 hours reveals the
tissue fate of the clonal descendants of the injected cell. The
study of Lawson and Hage (1994) established that only the
most proximal cells of the epiblast, those close to the extraem-
bryonic ectoderm, included PGCs among their descendants.
No clone consisted only of PGCs, proving that at the time of
injection (6.0 or 6.5dpc), the injected cells were not lineage-
restricted. Indeed, PGCs never constituted more than a small
proportion of each marked clone, and marked PGCs only
made up asmall proportion of the total number of TNAP-pos-
itive PGCs. Clonal analysis revealed that the most likely time
of germ cell specification was 7.2 dpc, approximately the time
at which a TNAP-positive cluster of putative germ cells had
first been identified in the extraembryonic mesoderm.

Clones without any PGCs contained more cells than those
with PGCs, and the fewer the PGCs the larger was the total
number of cells. This suggested that germ cell determination
was associated with an increase in cell doubling time, to about
16 hours for PGCs, in contrast to 6 to 7 hours for the sur-
rounding somatic extraembryonic mesoderm cells. Counts of
PGCs on successive days had previously given asimilar figure
of 16 hours for PGC doubling timein the period 8.5-13.5dpc.

In Amphibia, the germ cell lineage can be traced back to
the egg in frogs and toads (Anura), but in Urodeles it is
induced in mid-gastrulation, in the mesoderm, similar to
Mammals. A. D. Johnson has proposed that the Urodele/
Mammal mode of development is the more primitive. The
early-determination mode, characterized by germ plasm,
must then have been derived several different timesin evolu-
tion. Thisview is supported by the expression pattern of germ
line-specific genes such as Vasa and Daz, which are similar
in Urodelesand Mammals and also in primitive fishes but very
different in Anura, chick, zebra fish, Drosophila, and
Caenorhabditis.

SIGNALING FACTORS

Bmp4 homozygous mutants die around the time of gastrula-
tion. Using a strain combination that survived until late gas-
trulation, Hogan's group showed that the homozygotes had no
alantois and no PGCs. BMP4 protein, known to act as a sig-
naling molecule, is normally expressed in the extraembryonic
ectoderm (Lawson et al., 1999). Chimeras made between
normal embryonic stem (ES) cells and Bmp4-negative
embryos, in which the epiblast contained both cell types but
the extraembryonic tissues (which do not incorporate ES cell
derivatives) were all BMP4-negative, also lacked both allan-
tois and PGCs. Hence, Bmp4 expression in the extraembry-
onic ectoderm is required for the establishment of the germ
cell lineage, implicating a Bmp4-dependent signal to the
immediately adjacent proximal epiblast cells. Bmp8b mutants
have a reduced number of PGCs, suggesting that BMP8b is
also involved in signaling, perhaps in interaction with BM P4,
The molecular details of the signaling pathway have still to
be established.

Further evidence that signaling from the extraembryonic
ectoderm is required for germ cell determination comes from

experiments in which distal epiblast cells, which would nor-
mally give rise to neurectoderm, were transplanted at 6.5dpc
to a proxima location. Some of the PGCs that formed
expressed the genetic marker carried by the donor embryo.
This finding suggests that all epiblast cells in early gastrula-
tion have the potential to develop into PGCs, if they receive
the appropriate signals. Signals emanating from the extraem-
bryonic ectoderm predispose the neighboring epiblast cellsto
agerm cell fate, but they do not determine that fate, because
the clonal analysis referred to in the previous section on time
and place of lineage restriction showed that, for some epiblast
cells, only a small proportion of their descendants became
PGCs. Once the cells have passed through the primitive streak
and reached the cluster region, afurther signal or signals may
be required to complete the specification process and halt
further movement.

GENE EXPRESSION

For decades, the high level of expression of Tnap wasthe only
useful genetic marker for the initial stages of the mammalian
germ cell lineage. Oct4 is expressed diffusely during gastru-
lation, so PGCs are not distinguished from the surrounding
tissues until about 8.0dpc. Other useful PGC markers (SSEAL,
mouse vasa homolog, Dazl) are expressed somewhat |ater.

According to the study of Saitou, Barton, and Surani
(2002), in which single-cell cDNA libraries were made from
the cluster region of 7.0-7.5dpc mouse embryos, PGC
libraries could be distinguished from somatic cell libraries by
therelatively high level of expression of Tnap and the absence
of expression of Hoxb4. Two new germ cell—specific genes
were isolated from the PGC libraries. These were termed
fragilis and stella. fragilis is expressed from about 6.0dpc
on, in the proximal region of the epiblast. Its expression
pattern shifts as the epiblast cells move toward the primitive
streak, and by 7.2dpc it is concentrated around the cluster
region. Once the PGCs begin to move away, fragilisis down-
regulated, although it comes on again later. In vitro, fragilis
expression can be induced in any epiblast tissue, if placed in
proximity to extraembryonic ectoderm. It belongs to awidely
distributed family of interferon-inducible genes, of which
other members code for proteins showing homotypic adhesion
and changes in cell cycle regulation. In contrast, stella, is a
novel gene, not part of agenefamily. It carriesanuclear-local-
ization signal. It is up-regulated in the cluster region, where
fragilis expression is strongest, at the time when PGCs can
first be visualized. stella maintains its PGC-specific expres-
sion during germ cell migration and into the genital ridges.
Thus, it provides a valuable new germ cell—specific genetic
marker.

Migration

ROUTE

Asthe germ cell cluster breaks up, at about 8.0dpc, the PGCs
appear to migrate actively into the visceral endoderm, which
carries them along as it invaginates to form the hind gut.
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Germ Cells in the Genital Ridge

Although initially ventral, they become distributed around the
hind gut and pass dorsally into the genital ridges (gonad pri-
mordia), through the body wall, or up the dorsal mesentery
and round the coelomic angle at 10.0-11.0dpc. The entire
period of migration has been visualized by Wylie's group on
a video of PGCs carrying a transgenic green fluorescent
protein marker. The PGCs show locomotory behavior
throughout, which is nondirectional in thewall of the hind gut
where they are carried along passively, but strongly direc-
tiona as they leave the hind gut and enter the genital ridges.
Once in the ridges, the locomotory behavior ceases.

GUIDANCE MECHANISMS

Little is known of the mechanism that encourages the PGCs
to enter the visceral endoderm (rather than the alantois, or
some other extraembryonic mesodermal region) as the cluster
breaks up. Contact guidance may play a part in facilitating
exit from the endodermal hind gut wall because the adhesion
properties (particularly to laminin) change at thistime. Asthe
PGCs movetoward the genital ridges, they have been reported
to contact one another through long cellular processes,
forming a loose network. The molecular nature of the direc-
tional signals that attract them toward the genital ridges has
yet to be definitively established, but in mice as well as in
zebra fish there is recent evidence that the chemokine—recep-
tor pair stromal cell-derived factor 1 (SDF-1) and its G-
protein-coupled receptor (CXCR4) act to guide migrating
PGCs.

GENE EXPRESSION

Certain gene products need to be present if PGC migration is
to take place normally. Abnorma migration patterns are
readily detected because they result in subfertility or sterility.
Two classic mouse mutants, White-spotting and Seel, both
show sterility in the homozygous condition and defects in
hematopoiesis and pigment cell migration. White-spotting (W)
codes for c-kit, a cell surface receptor; Steel (SL) codes for its
ligand, stem cell factor. If either element of this signal trans-
duction pathway is defective, PGC migration is disturbed,
proliferation is affected, programmed cell death (apoptosis)
occurs, and few germ cells reach the genital ridges. Other
genesknown to be required for normal PGC migration include
ged (germ cell deficient), B1 integrin, and Fgf8.

Germ Ceéllsin the Genital Ridge

PHENOTYPE

Mouse PGCs migrate actively into the genital ridges between
10.5 and 11.5dpc. Soon after entry into the ridges, their motile
phenotype changes to a rounded shape, they up-regulate E-
cadherin, movement ceases, and they form loose groups. Gene
expression changes, mvh (mouse vasa homolog) and gcna
(germ cell nuclear antigen) act as useful germ cell markers at
this stage. Proliferation continues for another couple of days,
still with a doubling time of about 16 hours. However, by 12.5
dpc, germ cells in both female and male embryos are enter-
ing the premeiotic cell cycle, mitosis ceases, and meiotic

genes such as Scp3 (Synaptonemal complex protein 3) are
up-regulated.

A detailed quantitative study of germ cells in the human
fetal ovary, before and during entry into meiosis, was made
by Baker (1963).

SEX DETERMINATION

In afemale genital ridge, the germ cells proceed at about 13.5
dpcinto prophase of the first meiotic division, passing through
leptotene, zygotene, and pachytene stages before arresting in
diplotene, in primordial follicles, shortly after birth. Germ
cells enter into first meiotic prophase at the same time in
ectopic locations outside the genital ridge, such as in the
adrenal primordium, in male and in female embryos. Germ
cellsisolated from both male and female embryos at 11.5dpc
or earlier will enter meiosis at thistime a'so in cultured aggre-
gates of lung tissue or even on a feeder layer in vitro. These
observations indicate that germ cell entry into meiosis occurs
cell autonomously, at atime that appears to be intrinsic rather
than determined by an extrinsic signal.

In contrast, in the male genital ridge the germ cells at about
13.5dpc down-regulate meiotic genes such as Scp3 and enter
mitotic arrest in Gy/G, as prospermatogonia. This changein cell
fate determination is not cell autonomous but isinduced by the
somatic cells, probably the Sertoli cells, of the male genital
ridge. The somatic signal that blocks entry into meiosis has not
yet been identified, but possible candidates are prostaglandin
D and LDL. In XY embryos, the testis-determining gene on the
Y-chromosome (Sry) isexpressed in the supporting cell lineage
for about 36 hours, from 10.5 to 12.0dpc. Sox9, the presumed
target of Sy, is expressed from 11.5dpc on and is required for
the differentiation of Sertoli cells from the supporting cell
lineage and for their subsequent maintenance. By 12.5dpc,
germ cellsin the male genitd ridge are enclosed in cords, lined
with Sertoli cells, and surrounded by peritubular myoid cells
that have migrated in from the mesonephric region in response
to an Sy-dependent signal. According to Adams and McLaren
(2002), germ cells removed from a female genita ridge at
12.5dpc or earlier and aggregated with somatic tissue from a
12.5dpc male genital ridge will enter mitotic arrest rather
than meiotic prophase, but by 13.5dpc they are aready com-
mitted to the female pathway of development. The male germ
cells, however, are aready committed to the mae pathway
by 12.5dpc and develop as prospermatogonia even when
aggregated with female genital ridge cells.

X-CHROMOSOME REACTIVATION

In female mammals, one or other of the two X-chromosomes,
at random, isinactivated during gastrulation in all cells of the
somatic lineages and aso in the germ cell lineage. During
germ cell migration, PGCs in both male and female embryos
have just a single X-chromosome active (dosage compensa-
tion). Once in the genital ridges, however, the silent X in XX
germ cells is reactivated, in both human and mouse oocytes,
and remains active throughout oogenesis. Reactivation occurs
not only in the female genital ridge but also in XX germ cells
experimentaly introduced into a male genital ridge. Xist is
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involved in the initiation of X-chromosome inactivation: the
only gene to be expressed on the inactive X, it produces a
stable transcript that coats the whole chromosome and can be
visualized by RNA fluorescent in situ hybridization (FISH).
Once the germ cells are in the genital ridge, Xist is down-
regulated and the transcript disappears, consistent with reac-
tivation of the silent X chromosome.

EPIGENETIC CHANGES

Patterns of DNA methylation are imposed during gastrulation
on the nascent somatic cell lineages but not on PGCs, perhaps
because of their extraembryonic birthplace. Globa methyla-
tion in PGCsis till further decreased once the germ cells are
in the genital ridges. Imprinted genes (i.e., genes in which
only the paternal or only the maternal allele is expressed, but
not both) are characterized by differential DNA methylation
at specific CpG sites. Genes shown to be imprinted in the
mouse are not necessarily imprinted in the human (e.g., 1gf2r).
In the germ cell lineage, the previous genomic imprint has to
be erased, and a new imprint is established according to the
sex of the embryo. The differential site-specific methylationin
some imprinted genes has been examined in mouse germ cells
by bisulfite sequencing. It decreases during PGC migration or
shortly after entry into the genital ridges. At 10.5dpc, some
site-specific methylation is present, much less at 11.5dpc, and
very little at 12.5dpc. New imprints are established before or
after birth: in the female germ line, for example, different
imprinted genes acquire their new methylation pattern at
different stages of oogenesis. According to Obataet al. (2002),
12.5dpc femae germ cells are able to undergo genomic
imprinting in organ culture. Their nuclel are then capable of
supporting development to full term after transfer to an
enucleated mature oocyte, followed by in vitro fertilization.

CELL AUTONOMOUS OR INDUCED?

As we have seen, many features of PGCs change once they
have entered the genital ridges. To what extent are these
changes caused by signals that emanate from the somatic
tissues? We know that this is so for the block to entry into
meiosisin the male genital ridge (see the section on sex deter-
mination) and also for the expression of mvh, which depends
on contact with genital ridge somatic tissue. Conversely, we
know that entry of germ cells into the first meiotic prophase
occurs cell autonomously unless they are exposed to 12.5dpc
or later male genital ridge tissue (see the section on sex deter-
mination). Also, Resnick’s group finds that expression of
gcna occurs cell autonomously, at a preprogrammed time,
apparently requiring neither entry into the genital ridges
nor even migration. As yet, there is no evidence bearing on
this question, in relation either to X-chromosome reactivation
or to epigenetic changes.

Embryonic Germ Célls

EMBRYONIC GERM CELL DERIVATION

Early attempts to establish long-term cultures of mouse PGCs
met with little success, even when feeder cells were used.

Chromosomally stable stem cells were eventually obtained by
combining three growth factors in the cultures. stem cell
factor (SCF), fibroblast growth factor 2 (bFGF), and leukemia
inhibitory factor (LIF). These stem cells were termed embry-
onic germ cells (EGCs) to distinguish them from embryonic
stem (ES) cells. EGCs, like ES cells, proved capable of indef-
inite proliferation in culture and were pluripotent both in vitro,
and in vivo in chimeras in which they colonized al cell line-
ages including the germ line. EGC lines have been derived
from PGCs before and during migration (8.5, 9.5dpc) and also
from PGCs in the genital ridge but only up to 12.5dpc. EGC
lines have aso been derived in some other mammalian
species, including from human PGCs. Like mouse EGCs,
human EGCs show high levels of alkaline phosphatase activ-
ity and express SSEA 1. According to Shamblott et al. (1998),
they also express SSEA4, TRA-1-60, and TRA-1-81. (See
Chapter 41.)

XIST EXPRESSION

In PGCs, Xist may code for a stable transcript (migrating XX
PGCs) or expression may be entirely absent (XY PGCs; XX
PGCs after X-chromosome reactivation in the genital ridge).
Undifferentiated EGC lines derived from the PGCs are always
characterized by an unstable Xist transcript, visualized by
RNA FISH as a small dot overlying the locus. A similar situ-
ation is seen in ES cells. Once the EGCs or ES cells start to
differentiate, the unstable transcript disappears and is replaced
by a stable transcript or absence of expression, according to
whether the cell is XX or XY.

EPIGENETIC CHANGES

The epigenetic status of imprinted genes in EGCs might be
expected to reflect that in the PGCs from which they were
derived. However, this is not so. Site-specific differentia
methylation proved to be absent from most imprinted genes,
in EGC lines derived not only from 11.5 but also from
9.5dpc germ cells. This apparent conflict with the PGC data
can be resolved if one assumes that the epigenetic changes
involved in erasure of imprints continue after the cells are put
into culture, reaching an imprint-free state once the EGC line
is established. When these imprint-free EGCs have been used
for making chimeras, some of the chimeras have shown
growth retardation and skeletal defects (ribs and spine).
Germ-line transmission, however, has been reported with
EGCs derived from 11.5dpc as well as 8.5dpc PGCs. In
human EGC lines, the epigenetic status of undifferentiated
cells has not been examined, but after differentiation to
fibroblast-like cells, three imprinted genes showed monoal-
lelic expression (asin normal somatic tissues), and the fourth,
Igf2, showed some relaxation of imprinting. These results
suggest that there may be a considerable difference in the
timing of imprint erasure between humans and mice. Accord-
ing to Baker (1963), there is also a difference between
humans and mice in the timing of entry into meiosis: relative
to colonization of the genital ridge, entry into meiosisis later
and less well synchronized in human than in mouse germ
cells.
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Summary

The germ cell lineage in the mouse is not predetermined but
is established during gastrulation, in response to signalling
molecules acting on a subset of epiblast cells that move
through the primitive streak together with extra-embryonic
mesoderm precursors. After migration to the site of the future
gonads, germ cell sex determination is achieved, with germ
cell phenotype in male and female embryos diverging. Evi-
dence suggests that al germ cells spontaneously take the
female pathway, entering prophase of the first meiotic divi-
sion five or six days after the birth of the germ cell lineage,
with the exception of those located in the embryonic testis,
which exit the cell cyclein response to some inhibitory signal
and remain in G,/G, until after birth, when spermatogenesis
begins. Site-specific DNA methylation of imprinted genes is
erased in germ cells at about the time of entry into the future
gonads, and new imprints are established later. In culture,
germ cells respond to certain growth factors by proliferating
indefinitely. These immortalized embryonic germ (EG) cell
lines are chromosomally stable and pluripotent, closely
resembling the embryonic stem (ES) cell lines derived from
blastocyst-stage embryos. Human EG cell lines have also
been made.

KEY WORDS

A technique whereby the methylation of each
CpG site in a defined stretch of DNA is determined.
Factors involved in influencing gene expression during
development, without affecting DNA base sequence.

The period of embryonic development during which
the definitive body planislaid down. Cellsfrom the primitive ecto-
derm pass through the “primitive streak” region to form a third
layer, the mesoderm, between ectoderm and endoderm.

The process by which germ cells (i.e., those in the ovaries
or testes) divide to produce gametes. In meiosis |, homologous
chromosomes exchange genetic material. In meiosis 11, the two
resulting diploid cells (i.e., which contain two sets of chromo-

somes) with their recombined chromosomes divide further to
form two haploid gametes (i.e.,, which contain only one set of
chromosomes).

Capable of giving rise to al the cell types in the fetus
but not able on its own to form afetus.
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Stem Cells in Extraembryonic Lineages

Tilo Kunath and Janet Rossant

I ntroduction

The establishment of mouse embryonic stem (ES) cells pro-
vided an excellent model to study embryonic lineages in
culture and in vivo. These pluripotent cells can contribute to
all embryonic tissues, including the germ line, in chimeras.
Furthermore, tissuesfrom all three germ layers have been suc-
cessfully formed from ES cells in culture. These abilities
have made ES cells an attractive culture system for studying
the regulators of lineage-specific determination and differen-
tiation. However, the inability of ES cellsto differentiate into
cells of the trophoblast lineage has precluded them from being
acell culture model for this essential extraembryonic lineage.
The establishment of trophoblast stem (TS) cell lines from
mouse blastocysts and early trophoblast tissue has provided
such a model. TS cells can be grown indefinitely in culture,
can differentiate into trophoblast subtypes, and can contri-
bute exclusively to the trophoblast lineage in chimeras. This
chapter reviews development of the extraembryonic tro-
phoblast lineage in the mouse, considers evidence for the exis-
tence and the location of trophoblast progenitor populations
in vivo, and describes the work that led to the establishment
of TS cell lines. Some applications of this cell culture system
are reviewed here; detailed protocols for the establishment
and maintenance of TS cell lines can be found in Chapter 45
of this volume. Finally, the extraembryonic lineage and a
representative cell culture model are described briefly.

Trophoblast Lineage

TROPHOBLAST DEVELOPMENT

An early priority of all mammalian embryosisto establish the
extraembryonic lineages. The first such lineage to form is the
trophoblast. In the mouse, this occurs by embryonic day (E)
3.5 when the preimplantation morula embryo cavitates to
form the blastocyst. The outer sphere of 40-50 trophectoderm
(TE) cells of the early blastocyst contains the sole precursors
of the entire trophoblast lineage. An eccentrically located
clump of cells within the trophectodermal sphere is the inner
cell mass (ICM). One day later, a second extraembryonic
lineage, primitive endoderm (PrE) forms at the exposed
surface of the ICM. The remainder of the ICM is the primi-
tive ectoderm or epiblast. These three lineages are the foun-
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dations for development of the entire conceptus, and two of
them (TE and PrE) are restricted to the extraembryonic com-
partment. The primitive ectoderm will also produce several
extraembryonic tissues, such as the amnion, the allantois, and
the mesodermal compartment of the definitive yolk sac
(Figure 14-1).

The derivatives of the trophoblast lineage are essential for
the survival of the embryo in the maternal uterine environ-
ment. It mediates implantation into the uterus and establishes
a barrier for nutrient and waste exchange. It comprises a
major portion of the placenta, where trophoblast cells take on
endocrine and immunological rolesin addition to the primary
task of supplying the embryo with nutrient-rich blood and
removing wastes. A role in embryo patterning is also begin-
ning to emerge for this versatile lineage.

As mentioned previously, the trophoblast lineage is unam-
biguously present at blastocyst formation as the TE. There is
a distinction between TE in contact with the ICM, or polar
TE, and TE surrounding the blastocoel, or mural TE. The most
distal or abembryonic cellsin the mural TE are the first to dif-
ferentiate into primary trophoblast giant cells followed by cells
laterally to border of the ICM. The giant cells are aptly named,
sincethey reach extraordinary sizes and possessvery high DNA
content. These cells undergo rounds of DNA synthesis (S
phase) without intervening mitoses in a process known as
endoreduplication. The giant cells express several genes of the
prolactin family, including placental lactogen | (PL-I) early in
giant cel differentiation. Later, they express PL-II.

Proliferating TE cells at the proximal region of the con-
ceptus generate severa trophoblast structures. At E6.5, tro-
phoblast tissue in direct contact with the embryonic ectoderm
forms the extraembryonic ectoderm (EXE). These cells are
diploid and highly proliferative. Continuous with the EXE and
immediately aboveit isthe ectoplacental cone (EPC). Therate
of proliferation isless in this tissue than in EXE, but the cells
are still diploid. The EPC loses expression of several genes
associated with ExE, such as Fgfr2, Cdx2, and Eomesoder-
min (Eomes), and it initiates expression of other genes, such
as Tpbp (formerly 4311). The outer periphery of the EPC has
alower mitotic index than the core, and these outer cells con-
tribute secondary giant cells to the growing parietal yolk sac
as well as to the placenta itself (Figure 14-2). During gastru-
lation, posterior mesoderm migrates into the extraembryonic
region and becomes associated with trophoblast tissue of the
ExE to form the chorion. This trophoblast tissue is now
referred to as chorionic ectoderm (ChE) (Figure 14-2). At
E8.5-9.0, the mesoderm-derived allantois fuses with the
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Allantois
Primitive .
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ectoderm
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Inner cell mass of yolk sac
Sperm Visceral
Primitive _<endoderm
Zygote — Blastomeres endoderm et
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Extraembryonic lineages during mouse development. The primitive ectoderm, primitive endoderm, and trophoblast lineages are shown in
red, green, and yellow, respectively. After fertilization, the zygote divides to produce blastomeres that eventually segregate into two lineages at blasfocyst
formation (E3.5): inner cell mass and trophectoderm. About one day later, the inner cell mass is further subdivided info the primitive ectoderm (or epiblast)
and primitive endoderm. The primitive ectoderm will form all three germ layers of the embryo proper (not shown) and will contribute to several extraembry-
onic tissues: the allantois, the amnion, and the mesodermal part of the definifive (or visceral) yolk sac. The primitive endoderm differentiates into two major
types of exiraembryonic endoderm: visceral and pariefal endoderm. The trophectoderm is the precursor to all frophoblast lineages in the placenta as well

as to the giant cell layer of the pariefal yolk sac.

chorion, which further fuses with the base of the EPC, result-
ing in occlusion of the EPC cavity. These are the initial steps
for forming a mature chorioallantoic placenta (Figure 14-2).
In this mature tissue, the extraembryonic mesoderm and ChE
combine to form the labyrinth, the site of nutrient and waste
exchange with the maternal blood supply. The EPC differen-
tiates into the spongiotrophoblast, a supporting tissue that is
in intimate contact with the labyrinthine trophoblast. Periph-
eral giant cells arein direct contact with the maternal decidua
and are the invasive cells of the trophoblast. The maternal
vasculature invades the spongiotrophoblast layer, and the
endothelium is replaced with endovascular trophoblast as it
enters the labyrinth.

Numerous genetic mutants have been characterized that
affect various aspects of placental development, and they have
been summarized in two recent reviews. A few mutants of
note are described here. The T-box gene, Eomes, is expressed
in the TE of the blastocyst and the EXE of the early postim-
plantation embryo. A homozygous null mutation in this
gene resulted in an embryonic lethal phenotype at the peri-
implantation stage. Blastocysts implanted into the uterus
but developed no further. The phenotype was caused by a
cell-autonomous role for Eomes in trophobl ast tissue as deter-
mined by chimeric analysis. The Cdx2 mutation may have a
similar defect to Eomes™, since the gene is also expressed in
early trophoblast derivatives, and the knockout results in
lethality at the time of implantation. Detailed analysis of
Cdx2”~ embryos revealed a lack of mature TE resulting in a
failure of implantation (Strumpf et al., 2005), a more severe

phentotype than Eomes”~ embryos. However, the precise phe-
notype has not been reported yet. The orphan nuclear recep-
tor, Errp (also known as Esrrb), is expressed in the EXE and
the ChE. Targeted deletion of this gene resulted in embryonic
lethality at E9.5 with a failure of the chorion and an over-
production of giant cells. This gene is not required for the
initial period of trophoblast proliferation, but it is required for
its maintenance. The bHLH gene, Hand1, has an essential role
in trophoblast giant cells. This geneis expressed in giant cells
and functionally promotes their differentiation. Handl-
deficient embryos die of placental failure because of a block
in giant cell differentiation. The lessons from these and other
mutations point to the importance of lineage-specific tran-
scription factors during trophoblast development.

FGF SIGNALING AND TROPHOBLAST PROGENITOR
CELLS IN VIVO

The polar TE at the embryonic pole of the blastocyst remains
diploid and proliferative, and the mural TE differentiates into
postmitotic giant cells. Sustained proliferation of polar TE
cellsis dependent on interactions with the ICM and later with
the epiblast. Transplanting an ectopic ICM to the mural TE
region inhibits giant cell differentiation and induces a zone of
proliferation. The dividing cells were determined by genetic
markersto be of TE origin and not from the transplanted ICM.
A model emerged whereby trophoblast proliferation was
dependent on signals from the ICM, and in the absence of this
stimulus, the default pathway of giant cell differentiation
would ensue. In agreement with this, the trophoblast-derived
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Figure 14-2. A. Postimplantation development. (A) Implantation to gastrulation. Based on their relative position to the inner cell mass, the trophectoderm
(TE) cells of the E4.5 blastocyst have segregated info mural and polar TE. The polar TE grows into the blastocoel fo produce the extraembryonic ectoderm
and outward fo form the ectoplacental cone (EPC). The mural TE differentiates info primary giant cells. Secondary giant cells line the outer surface of the
EPC and contribute cells peripherally to the growing parietal yolk sac. At E6.5, the primitive sireak forms at the posterior region of embryonic ectoderm adja-
cent to the exiraembryonic ectoderm. By E7.0, definitive endoderm is beginning to emerge from the leading edge of the primifive streak. The primitive endo-
derm expands o line the entire surface of the former blastocoel, now known as the yolk cavity. The cells adjacent to the giant cell layer differentiate info
parietal endoderm, and the cells in contact with the exiraembryonic ectoderm and embryonic ectoderm become visceral endoderm. (B) Later development
of extraembryonic lineages. By E7.5, posterior mesoderm has moved info the extraembryonic region and contributed fo the chorion, amnion, and visceral
yolk sac fissues. Three cavities are now present: the EPC cavity, the exocoelom, and the amniotic cavity. The interaction of visceral endoderm and extraem-
bryonic mesoderm induces blood islands in the definitive yolk sac region. The allantois, emerging from the posterior end of the embryo info the exocoelom,
fuses with the chorion that also combines with the EPC to form the chorioallantoic placenta (E12.5). Chorionic ectoderm and mesoderm combined with allan-
foic mesoderm generate the labyrinth. The spongiotrophoblast is mostly derived from the EPC. The definitive endoderm has replaced most of the visceral
endoderm in the embryonic region after E7.5. B.

EXE and EPC differentiateinto giant cellswhen explanted into
culture. Contact with embryonic ectoderm, by placing the EXE
or EPC into the amniotic cavities of E7.5 embryos (“embry-
onic pocket” culture), inhibited giant cell differentiation of the
EXE only. Thus, the trophoblast tissue nearest the epiblast, the
EXE, can respond to proliferation signals from the embryo,

but the more distal EPC is refractory to them. Thisis the first
indication of where the trophoblast progenitors may reside
in vivo.

Clues to the identity of the embryo-derived signal came
from expression and genetic studies of the fibroblast growth
factor (FGF) signaling pathway. Embryos mutant for the Fgf4
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gene die shortly after implantation. Since this ligand is
expressed in the ICM, it could have an autocrine function in
maintaining ICM cells, a paracrine role in the proliferation of
polar TE cells, or both. The reciprocal expression pattern of
Fgfr2 in the TE and the EXE lent support for the latter model.
Two different targeted deletions of the Fgfr2 gene resulted in
different phenotypes on the same genetic background. The
deletion of exon 9, the alternatively spliced I11c exon, resulted
in a peri-implantation letha phenotype similar to the Fgf4
mutation. Surprisingly, deletion of the complete Ig 111 loop
(exons 7, 8, and 9) resulted in a less severe phenotype, with
lethality occurring at E10.5 because of a failure of the pla-
cental labyrinth. The Ilic deletion could be a dominant—
negative mutation, since there is a possibility that a soluble
FGFR2 I11b variant is produced. However, heterozygous mice
were normal and fertile.

On the other hand, the complete Ig 111 deletion might be a
hypomorphic allele. They show by Western analysis that a
truncated protein with the remaining two Ig loops and a com-
plete intracellular domain is produced. Although it cannot
bind FGF ligands, it may participate in some ligand-
independent signaling. Regardless of which Fgfr2 aleleisthe
complete loss-of-function mutation, an essential role for FGF
signaling in trophoblast development is unmistakable. An
Fofr2 111b isoform-specific knockout resulted in a phenotype
that did not have trophoblast defects as reported for the two
Fgfr2-null aleles. The mice died at birth with severe lung and
limb abnormalities. In addition, the placental rescue of an
Fgfr2-null alele by tetraploid aggregation resulted in a phe-
nocopy of the Il1b-specific mutation. This implicates the Il1c
isoform of FGFR2 as the trophoblast-specific receptor and
predicts that a I11c-specific mutation should show trophoblast
defects similar to one of the null mutations. The Grb2 and
FRS20. mutations may also have defects in the initial period
of proliferation of the polar TE by disabling the FGF signa
transduction pathway. Grb2 is an adaptor for several signal
pathways, but FRS2a. is specific to FGF signaling.

Based on gene expression studies, FGF-dependent tro-
phoblast progenitors are likely present from E3.5 to E8.5 (for
five days). Fgfr2 expression is down-regulated in the ChE by
E8.5, and Eomes, an essential gene for the early trophoblast,
is also repressed. A more precise prediction of when and
where early trophoblast progenitors reside came from studies
on the distribution of activated diphosphorylated mitogen-
activated protein kinase (dpMAPK) during early develop-
ment. These studies revealed regions of the embryo where
MAPK was activated, acommon target in several signal trans-
duction pathways. The early EXE (E5.5) was positive for
dpMAPK, but most of the epiblast and visceral endoderm
(VE) were not. The region of EXE positivity become more
restricted to the trophoblast cells closest to the epiblast as
development continued. This ring of dpMAPK staining per-
sisted in the ChE after gastrulation occurred and contact with
the epiblast was lost. The MAPK activation in EXE and ChE
was attributed to FGF signaling, since a specific inhibitor
(SU5402) abolished staining in this region and not others.
The dpMAPK+ trophoblast cellsin the EXE—ChE may be pro-

genitors for the trophoblast lineage, but they only exist
for a fraction (<25%, or 5 of 19 days) of embryogenesis.
In this situation, it may be more appropriate to refer to this
subset of trophoblast cells as multipotent progenitors. Never-
theless, we refer to the FGF-dependent cultured cell lines
derived from this tissue as stem cells, just as ES cell lines are
considered stem cells. In their established culture conditions,
ES and TS cells can be maintained in their respective primi-
tive states from which they can differentiate into several cell
types.

Aswill be detailed later in this chapter, FGF-dependent TS
cell lines can be derived from blastocysts and early postim-
plantation trophoblast tissue. Studies by Uy et al. (2002) used
TScell line derivations as an assay to determine which tissues
could generate the characteristic TS cell cultures. Although
this may not precisely determine where the multipotent pro-
genitors exist in vivo, it should definitively exclude regions
and embryological times in which they do not exist. The
ability to derive TS cell lines was demonstrated for embryos
from the early blastocyst stage to as late as the 10-somite pair
stage (~E8.0). From postimplantation embryos, TS cell lines
could only be derived from EXE or ChE and not from the EPC
or embryonic tissues; they could not be derived from tro-
phoblast tissue at later stages. It was also noted that TS cell
lines could be derived from al regions of the EXE, including
the cells adjacent to the EPC (farthest from the epiblast). Later
in development, the ChE, a trophoblast tissue not in direct
contact with the epiblast, efficiently produced TS cell lines.
This suggested that the inductive FGF signal supplied by the
embryo at this stage is diffusible over a long range or that it
is produced from other tissues, such as the extraembryonic
mesoderm or endoderm. The areas of dpMAPK positivity and
the regions where TS cell lines could be derived did not per-
fectly coincide. TS cell cultures could be obtained from EXE
cells distant from the epiblast and regions of the chorion that
were not positive for dpMAPK. However, Fgfr2 expression
did persist in these dpMAPK— regions, suggesting that cells
could respond to an FGF signal but were not doing so in vivo.
For this reason, trophoblast cells in EXE-ChE that are posi-
tive for doMAPK may more accurately represent the tro-
phoblast progenitor population in vivo.

The current model proposes that FGF4 produced by the
ICM is necessary for the proliferative maintenance of the
polar TE and that the lack of FGF signaling in the mura
region results in giant cell differentiation. After implantation,
the epiblast continues to produce FGF4 that signals to the
overlying EXE, resulting in MAPK activation and mainte-
nance of the trophoblast progenitor population. The FGFR2
Illc isoform is predicted to be the trophoblast-specific FGF
receptor in vivo. Essentia transcription factors for the main-
tenance of this population include Cdx2, Eomes, and Errf.
After gastrulation and the formation of the chorion, portions
of the ChE remain positive for dpMAPK, but the source and
identity of the FGF signal is unclear at this point (Figure
14-3).

The FGF-dependent progenitors are not present after
chorioalantoic fusion, but the placenta is till required to
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Figure 14-3. A. Model of early trophoblast development. [A] During early postimplantation development, FGF4 produced by the epiblast signals to the
overlying extraembryonic ectoderm (white arrows) using the FGFR2 lllc isoform. This leads to activation of the MAPK pathway, as indicated by diphospho-
rylated MAPK [dpMAPK). Downstream transcription factors essential for the maintenance of this lineage include Eomes, Cdx2, and Er. (B) After gastrula-
tion, the chorionic ectoderm is far from the embryo proper but maintains dpMAPK activity. FGF4 may be diffusing over a long range, or a different FGF may

be supplied by the underlying exiraembryonic mesoderm.

undergo a substantial increase in size and is likely under the
control of different signaling pathways. The TGFJ signaling
pathway activated by Nodal is a possible candidate for this
signal. An insertional mutation at the nodal locus resulted in
a placental defect with excessive giant cell formation and a
lack of spongiotrophoblast and labyrinth development. Unlike
Fgfr2 or the transcription factors Cdx2, Eomes, and Errf3,
nodal is not expressed in the early EXE or ChE. Its expression
in the placenta is specific to the spongiotrophoblast layer (an
EPC descendant), begins at E9.5, and continues until term.
Interestingly, a compound null-hypomorph nodal mutation
resulted in a less severe placental defect in which the giant
cell and spongiotrophoblast layers were expanded at the
expense of the labyrinth. This suggests that Nodal-dependent
progenitors may be residing in the labyrinth and that the
source of the proliferative signal has shifted from the embryo
to the spongiotrophoblast.

TSCdl Lines

DERIVATION OF TS CELL LINES

The culture of EXE or EPC tissue in most conditions resulted
in giant cell differentiation. This led to the proposal that the

default state of early trophoblast tissue is giant cells. The
accumulating evidence that FGF signaling was important for
trophoblast development and could prevent giant cell trans-
formation led Dr. Satoshi Tanaka to revisit EXE explant cul-
tures. FGF4 reduced not only giant cell formation in EXE
explants, but aso the amount of EPC-like differentiation.
Encouraged by these results, EXE from E6.5 embryoswas dis-
aggregated into single cells and plated on embryonic fibrob-
lasts (EMFIs) in the presence of FGF4 and its essential
cofactor heparin. This resulted in the formation of flat epithe-
lial colonies that could be passaged indefinitely. Identical cell
lines could also be derived from E3.5 blastocyst outgrowths
(Tanaka et al., 1998). Chapter 45 of this volume provides
detailed protocols on the derivation and maintenance of these
TS cell lines.

TS cell lines expressed Fgfr2 and the transcription factors
characteristic of trophoblast progenitorsin vivo: Cdx2, Eomes,
and ErrP. Removal of FGF4, heparin, or the EMFIs resulted
in giant cell differentiation (Figure 14-4A and 14-4B) and
complete down-regulation of these four markers. During the
differentiation process, markers of intermediate trophoblast
tissue, such as Mash2 and Tpbp, were expressed. The cell
culture-derived giant cells exhibited increased ploidy and
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expressed the giant cell marker, PI-I, like their in vivo coun-
terparts. TS cells did not express the ES cell or early epiblast
marker Oct4, the mesoderm marker Brachyury, or the endo-
derm marker Hnf-4. FACS analysis and visual inspection of
the cultures revealed that TS cells cultures are heterogeneous
even when grown in stem cell conditions (Figure 14-4C and
14-4D). TS cell cultures could also be maintained in EMFI-
conditioned medium, suggesting that EMFIs produce a
soluble factor or factors important for TS cell self-renewal.

The developmental potential of TS cells was tested in
chimeras generated by blastocyst injections. Green fluorescent
protein (GFP)-transgenic TS cells were analyzed in chimeras
from E6.5 to term (E18.5). All chimeras had TS cell contribu-
tions exclusively in trophoblast tissues (Figure 14-4E and
14-4F). There were no examples of contributions to the
embryo proper or to the visceral yolk sac and amnion, two
extraembryonic membranes that do not contain trophoblast
cells. In addition, all subtypes of the trophablast lineage could
be colonized. In early embryos, GFP-TS cellswerein the EXE,
EPC, and giant cells. In older conceptuses, the labyrinth
and spongiotrophoblast had GFP-TS cell contributions. The
exclusive, tissue-specific restriction observed in chimeras
indicates that TS cells are committed to the trophoblast
lineage and retain the potential to differentiate into its many
cell types.

Although TS cells can produce some remarkable chimeras
with high contributions to the trophoblast lineage, improve-
ments in its efficiency are required before this can be used as
a routine assay to test the potential of manipulated TS cell
lines. The percentage of observing chimeras from the most
efficient method (blastocyst injection) is 45% of embryos
recovered. However, the frequency of obtaining high-
contribution chimeras is between 5 and 10%. There may be
several reasons for this low efficiency. First, the heterogene-
ity of the TS cell cultures suggests that only a fraction of the
cellsmay be true stem cells. Any method to identify cellswith
greater stem cell potential and separate them from differenti-
ated cells should improve the efficiency and extent of contri-
bution during chimera production. Diploid cells can be
separated from higher ploidy cells by fluorescence-activated
cell sorting (FACS) with Hoechst 33342 dye, and a reduction
in heterogeneity is observed by morphology and FACS analy-
sis. However, this procedure only excludes one of the tro-
phoblast subtypes: polyploid giant cells. A more precise
method of isolation — for example, FACS for a specific cell-
surface marker such as FGFR2 or high-efflux properties such
as the side population — should further narrow the stem cell
population. To date, attempts to rescue a genetic trophoblast
defect by TS cell chimerism have not been reported, but iden-
tifying and isolating TS cells with maximum developmental
potential should help in this area.

TS CELLS AS MODELS OF TROPHOBLASTS

The TS cell culture system was used to investigate the role
of the orphan nuclear receptor, ERRp, through the use of a
small molecule inhibitor. Diethylstilbestrol (DES) is a syn-
thetic estrogen that is a potent agonist for the classical estro-

gen receptors, ERo. and ERP. It was demonstrated that DES
has the opposite effect on the three ER-related receptors:
ERRo, ERRp, and ERRy. ERRs are constitutively active
transcription factors and do not require a ligand for activa-
tion. Since TS cells and EXE express high levels of Err3, the
effects of DES treatment were investigated. DES specifically
induced TS cell differentiation toward a trophoblast giant cell
phenotype, and estradiol had no effect. To investigate the
effect of DES treatment on trophoblast tissue in vivo, preg-
nant mice were fed DES during early placentation (E4.5 to
8.5), and their placentas were examined at E9.5. Strikingly,
the DES-treated placentas did not have the usua trilayered
placenta consisting of spongiotrophoblast, labyrinth, and
giant cells. Instead, they consisted of multiple layers of giant
cells similar to Err-mutant placentas. This strongly sug-
gested that the effects of DES in the placentaand in TS cells
are mediated through only one of the ERRs. ERRp. This
illustrates that ERRp is essential for the maintenance of TS
cells in culture and the trophoblast progenitor population
in vivo.

In an effort to identify novel trophoblast-specific genes, a
cDNA microarray analysis was performed by comparing TS
cell, ES cell, and EMFI RNA. Total RNA from these samples
was used to prepare cDNA hybridized to the NIA mouse 15K
cDNA clone set in the laboratory of Minoru Ko et al. Lists
of genes particular to each cell type were generated, and
several novel trophoblast lineage genes were investigated
further by Northern blotting. Two novel genes (Mm. 320575
and Mm. 46582) and a Greul1l-homolog were specifically
expressed in TS cells and giant cells but not in ES cells or
EMFIs. These genes were considered trophoblast-lineage
genes and not TS cell-specific genes, since they were al
expressed in giant cells.

Since the first report of TS cell lines, several laboratories
have used this stem cell culture system for a diverse array of
studies. A very interesting result was obtained when Oct4 was
conditionally repressed in ES cells. The Oct4-repressed cells
transformed into trophoblast giant cells at the expense of
embryonic lineages that ES cells normally produce under dif-
ferentiative conditions. Even more striking was the establish-
ment of TS cell cultures when FGF4 was added to ES cells
during the down-regulation of Oct4. This implicated Oct4 as
amajor repressor of the trophoblast lineage. Avilion et al. used
the derivation of TS cell lines as an assay to determine the
necessity of the high-mobility group box transcription factor,
Sox2, for thislineage. They determined that Sox2 is an essen-
tial gene for the trophoblast lineage, since null TS cells could
not be derived. Adelmann et al. derived TS cells mutant for
the hypoxia-responsive transcription factor Arnt. They went
on to show that Arnt™ TS cells were deficient in forming the
intermediate EPC-like trophoblast cells during differentiation
in culture. Yan et al. (2001) used TS cells to study the effects
of retinoic acid (RA) treatment in culture. They aso found
that TS cells skipped the intermediate, Mash2+ trophoblast
subtype and differentiated directly into giant cells when
treated with RA. Maet al. found that transfection of TS cells
with nodal decreases giant cell formation and that JunB activ-
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Figure 14-4. A. TS cells and a TS cell chimera. TS cells grown in (A] stem cell and (B) differentiative conditions. (A) Differential inferference contrast (DIC)
micrograph of several TS cell colonies grown in stem cell conditions. They form tight epithelial sheets with occasional differentiated giant cells (arows) at
their periphery. (B] DIC micrograph of sixday differentiated TS cells showing a drasfic change in cell morphology fo the characteristic giant cells. The bar is
50um. (C and D) Two examples of confluent stem cell cultures of TS cells stained with Hoechst 33342. The huge nuclei and vast cytoplasm of the giant
cells are evident. There are also cells with intermediate sized nuclei (dots in panel C, for example). (E and F) An E8.5 TS cell chimera generated by blas-
focyst injection of green fluorescent protein — TS cells. The embryo with placenta was observed under UV fluorescence with (E) partial brightfield and (F)

darkield optics.

ity increases it. Female TS cells were used by Mak et al.
(2000) to show that paternally imprinted X-chromosome inac-
tivation observed in the female trophoblast lineage in vivo is
maintained in TS cells. Furthermore, the imprinting is main-
tained by stable association of the Polycomb proteins, Eed and
Enx1, with the inactive X-chromosome. The role of a7 inte-
grin in trophoblast attachment to different extracellular sub-
strates was investigated with the TS cell culture system.
Suppressor of cytokine signaling 3 (SOCS3)-mutant TS cells
were derived and shown to have an increased tendency to
form giant cells at the expense of EPC-like cells, similar to
the phenotype observed for the SOC3™ placenta in vivo. A
targeted mutation against the mitochondria transmembrane
guanosine triphosphatase, mitofusin 2 (Mfn2), resulted in a
giant cell defect and lethality by E11.5. Mfn2”~ TS cell lines
were derived and shown to have severe morphological defects
in their mitochondria. They were spherical and small, instead
of the long mitochondrial tubules observed in wild-type TS
cells. Finally, Shiota et al. compared the DNA methylation
status of CpG islands in TS cells and differentiated TS cells
(giant cells) using the restriction-landmark genomic-scanning
method. These various reports illustrate that TS cell lines
provide a useful model to study the trophoblast lineage in the
mouse.

Extraembryonic Endoderm Lineage

EXTRAEMBRYONIC ENDODERM DEVELOPMENT

The PrE lineage first makes its appearance on the blastocoelic
surface of the ICM at E4.5. The developmental path taken by

the PrE depends on the tissue with which it interacts. The PrE
in contact with the extraembryonic and embryonic ectoderm
differentiates into VE, and the PrE in contact with the tro-
phoblast giant cell layer differentiates into parietal endoderm
(PE) (Figure 14-2). The PE collaborates with the giant cell
layer to form the intervening Reichert’s membrane. The com-
bination of the PE, giant cells, and a thick basement mem-
brane is the parietal yolk sac. The VE is a complex lineage
with roles in nutrient delivery, embryonic cavitation, anterior
induction, and hemangioblast induction.

Once the initial PrE cells are established, the GATA
factors, GATA4 and GATAG, are major players in the main-
tenance and elaboration of this lineage. GATA4-mutant
embryos form VE but express elevated levels of GATAB, sug-
gestive of some functional redundancy. The embryos die
around E9.5 with heart defects. The GATA6 mutation is more
severe, with serious VE defects and lethality occurring
between E5.5 and 7.5. An instructive role for these proteins
in extraembryonic endoderm specification was shown by
ectopic expression in ES cells.

The transition of VE to PE first occurs at the periphery of
the ICM as the cells migrate onto the inner surface of the
mural TE at the blastocyst stage. The VE grows as an epithe-
lial layer with coherent growth, and the PE cells grow indi-
vidually and scatter on the giant layer asthey lay down matrix
proteins. The differentiation of VE to PE is considered by
some to be the first epithelial-to-mesenchymal transition in
development. Studiesin embryonal carcinoma cellsidentified
cyclic adenosine monophosphate as an inducer of PE, if the
cells were first differentiated into VE by RA treatment. The
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ligand, parathyroid hormone-related protein (PTHrP), was
later suggested to be an endogenous inducer of PE. PTHrPis
produced by the giant cell layer, and PE cells express its
receptor, the G-protein-coupled receptor, type | PTHrP-R, at
high levels. The zinc-finger transcription factor, Snail, was
identified as an immediate early target of PTHrP signaling in
ES cells and was shown to be expressed in PE in vivo. Shail
and the highly related gene, Sug, are important for epithe-
liall-mesenchymal transitions in several species. In Shail™~
embryos, the initial mesoderm is formed, but it remains
epithelial-like in agreement with the defined role of Snail in
epithelial-mesenchymal  transitions. Snail”~ embryos are
smaller than wild-type littermates at E7.5 and die before E8.5.
A phenotype in the VE-to-PE transition was not reported on,
but such a defect would not be inconsistent with the time of
lethality.

EXTRAEMBRYONIC ENDODERM PROGENITORS?

PrE is considered to be the progenitor of both VE and PE, but
this primitive cell type only persists one day after implanta-
tion (E5.5). After this point, both extraembryonic endoderm
layers (VE and PE) continue to grow extensively. Chimera
studies have shown that PrE cells have the potentia to con-
tribute to both VE and PE in a single chimera. Observations
such as the sequential appearance of VE cells followed by PE
cells during the differentiation of ES and EC cells have biased
opinions on how these cell types arise in vivo. These obser-
vations led to a model in which VE cells continually produce
more PE cells in the marginal zone (the proximal region of
yolk cavity). However, these experiments do not conclusively
prove such a relationship in vivo. It is possible that the VE
and PE layers have separate and self-sufficient cell popula
tions after an early point in development (e.g., by E6.5). One
possihility is that PE progenitors exist at the distal tip of the
parietal yolk sac and that they contribute descendants that
migrate up toward the marginal zone. The VE layer may have
a similar progenitor zone to maintain its population. Mitotic
indices in both tissues measured at E7.5 were similar. An
alternative theory puts extraembryonic endoderm stem cells
in the marginal zone between the VE and the PE. Although
this region has been proposed to be the site of VE-to-PE tran-
sition, direct lineage analysis of these cells has not been
performed. Real-time imaging of embryo—embryo chimeras
(harboring different fluorescent transgenes) should answer
some of these questions. The recent derivation of extraem-
bryonic endoderm (XEN) cell lines from mouse blastocysts
has provided acell culture model to address some of theissues
discussed above (Kunath et al., 2005). XEN cells can be cul-
tured indefinitely, express markers of the extraembryonic
endoderm lineage, and exclusively contribute to this lineage
in chimeras.

Summary

Gene expression studies (e.g., Eomes), TS cell line derivation
potential, and MAPK activity in the embryo have led to a
precise prediction of when and where trophoblast multipotent

progenitors exist in vivo. The EXE cells close to the epiblast
and a discrete population of ChE are the most likely locations
for these early progenitors. However, by E8.5, the FGF-
dependent progenitors do not exist and may be replaced by a
different class of multipotent cells. The extraembryonic VE
and PE layers exhibit substantial growth during development,
but a defined progenitor or stem cell population has yet to be
identified in this cell lineage.

KEY WORDS

A mammalian embryo, just prior to implantation, con-
sisting of ahollow ball of cells surrounding asmaller clump of cells
known as the inner cell mass. The blastocyst is the source material
to derive embryonic stem (ES) trophoblast stem (TS), and extra-
embryonic endoderm (XEN) cell lines.

An extraembryonic lineage that forms part of
the yolk sac. The primitive endoderm does not contribute to endo-
dermal tissues, such asthe gut, liver, or pancreas. These are derived
from definitive endoderm, a distinct lineage from primitive
endoderm.

The outer layer of cells of the blastocyst. Tro-
phectoderm cells are the sole precursors to the trophoblast lineage
of the placenta, and they do not contribute cells to the embryo
proper.

A general term used to describe al the cell types
of the developing and mature placenta derived from the troph-
ectoderm. In the mouse, the trophoblast lineage would include
extraembryonic  ectoderm, ectoplacental cone, trophoblast
giant cells, chorionic ectoderm, labyrinthine trophoblast, and
spongiotrophoblast.
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Amniotic Fluid-Derived Pluripotential Cells

Paolo deCoppi, M. Minhgj Siddiqui and Anthony Atala

I ntroduction

Human amniotic fluid has been used in prenatal diagnosis for
more than 70 years. It has proved to be a safe, reliable, and
simple screening tool for a variety of developmental and
genetic diseases. However, there is now evidence that amni-
otic fluid may have utility beyond its use as a diagnostic tool
and may be a source of a powerful therapy for a multitude of
congenital and adult disorders. A subset of cells in amniotic
fluid has been isolated and found capable of maintaining pro-
longed undifferentiated proliferation as well as of differentiat-
ing into multiple-tissue types encompassing the three germ
layers. It is possible that we will soon see the development of
therapies using progenitor cellsisolated from amniotic fluid for
the treatment of newborns with congenital malformations as
well astherapiesfor adults using cryopreserved amniotic fluid.

In this chapter, we describe several experiments that have
isolated and characterized pluripotent progenitor cells from
amniotic fluid. We aso provide various lineages that these
cells have been differentiated into and directions in this area
of research.

Amniotic Fluid and Amniocentesis

The first reported amniocentesis took place in 1930 when
attempts were being made to correlate the cytologic exami-
nation of cell concentration, count, and phenotypes in the
amniotic fluid to the sex and health of the baby. Since then,
the development of techniques of karyotype and the discov-
ery of reliable diagnostic markers such as o-fetoprotein, as
well as the development of ultrasound-guided amniocentesis,
have greatly increased the reliability of the procedure as a
valid diagnostic tool as well as the safety of the procedure.

Amniocentesis provides a safe method of isolating cells
from the fetus, which can then be karyotyped and examined
for chromosomal abnormalities. In general, the protocol con-
sists of acquiring 10 to 20ml of fluid using a transabdominal
approach. Amniotic fluid samples are then centrifuged, and
the cell supernatant is resuspended in culture medium.
Approximately 10* cells are seeded on 22 x 22mm cover
dlips. Cultures are grown to confluence for three to four weeks
in 5% CO, at 37°C, and the chromosomes are characterized
from mitotic phase cells.

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
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Amniocentesis is performed typically around 16 weeks of
gestation, although in some casesit may be performed as early
as 14 weeks when the amnion fuses with the chorion and the
risk of bursting the amniotic sac by needle puncture is mini-
mized. Amniocentesis can be performed as late as term. The
amniotic sac is usually noticed first by ultrasound around the
10-week gestational time point.

Amniotic fluid cell culture consists of a heterogeneous cell
population displaying arange of morphologies and behaviors.
Studies on these cells have characterized them into many
shapes and sizes varying from 6 to 50um in diameter and
from round to squamous in shape. Most cellsin the fluid are
terminally differentiated along epithelial lineages and have
limited proliferative and differentiation capabilities. Previous
studies by Cremer et al. (1981) have noted an interesting com-
position of the fluid consisting of a heterogeneous cell popu-
lation expressing markers from all three germ layers.

Much research has been conducted on the source of these
cells and on the fluid itself. Current theories suggest that the
fluid is largely derived from urine and peritoneal fluid from
the fetus as well as from some ultr&filtrate from the plasma of
the mother entering though the placenta. The cells in the fluid
have been shown to be overwhelmingly from the fetusand are
thought to be mostly cells sloughed off the epithelium, diges-
tive, and urinary tract of the fetus as well as off the amnion.

Our laboratory investigated the possibility of isolating a
progenitor cell population from amniotic fluid. The amniotic
fluid was from normal fetuses obtained using a transabdomi-
nal approach from 14 to 21 weeks of gestation. Initially, male
fetuses were used to preclude the possibility of maternal-
derived cells.

I solation and Characterization of
Progenitor Cells

A pluripotential subpopulation of progenitor cellsin the amni-
otic fluid can be isolated through positive selection for cells
expressing the membrane receptor c-kit, which binds to the
ligand stem cell factor. Roughly 0.8 to 1.4% of cellsin amni-
otic fluid have been shown to be c-kit* in analysis by fluo-
rescence-activated cell sorting.

The progenitor cells maintain a round shape for one week
after isolation when cultured in nontreated culture dishes. In
this state, they demonstrate a very low proliferative capability.
After the first week, the cells begin to adhere to the plate and
change their morphology, becoming more elongated and pro-
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liferating more rapidly to reach 80% confluence with a need
for passage every 48 to 72 hours. No feeder layers are required
for either maintenance or expansion. The progenitor cells
derived from amniotic fluid show a high self-renewal capacity
with >300 population doublings, far exceeding Hayflick's
limit. The doubling time of the undifferentiated cells is noted
to be 36 hours, with little variation with passages.

These cells have been shown to maintain a normal kary-
otype at |late passages and have norma G1 and G2 cell cycle
checkpoints. They demonstrate telomere length conservation
inthe undifferentiated state aswell astelomerase activity even
in late passages as shown by Bryan et al. (1998). Analysis of
surface markers shows that progenitor cells from amniotic
fluid expressed human embryonic stage-specific marker
SSEA4 and the stem cell marker OCT4, but they did not
express SSEA1, SSEA3, CD4, CD8, CD34, CD133, C-MET,
ABCG2, NCAM, BMP4, TRA1-60, or TRA1-81, to name a
few. This expression profile is of interest as it demonstrates
expression by the amniotic fluid-derived progenitor cells of
some key markers of embryonic stem cell phenotype but not
the full complement of markers expressed by embryonic stem
cells. This hints that the amniotic cells are not as primitive as
embryonic cells and yet maintain greater potential than most
adult stem cells. Work by Thomson et al. (1998) shows that,
although the amniotic fluid progenitor cells form embryoid
bodiesin vitro that stain positive for markers of al three germ
layers, these cells do not form teratomas in vivo when
implanted in immunodeficient mice. Lastly, cells expanded
from a single cell maintain similar properties in growth and
potential as the original mixed population of the progenitor
cells.

Differentiation Potential of Amniotic
Progenitor Cells

The progenitor cells derived from human amniotic fluid are
pluripotent and have been shown to differentiate into
osteogenic, adipogenic, myogenic, neurogenic, endothelial,
and hepatic phenotypes in vitro. Each differentiation has been
performed through proof of phenotypic (Figure 15-1) and bio-
chemical (Figure 15-2) changes consistent with the differen-
tiated tissue type. We will describe each set of differentiations

separately.

ADIPOCYTES

To promote adipogenic differentiation, the progenitor cells
can be induced in dexamethasone, 3-isobutyl-1-methylxan-
thine, insulin, and indomethacin. The progenitor cells cultured
with adipogenic supplements change their morphology from
elongated to round within 8 days. This coincides with the
accumulation of intracellular droplets. After 16 days in
culture, more than 95% of the cells have their cytoplasm filled
with lipid-rich vacuoles.

Adipogenic differentiation also demonstrates the expres-
sion of an adipogenic-specific transcription factor and of
lipoprotein lipase, as noted by Kim et al. (1998) and Rosen et
al. (1999). Expression of these genes is noted in the progen-

Osteognic

Figure 15-1. The isolated progenitor cells were capable of differentiation
info multiple cell types, including muscle, liver, endothelial cells, adipocytes,
osteoblasts, and neurons.

itor cells under adipogenic conditions but not in undifferenti-
ated cells (Figure 15-2B).

ENDOTHELIAL CELLS

The amniotic fluid progenitor cells can be induced to form
endothelial cells by culture in endothelial basal medium on
gelatin-coated dishes. Full differentiation is affected with one
month in culture; however, phenotypic changes are noticed
within one week of initiation of the protocol. Human-specific
endothelial cell surface marker (P1H12), factor VIII (FVIII),
and kinase insert domain-containing receptor are specific for
differentiated endothelia cells. The differentiated cells stain
positively for FVIII, KDR, and P1H12. The amniotic fluid-
derived progenitor cells do not stain for endothelial-specific
markers and, once differentiated, are able to grow in culture
and form capillary-like structures in vitro. These cells aso
express molecules that are not detected in the progenitor cells
on RT-PCR analysis (Figure 15-2F).

HEPATOCYTES

For hepatic differentiation, the progenitor cells are seeded on
Matrigel- or collagen-coated dishes at different stages and cul-
tured in the presence of hepatocyte growth factor, insulin,
oncostatin M, dexamethasone, fibroblast growth factor 4, and
monothioglycerol for 45 days. After 7 days of the differenti-
ation process, cells exhibit morphological changes from an
elongated to a cobblestone appearance. The cells show posi-
tive staining for albumin at day 45 after differentiation and
also express the transcription factor HNF4a, the c-met recep-
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Figure 15-2. The differentiated cell types expressed funcfional and biochemical characteristics of the target tissue. (A Myogenic-induced cells showed a
strong expression of desmin expression at day 16 (lane 4). MyoD and MRF4 were induced with myogenic freatment at day 8 (lane 3). Specific PCR-
amplified DNA fragments of MyoD, MRF4, and desmin could not be detected in the control cells at days 8 and 16 (lanes 1 and 2). (B) Gene expression
of ppary2 and lipoprotein lipase in cells grown in adipogenic-inducing medium was noted at days 8 and 16 (lanes 3 and 4). (C) RTPCR revealed an up-
regulation of albumin gene expression. Western blot analyses of cell lysate showed the presence of the hepatic lineage-related proteins HNF-4a, cmet,
MDR, albumin, and ofefoprotein. Undifferentiated cells were used as negative control. (D) Osteogenic-induced progenitor cells showed a significant increase
of calcium deposition starting at day 16 (solid line). No calcium deposition was detected in progenitor cells grown in control medium or the negative control
cells grown in osteogenic conditions (dashed line). RFPCR showed presence of cbfal and osteocalcin at day 8 and confirmed the expression of AP in the
osteogenic-induced cells. (E) Only the progenitor cells cultured under neurogenic conditions showed the secretion of glutamic acid in the collected medium.
The secretion of glutamic acid could be induced (20 minutes in 50-mM KCI buffer). (F) RT-PCR of progenitor cells induced in endothelial medium (lane 2)
showed the expression of CD31 and VCAM.
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tor, the MDR membrane transporter, albumin, and o-
fetoprotein (Figure 15-2C).

MYOCYTES

Myogenic differentiation is induced in the amniotic fluid-
derived progenitor cells by culture in media containing horse
serum and chick embryo extract on athin gel coat of Matrigel.
To initiate differentiation, the presence of 5-azacytidine in the
media for 24 hours is necessary. Phenotypically, the cells
can be noted to organize themselves into bundles that fuse to
form multinucleated cells. These cells express sarcomeric
tropomyosin and desmin, both of which are not expressed in
the original progenitor population.

Interestingly, the development profile of cells differentiat-
ing into myogenic lineages mirrors a characteristic pattern of
gene expression seen with embryonic muscle devel opment, as
shown in work by Rohwedel et al. (1994) and Bailey et al.
(2001) (Figure 15-2A).

NEURONAL CELLS

For neurogenic induction, the amniotic progenitor cells are
induced in dimethyl sulfoxide, butylated hydroxyanisole, and
neuronal growth factor. Progenitor cells cultured in neuro-
genic conditions change their morphology within the first 24
hours. Two cell populations are apparent: morphologically
large, flat cells and small, bipolar cells. The bipolar cell cyto-
plasm retracts toward the nucleus, forming contracted multi-
polar structures. Over the subsequent hours, the cells display
primary and secondary branches and cone-like termina
expansions. The induced progenitor cells show a characteris-
tic sequence of expression of neural-specific proteins, includ-
ing those expressing neuroepithelial, neuron, and glia
differentiation (Figure 15-2E).

OSTEOCYTES

Osteogenic differentiation was induced in the progenitor cells
with use of dexamethasone, 3-glycerophosphate, and ascor-
bic acid-2-phosphate. The progenitor cells maintained in this
medium demonstrated phenotypic changes within 4 days with
a loss of spindle-shape phenotype and a development of an
osteoblast-like appearance with finger-like excavations into
the cytoplasm. At 16 days, the cells aggregated, showing
typical lamellar bone-like structures. In terms of functional-
ity, these differentiated cells demonstrate a major feature of
osteoblasts, which is to precipitate calcium. Differentiated
osteoblasts from the progenitor cells are able to produce aka-
line phosphatase (AP) and to deposit calcium consistent with
bone differentiation. The undifferentiated progenitor cells
lacked this ability.

The progenitor cells in osteogenic medium express specific
genes implicated in mammalian bone development in a pattern
consistent with the physiological analog (Figure 15-2D).

Future Directions

Much interesting work remains to be done with this cell pop-
ulation. In vitro, there remain a few cell types that have not

been investigated but are of great interest scientifically and
therapeutically. In vivo work to complement the in vitro dif-
ferentiations demonstrating the capacity of these cellsto func-
tionally supplement normal tissue will highlight the true
clinical potential of these cells. Of great interest may be cell
types traditionally senescent in differentiated form, as these
cells could be expanded in an undifferentiated form and dif-
ferentiated into the cell type of interest in large numbers.
These progenitor cells, if seeded on a scaffold, could poten-
tially be differentiated into the desired cell types. Such a
mixture of correctly differentiated cells could process local
cues to structure themselves into highly complex formations
in the scaffold much as they do during development. For such
reasons, the amniatic progenitor cells may also have practical
use in tissue engineering of organs.

The ease of maintenance, proliferation, and differentiation
of the amniotic progenitor cells also provides great promise
as potential cells that could be used for other purposes such
as investigation into development pathways or drug screen-
ing. Many experiments to probe the exact potential of these
cells and fully characterize their source will be beneficial, as
they will help to define realistic goals and applications for use
of these cells.

Summary

The pluripotent progenitor cells isolated from amniotic fluid
present an exciting possible contribution to the field of stem
cell biology and regenerative medicine and may be an excel-
lent source for research and therapeutic applications. The
embryonic and fetal progenitor cells have better potential for
expansion than adult stem cells. For this reason, they could
represent a better source for therapeutic applications in which
large numbers of cells are needed. The ability to isolate the
progenitor cells during gestation may also be advantageous
for babies born with congenital malformations. Furthermore,
the progenitor cells can be cryopreserved for future self-use.
When compared with embryonic stem cells, the progenitor
cells isolated from amniotic fluid have many similarities:
They can differentiate into all three germ layers, they express
common markers, and they preserve their telomere length.
However, the progenitor cells isolated from amniotic fluid
have, in our opinion, considerable advantages. They easily
differentiate into specific cell lineages, they do not need feeder
layers to grow, and they do not require the sacrifice of human
embryos for their isolation, thus avoiding the current contro-
versies associated with the use of human embryonic stem
cells. The discovery of these cells has been recent, and a great
deal of work remains to be done on the characterization and
use of these cells. Initial results have been promising and are
sure to lead to interesting developments.

KEY WORDS

The chromosome characteristics of an individual cell
or of a cell line, usually presented as a systematized array of
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metaphase chromosomes from a photomicrograph of a single cell
nucleus.

Primordia cells that may still differentiate into
various specialized types of tissue elements (e.g., mesenchymal
cells).

In development, a parent cell that givesrise to a
distinct cell lineage by a series of cell divisions.

A specialized nucleic acid structure found at the ends of
linear eukaryotic chromosomes.

Malignant tumor thought to originate from primordial
germ cells or misplaced blastomeres that contains tissues derived
from all three embryonic layers, such as bone, muscle, cartilage,
nerve, tooth buds, and various glands.
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Cord Blood Hematopoietic Stem and
Progenitor Cells

Hal E. Broxmeyer

I ntroduction

CORD BLOOD TRANSPLANTATION AND BANKING

Hematopoietic stem and progenitor cells from umbilical cord
blood have been used to transplant more than 5000 recipients
with various malignant or genetic disorders since the first
transplant, performed in October 1988. This cord blood trans-
plant successfully cured the disordered and fatal hematol ogi-
cal manifestations of Fanconi anemia; the male recipient of
human lymphocyte antigen (HLA)-matched donor cord blood
cells from a female sibling is aive and well more than 17
years after the transplant. This and subsequent cord blood
transplants using sibling cells were the result of extensive
|aboratory-based studies and the first proof-of-principle cord
blood bank, established in the author’s laboratory, that sug-
gested the feasibility of such transplants with cells previously
considered waste material except for some routine clinical
testing needs. Since those initia clinical studies and banking
efforts, numerous cord blood banks have been developed
worldwide, allowing the extension of cord blood transplanta-
tion to situations using HLA-matched and partially HLA-
matched cord blood cells from unrelated and related
alogeneic donors.

ADVANTAGES AND DISADVANTAGES OF CORD
BLOOD FOR TRANSPLANTATION

Cord blood transplantation can be used, especially in children,
to treat a multiplicity of malignant and nonmalignant disor-
ders currently treatable by bone marrow transplantation. One
obvious advantage of cord blood as a source of transplantable
stem cellsisthelower incidence of graft-vs.-host disease com-
pared to that of bone marrow, allowing the use of cord blood
with a greater HLA-disparity than is usualy acceptable for
bone marrow transplantation. However, engraftment of neu-
trophils and, even more so, of platelets is delayed after cord
blood, compared with bone marrow, transplantation. The lim-
iting numbers of stem—progenitor cellsin single collections of
cord blood, the immature nature of these rare repopulating
cells, the difficulty of cord blood progenitors to program
themselves toward differentiation, or al of these factors may
be responsible for this relatively delayed blood cell engraft-

Essentials of Stem Cell Biology
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ment. Although cord blood has been used successfully to
transplant adults, the limited number of collected cord blood
cells has limited the number of cord blood transplants per-
formed in adults. The use of multiple, unrelated cord blood
units is among a number of procedures being considered to
aleviate the problem of limiting donor cord blood cell
numbers, but not enough information is yet available to vali-
datethis concept. Several attemptsto increase cord blood stem
cell numbers through ex vivo expansion efforts and trans-
plantation of “expanded cells’ have not yet resulted in encour-
aging clinical results.

This chapter focuses on the functional characteristics of
cord blood stem and progenitor cells for proliferation, self-
renewal, and homing, three important functions for clinical
transplantation. Current information on these functional activ-
ities of cord blood stem and progenitor cells helps to explain
successes with cord blood transplantation. However, effortsto
manipulate these cells for enhanced functional activity may
prove efficacious in extending the clinical usefulness of cord
blood transplantation, and new information in the field of
hematopoiesiswill be described that addresses this possibility.

Characteristics and Cryopreservation of
Cord Blood Stem and Progenitor Cells

CYCLING STATUS AND RESPONSES TO
GROWTH FACTORS

Initial laboratory studies showed that the frequency and pro-
liferative capacity of hematopoietic progenitor cells in cord
blood was enhanced compared to that found in bone marrow.
Although cord blood progenitors were in a slow (Gy/G,) cell
cycle state, they responded rapidly to the proliferation-
inducing signals from growth factors. These growth factors
include the granul ocyte-macrophage col ony-stimul ating factor
(GM-CSF), macrophage (M)-CSF, granulocyte (G)-CSF,
erythropoietin (Epo), thrombopoietin (TPO), the potent cos-
timulating cytokines steel factor (SLF, aso caled stem cell
factor), and FIt3-ligand (FL). SLF and FL activate their respec-
tive tyrosine kinase receptors c-kit and FIt3 and synergize with
many other growth factors and themselves to enhance prolif-
eration of cord blood progenitors. SLF, with various CSFs,
helped determine the enhanced frequency of immature subsets
of progenitor cells in cord blood. The combination of SLF
and FL, alone and with other cytokines, helped elucidate the
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efficient recovery of high proliferative potential progenitor
cells from cord blood stored frozen for 15 years. These pro-
liferative characteristics, aswell asin vivo studiesin mice with
the nonobese-diabetic severe-combined immunodeficiency
(NOD-SCID) genotype, demonstrated the superiority of cord
blood to bone marrow stem cells for engraftment.

NUMBER OF CORD BLOOD CELLS REQUIRED FOR
DURABLE ENGRAFTMENT

Severa parameters, including nucleated cellularity and pro-
genitor cell content of cord blood collections, have been used
to predict the engrafting capability of these cells. One group
provided evidence that the content of progenitor cells was a
better predictor of speed of engraftment than the nucleated
cellularity for cord blood transplantation, but most clinicians
still rely on nucleated cellularity as one of several parameters,
including HLA-typing, when determining whether or not to
use a specific collection of cord blood for transplantation. A
collection in the range of >2 x 10" nucleated cord blood cells
per kilogram of body weight is the cutoff many transplanters
feel most comfortable using, although successful transplants
have been reported with collections containing as few as 5 x
10° nucleated cells/kg.

CRYOPRESERVATION OF CORD BLOOD

Almost all cord blood transplants have used cord blood that
was first frozen for cryopreservation and storage in a public
or private cord blood bank. Thus, the success of cord blood
transplantation has relied and will continue to rely heavily on
the belief that cord blood stem and progenitor cells can be cry-
opreserved and recovered efficiently in terms of the quantity
and quality of the stem and progenitor cells. That this is so
was first reported by the author’s group for short-term freezes
and then for longer term stored cells. The ultimate test is to
use the frozen cord blood collection in a clinical transplant
setting. A cord blood has been stored and used successfully in
a clinical setting probably no longer than in the 5 to 7 year
range. The longest surviving recipient of a transplant with
cord blood from a frozen and stored collection has lived an
additional 17 plus years. That was the recipient of the first
cord blood transplant, performed in October 1988.

Three groups have reported the recovery of progenitors
from cord blood stored frozen 12 to 15 years. The most exten-
sive study demonstrated an average recovery (+/— 1SD) after
15 years storage of defrosted nucleated cells, granulocyte—
macrophage (CFU-GM), erythroid (BFU-E), and multi-
potential (CFU-GEMM) progenitors, respectively, of 83 + 12,
95 + 16, 84 + 25, and 85 + 25. This was based on analysis of
the same samples pre- and postfreeze, using the same culture
conditions for progenitor cell analysis, and was comparable
to the efficiency of recovery of these cells after 10 years of
storage. The intact functional capabilities of these defrosted
progenitors were highlighted by the extensive proliferative
capacities of CFU-GM, BFU-E, and CFU-GEMM, which,
respectively, generated colonies of up to 22,500, 182,500, and
292,500 cells after stimulation in a semisolid methylcellulose
culture medium with Epo, GM-CSF, IL-3, and SLF. CFU-

GEMM colonies could be replated in secondary dishes, with
resultant CFU-GEMM colonies as large as those formed in
the primary culture dishes. CD34°CD38" cord blood cellsiso-
lated from the defrosts of the 15-year frozen cells demon-
strated more than a 250-fold ex vivo expansion of progenitor
cells.

Perhaps of greater relevance to clinical transplantation,
CD34" cells isolated from these defrosts were able to engraft
NOD-SCID mice with a frequency equal to that of freshly
isolated cord blood CD34" cells. Thus, it appears that cord
blood can be stored frozen at |east 15 years with the high like-
lihood that they will be able to engraft human recipients. A
recent study suggested that measurement of progenitor cell
recovery, as assessed by colony assays, is a more valid indi-
cator than numbers of viable nucleated cellsfor cryopreserved
cells. This interpretation was based on the finding that
research cord blood collections intentionally subjected to an
overnight thaw and refreeze did not form colonies of progen-
itors, yet they demonstrated the viability of nucleated cellsin
the 68 to 98% range, as determined by Trypan Blue exclusion.
Although cryopreservation efforts have been relatively suc-
cessful, studies continue to optimize methods for the cryop-
reservation of cord blood stem cells.

Cord Blood Transplantation Problems
and Possible Counter measures

BACKGROUND TO PROBLEMS

Although cord blood has been successfully used for stem cell
transplantation, most transplants have been done in children.
Many clinicians feel that the limiting numbers found in single
collections of cord blood preclude their routine use in adults.
Moreover, evenin children, cord blood transplantation is asso-
ciated with delayed engraftment of neutrophils, and especially
of platelets, increasing the hospitalization time of the trans-
planted recipients. Although one means of dealing with the
issue of limiting numbers of stem cells in cord blood collec-
tion may be to use multiple cord blood units for transplanta-
tion into singlerecipients, effortsto enhance the clinical utility
of cord blood for both children and adults will likely require
a greater understanding than is currently available of the
self-renewal, proliferation, and homing characteristics of
hematopoietic stem cells in general and of cord blood stem
cells in particular. Information in these areas will clearly
enhance prospects for successful ex vivo expansion of stem
cells and for engrafting capabilities of these cells as well as
of nonexpanded stem cells.

GENOMICS AND PROTEOMICS OF CORD BLOOD
STEM-PROGENITOR CELLS

A comprehensive genomic and proteomic profile of cord
blood, compared to that of adult bone marrow and mobilized
peripheral blood, could shed light on the proliferative, self-
renewal, and homing potentials of stem cells. Genomic pro-
filing of stem cells has begun for cells from several sources,
including cord blood. In addition, first attempts at proteomic
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profiling are being reported. However, these reports are
limited to CD34" cell populations, which contain hematopoi-
etic progenitors as well as stem cells.

A problem inherent in analysis of CD34" cellsis that they
are not a pure population of stem cells; they contain progen-
itor cells, the stem cell content islikely a minor proportion of
the total population, and this fraction is composed of more
than stem and progenitor cells. Even the more highly purified
population of human CD34"CD38 cellsis not nearly as pure
in stem cell content. Unfortunately, the field of phenotypic
characterization of human stem and progenitor cells is not at
thelevel of that obtained for murine stem and progenitor cells.
Genomic and proteomic information on human stem cellswill
therefore have to be interpreted cautiously, with the under-
standing that what is detected may not be specific for or even
present in the stem cell population. Until human stem cell
populations are better characterized in terms of a phenotype
that can consistently recapitul ate detection of stem cell func-
tion, and until more in-depth analysis of cord blood stem cell
genomics and proteomics is elucidated, we can rely on func-
tional analysis of the responses of cord blood stem cells for
self-renewal, proliferation, and homing.

EX VIVO EXPANSION

Current Knowledge

Although cord blood progenitor cell populations have been
extensively expanded ex vivo by many different investigators,
it is not yet clear that human stem cells have been expanded
much, if at al. In fact, loss of stem cell function has been
reported after ex vivo expansion procedures. It may be rele-
vant in certain circumstances to use ex vivo-expanded
hematopoietic progenitors in clinical settings. However, use
of ex vivo-expanded stem cells will likely require a greater
understanding of the self-renewa process of stem cells.
Recent studies suggest we may be closer to understanding
cytokines and intracellular signaling events that influence the
self-renewal process of stem cells.

Cytokines and Intracellular Molecules Implicated in
Self-Renewal of Sem Cells

Numerous cytokines and chemokines, and their receptors,
have been identified that act alone and together to modulate
proliferation of myeloid progenitor cells. Information on cell
cycle regulation and cell cycle checkpoints is also accumu-
lating for progenitor cells.

A limited number of cytokines and intracellular signaling
molecules have been implicated in proliferation, self-renewal,
or both, of hematopoietic stem cells. These include, but are
not necessarily limited to, the following ligands and their
receptors: SLF/c-kit, FL/FLT3, Notch ligands—Notch, and
Whnt3a—Frizzled. Intracellular molecules implicated include
the following: p2lcipl/wafl, Hoxb4—Pbx1l, Bmil, and a
stromal cell-derived membrane protein, mKirre. Nanog, Stat3,
and Hex have been implicated in the growth and differentia-
tion of embryonic stem cells. It is possible that intracellular
molecules involved in the regulation of embryonic stem cells

aso play arolein the proliferation, self-renewal, or both, of
hematopoietic stem cells. Stat3 has been linked to in vivo reg-
ulation of hematopoiesis, and serine phosphorylation of Stat3
has been linked to proliferation of progenitor cellsin response
to combined stimulation by SLF and GM-CSF or IL-3. Over-
expression of Hex is associated with enhanced proliferation
of myeloid progenitor cells. Stat5 is crucial for FL synergis-
tic stimulation of myeloid progenitor.

Other cytokines that may influence stem cell proliferation,
self-renewal, or both, are TPO, Oncostatin M, and IL-20.
TPO, an early-acting cytokine, has been implicated in heman-
gioblast development and is one of the ingredients, with SLF
and FL, used by investigators to ex vivo expand hematopoi-
etic stem and progenitor cells. Oncostatin M isaT helper cell
1 produced cytokine that regulates progenitor cell homeosta-
sis. IL-20 is a new member of the interleukin family. IL-20
is a candidate stem cell effector molecule that has selectivity
for CFU-GEMM among myeloid progenitor cells. 1L-20
enhances numbers of CFU-GEMM from human and mouse
bone marrow and human cord blood in the presence of SLF
and Epo in vitro. It has no effect in vitro on erythroid,
granulocyte-macrophage, or megakaryocyte progenitors. IL-
20 transgenic mice have increased numbers and cell cycling
of CFU-GEMM but not of other myeloid progenitors. The
administration of IL-20 to normal mice significantly increases
only CFU-GEMM numbers and cell cycling. This is the first
cytokine reported with such specificity. Because CFU-GEMM
can be replated in vitro under appropriate cytokine conditions
(SLF, —/+ cord blood plasma), suggesting limited self-renewal
capacity for CFU-GEMM, it is possible that 1L-20 may also
have proliferative- and/or self-renewal-enhancing effects on
stem cells. IL-20 binds to both IL-20 receptor (R) types | and
I1. 1L-20R type 1 is composed of IL-20Ro and IL-20R sub-
units; IL-20R type Il is composed of the IL-20Rf subunit and
one subunit of the IL-22R.

Interestingly, athough both 1L-19 and IL-24 bind the
murine Baf3 cell lines engineered to express Type | or Type
Il IL-20Rs and stimulate proliferation of the appropriate
receptor-containing cells, they did not demonstrate an effect
on murine or human myeloid progenitor cells. The IL-20R
through which IL-20 is acting is not yet clear, nor is it clear
how its mechanisms of action are mediated. Both IL-20RI and
IL-20RII elicit intracellular signals using Stat3. Stat3 plays an
essential role in maintaining innate immunity. It alsoisasig-
naling pathway involved in self-renewal signals induced by
leukemia inhibitory factor in embryonic stem cells and, with
the JAK2 pathway, promotes self-renewal in Drosophila
germ-line stem cell spermatogonia divisions. When comple-
mented by a second signal from either SLF/c-kit or FL/FIt3,
Stat3 promotes self-renewal of primary multipotential
hematopoietic cells.

Cell Cycle Checkpoints, Asymmetry of Division, and
Self-Renewal
Self-renewal of hematopoietic stem cells is a poorly under-
stood event. Little is known of the mechanisms mediating
stem cell self-renewal. Self-renewa requires cell division
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without loss of stemness and pluripotentiality in at least one
of the daughter cells. This is sometimes referred to as asym-
metric cell division. Maintenance, expansion, or loss of stem
cells will depend on the populations of stem cells produced
or lost through symmetric or asymmetric divisions. The
process by which cell fate determinants are segregated at cell
division depends on polarization and segregation across the
mitotic spindle; daughters of cell division can inherit similar
or very different cellular contents. Proper functioning of the
mitotic spindle and its relative positioning is extremely
important for regulation of self-renewal. Cell cycle check-
points are necessary to maintain the progression of cell divi-
sion eventsin alinear and ordered fashion. Several cell cycle
checkpoints have been described. The mitotic spindle assem-
bly checkpoint (MSAC) ensures that the cell cycle does not
progress from metaphase to anaphase until all paired sister
chromatids are arranged properly across the metaphase plate.
This alignment establishes the plane of division. It also estab-
lishes the plane of polarity necessary for cell-fate determinant
segregation (e.g., self-renewal or differentiation). The MSAC
is probably critical for proper regulation of self-renewal and
differentiation, and mitotic checkpoint proteins may be involved.

The cyclin-dependent kinase modulator, p21cipl/waf1, has
been implicated in the SLF (Steel Factor-stem cell factor
(SCF)) synergistic stimulation of the proliferation of progen-
itor cells and in the functioning of stem cells. Synergistic
stimulation of cells by combinations of cytokines is likely
important to the in vivo functioning of both progenitor and
stem cells. Of the cytokines that influence stem cell prolifer-
ation, self-renewal, or both, they have all been shown to work
only or more efficiently when used with other cytokines, such
as SLF. p2lcipl/wafl, because of its role in SLF synergy,
could be important for stem cell function. Because p21cipl/
waf1 has been linked to proper functioning of the MSAC, it
seems reasonable that the MSAC is involved in the prolifer-
ation, self-renewal, or both, of stem cells. Moreover, because
p2lcipl/wafl is linked to cytokine synergy and cytokine
synergy likely influences stem cell function, cytokines may
act on stem cells through p21cipl/wafl and the MSAC.

In addition to effects on growth, cytokines have been
implicated in the survival—antiapoptosis of hematopoietic
stem and progenitor cells. One such molecule is a cysteine,
another amino acid, cysteine (CXC) motif chemokine,
stromal cell-derived factor-1 (Sdf1)/Cxcl12, which signals
and induces its activities through the receptor Cxcr4. It is pos-
sible that (Sdf1)/Cxcl12 can augment the ex vivo expansion
of cord blood stem cells when used with one or more of the
stem cell active growth factors.

Implications of Self-Renewal

Should any of the described growth factors, survival enhanc-
ing factors, or intracellular signaling molecules recently
implicated in the regulation of hematopoietic, embryonic, or
both types of stem cells prove useful in ex vivo expansion of
hematopoietic stem cells, such activities may allow enhanced
usefulness and broadness of applicability of cord blood
transplantation.

Homing of Stem and Progenitor Cells

IMPORTANCE OF HOMING

A potential problem associated with ex vivo-expanded
hematopoietic stem cells may be changes in the characteris-
tics of the homing receptors, adhesion molecules, or both, on
these cells that could occur during their time in cell culture.
Assessment of the engrafting capability of ex vivo-cultured
stem cells may underestimate stem cell numbers and activity
in a Non Obese Diabetic—Severe Combined |mmunodefi-
ciency (NOD-SCID) or similar mouse model for human stem
cells. Newer methods that use direct injection of the human
cells into the marrow, rather than intravenous injection, may
allow the detection of stem cells that cannot accurately home
to the marrow. Such intrafemoral transplantation of NOD—
SCID mice revealed a short-term repopulating human cord
blood cell with a unique phenotype. Although this modifica-
tion of the NOD-SCID human stem cell repopulating assay
may allow a more accurate quantitation of the numbers of stem
cells in the test inoculation, the lack of appropriate homing
capacity in the NOD-SCID mice might indicate a potential
problem with the homing capacity of these cells in human
clinical transplantation. Thus, greater insight into the homing
capacities and mechanisms involved would undoubtedly allow
enhanced transplantation of donor cells in human recipients.

SDF1/CXCL12-CXCR4 AND CD26 IN HOMING OF
STEM CELLS

It has been recently reported that stem cells home with
absolute efficiency. This, however, appears highly unlikely
and is not consistent with the work of several other groups or
of actual clinical transplantation results. Perhaps only a subset
of stem cells home with absolute efficiency. It is possible to
greatly increase the homing and engrafting capacity of long-
term marrow competitive engrafting and self-renewing mouse
bone marrow stem cells by decreasing the dipeptidyl peptidase
IV (DPPIV) activity of CD26, or by eliminating CD26, on
hematopoietic stem and progenitor cells. DPPIV truncates
Sdf 1/Cxcl12 into an inactive form that does not have chemo-
tactic activity but that can block the chemotactic activity of
full-length Sdf1/Cxcl12. The Sdf1/Cxcl12-Cxcrd axis has
been implicated in chemotaxis, homing, and mobilization.
Either inhibiting CD26 activity with a peptidase such as
Diprotin A or Va-Pyr, or functionally deleting CD26 results
in greatly reduced G-CSF-induced mobilization of progenitor
cells. It is believed that the mechanism of this latter effect is
caused by the inactivation or elimination of CD26, which
blocks the truncating effect of CD26 on Sdf1/Cxcl12, thus
allowing stroma cell-produced Sdf1/Cxcl12 to maintain a
greater “holding” action on Cxcr4-expressing stem and pro-
genitor cells.

Based on this belief, it was hypothesized that inactivation
or elimination of CD26 on stem cells might enhance the
homing capacity of exogenously infused stem cells. Experi-
mental evidence supported this hypothesis as Diprotin A-
treated wild-type mouse marrow cells or marrow cells from
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CD26-/— mice demonstrated short-term homing and long-
term marrow competitive repopulating capacities of these
stem cells greater than the capacities of wild-type marrow
cells treated with control medium or the capacities of
untreated CD26+/+ marrow cells. It is possible that the
enhanced marrow repopulating capability of stem cells
in which CD26 is inactivated or eliminated may result
partly from the enhanced stem cell survival activity of
nontruncated-inactivated Sdf1/Cxcl12. Treatments such as
inactivation or loss of CD26 activity that have the capacity to
enhance the homing—engrafting capability of hematopoietic
stem cells may allow greater engrafting capability with limit-
ing numbers of stem cells, such as found in cord blood, and
may also enhance the homing—engrafting capability of ex
vivo-expanded stem cells. Either possibility would likely
enhance the effectiveness of cord blood transplantation,
potentially resulting in more routine cord blood transplanta-
tion for adults and possibly in the use of single cord blood
collections for multiple transplant recipients.

Summary

The enhanced frequency and quality of hematopoietic stem
cellsin cord blood at the birth of a baby have endowed cord
blood with the capacity to cure a variety of malignant and
genetic disorders. Cord blood transplantation works in both
children and adults, but it has been used mainly in children
because of the apparent limiting numbers of stem—progenitor
cellsin single cord blood collections. Being able to ex vivo
expand, increase, or both, the homing efficiency of stem cells
from cord blood would increase the usefulness and applica-
bility of cord blood for transplantation. Although attempts at
ex vivo expansion of stem cells for clinical cord blood trans-
plantation have been disappointing thus far, new information
regarding factors and intracellular signaling molecules
involved in the regulation of hematopoietic stem cell activity
and in the growth of embryonic stem cells (which may be
translatable to hematopoietic stem cells), as well as advance-
ments in understanding and manipulating the homing capac-
ities of stem cells, offers hope that we may soon be ready to
enhance stem cell transplantation in general and cord blood
stem cell transplantation in particular.

KEY WORDS

A family of cytokines originally defined by their
chemoattractant properties, but having additional functional activ-
ity on cells.

Infusion of umbilical cord blood con-
taining hematopoietic stem and progenitor cells into recipients to
replace the blood cell system.

Biologically active molecule that occurs naturally and
influences the survival, proliferation, migration, or other aspects of
immature or mature cells.

The progeny of astem cell that has
little or no self-renewal capacity but is committed to produce
mature blood cell types of one or more lineages (e.g., granulocytes,
macrophages, erythrocytes, megakaryocytes, lymphocytes, etc.)

A cell that can make more of itself (= self-
renew) and give rise to all the blood-forming tissue.
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Neurogenesis in the Vertebrate Embryo

Chris Kintner and Naoko Koyano-Nakagawa

I ntroduction

A long-standing objective in the field of developmental
biology is to determine how the diverse cell types that com-
prise the central nervous system (CNS) are generated during
embryonic development. This issue has been difficult to
address because the CNS is comprised of different cell types
such as neurons and glia and because the cellular composition
of neural tissue varies enormously depending on its position
aong the body axis. Nonetheless, recent studies, mainly on
the devel oping spinal cord, have revealed arudimentary picture
of the mechanisms that govern cell-type diversity in the verte-
brate CNS. These studies reveal that many of these mecha
nismsact in the early embryo when neural precursorsfirst arise.

In this chapter, we describe the early events that govern
the formation of neural precursors and their differentiation
into neurons in the developing vertebrate CNS. We first
explain how the precursor cells for the CNS arise in the ver-
tebrate embryo and how they differ from those for other devel-
opmental lineages. We next describe the role of the proneural
genes as critical regulatory factors that promote the differen-
tiation of neural precursors into neurons. Finaly, we explain
how the process of neural patterning may control the fate of
neural precursors by regulating the activity of the proneural
genes. According to the general model emphasized in this
chapter, (1) neural precursorsinthe CNSare already restricted
in their fate when they form in the embryo as a consequence
of the patterning processes that specify their position along
the neuraxes and (2) patterning genes trigger the proneural
gene cascade at the proper time and place, thus determining
patterns of neuronal differentiation. This model is likely to
influence future studies of cell-type diversification in CNS
development, with the goa of manipulating embryonic and
adult stem cells to restore damaged neurd tissue in a thera-
peutic setting.

Embryonic Induction and the
Establishment of Neural Tissue

The progenitor cells for the vertebrate CNS first appear in
development with the formation of the neura plate from a
portion of the ectoderm (also known as the epiblast) during
gastrulation (Figure 17-1). The neural plate subsequently

Essentials of Stem Cell Biology
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forms a tube consisting of neuroepithelial cells (NECs)
arranged around a central lumen that extends along the
anterior-posterior axis (Figure 17-2A, B). In addition to the
neura plate, the ectoderm also forms the neura crest, a
migrating population of precursors that move throughout the
embryo, generating both neural and nonneural cell types. In
addition, ectodermal cells produce placodal structures that
contain neural precursors for sensory ganglia as well as
neurons in the ear and nose. Finally, other regions of the
ectoderm contain precursors for nonneural tissue, most promi-
nently in ventral regions where they generate the skin. Thus,
neural precursors arise in the vertebrate embryo at gastrulae
stages when the ectoderm is subdivided into regions with dif-
ferent developmental fates, a process governed by inductive
tissue interactions between the ectoderm and another region
called the organizer.

In their classic experiment, Mangold and Spemann showed
that the ventral ectoderm of a host embryo could be induced
to form a complete nervous system when exposed to a trans-
planted piece of tissue called the organizer. Subsequently, this
process, called neural induction, has been described in chick
and mouse embryos, suggesting that it is a key feature of
neural tissue formation in all vertebrates, including, by exten-
sion, human embryos. Additional embryological experiments
were subsequently instrumental in showing that neural tissue
isspecified during neural induction by two sets of signals. One
set neuralizes the ectodermal cells, thus causing them to form
nerve cells rather than skin cells. A second set patterns the
neuralized ectoderm, thus determining subregions that will
form nerve cells of a brain type or spinal cord type, for
example. Asthese two sets of signals have been identified and
studied, it has become clear that neuralization and patterning
are intimately linked. Indeed, the idea that a generic neural
lineage existsislikely to be misleading because position plays
such a prominent and early role in specifying cell fate in the
CNS. To explain this, one needs to consider how neuralizing
and patterning signals act during neural induction.

Neuralization of the Ectoderm

In amphibians, the ectoderm can be easily isolated from
blastula-stage embryos and placed in culture, where it differ-
entiates into skin but not into neural tissue. However, dissoci-
ating the isolated ectoderm into individual cells has been
known since Holtfreter’s experiments to “induce” neural dif-
ferentiation, suggesting that ectodermal cells can generate
neural precursorsevenin the absence of inductive signalsfrom
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Default model of neural induction. Following fertilization, a region of the early embryo generates the ectoderm or epiblast, which responds
to patterning signals as development progresses from left to right. At blastula stages, these signals include those that induce mesodermal derivatives in pos-
terior regions of the embryo using growth factors such as FGF, Whis, and nodalrelated families. At gastrulae stages, the ectoderm on the ventral side is
induced to become epidermis by BMP signaling. However, a region of ectoderm avoids BMP signaling through inhibitors produced by the organizer, pro-
ducing neural tissue. This neural tissue responds to a variety of patterning signals that divide it info different neural fates.

the organizer. A molecular understanding of this phenomenon
was uncovered in Xenopus embryos during the study of sig-
naling molecules that play prominent roles in axis determina-
tion. One of these molecules is the bone morphogenetic
proteins (BMPs): members of the TGF- superfamily of
growth factors that play a key role in patterning the embryo
along the dorsal-ventral axis. Surprisingly, the inhibition of
BMP signaling has been found to be the critical event required
for converting ectoderminto neural tissue (Figure 17-1). When
reagents that block the BM P signaling pathway are introduced
into isolated ectoderm, they effectively convert it into neura
tissue. Conversely, adding back BMPs as soluble ligands to
dissociated ectodermal cells effectively blocks neural differ-
entiation and promotes the formation of epidermal tissue.

Finally, BMP inhibitors such as noggin, chordin, and fol-
listatin have been identified that bind and antagonize BMP
signaling extracellularly. These inhibitors are potent neural
inducers, are expressed at quite high levels in organizer
tissues, and underlie the molecular basis of organizer activity
revealed in Mangold and Spemann’s experiment. These obser-
vations have led to the so-called default model for neural
induction in which ectoderm is neuralized when inhibitors
produced by the organizer block BMP signaling before and
during gastrulation (Figure 17-1).

The default model also takes into account that growth
factor signaling is required for the production of other embry-
onic cell lineages, such as those that generate mesodermal
derivatives. Induction of mesodermal derivatives occurs
before gastrulation, mediated by different families of growth
factors such asthe Wnts, the fibroblast growth factors (FGFs),
and the nodal-related members of the TGF-B superfamily
(Figure 17-1). Significantly, ectoderm can be induced to
produce mesodermal tissue if exposed to these factors at the
appropriate stage. Thus, embryonic cells may only generate
neura tissue if they avoid a series of signaling events that
promote their differentiation along nonneural lineages (Figure
17-1).

A magjor cavesat to the default model is that other signaling
pathways may act during neural induction to neuralize the
ectoderm. For example, genetic experiments in mice show
that some neural tissue forms even when neural induction has
been disabled by mutations in the BMP inhibitors or by

removal of the organizer. This remaining neural tissue is an
indication that additional pathways operate in embryos to
specify neura tissue. Other results in chick experiments
suggest that FGF is more effective than BMP inhibitors at
inducing neural tissue in epiblast cells adjacent to the neura
plate. In Xenopus embryos, the ectoderm aso forms neura
tissue when exposed to FGF at the appropriate stage, although
whether or not FGF is normally required for neural induction
remains controversial. FGF action in this case may be medi-
ated through Smad10, whose function is critical for the for-
mation of neural precursors in Xenopus embryos. In addition,
FGF signaling is required for maintaining neural precursor
cellsin culture and for regulating their differentiation in vivo.
Together, these results point to arole for FGF signaling in the
formation of neural precursors as a means of regulating their
differentiation.

TheWnt signaling pathway has also been implicated in the
formation of neural precursors in early embryos. Reagents
that block Wnt signaling in frog embryos antagonize neural
tissue formation, and blocking Wnt signaling in chick
embryos allows the epiblast to respond to FGF and form
neural tissue. Inhibiting Wnt activity in ES cells aso potenti-
ates neural cell formation. In summary, these results may indi-
cate that the inhibition of BMP signaling is not sufficient for
embryonic cells to form neural tissue. Nonetheless, they do
not necessarily mean that the default model isincorrect. With
further study, for example, these other pathways may con-
tribute to neural induction in the same way as the BMP
inhibitors: by preventing BMP activity or the activity of other
signals that promote a nonneural state.

Neural Patterning

The neuroectoderm of the neural plate produces the NECs of
the neural tube, thus forming the neural progenitors that will
generate the various neurons and glia that comprise the CNS.
As the neura tube forms, the NECs are morphologically
homogeneous, perhaps giving the mistaken impression that
they are generic neural precursors at this stage. To the con-
trary, their homogeneous appearance belies NECs' status as
an aready diverse population of progenitor cells as a result
of neural patterning. To illustrate this point, the following
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Figure 17-2. Patterning and neurogenesis in the ventral spinal cord. (A) The neural plate forms during gastrulation as a thickening of the ectoderm into a
neuroepithelium, at which time patterning along the dorsal-ventral axis begins with the establishment of the floor plate (FP) and the roof plate (RP). (B) As the
neural plate forms a neural tube, the NECs are patterned by signals emanating in part from the floor and roof plates. (C) In ventral spinal cord, this pat-
terning consists of a gradient of Shh secreted by the floor plate, which activates or represses the expression of the class | and Il homeodomain proteins (one
exception is Olig2, a bHLH repressor) in a concentration-dependent fashion. MX is a hypothetical protein that has been proposed to contribute to ventral
patterning by analogy with other class | proteins. (D) Neurogenesis within the neural tube is organized along a third developmental axis that corresponds to
the apico-basal orientation of the neuroepithelium. Progenitor cells consist of NECs localized along the apical surface of the ventricular zone (yellow) within
which their nucleus transverses during the cell cycle. During cell division, the two daughter cells separate at the apical surface, with recent studies suggest-
ing that they maintain contact with the basal surface. A precursor undergoes neuronal differentiation when its nucleus migrates laterally (blue), exiting the cell
cycle. Terminal neuronal differentiation is likely to be completed when a precursor delaminates from the neuroepithelium by detaching from ventricular surface,
and migrating laterally into the marginal zone (green). (E) Expression of proneural genes during the different phases of neurogenesis as shown by shading
used in part D. Proneural genes such as the neurogenins are expressed in dividing precursors within the ventricular zone (yellow). Neuronal commitment
occurs in the intfermediate zone (blue) when the levels of neurogenin are sufficiently high (in model 2) or when a downstream bHLH gene is activated {model
1). In either case, commitment causes the precursor fo make the transition to a postmitotic neuron (blue) that undergoes terminal neuronal differentiation (green).
F) Integration of neuronal differentiation with neuronal subtype specification. In the ventral spinal cord, patterning leads to expression of both the proneural
profein Ngn2 and HD transcription factors, which cooperate to activate the expression of the motor neuron determinate HB9. This cooperation integrates a
program of neuronal differentiation promoted by Ngn2, and perhaps NeuroM, along with a program of motor neuron differentiation. (Part C is adapted
from Shirasaki et al.).
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description will focus on the spinal cord, where perhaps the
most is known about how patterning influences the formation
and fate of neural precursors.

As NECs form the neura plate, they are exposed to a
variety of signalsthat specify their position within the nervous
system along two major cardinal axes. In the spinal cord, one
of these axes, dorsal-ventral (D-V), dependslargely on signals
produced by two specialized midline structures, one at the
ventral pole of neural tube (the floor plate) and the other at
the dorsal pole (the roof plate) (Figure 17-2B). By acting as
morphogens, the signals produced by these so-called organiz-
ing centers subdivide the NECs of the neural tube into
domains with different developmental fates. Specificaly, the
floor plate cells secrete a protein, called Sonic hedgehog (Shh,
Figure 17-2B), which induces or suppresses at different con-
centration thresholds the expression of genes, usually those
encoding homeodomain (HD) transcription factors, in NECs
lying at different positions in the ventral spinal cord (Figure
17-2C). Inthis manner, the gradient of Shh activity subdivides
the ventral NECs into at least five distinct areas by activating
or suppressing the expression of different transcription
factors, which then sharpen into nonoverlapping zones by
cross-repression (Figure 17-2C). NECs in one of these zones
(PMN, Figure 17-2C) produce somatic motor neurons, and
those in the other zones produce various classes of interneu-
rons. These patterning events along the D-V axis take place
in the context of a similarly complex patterning of the neural
tube along a second orthogonal anterior-posterior (A-P) axis
that also begins at neural plate stages.

Although the signals and target genes mediating this pat-
terning are less well understood, it is clear that they intersect
with D-V patterning to generate a Cartesian coordinate system
in which NECs express a unique code of transcription factors
that determine cell fate at each point along the neuraxes. This
code, for example, ensures that motor neurons form in
response to Shh in a ventral domain aong the entire spina
cord but that different motor neuron subtypes form at each
A-Paxial level. In summary, neural patterning of the ventral
spinal cord as well as other regions of the neural tube sets up
a diverse pattern of gene expression within NECs that is
already apparent when they form at neural plate stages. This
pattern of gene expression is thought to be a major determi-
nant of NEC fate, dictating when and where neurons and glia
form.

Proneural Gene Cascade: A Downstream
Target of Neural Patterning

How then does patterning of the NECs described previously
dictate precise patterns of neurona differentiation? The key
finding addressing this question has come from the discovery
of aclass of basic helix-loop-helix (bHLH) proteins encoded
by the so-called proneural genes. Astranscriptional activators,
the proneural proteins are thought to activate gene expression
necessary both for the differentiation of precursors into
neurons and for neuronal cell-type specification, thus acting
as amolecular switch of differentiation (Table 17-1).

The vertebrate proneural bHLH genes fall into two
families based on the homology to bHLH genes originaly
identified in Drosophila as mutations that block neura
differentiation (Table 17-1). One smaller family consists of
those related to the Drosophila achaete-scute genes, such as
Mashl. The second, larger family encodes proteins related to
Drosophila atonal and can be subdivided structuraly into
three subfamilies: the neurogenin (Ngn)-like, the NeuroD-
like, and the atonal-like. Expression of these different sub-
families occurs in precise spatial and temporal patterns both
within the dividing NECs and within cells that have initiated
neuronal differentiation. When eliminated by targeted muta-
tion, loss of specific proneural bHLH genes resultsin deletion
of specific populations of neurons. However, the loss of
neurons is likely to be much more severe when multiple
members are simultaneously eliminated, indicating that the
proneural genes have overlapping function as found in
Drosophila. Because of this genetic redundancy, it is difficult
to test experimentally whether all neuronal differentiation is
driven by proneural gene action. However, in gain-of-function
experiments, proneural proteins are potent inducers of neu-
rona differentiation when ectopically expressed not only in
neural precursors but also in some nonneural tissues.

The proneural proteins function to initiate many of the
physiological changes that occur when NECs undergo termi-
nal neurona differentiation (Table 17-1). One such function
is to promote cell cycle exit, an irreversible set of events
incurred by all NECs as they form neurons. NECsinitiate cell
cycle exit when their nuclei move to the lateral edge of ven-
tricular zone, where they enter the G, phase and eventualy
delaminate out of the neuroepithelium (Figure 17-2D).
Ectopic expression of the proneural proteins in NECs or in
tissue culture models of NECs causes rapid cell cycle arrest,
although some subtypes of proneural proteins promote this
transition better than others.

The mechanism by which the proneural proteins initiate
irreversible cell cycle exit appears to be quite complex and is
an area of active research. This mechanism may involve direct
protein—protein interactions with cell cycle machinery or
aternatively transcriptional changes in expression of genes
that encode cell cycle regulators, such as cyclin-dependent
kinase inhibitors p21, p57, and p27. Proneural proteins also
function to activate the expression of genes associated with
all subtypes of neurons, such as those that encode neuronal
isoforms of the cytoskeletal proteins, channels involved in
membrane excitability, and proteins involved in axon guid-
ance. Significantly, genes encoding the proneura proteins are
expressed in neural precursors and in committed neurons but
often are transient in expression and lost as neurons mature.
Thus, proneura proteins may initiate expression of panneu-
ronal genes directly and then maintain expression indirectly
by activating a downstream transcriptional network. This
network may include not only transcriptional activators of the
neuronal genes but also transcriptional repressers that relieve
the repression of neuronal genes. For example, transcriptional
enhancers for many of the panneurona differentiation genes
contain binding sites for a repressor, called REST/NRSF,
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TABLE 17-1

Known Functions or Expression Patterns of bHLH Profeins in Neuronal Differentiation

Group Subgroup

Acheate-scute Acheate-scute-like

NscHike

Afonal Neurogenin-like
NeuroD-like
Atonalike

Olig Oligike

E12 E12

bHLH name

Mash]

Xash
Cash1
Xash3
Cash4

Nscl1, Nscl2
Xngn'1

Ngn1/NeuroD3/
Math4C

Ngn2/Math4A

Ngn3
NeuroD/B2

NeuroD2 /NDRF

Math2 /Nex 1

Xath2

Math3/NeuroD4 /
NeuroM

Xath3

Math 1

Xath1
Math5
Xath5

Math6
Olig1, Olig2

Olig3

E12/E47

Comments

Required for autonomic neuronal differentiation

Autonomic and olfactory neuron differentiation

Coordination of differentiation in ventral forebrain

Defermination gene in olfactory sensory neurons

Promotes neuronal fate and inhibits astrocytic fate in
cortical progenitors

Negative indirect autoregulation of the promoter

Retinal development

Xenopus homolog of Mash 1, expressed in anterior
regions of the CNS

Chick homolog of Mash1 and Xash1; has similar
expression pattern

Only in Xenopus, early neural plafe expression

Only in chick, early proneural gene in posterior CNS

Expressed during “late” phases of neuronal commitment

Promotes neurogenesis in both neuroectoderm and
ectoderm; overexpression in developing embryos
induces various downsfream fargets such as Ath-3,
Xcoe2, Delia, MyT1, NeuroD, Tubulin, Neurofiloment,
Hes6, XETOR, and NKL

Sensory lineage

Required for proximal cranial sensory ganglia

Neurogenesis in developing dorsal root ganglia

Specification of dorsal interneurons by cross-inhibition
with Math 1

Differentiation in olfactory sensory neurons

Inhibits gliogenesis

Required for epibranchial placode-derived cranial
sensory ganglia

Promotes neuronal fate and inhibits astrocytic fate in
cortical progenitors

Induced by and cross-regulates and Paxé

Promotes gliogenesis in the spinal cord

Converts Xenopus ectoderm into neurons

Cell fate, determination, differentiation, and survival in
neural refina

Required for differentiation of the granule cells in
cerebellum and hippocampus

Survival of inner ear sensory neurons

Neurite outgrowth

Required for development and survival of CNS neurons

Expressed in postmitotic cells of the brain

Induces differentiation of PC12 cells and expression
of GAP-43 gene

Expressed in postmitotic cells of stage 32+ Xenopus
dorsal telencephalon

Expressed in transition stage in neurogenesis

Amacrine cell specification in the refina

Cooperates with Lim-HD proteins fo specify mofor neurons

Converts ectoderm into a neural fate

Promotes sensory neuron marker expression

Required for cerebellar granule neuron development

Required for generation of inner ear hair cells

Required for proprioceptor pathway development

Specification of dorsal inferneuron subpopulation

Expressed in hindbrain; induces neuronal differentiation
in ectoderm

Promotes retinal ganglion cell fate through brn-3b

Refinogenesis, regulated by Pax6

Retinal ganglion cell fate

Regulates neurogenesis in olfactory placode

Promotes neuronal fate at the expense of glial fate

Specification of motor neurons and oligodendrocytes

Motor neurons specification in combination with ngn2

Transiently expressed in different types of progenitors
of embryonic CNS

Dimerization partner of various bHLH proteins
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which acts to extinguish the expression of these genes in
nonneurona cells as well as in neurona precursors. This
repression is presumably blocked in neurons by a mechanism
involving the proneural proteins.

Another function associated with the proneura proteins
during neuronal differentiation is the inhibition of gene
expression required for astroglia or oligodendrocyte differen-
tiation. Neural precursors first generate neurons and then
switch to produce both types of glia at later stages, suggest-
ing that glial differentiation genes need to be repressed in
neural precursors during neurogenesis. Studies using cultured
neural stem cells indicate that the proneural proteins inhibit
astroglia differentiation in neura precursors not by binding
DNA but by competing for critical coactivators required to
induce the expression of glial genes such as glia fibrillary
acidic protein. In addition, proneural proteins can interfere
with growth factor induction of glia differentiation by
binding to and inhibiting components of the CNTF signaling
pathway. Ectopic expression of proneural proteins also sup-
presses the formation of oligodendrocyte precursors that nor-
mally arise within discrete regions of the neural tube after
neurogenesis is largely complete. Thus, one function of the
proneura proteins is to prevent cells from expressing genes
necessary for glial differentiation while activating those re-
quired for neuronal differentiation.

Finally, the proneural proteinsareinvolved not only in pro-
moting changes associated with generic neuronal differentia-
tion but aso in activating gene expression required for
neuronal subtype specification. Since proneural proteins fall
into several subfamilies with distinct sequence differences,
one possibility is that a given subfamily is specialized to
promote the differentiation of a particular type of neuron.
Indeed, in Drosophila there is strong evidence that the
achaete-scute class of proneural proteins induces one type of
external sense organ and the atonal class induces another.
Similar differences have been described for vertebrate
proneural proteins, suggesting that they are designed partly to
activate different downstream targets associated with neuronal
cell-type specification. The best-understood example of this
occurs during the specification of motor neurons using the
expression of an HD transcription factor called HB9 (Figure
17-2F). Expression of HB9 is activated only where neura
precursors in the ventral neural tube exit the cell cycle and
produce motor neurons (intermediate zone in Figure 17-2D).

Analysis of the enhancer required for this activation
reveals an element with closely aligned binding sites for
proneura proteins as well as for two HD proteins, Isletl and
Lhx2, known to be required for motor neuron differentiation.
Binding of these factors cooperatively activates expression of
HB9, thus driving motor neuron differentiation. Significantly,
although some proneural proteins can cooperate to activate
HB9 expression, others cannot. Similar links have been made
between the patterning of NECs and the expression of
proneural proteins in the dorsal spina cord. In this case,
neighboring domains of NECs produce different classes of
interneurons by expressing distinct members of the proneural
bHLH family. Thus, these observations strongly suggest that

proneural proteins function to execute generic neurona dif-
ferentiation as well as to activate the downstream targets
genes needed for neuronal cell-type specification.

Potential Links Between Neural
Patterning and Neurogenesis Control

Because the proneural proteins behave as a molecular
“switch” that promotes neuronal differentiation, the way their
activity is regulated has important consequences for deter-
mining the fate of NECs. In some cases, the key element in
this switch isabHLH cascade in which the expression of one
class of proneural protein in NECs can trigger neuronal dif-
ferentiation by activating the expression of a downstream
proneura gene (Figure 17-2E, model 1).

Alternatively, the key element may be in the form of a
threshold in which only high levels of proneural gene expres-
sion in NECs are sufficient to trigger neuronal differentiation
(Figure 17-2E, model 2). In either case, sufficiently high activ-
ity of proneural proteins in NECs promotes exit from the cell
cycle and terminal neuronal differentiation. Conversely, if the
activity or expression of proneural proteinsisinhibited, NECs
seem to revert to aground state in which they have the option
to divide and either become a neuron at a later time or serve
as the source of progenitor cells for various glia at even later
stages (Figure 17-2D). Thus, proneural protein activity is not
only akey factor in determining the onset and duration of neu-
rogenesis but is also key in maintaining proper balance
between the number of NECs that undergo terminal neuronal
differentiation and the number that are retained in a progeni-
tor mode, thus maintaining a progenitor cell pool for later-
born neurons or for glia. Not surprisingly, many of the factors
that control the fate of NECs seem to converge on the expres-
sion or activity of the bHLH proteins, including the pattern-
ing genes described previously.

Analysis of the enhancer that drives expression of the
proneura gene, Ngn2, in the spinal cord has revealed severa
discrete elements responsible for different spatial and tempo-
ra expression patterns in NECs. These elements are likely
to be driven by transcription factors whose expression is
spatially restricted in NECs during neural patterning. For
example, in the ventral spinal cord, thefirst neuronsto be gen-
erated are motor neurons, and their generation in chick spinal
cord is correlated with the early expression of Ngn2 within a
narrow ventral domain of NECs. As already explained, this
region of NECs is patterned by Shh signaling, which induces
the expression of a key transcription factor, caled Olig2,
within the motor neuron-producing area of ventral NECs
(Figure 17-2C and F). When ectopically expressed in the
embryonic spinal cord, Olig2 induces ectopic motor neuron
differentiation and does so partly by inducing ectopic and pre-
cocious expression of Ngn2. Significantly, motor neurons
arise in response to ectopic Olig2, with kinetics similar to
those they normally do in the ventral neural tube. Expressing
high levels of Ngn2 along with Olig2 short-circuits this time
course, resulting in rapid motor neuron differentiation. Thus,
the interactions among the patterning gene, Olig2, and the
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proneural protein, Ngn2, seem to be key in promoting motor
neuron differentiation. Since Olig2 is a bHLH repressor, its
regulation of Ngn2 expression seems to be indirect, perhaps
through the regulation of inhibitors of proneural gene expres-
sion such as those described in later sections of this chapter.

Thus, the general emerging principle is that the fate of
NECs during neurogenesis is established using interactions
between patterning genes and proneural proteins. The remain-
ing challenge is to determine how the bHLH cascade is
engaged in a myriad of ways to produce the appropriate
number and types of neurons that comprise each region of the
CNS aong the neuraxes. This challenge, though daunting in
its complexity, islikely to revolve around the large number of
factors that seem to regulate the expression or activity of the
proneural proteins.

Regulation of Proneural Protein
Expression and Activity

One striking feature of the bHLH proteins is their ability to
feedback and autoactivate expression of themselves or to acti-
vate a downstream bHLH gene (Figure 17-2E). As a resullt,
direct or indirect changesin the strength of this positive feed-
back loop is one avenue that can be exploited during the
process of patterning to control neuronal differentiation
(Figure 17-3). The following section reviews some of the
prominent regulators of the bHLH cascade that have been
described and are likely to be the focus of future research in
this area.

Members of the Id family of bHLH proteins contain a
dimerization domain but are unable to bind DNA. Since the

proneural proteins bind DNA as heterodimers with the ubig-
uitously expressed E proteins, they are inactivated when they
instead form nonfunctional dimers with the Id proteins.
Targeted mutations in Idl and 1d3 causes premature neuronal
differentiation in mice, demonstrating that these proteins
negatively regulate the differentiation of neural precursors,
most likely by inhibiting the activity of the proneural proteins.
The factors critical in regulating the expression of Id proteins
are not known, but one potentially significant input is repres-
sion of these genes by the patterning genes that promote
neurogenesis. In addition, expression of these genesis likely
to be a target of the Notch signaling pathway, which plays a
prominent role in regulating neurogenesis, as described later
in this chapter.

A well-established family of proteins that negatively regu-
late neurogenesis are the bHLH transcriptional repressors
called Esr, Hes, Her, Hrt, and Hey, depending on their species
of origin and the subfamily classification of their structure.
Many of these geneswereisolated and named based on homol -
ogy to genesin Drosophila, called Hairy or Enhancer of Split,
which play important roles in regulating proneural genes
during fly neural development. Functional analysis of these
bHLH repressors shows that they potentially antagonize the
activity of the proneural proteins by several mechanisms:
interacting directly protein to protein, competing with the
proneural proteinsfor their binding sites (the E-box) in DNA,
or binding distinct DNA elements (the N-box or high-affinity
repressor sites) in enhancerstargeted by the proneural proteins.

An extremely large body of literature highlights the impor-
tance of bHLH repressors as potent regulators of the proneural
proteins during neurogenesis. For example, targeted muta-

Neuronal Differentiation Genes
Cell Cycle Arrest
Inhibition of Glial Differentiation

Differentiating Neuron

<t
Notchi
Proneural
<if§JHLH n Del Proneural
bHLH eita bHLH ZIC1
repe C‘-EOFb Delta
HESS Proneural Nguxahzed Proneural
bHLH Mindbomb ®bH
repressors

Inhibited Precursor

Possible points of regulation of the bHLH cascade by patterning genes. Differentiation of NECs depends on the bHLH cascade whose activ-
ity can be regulated in ways that promote neuronal differentiation, as shown on the left, or which keep the cell in a precursor state, as shown on the right.
The bHLH proteins activate the expression of Delta (left panel), thus inhibiting neuronal differentiation non-cell autonomously by acfivating the Notch receptor
in neighboring cells (right panel). Products encoded by the patterning genes can potentially influence the activity of the proneural proteins in a variety of
ways, as indicated by the numbers enclosed in diamonds. They can promote neuronal differentiation by promoting the expression of the neurogenins (1),
the downstream bHLH (2), or the expression or activity of Delta (3), thereby enhancing lateral inhibition. Alternatively, neuronal differentiation can be enhanced
by inhibiting the activity of proteins such as the bHLH repressors (4) that inhibit the activity of the bHLH proteins and thus neuronal differentiation. Patterning

genes may prevent neuronal differentiafion by inhibiting the activity of the neurogenins (5) or the downstream bHLHSs (6), as shown for Zic1

. Finally, pat

terning may inhibit neurogenesis by promoting the expression of the bHLH repressors (7).

145


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

17. Neurogenesis in the Vertebrate Embryo

tions of Hed or Hes5 in the mouse result in precocious and
increased numbers of precursors undergoing neuronal differ-
entiation, and ectopic expression of these factors in Xenopus
or zebrafish strongly inhibits neurogenesis in gain-of-function
experiments. In some cases, the bHLH repressors seem to
regulate neurogenesis within relatively uniform domains of
NECs. In other cases, the expression of the repressor bHLH
proteins is controlled by the Notch signaling pathway during
a local patterning process, called lateral inhibition, which
influences the ability of NECs to undergo differentiation.

During lateral inhibition, the expression of the bHLH
repressorsislikely to be directly regulated by the Notch signal
transduction pathway through binding sitesfor aDNA binding
protein referred to here as Suppressor of Hairless, or Su(H).
In the absence of Notch signaling, Su(H) acts as a transcrip-
tional repressor thought to actively inhibit the expression of
the bHLH repressors. However, upon Notch receptor activa-
tion by ligand binding, the Notch intracellular domain (ICD)
is released from the membrane, moves to the nucleus, and
converts Su(H) from arepressor into an activator, thusrapidly
inducing gene expression. As a consequence, activating the
Notch pathway induces the expression of repressor bHLH
genes and thereby inhibits neurogenesis, and inhibiting the
Notch pathway enhancesthe levels of neuronal differentiation
within apool of neural precursors. Significantly, the proneural
proteins are potent activators of a least one Notch ligand
related to Drosophila Delta. Thus, proneural proteins not only
promote neuronal differentiation cell autonomously but also,
by activating Delta, inhibit neuronal differentiation in their
neighbors non-cell autonomously (Figure 17-3).

The interaction of the proneura proteins with the Notch
pathway appears to be a critica factor in determining the
number of neurons generated from NECs within a given
region of the neural tube. As aresult, one can imagine a sce-
nario where patterning genes act by targeting the activity of
the Notch pathway, perhaps by targeting severa proteins
known to be Notch modulators. Activity of the Notch recep-
tor, for example, is modulated by post-translational modifica-
tion mediated by glycosyltransferases encoded by the
vertebrate homologs of the Drosophila Fringe gene. The
Fringe homologs are dynamically expressed within neura
precursor populations, where they may influence the activity
of the Notch pathway. Another Notch modulator expressed in
neural precursors is a small ankyrin repeat protein, caled
NRARP, which promotes the turnover of Notch ICD. Indeed,
numerous mechanisms have been proposed to change the half-
life of Notch ICD, thus atering the efficacy of Notch activ-
ity. Finally, another potential mechanism of modulating Notch
activity is by changing the activity, expression, or both of the
ligands. In this respect, an important factor in controlling
ligand activity appears to be their remova from the cell
surface following ubiquitination by specific E3 ligases. In all,
modulation of Notch activity is likely to be one way in which
the output of the patterning genes could target the activity of
the proneural proteins during neurogenesis.

In addition to negative regulators of proneura protein
activity, the patterning genes could influence neurogenesis by

regulating the expression of genes whose products promote
the activity of proneural proteins. For example, proneural pro-
teins induce the expression of a bHLH protein, called Hesb,
which is distantly related to the repressor bHLH proteins
described previously. As a target of the proneural proteins,
Hes6 is expressed ubiquitously in neural precursorsin regions
where neuronal differentiation occurs within neurogenic
epithelium. However, in contrast to the other repressor
bHLH proteins, Hes6 promotes neurogenesis in ectopic
expression experiments, and it seems to do so by antagoniz-
ing the activity of the repressor bHLH proteins. Thus, target-
ing Hesb, a repressor of repressors, could conceivably be a
means of regulating the efficacy of the bHLH cascade. A
similar scenario applies to the HLH proteins called EBF/OIf-
1/Coe, whose expression is activated in neural precursors by
the proneural bHLH proteins and which can promote neuro-
genesis in some assays. How these transcription factors mod-
ulate the activity of the proneural proteins is not known, but
their expression is a potential target of regulation by pattern-
ing genes.

Another significant class of transcription factors that may
link patterning and the bHLH cascade falls into a family of
related Kruppel-like C2H2 zinc-finger proteins, including
Glil-3, Zicl-5, and NKkI. The Gli genes are the vertebrate
homologs of Drosophila Cubiutis Interruptus, the down-
stream transcriptional mediators of Shh. Given theimportance
of Shh signaling in regulating neurogenesis in the spinal cord
as well as in other regions of the CNS, the Gli proteins are
likely to have arole in regulating the bHLH cascade. Indeed,
both the Gli proteins and the closely related Zic and NKL pro-
teins have been shown to have positive and negative effects
on neurogenesis when overexpressed in Xenopus embryos.
The mechanism by which these transcription factors regulate
neurogenesis is mostly unknown. A major exception was
revealed by analysis of a proneura gene in chick and mouse
called Mathl and Cathl, respectively. Cathl/Mathl is expressed
in NECs in the dorsal neural tube where it drives the differ-
entiation of dorsal interneurons. The neuronal enhancer of
Mathl contains a site for autoregulation as well as a binding
site for Zicl, which inhibits the activity of the autoregulatory
site. In this manner, Zicl prevents Mathl from activating its
own promoter and inducing neurona differentiation. How
Zicl isregulated in this caseis not fully understood, but inter-
estingly, the expression of other proneural genes does not
appear to respond to Zicl in the spinal cord. Thus, the
Gli/zZic/NkI family of proteins could contribute to the tempo-
ral and regional regulation of the proneura proteins as a
downstream consequence of patterning.

The patterning of NECs may also result in changes in
proneural protein activity by mechanisms involving post-
translational modifications. For example, bHLH proteins can
be regulated by phosphorylation. A specific example of this
regulation has been demonstrated for the proneural protein,
NeuroD, in Xenopus embryos. Xenopus NeuroD contains a
consensus phosphorylation site for the regulatory kinase,
GSK3B, which, when mutated, dramatically changes
NeuroD’s ahility to promote neurona differentiation. One
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possibility is that GSK 3B regulates this by using Wnt signal-
ing, thereby changing the efficacy of proneural activity.
Proneural activity might also be regulated by targeted protein
turnover using degradation by the ubiquitin—proteasome
pathway. Although this form of regulation has not been exam-
ined thoroughly in the context of neurogenesis, it islikely that
proneural proteins, like other bHLH transcription factors, will
be targeted by ubiquitin ligases for degradation in aregulated
manner. Finally, a relatively new and exciting level of
regulation is likely to occur at the level of RNA. The recent
identification of small, interfering microRNAs provides a
compelling means of coordinated regulation of gene expres-
sion during differentiation. Finally, regulation of RNA activ-
ity during neurogenesis may occur through RNA-binding
proteins, many of which are expressed in neural precursorsin
responseto proneural gene activity. Future work will undoubt-
edly uncover additional links with the patterning of neural
precursors and the regulation of proneural activity at both the
RNA and protein levels.

Summary

The development of the CNS can be represented as a series
of fate choices progressively made by embryonic cells in
response to both intrinsic and extrinsic cues. One of the first
fate decisions is made in the ectoderm, where cells form the
NECs of the neural plate rather than differentiating into non-
neural tissues. This choice apparently can occur by default,
suggesting that embryonic cells can form NECsin the absence
of extrinsic instructions. However, akey process during neural
induction is neural patterning during which a complex
network of gene expression is established along the neuraxis,
thereby specifying the position and subsequent fate of NECs.
These complex genetic networks, many of which involve HD
transcription factors, dictate patterns of neurogenesis by con-
trolling when and where NECs undergo neuronal differentia-
tion. Significantly, the patterning genes appear to regulate
neurogenesis by converging on the activity of the proneural
bHLH proteins, which function as molecular switches to ini-
tiate neuronal differentiation by promoting cell cycle arrest,
expression of neurona differentiation genes, suppression of
glia differentiation genes, and activation of neuronal subtype
genes. Thus, the neural precursorsfor the CNSinitially choose

their fate by default, but neural patterning is instrumental in
instructing their subsequent neuronal fate by establishing a
complex code of gene expression that drives the bHLH
cascade at the proper time and place.

KEY WORDS

Early events in the vertebrate embryo that lead
to the formation of the neuroepithelium of neural tube, thus creat-
ing the progenitors cells that give rise to the neurons and glia com-
prising the central nervous system.

Developmental processes in which neura pre-
cursors are endowed with a positional identity, thus enabling them
to give rise to subtypes of neurons that comprise distinct regions
of neural tissue along the anterior-posterior and dorsal-ventral axis
of the nervous system.

The events that occur when neural precursors
leave the cell cycle and activate a program of termina neuronal
differentiation.

A class of basic—helix— oop-helix transcription
factors that are known to play critical roles in promoting neuroge-
nesis within progenitor cells.

FURTHER READING

Anderson, D. J. (2001). Stem cells and pattern formation in the nervous
system; the possible versus the actual. Neuron 30, 19-35.

Barolo, S., and Posakony, J. W. (2002). Three habits of highly effective
signaling pathways: principles of transcriptiona control by develop-
mental cell signaling. Genes Dev. 16, 1167-1181.

Bertrand, N., Castro, D. S., and Guillemot, F. (2002). Proneural genes and
the specification of neural cell types. Nat. Rev. Neurosci. 3, 517-530.
Hamburger, V. (1988). The heritage of experimental embryology: Hans

Spemann and the organizer. Oxford University Press, Oxford.

Harland, R. (2000). Neural induction. Curr. Opin. Genet. Dev. 10,
357-362.

Helms, A. W., and Johnson, J. E. (2003). Specification of dorsal spinal
cord interneurons. Curr. Opin. Neurobiol. 13, 42—49.

Jessell, T. M. (2000). Neuronal specification in the spinal cord: inductive
signals and transcriptional codes. Nat. Rev. Genet. 1, 20-29.

Mumm, J. S., and Kopan, R. (2000). Notch signaling: from the outside in.
Dev. Biol. 228, 151-165.

Schweisguth, F. (2004). Regulation of Notch signaling activity. Curr. Biol.
19, R129-138.

Streit, A., and Stern, C. D. (1999). Neura induction. A bird's eye view.
Trends Genet. 15, 20-24.

147


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

18

The Nervous System

Lorenz Studer

I ntroduction

Over the last few years embryonic stem (ES) cells have
emerged as a powerful tool to study brain development and
function. The recent isolation of human ES (hES) cells has
stimulated ES cell research directed toward cell therapeutic
applications. The central nervous system (CNS) has been pro-
posed as one of the prime targets for ES cell therapies, due to
early successes in directing ES cell fate toward neural line-
ages, the experience with fetal tissue transplantation, and the
devastating nature of many CNS diseases with very limited
treatment options. Some of the most striking advantages of
ES cells compared with any other cell type are extensive self-
renewal capacity and differentiation potential, access to the
earliest stages of neural development, and ease of inducing
stable genetic manipulations.

Neural Development

The neural plate is derived from the dorsal ectoderm and is
induced by “organizer” signals derived from the underlying
notochord. The dominant model of neural induction is the
default hypothesis. This hypothesis states that in the absence
of BMP signaling during early gastrulation, neural tissue is
formed spontaneously, while exposure to BMP signals causes
epidermal differentiation. Accordingly, signals emanating
from the organizer essential for neural induction are BMP
inhibitors such as Chordin, Noggin, Follistatin, and cerberus.
However, FGF signals emanating from precursors of the
organizer prior to gastrulation have been implicated in pro-
viding a “pre-pattern” for neural induction via activation of
Sox3 and ERNI. Other players during neural induction are
IGF and Wnt signals.

After the formation of the neura plate, cells undergo a
well-defined set of morphological and molecular changes
leading to the formation of neural folds and neural tube
closure. Thisisfollowed by orchestrated waves of neural pro-
liferation and differentiation. Of particular importance in
determining specific neural fates are signals that provide
regional identity both in the antero-posterior (AP) and dorso-
ventral (DV) axis and that define domains of distinct ex-
pression of homeodomain proteins and bHLH transcription

Essentials of Stem Cell Biology
Copyright © 2006, Elsevier, Inc.
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factors. The leading hypothesis of AP axis specification states
that anterior fates are default during early neural induction,
while FGF, Wnt, and retinoid signal s actively posteriorize cell
fates. DV identity is determined by the antagonistic action of
Sonic hedgehog (Shh) secreted ventrally form the notochord
and floor plate, and BMPs and Wnt signals dorsally. Ample
evidence from explant and ES cell differentiation studies con-
firms a concentration-dependent role of Shh to define specific
progenitor domains within the neural tube. A role for BMPs
in dorsal neura patterning has been suggested from explant
and ES cell differentiation studies. In vivo genetic ablation
studies and work in transgenic mice overexpressing the BMP
receptor type la under control of the regulatory elements of
the nestin gene are pointing to arole for BMPs in dorsal pat-
terning. However, loss-of-function studies of the BMP recep-
tors suggest a much more limited role for BMPs in dorsal
patterning, affecting choroids plexus development only. Wnt
signals aso contribute to dorsal patterning, particularly the
establishment of the neural crest.

Subsequent differentiation of patterned neural precursor
cells occurs in a stereotypic fashion, with neurons being born
first followed by astroglial and oligodendroglial differentia-
tion. Onset of neuronal differentiation is controlled via inhi-
bition of the Notch pathway that represses proneural bHLH
genes (for review). Astrocytic fate is established via acti-
vation of Jak/STAT signals, which exert an instructive effect
on the multipotent neural progenitor to drive astrocytic dif-
ferentiation. However, recent findings on the neurogenic
properties of radial glial and the identification of adult neural
stem cells as a cell expressing astrocytic markers suggest a
more complex and dynamic interaction between neural stem
cell and astrocytic fates. Oligodendrocytes were believed to
derive from bi-potent glial precursors termed O2A progeni-
tors or from other glially committed precursors. However,
more recent data suggest a lineage relationship between
motoneuron and oligodendrocytes in spina cord by their
shared requirement for Olig2 expression. A review of the
developmental signals that specify various neuronal subtypes
is beyond the scope of this text, but some of the signals
involved will be discussed. For a more in-depth discussion of
this topic, a number of comprehensive reviews are available.

Neural Stem Cells

Neural stem cells have been isolated from both the develop-
ing and adult brain. Over 10 years of intensive research
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have demonstrated self-renewal of neura stem cells and
multilineage differentiation into neurons, astrocytes, and
oligodendrocytes. However, neura stem cells do not effi-
ciently give rise to al the various neuron types present in the
adult brain and are largely limited to the production of GABA
and gluatamate neurons. The isolation and propagation of
neural stem cells can be achieved by selective growth and pro-
liferation conditions. The most commonly used method is the
neurosphere assay. Under these conditions, neural precursors
are grown as free-floating spheres in the presence of EGF
and FGF-2. Human neurosphere cultures are often aso
supplemented with leukemia inhibiting factor (LIF). Neu-
rospheres in rodents can be formed from single cells, and the
capacity for neurospheres formation is often used as an assay
to demonstrate stem cell properties. For example, the prospec-
tive isolation of neural stem cells via surface marker expres-
sion (AC133, Lex1, and combination of surface markers)
was based on the ability of these cells to form neurospheres
in vitro. These data need to be interpreted cautiously because
neurosphere formation is not necessarily atrue test of the stem
cell identity. Neurospheres contain many differentiated cells
in addition to the progenitor/stem cell population. Recent
studies in the adult SVZ have demonstrated that neurospheres
are formed more efficiently from transient amplifying precur-
sors than from true stem cells in the adult SVZ.

An alternative to neurospheres is the monolayer culture
technique whereby neural precursor/stem cells are grown on
an attachment matrix such as fibronectin or laminin in the
presence of FGF2. These conditions are more amenable to
study the precise lineage relationship of individua cells, and
complete cell lineage trees have been worked out under such
conditions. One of the most important limitations of current
neural stem cell technology is the limited control over neura
patterning and neuronal subtype specification. The derivation
of midbrain dopamine neurons has served asamodel for these
difficulties. Functional midbrain dopamine neurons can be
derived from short-term expanded precursor cells isolated
from the early rodent and human midbrain. However, long-
term expansion causes a dramatic loss in the efficiency of
midbrain dopamine neuron generation. Several strategies have
been developed in an attempt to overcome these problems
ranging from exposure to complex growth-factor cocktails
changing oxygen levels to the transgenic expression of Nurrl,
a key transcription factor during midbrain dopamine neuron
development. However, none of the approaches has succeeded
in deriving fully functional midbrain dopamine neurons from
long-term expanded neural stem cells.

Neural Differentiation of Mouse ES Ceélls

NEURAL INDUCTION

There are at least three main strategies for the neural induc-
tion of ES cell in vitro: systems based on Embryoid-body
(EB), stromal feeder mediated neural induction, and protocols
based on default differentiation into neura fates (Figure
18-1).

Protocols Based on Embryoid Body

EBs are formed upon aggregation of ES cells in suspension
culture. Theinteractions of cellswithin the EB causes cell dif-
ferentiation mimicking gastrulation. Accordingly, derivatives
of al three germ layers can be found in EBs. Various
modifications of the basic protocol have been developed to
enhance neural induction and to select and expand EB-derived
neural precursors.

The first EB-mediated neura differentiation protocol was
based on exposure to retinoic acid (RA) for 4 days following
4 days of EB formation in the absence of RA (the so-called
4—/4+ protocol). In addition to neural induction, RA treatment
also exhibits a strong caudalizing effect on AP patterning
mediated through activating the Hox gene cascade.

An dternative EB-based strategy is the exposure to con-
ditioned medium derived from a hepatocarcinoma cell line
(HepG?2), which appears to induce neuroectodermal fate
directly. Accordingly, HepG2-treated aggregates do not
express endodermal or mesodermal markers but apparently
give rise directly to neural progeny. The active component
within HepG2-conditioned medium is not known, although
data suggest that at least two separable components are
responsible for this activity.

A third EB-based strategy makes use of neural-selective
growth conditions. EB progeny is kept under minimal growth
conditions in serum-free medium containing insulin, transfer-
rin, and selenite (ITS medium). Under these conditions, most
EB-derived cells die, and a distinct population of immature
cells emerges that expresses increasing levels of the interme-
diate filament nestin. These nestin+ precursors can be replated
and directed toward various neuronal and glial fates using a
combination of patterning, survival, and lineage-promoting
factors (see the sections Derivation of ES-Derived Neurons
and ES-Derived Glia).

Sromal Feeder Mediated Neural Induction

Bone marrow-derived stromal cell lines have been used for
many years to support the growth of undifferentiated
hematopoietic stem cells. More recently, it has been reported
that several stromal cell lines exhibit neural inducing proper-
tiesin co-culture with mouse ES cells. Stromal cell lineswith
the highest efficiencies of neural induction are typically at the
preadipocytic stage of differentiation and are isolated from the
bone marrow (e.g., PA-6, MS5, S17) or the aorta-gonad-
mesonephros (AGM) region. The molecular nature of this
stromal-derived inducing activity remains unknown.
However, the efficiency and robustness of neural induction
using stromal feeders are high compared to aternative
protocols, and differentiation occurs without apparent bias
in regional specification.

Neural Differentiation by Default
Co-culture free, direct neura differentiation protocols are
based on the default hypothesis that absence of signals in
primitive ectodermal cells will lead to neura differentiation.
Two independent studies with mouse ES cells confirmed that
under minimal conditions, in the absence of BMP but in the
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Figure 18-1. Basic techniques for inducing neural differentiation in embryonic stem cells in vitro. Embryoid-body based protocols (left panels) are initiated
by the aggregation of undifferentiated ES cells. Neural differentiation (represented in blue is promoted either by exposure to RA, HepG2 [hepatocarcinoma
cell line) conditioned medium, or via neural selection in defined medial. Classic studies are cited (in green) for each of the three main EB-based strategies.
Stomal feeder mediated differentiation is obtained upon plating undifferentiated ES cells af low density on stromal feeder cell lines derived from the bone
marrow of the AGM region of the embryo. Serum-free conditions are required throughout the protocol. Conditions can be readily adapted to achieve neural
subtype specific differentiation for a large number of CNS cell types. Classic studies are cited (in green) for PAG and MS5 mediated differentiation.

Neural differentiation is achieved by reducing endogenous BMP signals via plafing cells at low density under minimal medium conditions or in the presence
of the BMP anfagonist noggin. Neurally committed cells can also be mechanically isolated and propagated from plates exhibiting spontaneous neural dif-

ferentiation after overgrowth of ES cells.

presence of endogenous FGF signals, neural induction does
occur in nonadherent or adherent monocultures.

DERIVATION OF ES-DERIVED NEURONS

Spontaneous differentiation into neurons occurs rapidly upon
neural induction of mouse ES cells. Neuronal subtype speci-
fication can be influenced by the mode of neuronal induction.
This is particularly the case for RA induction protocols. The
basic strategy for achieving neuronal subtype specification is
based on mimicking patterning events that define AP and DV
patterning events in vivo.

Midbrain Dopaminergic Neurons
Derivation of midbrain dopamine neurons from ES cells has
been of particular interest because of the clinical potential for
dopamine neuron transplantsin Parkinson’s disease. Protocols
for the dopaminergic differentiation of mouse ES cells are
based on studies in explants that identified FGF8 and SHH as
critical factors in midbrain dopamine neurons specification.
The effect of SHH/FGF8 on ES-derived neural precursorswas
first described using an EB-based five-step differentiation pro-

151

tocol. Under these conditions, up to 34% of al neurons
expressed tyrosine hydroxylase (TH), the rate-limiting
enzyme in the synthesis of dopamine. A further increase in
dopamine neuron yield (nearly 80% of all neurons expressing
TH) was obtained in Nurrl overexpressing ES cells (17). Mid-
brain dopaminergic differentiation was also obtained using
co-culture of ES cells on the stroma feeder cell line
(PA6)(81), with 16% of al neurons expressing TH in the
absence of Shh and FGF8. These results were initidly inter-
preted as PA6 exhibiting a specific patterning action that
promotes dopamine neuron fate. However, later studies
demonstrated that neura precursors induced on stromal
feeders can be shifted in APand DV identity and reach ayield
of up to 50% of all neurons expressing TH without a need for
transgenic Nurrl expression.

Numbers of TH neurons need to be interpreted carefully
in dl in vitro differentiation studies as TH is an unreliable
marker for identifying dopamine neuron. TH is expressed in
other catecholaminergic neuron types such as noradrenergic
and adrenergic cells and can be induced in many cell types
under various unspecific externa stimuli such as stress or
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hypoxia. It is therefore essential to use additional markers to
confirm dopamine neuron identity and to perform functional
studies in vitro and in vivo.

Serotonergic Neurons

The developmental origin of serotonergic neurons is closely
related to that of midbrain dopamine neurons. Both neuronal
subtypes are dependent on signals emanating from the isthmic
organizer. Accordingly, serotonergic neurons are a major
“contaminating” neuronal subtype in protocols aimed at
the derivation of midbrain dopaminergic cells. Application
of FGF4 preceding FGF8 and Shh application ectopically
induces serotonergic neurons in explant culture, and FGF4
exposure has been shown to enhance serotonergic differenti-
ation in the five-step protocol (17) and in stromal feeder-based
protocols. Novel strategies to refine serotonergic differentia-
tion may come from developmental studies on the role of the
transcription factor Lmx1b in serotonergic differentiation and
from findings in zebra fish identifying the elongation factor
foggy and the zinc finger protein too few as important deter-
minants of serotonergic fate.

Motor Neurons

Development of spinal motor neurons has been studied in
great detail using a variety of loss- and gain-of-function
approaches. Early studies have demonstrated that cells
expressing markers of motoneurons can be generated using an
EB induction protocol in combination with RA exposure (2—
/7+). More systematic approaches using RA exposure in com-
bination with Shh treatment have yielded ES-derived
motoneurons at high efficiency and provided an example of
how developmental pathways can be harnessed to direct ES
cell fate in vitro. The use of an ES cell line expressing GFP
under the control of the HB9 promoter allowed simple iden-
tification and purification of ES-derived motoneurons. Thein
vivo properties of these cells were demonstrated by contribu-
tion to the motoneuron pool after transplantation into the
developing chick spinal cord.

Efficient derivation of motoneurons has al so been achieved
using stromal feeder protocols in combination with SHH and
RA treatment. The next challenges for in vitro motoneuron
differentiation protocols will be the selective generation of
motoneurons of distinct AP and columnar identity. Other
important factors for clinical trandation in the treatment of
spinal cord injury or amyotrophic lateral sclerosis (ALS)
include strategies to modulate axonal outgrowth, target selec-
tion, and specificity of muscle innervation. One particularly
useful approach might be the genetic or pharmacological
manipulation of ES-derived motor neurons in an effort
to overcome growth inhibitors present in an adult
environment.

GABA Neurons

GABA célls are the main inhibitory neuron type within the
brain and are the dominant neuron type in the basal forebrain,
particularly in the striatum. The presence of GABAergic
neurons during ES cell differentiation in vitro has been

reported under various conditions, including the classic 4-/4+
EB-based differentiation protocols, which yield approxi-
mately 25% GABA neurons (100). The presence of GABA
neurons has also been reported under default neural induction
conditions.

Directed differentiation to GABA neurons has been
achieved using a stromal feeder-based approach. Neura
induction on M S5 is followed by neural precursor prolifera-
tion in FGF2 and subsequent exposure to Shh, FGF8. The
delayed application of FGF8 and Shh promotes ventral fore-
brain identities as determined by the expression of the fore-
brain specific marker FOXG1B (BF-1(101)) and the increase
in GABAergic differentiation. GABA neurons are impli-
cated in a wide variety of neurological disorders, including
Huntington's disease, epilepsy, and stroke.

Glutamate Neurons

Glutamate neurons can be readily obtained at high efficien-
cies from mouse ES cells. For example, in the Bain protocol,
approximately 70% of all neurons are glutamatergic, and ES-
derived neurons with NMDA and non-NMDA receptor sub-
types have been described. Very similar neuron subtype
compositions have been obtained with various related proto-
cols. More detailled phsyiologica data on glutamatergic
neurons have been reported after co-culture of ES derived
neurons on hippocampal brain slices. Interestingly, this study
suggested a possible bias toward establishing AMPA-versus
NMDA-type synaptic contacts.

Other Neuronal and Neural Subtypes

Although the presence of about 5% glycinergic neurons has
been reported using the classic 4-/4+ EB protocol, no directed
differentiation protocols have been developed for the deriva-
tion of this neuron type. Other interesting neural types gener-
ated from ES cells are precursors of the otic anlage. These
precursors were obtained by culturing EBsfor 10 daysin EGF
and IGF followed by bFGF expansion. After transplantation
of these precursors in vivo, differentiation was observed into
cells expressing markers of mature hair cells (106). Deriva-
tion of radial glial cells from mouse ES cells provides another
interesting assay system to probe neurona and glial lineage
relationships in early neural development, and a protocol for
deriving highly purified radial glia-like cells has been reported
recently.

Neural Crest Differentiation
The neural crest is atransient structure formed from the most
dorsal aspects of the neural tube of the vertebrate embryo. It
contains migratory cells that form the peripheral nervous
system, including sensory, sympathetic, and enteric ganglia,
large parts of the facial skeleton, as well as various other
cell types, including Schwann cells, melanocytes, and
adrenomedullary cells. ES cells provide a powerful assay to
study neural crest development in vitro. The main strategy for
deriving neural crest-like structures from ES cellsis based on
BMP exposure following neura induction. This can be
achieved in mouse and partly nonhuman primate ES cells
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using the PA6 stromal feeder cell system. This study showed
the development of both sensory and sympathetic neuronsin
a BMP dose-dependent manner. The derivation of smooth
muscle cells required growth in chicken extract in combina-
tion with BMP withdrawal. No melanocytes or Schwann cells
could be obtained under these conditions.

Another recent study suggests efficient neural crest induc-
tion, including Schwann cell differentiation using an EB-
based multistep differentiation protocol in combination with
BMP2 treatment. Neural crest formation has aso been
reported in HepG2-mediated neural differentiation protocols
upon exposure to staurosporine previously reported to induce
avian neural crest development. However, characterization of
neural crest progeny was limited to morphological observa-
tions and expression of Sox10. Future studies are required to
provide more data on the ability of ES progeny to differenti-
ate in all neural crest derivatives and the role of Wnt signals
for neural crest specification in vitro.

ES-DERIVED GLIA

Neural progenitors derived from mouse ES cells can be
readily differentiated into astrocytic and oligodendroglial
progeny under conditions similar to those described from
primary neural precursors. The first reports on the glia dif-
ferentiation of mouse ES cells were based on the 4-/4+ EB
protocols or multistep EB differentiation protocols. Most of
the glial progeny under these conditions are astrocytes with
only afew immature oligodendrocytes present. However, sub-
sequent studies have defined conditions for the selective gen-
eration of both astrocytes and oligodendrocytes.

Oliogodendrocytes

Highly efficient differentiation into oligodendrocytes was
reported first using a modified multistep EB-based protocol.
ES-derived neural precursors were expanded with FGF2, fol-
lowed by FGF2 + EGF and FGF2 + PDGF. These conditions
yielded a population of A2B5+ glial precursors that are
capable of differentiation into both astrocytic (~36% GFAP+)
and oligodendrocytic (~38% O4+) progeny upon mitogen
withdrawal. The 4-/4+ EB RA induction protocol has recently
been optimized for the production of oligodendrocytic
progeny. This study demonstrated efficient selection of
neural progeny by both positive (Sox1-eGFP) and negative
(Oct4-HSV-thymidine kinase) selection. Oligodendrocytic
differentiation is achieved in RA-induced EBs after expansion
in FGF2 and followed by dissociation and replating in serum-
free medium containing FGF2 and Shh. The final step
involved Shh and FGF2 withdrawal and the addition of PDGF
and thryoidhormone (T3). Under these conditions, ~50% of
al cells express oligodendroglial markers. Stromal feeder
mediated induction, initially thought to bias toward neuronal
progeny, can also be readily adapted to derive oligodendro-
cytes at very high efficiencies.

Astrocytes
Highly efficient differentiation of ES cells into astrocytes has
been reported using stromal feeder mediated neura induc-

tion, followed by sequential exposure to FGF2, bFGF/EGF,
EGF/CNTF, and CNTF. Over 90% of al cells expressed the
astrocytic marker GFAP under these conditions. Significant
numbers of GFAP cells were aso obtained using HepG2-
mediated neural differentiation or multistep EB protocols.
Glia progenitors obtained with a multistep EB protocol were
recently “transplanted” in vitro into hippocampal slices and
revealed that full physiological maturation of ES-derived
astrocytes can be achieved upon interaction with an appro-
priate host environment.

LINEAGE SELECTION

Lineage selection based on surface markers or the cell-typ