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PREFACE

Is cancer a stem cell disease? At present, we are in the midst of an exciting turn
of events in which the principles of stem cell biology have been applied to cancer
biology. This leads to the realization that disruption of the processes of quiescence
and differentiation (viewed as two sides of the coin of stem cell self-renewal) can
lead to cancer. Disease progression in neoplasia is often accompanied by increasing
resistance to apoptosis and therapy, development of a capacity for tissue invasion
and migration, and an apparently limitless replicative potential—all features that
can be described as being characteristics of a stem cell. The marriage of conve-
nience between stem and cancer cells is thus strongly supported by the similarities
between the two cell groups, and the considerable research effort that has been ini-
tiated in the field has resulted in incremental knowledge of cancer stem cells that
continues to evolve rapidly.

Cancer stem cells (CSCs), first identified in acute leukemias, have now been
isolated from several human malignancies, such as breast, brain, prostate, and
ovarian, and also in retinoblastomas and melanomas. The initial isolation of CSCs
relied on a basic knowledge of normal stem cells in the organ, assays for their
functionality, and expression of specific markers on their cell membranes that pro-
vided robust mechanisms for identification of these elusive cells within the large
mass of a tumor. In the absence of such specific channels for their identification,
CSCs came to be identified based on the expression of characteristic genes associ-
ated with self-renewal in stem cells, including OCT4, NANOG, and NESTIN. Yet
another novel approach to the isolation of CSCs within tumors was the identifi-
cation of side population cells within tumors that were subsequently shown to be
enriched in tumor-initiating cells.

Although the origin of CSCs is still datatable, it has been demonstrated variably
that they may be generated from tissue-specific stem cells, progenitor cells, or
mature cells or through fusion of tissue-residing cells with bone marrow–derived
stem cells or cytotoxic T lymphocytes. Major differences between the two cell
groups include the genetic and epigenetic changes in CSCs that secure and estab-
lish transforming events and make disease progression a certainty. The identifica-
tion of cancer stem cells has thus opened up a new avenue in cancer biology. It is
being realized increasingly that some of the limitations of current chemotherapeu-
tics may be overcome by initiating detailed molecular investigations of the cellular
hierarchies transformed in cancer. Several research groups are already exploring
the design of new therapeutic strategies that could possibly target CSCs.

xiii
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xiv PREFACE

In this book we have sought to be as comprehensive as possible. We have
detailed some of the important cancers in which CSCs have been identified. As
the first book in this field, cancer biologists, stem cell researchers, and clinicians
will find it a valuable repository of information. Further, we present the vari-
ous approaches in the field in a highly intelligible manner, so that readers from
diverse scientific fields and working environments will find it a convenient refer-
ence source in a field that is growing by leaps and bounds. It is my sincere hope that
this book will stimulate readers to explore diverse ways of understanding the mech-
anisms by which these seemingly elusive cells evade being targeted, and thereby,
help to open new pathways in the molecular aspects of biomedical research.

SHARMILA BAPAT
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1 Cancer Stem Cells: Similarities
and Variations in the Theme of
Normal Stem Cells

SHARMILA BAPAT, ANNE COLLINS, MICHAEL DEAN,
KENNETH NEPHEW, and SURAIYA RASHEED

1.1 INTRODUCTION

Then we have Beard’s “germ-cell” hypothesis, in which he holds that many of the
germ-cells in the growing embryo fail to reach their proper position—the generative
areas—and settle down and become quiescent in some somatic tissue of the embryo.
They may at some later date become active in some way, and so give rise to a cellular
proliferation that may imitate the structure in which they grow, so giving rise to new
growths.

—Encyclopedia Britannica, 1911

Tumors were first likened to embryonic cells by the Scottish embryologist John
Beard, who early in the twentieth century proposed a germ cell theory of cancer,
inferred from his observations.[1] The early blastocyst during its development has
two distinct cell groups: the inner cell mass, which gives rise to the embryo, and
an outer circle of trophoblastic cells, which enable implantation of the embryo into
the uterus and subsequent formation of placenta[2] (Fig. 1.1). The trophoblast cells
are thus invasive and metastatic, which are also key characteristics of cancer cells.
Beard postulated that the presence of pancreatic enzymes in the embryo and the
mother actually restricts the invasion of trophoblast cells into surrounding tissues,
and claimed that cancer arose from straying by such cells due to a failure of the
enzymatic surveillance mechanisms. He went on to demonstrate that injections of
the pancreatic proteolytic enzyme trypsin could destroy cancer cells in patients.[3]

Although the hypothesis and consequent cancer treatment generated consider-
able attention, its very nature was such that it could not be confirmed reproducibly
and Beard’s ideas remained largely unaccepted by his peers. However, his

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
Copyright  2009 John Wiley & Sons, Inc.
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2 SIMILARITIES AND VARIATIONS IN THE THEME OF NORMAL STEM CELLS

A B C D

E F G H

FIGURE 1.1 Developmental stages from normal early vertebrate embryo development
to the blastocyst stage: (A) single-celled zygote; (B) two-celled embryo; (C) four-celled
embryo; (D) early morula; (E) compacted morula; (F) late morula; (G) early blastocyst; (H)
late blastocyst. (See insert for color representation of figure.)

hypothesis has recently regained prominence, with similar observations that relate
cancer cells and disease progression with the characteristics of stem cells. The find-
ing that tumors often express surface antigens (cancer/testis antigens) that are oth-
erwise expressed only at the embryonic–extraembryonic stage[4] lends additional
support to Beard’s theory. A stem cell is characterized by its unique capacity to
differentiate into multiple cellular lineages and to self-renew in an undifferentiated
state[5] (Fig. 1.2). It has now been shown definitively in certain cancers that a small
subset of cells exist in a tumor with similar regenerative and self-renewal mech-
anisms that enable tumor formation and progression.[6] This tiny subset of cells,
referred to as cancer stem cells (CSCs), is also considered to be more chemoresis-
tant than the bulk of tumor cells and is thus more difficult to target and eradicate.[7]

Thus, CSCs need to be specifically targeted and eliminated to achieve tumor abla-
tion, a concept that has begun to revolutionize approaches to cancer therapy and
drug design. Although distinctly removed from Beard’s original proposal, the the-
ory is currently evolving, with increasing evidence in several types of cancers.

1.2 STEM CELLS IN THE LIFE OF AN ORGANISM

The unicellular zygote is recognized to be the first stem cell in a human life and
is identified as being totipotent, due to its ability to generate an entire organism.[8]

However, during further embryonic development, a gradient of decreased regen-
erative potential is produced and distributed in specific stem cell compartments in
a developing embryo. This decrease in regenerative capability leads to a subse-
quent loss of totipotency but a concurrent retention of pluripotency by stem cells
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STEM CELLS IN THE LIFE OF AN ORGANISM 3

Stem cell

Progenitor cell

Differentiated
cells

Self-
renewing

FIGURE 1.2 Basic outline of stem cell functioning.

in the embryo. A neonate is equipped with stem cells which for the most part are
multipotent (i.e., committed to tissue-specific potential).[9] Some stem cells, how-
ever, retain a higher level of pluripotency even in the adult (e.g., subsets of bone
marrow–derived stem cells[10] which are reported to have trans-differentiation
potential).

1.2.1 Stem Cells in Early Development and Fetal Life

The early embryo generated from the fertilized egg cell exists initially more or
less as a “ball of cells” called a morula (Fig. 1.1). The first recognized differen-
tiation event in development occurs at the late morula stage, when the outer cell
layer of the embryo adopts epithelial features and initiates the formation of a blas-
tocyst that contains two cell types: trophectoderm and inner cell mass (ICM). The
trophectoderm gives rise to the trophoblast, while the ICM undergoes a second
differentiative step to form the epiblast and primitive endoderm,[11;12] thereby pro-
gressing toward the blastocyst stage. The epiblast (sometimes referred to as the
primitive ectoderm) further gives rise to the embryo, while the primitive endoderm
develops into the extraembryonic endoderm, which provides nutrients and devel-
opmental cues to the embryo and contributes to development of the yolk sac. The
ICM cells at the blastocyst stage are no longer totipotent but are recognized as
being pluripotent.[8]
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4 SIMILARITIES AND VARIATIONS IN THE THEME OF NORMAL STEM CELLS

The next recognized landmark during embryonic differentiation is gastrula-
tion, when the epiblast is transformed into the three germ layers of the embryo
(i.e., ectoderm, mesoderm, endoderm) and the basic body plan of the animal is
established. In mouse, gastrulation is initiated around 6.5 days postcoitum, when
the surface ectoderm cells undergo an epithelial–mesenchymal transition, delam-
inate, and migrate through the primitive streak.[13] Ingression of progenitors for
the embryonic mesoderm begins around the midstreak stage with the formation of
progenitors that will give rise to the lateral plate mesoderm of the upper body as
well as cardiac and cranial mesoderm.[14] Within the epiblast, nascent mesoder-
mal cells migrate anteriorly and laterally. Early in gastrulation, cells leaving the
streak contribute largely to the mesoderm of extraembryonic tissues: the yolk sac,
amnion, and allantois.[15] Thus, there is a temporal progression of mesoderm com-
mitment. In addition, the site of ingression of progenitors into the primitive streak
is regionalized. For example, cells fated to form extraembryonic mesoderm ingress
into the posterior portion of the streak, while lateral plate and paraxial mesoderm
ingress into the middle and anterior regions, respectively.[16] The primitive streak
thus functions as a posterior organizing center. How different mesodermal popula-
tions are set aside to form specific lineages is not well understood.[17]

On transplantion into the proximal epiblast, the distal epiblast cells (which
normally differentiate into neuroectoderm and surface ectoderm) colonize the
extraembryonic and posterior mesoderm of the embryo. At lower frequen-
cies, cells from the distal epiblast and the extraembryonic ectoderm can be
respecified to primordial germ cells,[18] which normally arise from cells of the
proximal–posterior epiblast. Signals from both the extraembryonic ectoderm and
the visceral endoderm are required to establish normal patterning of the underlying
epiblast.[19] Although it is now evident that reciprocal signaling interactions
between the epiblast and extraembryonic tissues play critical roles in the induction
and maintenance of embryonic patterning during gastrulation,[20] how these
complex events are orchestrated is still not fully understood. The remaining events
of embryogenesis, a major part of which is organogenesis, rely on the functioning
of localized stem cells that together are committed to regenerate specific organs in
response to the surrounding microenvironment or niche. Thus, each of these stem
cell “nests” will eventually undergo a programmed sequence of events, including
cell divisions, migration, and apoptosis, to generate an organ at a specific location
with respect to the other embryonic tissues and organs within the embryo.

1.2.2 Stem Cells in the Adult Organism

One of the most important functions of stem cells in postembryonic development
is to repair and compensate for the loss of damaged tissues in the body. This
dynamic process continues throughout life, and the unspecialized stem cells sur-
vive in each organ by creating their own niches.[21;22] The effective maintenance of
a population of healthy stem cells within a particular tissue involves the concurrent
operation of multiple genetic and epigenetic factors, along with stringent controls
within each niche that create perfect harmony among the different cells of various
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STEM CELLS IN THE LIFE OF AN ORGANISM 5

organ systems.[23] Adult stem cells are thus central to tissue homeostasis and are
identified through three distinctive properties:

1. Self-renewal: the ability to undergo division and form new cells with a poten-
tial identical to the mother cell[24;25]

2. Differentiation: the ability to give rise to a heterogeneous population of
cells arranged in a hierarchical manner; includes various tissue-specific lineages,
thereby building up the requisite critical mass toward replenishing the tissue of
short-lived, differentiated cells

3. Homeostasis: the ability to regulate and balance differentiation and
self-renewal in the tissue or organ

This unique combination of properties imparts to stem cells a continuing role
during the entire life of an organism and further ensures that almost all developed
tissues in the body, from the growing fetus to the adult, harbor stem cells. The prop-
erty of self-renewal has gained recognition as a defining characteristic of stem cells
and involves an asymmetrical cell division into two cell types, with an equal distri-
bution of the gene pool among the daughter cells.[26;27] One of the daughter cells
returns to the stem cell niche and remains quiescent until further signals for divi-
sion are received through the microenvironment. The other cell is a progenitor cell
committed to a differentiation pathway[28] (Fig. 1.2) that initiates the generation
of cells toward fulfilling the needs of tissue-specific regeneration. This is achieved
through the production of transit-amplifying (TA) cells, which ultimately commit
to terminal differentiation (Fig. 1.3). The interposition of the TA population allows
requisite cell amplification while eliminating the need for frequent cycling of stem
cells, which holds the danger of mutations. Early TA cells are slow-cycling and
undergo a few cell divisions, some of which may be asymmetric; late TA cells
undergo a state of rapid, yet restricted cell proliferation that effectively builds up
the critical mass necessary for differentiation. This arrangement of tissue regener-
ative processes as a hierarchy thus ensures that tissue-specific stem cells retain a
long-term regenerative capacity,[29] whereas progenitors characterized by a finite
division capacity eventually stop dividing and differentiate along tissue-specific
lineages into mature cell types, and on completing their functionality, ultimately
undergo apoptosis.[30] The process also ensures a long-term genetic stablility, as a
large majority of the de novo mutations arising during the processes of cell pro-
liferation, commitment, and differentiation in the hierarchy will undergo a process
of natural elimination, as all the differentiated cells will ultimately undergo apop-
tosis. In this way, the property of self-renewal and hierarchial arrangement of stem
cell derivatives allows a long-lived to indefinite life span of genetically stable stem
cells within an organ.

Stem cell divisions can also occur in a symmetrical manner, which enables the
size of the stem cell pool to be increased at certain stages during development
or after wounding[31]; for example, stem cells within the bone marrow (i.e., the
hematopoeitic stem cells) maintain relatively rapid division rates in order to meet
the demand for a turnover of the large numbers of different blood cells required
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FIGURE 1.3 Stem cell hierarchies in normal tissue regeneration. (From ref. 30.) (See
insert for color representation of figure.)

by the body. Stem cells from other tissues, such as those in the skin and colon,
maintain a slow but steady or constant growth rate toward replenishing tissue; yet
other stem cells, in tissues such as the brain, remain quiescent at most times and are
activated only on stimulation by tissue damage or by hormonal exposure resulting
in a change in the physiological state. The regulation of stem cells in an adult is
thus tightly controlled, to allow for the growth replenishment of tissues and to per-
mit repair of damaged tissues. The properties of stem cells described above also
impart to them a continuing regenerative potential: the competence to display a
specialized differentiation capability, the ability to give rise to the large number
of cell types within the embryo and the adult organism. A decrease in this differ-
ential potential is evident as we move from the totipotent single-celled embryo to
pluripotent ICM cells: late embryonic and fetal stem cells. Pluripotency is replaced
by tissue-specific multipotential capability as somatic cell populations are formed,
and subsequently it is retained only in those cells allocated to the germline and
certain adult stem cells. This critical balance of self-renewal versus differentia-
tion is achieved by the gene expression programs of stem cells, which regulate
transcriptional activation and inactivation mechanisms to allow cells to maintain a
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pluripotent state but also permit differentiation into more specialized states. A dis-
ruption in such homeostatic mechanisms is believed to lead to the abnormal state
of cancer.

1.3 CANCER STEM CELLS

Most cancer cells divide rapidly and can be grown indefinitely in culture as immor-
tal cells and express a plasticity of differentiation, similar to embryonic stem (ES)
cells and adult stem cells. In fact, before the advances that led to an understanding
of the developmental plasticity of ES cells, embryonal carcinoma and teratocar-
cinoma cells (derived from germ cell tumors and known to differentiate to give
rise to cells of many lineages) were used as in vitro models for studies relating
to development and differentiation.[32] In 1976, Beatrice Mintz and Ralph Brin-
ster showed independently that teratocarcinomas could also give rise to normal
chimeric mice.[33;34]

The realization of an involvement of stem cells in cancer has been built up over
the last several decades—almost a century ago if John Beard is indeed consid-
ered “father of cancer stem cell biology.” However, the first direct evidence for
the existence of CSCs came from the work of John Dick and his co-workers, who
identified the presence of CSCs in acute lymphocytic leukemia through extensive
cell cloning and demonstration of their self-renewing capacity—a critical prop-
erty of all stem cells.[25] CSC identification in leukemia has, in fact, changed the
way that many scientists view cancer[35;36] and has led to their isolation from some
solid tumors. CSCs represent only about 1 % of the tumor but appear to be the only
cells capable of generating a new tumor in immune compromized mouse models.
Whereas stem cells themselves may be difficult to isolate from an already dif-
ferentiated healthy tissue such as the breast, it has been possible to isolate stem
cell–derived clonal tumor cells by engrafting tumor tissues in suitable animal
models such as breast tumor–derived cells transplanted in the mammary fat pads
of nonobese diabetic/severely compromised immunodeficient mice (NOD/SCID)
mice.[37;38] Additional studies have presented data indicating that established cell
lines also contain a minor population of cells with properties similar to those of
stem cells.[39;40]

1.3.1 Activation of Stem Cells and Cancer

The modern era has seen the cloning of many genes mutated in the germline of
patients in families segregating cancer as a genetic trait. These tumor suppressor
genes are thought to be critical in preventing the formation of cancer. However, it
is unclear why mutations in a gene such as RB or TP53, expressed in all the cells of
a human being, should give rise to tissue-specific cancers such as retinoblastoma
or breast cancer. In one report, in which tumors derived from embryonic tissue
from tissues under hormonal control or renewal tissues such as skin and gut were
distinguished, it is suggested that the action of tumor suppressor genes can be
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explained by their differential effects on stem cells derived from varied tissues.[41]

Further, the oncogenic potential of different resident stem cells may be distinct
since the genetic or epigenetic factors vary from person to person and even between
organs in the same person. A question thus arises: How do CSCs arise in tissues
and progress to give rise to a new organ (i.e., the tumor)?

Box 1-1 Possible Origins of CSCs in Tissues Leading to the Occurrence
of Cancer

ž Transformation of stem cells residing in a tissue, leading to altered growth
and differentiation properties

ž Transformation of a local pool of early progenitors that reacquire self-renewal
properties

ž Series of effective mutations that render committed transient-amplifying
progenitor or differentiated somatic cells within a tissue immortal
(de-differentiation)

ž Fusion of circulating bone marrow–derived stem cells with tissue-residing
cells

To address this issue among related issues, research over the last decade has
attempted to associate cellular mechanisms with mutagenic effects within tissues
leading to the emergence of CSCs (Box 1-1). The possibilities that emerge include
the following:

1. Stem cells as targets of transforming mutations. Through the acquisition
of abnormal growth and differentiation properties during its long-lived residence
within a tissue, a multipotent tissue stem cell may, following a series of aberrant
events, give rise to a CSC. A disruption of the stem cell niche with a shift toward
growth-promoting signals rather than growth-inhibiting signals results in domi-
nant stem cell activation rather than the transient activation that is required for
normal tissue homeostasis. This could occur by hormonal stimulation, recurrent
posttissue damage, inflammation, radiation, chemicals, infections, inactivation of
tumor suppressor gene(s), and/or activation of oncogene(s). The change in the tis-
sue microenvironment leads to a chronic activation of stem cells and results in
their long-term proliferation. Such chronically dividing stem cells could become
vulnerable to additional genetic events. The recognized effects of these events
include autonomous growth, loss of cell cycle regulation, and resistance to apopto-
sis, which are all well-understood properties of cancer cells.[42] Cancer can thus be
thought of as a disease resulting from the abnormal growth of stem cells resulting
from their chronic activation followed by genetic insults, culminating in transfor-
mation.

2. Progenitor cells as targets of transforming mutations. A CSC need not be
derived from a bona fide stem cell, but instead, can arise from tissue-specific
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early progenitors (i.e., early TA cells following oncogenic transformation). This
would retain a minimal number of changes to retain stem cell properties, as they
are derived directly from stem cells; and accompanying events that support the
transformation process may be identical to those for stem cell transformation.

3. De-differentiation of committed progenitors or differentiated cells. In yet
other cases, there is evidence that committed progenitors (i.e., late TA cells, or
even differentiated cells) may also reacquire the property of self-renewal to give
rise to cells with stemlike properties that are pluripotent. The latter is described
as a de-differentiation phenomenon that is very commonly reported in plants and
also to a certain extent in animals with lower levels of tissue and organ complexi-
ties. More recently, the process has also been demonstrated in tissues derived from
higher vertebrates such as mice,[43–45] wherein transfection of activated oncogenes
were shown to transform murine fibroblasts into cells with stem cell–like proper-
ties, indicating that non-stem cells can be converted into CSCs.

4. Fusion of tissue-specific stem cells with circulating bone marrow stem
cells. The finding that fusion of circulating bone marrow–derived stem cells
with differentiated tissue cells can create cells with self-renewal capacity leads
to yet another speculation on the origin of CSCs.[46] This is believed to involve
the mobilization of bone marrow–derived cells either at the wrong time and/or
their incorporation at the wrong place within other tissues, as a first step toward
transformation. Moreover, several CSCs express the pluripotency and self-renewal
markers expressed characteristically by hematopoietic stem cells. Whether this
reflects a global commonality of expression of these markers or an outcome of the
fusion process is not yet very clear.

Of all the possibilities noted above, adult stem cells giving rise to cancer is
an attractive hypothesis, given that the classic multistep model of carcinogene-
sis requires a long-lived cell in which multiple genetic hits can occur. However,
regardless of whether the cell of origin is a normal adult stem cell or progenitor or a
differentiated tissue cell, and regardless of the mechanism of its emergence, CSCs
are defined by their stem cell–like properties (Box 1-2). Moreover, despite the
diversity in possible origins of CSCs, all the processes argue for dynamic changes
within the tissue leading to transformation.

Box 1-2 Characteristics Shared by Normal and Cancer Stem Cells

ž Capacity for asymmetric divisions (self-renewal), which generates a quies-
cent stem cell and a committed progenitor and contributes toward developing
a critical mass of cells

ž Regulation of self-renewal by similar signaling pathways (Wnt, Sonic Hedge-
hog, and Notch) and at the epigenetic level by Polycomb genes (BMI-1 and
EZH2)
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ž Expression of factors such as Oct4, Nanog, and Sox2 and also nodal and
cancer testis-specific antigens (CTAs), which maintain a functional plasticity
by promoting pluripotency and immortality

ž Capacity to arrange a hierarchy of cellular derivatives that includes progeni-
tors and differentiating cells

ž Extended telomeres and telomerase activity that increases the cellular life
span

ž Expression of ABC transporters, contributing to cellular resistance against
specific growth-inhibitory drugs

ž Predisposition for growth factor independence through secretion of growth
factors and cytokines

ž Stimulation of angiogenesis through secretion of angiopoietic factors
ž Expression of similar surface receptors (e.g., CXCR4, CD133, α6 integrin,

c-kit, c-met, LIF-R) that are either identified as stem cell markers or are asso-
ciated with homing and metastases

1.3.2 Isolation and Identification of Cancer Stem Cells

Based on the perpetuation of cytogenetic abnormalities during serial transplan-
tation in culture and in animal models, it was reported in 1957 that ascitic fluid
possessed possible cancer stem cells.[47] Soon after, Kleinsmith and Pierce demon-
strated that transplantable teratocarcinomas were derived from a single pluripotent
cell.[48] Similar to tissue stem cells, CSCs are believed to be capable of asymmet-
ric cell division (i.e., they can give rise to one self-renewing stem cell and one
daughter cell committed to differentiation). It is postulated, however, that CSCs
are also capable of symmetric division[6] (to generate two daughter stem cells), as
is the case with normal stem cells when they are required to proliferate rapidly,
such as during inflammation or wound healing. All cancers are now believed to
be composed of a mixture of self-renewing stem cells, transiently amplifying pro-
genitors, and proliferative cells with a shorter life span that can undergo limited
differentiation. Cumulatively, all these factors make the identification and isola-
tion of the initial rare stem cell population within tumors a challenging issue in
cancer biology.

Research in the field of stem cell biology has traditionally focused on the
hematopoietic system, where detailed lineages have been elucidated and various
surface molecules associated with the components of the hierarchy have been
identified as specific markers.[49;50] Following these well-accepted hierarchies of
blood-forming lineages, studies attempted to identify leukemic stem cells using
known cluster of differentiation (CD) cell surface markers.[51;52] Subsequently, in
a study of acute myeloid leukemia (AML), Lapidot et al. successfully identified
putative leukemia-initiating cells using limiting dilution analysis.[25] This
study demonstrated that in AML, malignant leukemic stem cells are probably
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derived from immature (uncommitted) bone marrow cells, which express a
similar cell surface marker profile (i.e., CD34C/CD38�) and originate from a
similar bone marrow niche. Similarly, in multiple myeloma, a subpopulation of
CD138�/CD34� cells were demonstrated to be clonogenic in vitro and capable
of propagating tumors upon serial passaging in NOD/SCID mice as compared
to CD138C cells, which were nontumorigenic.[53] More recently, in AML, a
population of cells within the CD34C/CD38� cell fraction have been identified
further on the basis of its CD96C/CD90� expression as being present only in
leukemic samples and not in normal bone marrow, constituting a major leap in the
specific identification of leukemic stem cells.[54]

Apart from the hematopoietic system, the presence of stem cells in tissues with
a high cellular turnover, such as skin, gut, testis, and the respiratory tract, has been
reported widely. More recently, the presence of stem cells in solid, slow-growing
tissues and organs has gained recognition.[7;28;55] The specific expression of sur-
face molecules (e.g., CXCR4, CD133, EPCAM, CD44; Table 1.1) by normal stem
cells has provided a mechanism to separate out the rare cancer stem cells from
within the tumor mass. In solid tumors, Al-Hajj et al. demonstrated a subpopula-
tion of human breast cancer cells also capable of inducing tumors in nude mice.[35]

Those putative breast CSCs were immunophenotyped as CD44C/CD24lo=� and
were capable of initiating tumorigenesis at a density of merely 200 cells, in contrast
to unsorted cells, which generally require a density of at least 106 cells per injec-
tion. In brain tumors, CD133 expressing candidate CSCs have been isolated that
are similar to normal (neural) stem cells. The CD133C CSCs were also capable of
driving tumorigenesis in mouse models at low cell numbers (about 100 cells).[56]

Since then, several reports exist of the isolation and identification of stem cells
based on the expression of surface markers from other cancers, such as prostate,
lung, and colon (Table 1.1).

TABLE 1.1 Surface Markers Used for Isolation and Identification of Cancer Stem
Cells

Type of Cancer Markers Refs.

AML CD34C, CD38� 57
CD96C, CD90� 54

Neural CD133C 56
Mammary CD44C, Cd24� 35
Prostate CD133C, β-integrin 58
Lung Sca1C, CD45�, CD31�, CD34C 59
Hepatocellular CD133C 60
Pancreas CD44C, CD24C, ESAC 61
Colorectal EpCAMhigh, CD44C 62
Colon CD133C 63,64
Liver CD133C 65
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Recently, however, one commentary questioned the reliability of the commonly
used methods for identifying CSCs.[66] This included concerns regarding enzyme
treatments during cell preparation from tumors, isolation based on CD cell surface
profiles that are identical to normal tissue stem cells, genomic instability that could
result in plasticity in the “stemness” of specific tumor cells, and the routine use of
nonphysiologic microenvironments to assess the tumorigenicity of engrafted cells.
Despite these objections, however, the CSC hypothesis has gained wide acceptance
for the study of such neoplastic progenitors.

1.3.3 De Novo Generation of a New Organ (Tumor) by Transformed
Stem Cells

Analogies between normal and CSCs in terms of cellular, biochemical, and molec-
ular events are currently being resolved at a basic level, and considerable work
is in progress to describe these processes in greater detail during transformation.
Nonetheless, similarities and differences in the functioning of normal and cancer
stem cells at the tissue level, whereby a consolidation of the events described above
contributes toward either maintenance of homeostasis or development of abnormal
tumor tissue, are unclear. It is, however, understood that both normal and tumori-
genic stem cells give rise to phenotypically heterogeneous populations that exhibit
various degrees of proliferation and differentiation capabilities. The heterogeneity
in tumor tissues may be attributed to both continuing mutagenesis and aberrant
differentiation of cancer cells, the latter being a variation of normal differentiation
driven by cancer stem cells. This disrupted differentiation is often accompanied by
aberrant expression patterns (e.g., the expression of germ cell markers in epithelial
ovarian cancer).[67]

Two general hypotheses have been put forth to describe tumor formation based
on a microdissection of the events described above. The first, stochastic cancer
stem cell model, postulates that each population of cells within a heterogeneous
tumor has an equal but extremely low tumorigenic potential.[68] In such a sce-
nario, tumor progression is a continuous process based on the positive selection
of genetically unstable clones that confer a survival advantage on a tumor within
its surrounding microenvironment. The stochastic model thus also accounts for the
emergence of drug resistance during chemotherapy through selection of cells with
genotypes that allow survival from the intended drug insult[69] (e.g., DNA dam-
age by platinum drugs). Under this model, however, isolation of tumor progenitors
would not be reproducible, as their existence would be random. A recent example
is the proposed stochastic model of gastrointestinal stem cells, suggesting that all
stem cells in a niche are descendents of a single common ancestral stem cell, and
that intestinal crypts expand further clonally by crypt fission, forming two daughter
crypts.[70] The same mechanism has been postulated to contribute to the expansion
of mutated stem cells and CSC clones in the colon and in the entire gastrointestinal
tract.

The fact that organ-specific stem cells derive all of the differentiated cells
within a given tissue has led to the proposal of a stem cell hierarchical model for
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tissue development, maintenance, and repair, as discussed earlier (Fig. 1.3).
Deriving from this, the hierarchial cancer stem cell model puts forth the
suggestion that the tumorigenic potential of tumors is limited to a very small
clonogenic population of cells (i.e., the CSCs).[7] The large population of cells
within a tumor are descendants of these CSCs, do not have self-renewal capacity,
and are organized in the form of a hierarchy. Thus, the model posits that not all
cells in a tumor are equal and that the tumor-initiating cells are a rare subset with
a distinct phenotype. This hierarchical model helps explain why most tumors
are heterogeneous despite their clonal origin. This approach also accounts for
the perplexities faced by researchers in establishing a permanent cell line from
primary tumors or in recreating tumors in animal models.

1.4 SELF-RENEWAL AND DIFFERENTIATION IN CSCS

The steady-state expression of a stem cell in an adult organism is one of quiecence.
On receiving specific signals from its microenvironment, it can be induced to
undergo asymmetric stem cell division, which generates an identical stem cell
(self-renewal) and a progenitor with decreased plasticity (the latter divides fur-
ther symmetrically to generate several TA cells that are all committed to differ-
entiation). Current knowledge indicates that evolutionary conserved mechanisms
regulate this process. Beginning at the late blastocyst stage in embryogenesis and
further in adult tissues, timing of self-renewal and regulation of loss of pluripo-
tency are crucial for the orderly functioning of stem cells and the elimination of
potentially teratogenic cells. A central question that remains is: How can a single
cell divide to produce two progeny cells with different fates?

Many studies examining the mechanisms regulating asymmetrical divisions
have focused on mitotic cleavage orientation and the uneven distribution of
cell-fate-determining molecules such as Numb and ACBD3 within the two cells
resulting from the division of a stem cell.[71] In neural stem cells and progenitors,
both proteins interact through an essential Numb domain. ACBD3 associates
with the Golgi apparatus in neurons and interphase progenitor cells but becomes
cytosolic after Golgi fragmentation during mitosis, when Numb activity is needed
to distinguish the two daughter cells. Accordingly, cytosolic ACBD3 can act
synergistically with Numb to specify cell fates, and its continuing presence during
the progenitor cell cycle inhibits neuron production. This represents a mechanism
for coupling cell fate specification and cell cycle progression.[72] In addition to
neuronal stem cells, Numb has also been reported to regulate cell fate in other
stem cells (e.g., skeletal muscle satellite cells).[73] Similarly, PAR proteins are
also suggested to control asymmetric cell division in a wide range of organisms
and somatic cell types[74]; other asymmetrically segregating proteins include[75]

CD53, CD133, L-selectin, Lamp-2, and CD71.
Studies of asymmetric division have relied heavily on the lessons learned in

the regulation of Drosophila germline and somatic stem cells. Early in the cell
cycle in larval neural stem cells, the two centrosomes become unequal: One
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organizes an aster that stays near the apical cortex for most of the cell cycle, while
the other loses microtubule-organizing activity and moves extensively throughout
the cell until shortly before mitosis, when it organizes the second mitotic aster
near the basal cortex. Upon division, the apical centrosome remains in the
stem cell while the other segregates to the differentiating daughter.[76] Almost
along identical lines, developmentally programmed asymmetric behavior and
inheritance of mother and daughter centrosomes underlies the stereotyped spindle
orientation and asymmetric outcome of stem cell divisions in the Drosophila male
germline.[77] More recently, in mammalian systems, reports indicate that the fate
of daughter cells is determined by their relative orientation within the stem cell
niche (e.g., in dividing satellite cells in skeletal muscle, on division the daughter
cell attached to the basal lamina remains a stem cell, whereas the daughter that
loses contact with the basal lamina up-regulates Myf5 and becomes a committed
myogenic cell).[78]

Although some of the molecular events associated with asymmetrical divisions
as outlined above have been described in normal stem cells, further work is
required to identify the similarities and variations of those that determine events
in CSC self-renewal.

1.5 CSC PLASTICITY AS REGULATED BY INTRINSIC
AND EXTRINSIC STEM CELL FACTORS

In contrast to normal stem cells, it has been theorized that CSCs undergo genomic
alterations that allow them to escape cell cycle regulation and achieve growth fac-
tor, anchorage independence, and resistance to apoptosis, besides contributing to
dysregulation of self-renewal and expansion.[79] The acquisition of each of these
characteristics is complementary to the others and requires a suitable microenvi-
ronment in which the transformed CSCs are believed to proliferate and differen-
tiate into an entire tumor.[80] This understanding implies that the plasticity gained
by CSCs is regulated by a cooperative effect of cell intrinsic (autocrine) factors,
which may either involve changes in DNA sequences/copy number of genes or
gene silencing through methylation or altered chromatin architecture (genetic and
epigenetic effects), together with cell extrinsic (paracrine/derived from the tumor
microenvironment) factors.

1.5.1 Stem Cell Intrinsic Factors: Genetic and Epigenetic Effects

A disturbed balance in gene regulation of tissue stem cells promoting self-renewal
and/or aberrant differentiation is characteristic of cancer.[81] However, uncon-
trolled expansion of stem cells by itself may not produce fully invasive tumors.[82]

Thereby, proliferating proto-oncogenic stem cells appear to require at least one
additional permanent genetic mutation to drive them along a trajectory toward
transformation.[83] This could be achieved either through oncogene activation
or by silencing of tumor suppressor genes, which effectively supplements the
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perturbed shift toward self-renewal; continuing mutagenesis would further ensure
clone amplification and disease progression. Toward an understanding of such
changes in stem cells leading to cancer, several models have been developed
based on rapidly self-renewing stem cells in human colon crypts. Thus, in familial
adenomatous polyposis the initial germline mutation is in the “gatekeeper” tumor
suppressor gene adenomatous polyposis coli. Second hits in this gene involve
a stochastic and sequential accumulation of genetic and epigenetic defects that
over time are selected for by the position of the earlier mutation. Extensive
work indicates that crypts harboring mutated stem cells are clonal units that
may develop a selective advantage, eventually leading to niche succession.
Aberrant crypt foci are formed that contain several such clonal crypts generated
through crypt fission involving the longitudinal division of each crypt into
two daughter units. In such models the coexistence of defective progeny and
hierarchies consequently generated marks a transition between pre-tumor and
tumor progression.[84]

Recent studies argue that in a stem cell triggered into division, self-renewal
requires the expression of certain “stemness” genes, whereas genes associated
with differentiation must be repressed. Conversely, in the progenitor cell
committed to differentiate, some of the stemness genes are switched off, whereas
specific lineage-associated genes involved in differentiation begin to be expressed.
The classical stem cell self-renewal signature is defined by the expression of three
transcription factors identified primarily in ES cells (i.e., Oct4, Nanog, and Sox2),
now known to be crucial for the phenomenon of pluripotency.[85] The downstream
regulation mediated by these three key molecules in the cell, including their
feedback/autoregulatory and feedforward loops are critical in the establishment
and maintenance of pluripotency.[86–88] Other genes involved in self-renewal
besides these three master regulators include Stella, FGF4, BMP4, Stat3, UTF1,
and Rex1.[89;90] All or combinations of these determinants of pluripotency are
almost always detected in malignant cancer tissues. Although not much is known
regarding their mechanisms of regulation in CSCs, it is expected that most of
their gene targets and therefore, effects of these genes would be similar to those
in normal stem cells. Thus, the current understanding of the role of these factors
in cancer is derived from the corresponding data in normal stem cells (mostly in
embryonic stem cell systems).

Toward counteracting self-renewal and driving cell fate determination, a loss
of pluripotency is required which is induced by the activation of several pathways
that perturb the levels of the pluripotent regulators above and impose alternate
cellular fates, such as those associated with Cdx2 and GCNF function.[8] In
ES cells, the induction of GCNF expression facilitates differentiation through
inhibition of the pluripotent state by repression of OCT4 and NANOG regulatory
genes. Other factors involved in regulating Oct4 expression are Oct4 itself, Sox2,
SP1, RAR, SF1, COUP TF I and II, and LRH-1.[91–94] Oct4, Nanog, Sox2, FGF4,
and Stella repression was observed upon retinoic acid-mediated differentiation.[95]

However, at present the regulation of Sox2 during differentiation remains
unclear.
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Several members of the Polycomb group (PcG) proteins have been identified
as important regulators of cell self-renewal and cell fate determination decisions.
These proteins act as transcriptional repressors by regulating chromatin remod-
eling, especially in association with stem cell function, and are also reported to
be altered in various cancers.[96] Recently, Lee et al. have identified several genes
that were bound by the human Polycomb repressive complex 2 (PRC2) subunit
SUZ12, display H3K27 (lysine 27 on histone 3) trimethylation, and were repressed
transcriptionally in human ES cells.[97] A significant subset of these genes was
occupied by Oct4, Sox2, and Nanog. Disruption of H3K27 methylation resulted in
de-repression of most of these genes.[98] Further data suggest that specific genes
are primed for expression in pluripotent cells and that occupancy by opposing epi-
genetic marks are involved in this process. That this also occurs at many NANOG,
OCT4, and SOX2 target genes suggests that regions of H3K4 (lysine 4 on his-
tone 3) methylation, within overlapping regions of extended H3K27 trimethyla-
tion, are characteristically associated with active and inactive chromatin states,
respectively, in ES cells (a detailed version is presented in Chapter 10). These
bivalent modifications occupy regions that correspond to developmentally regu-
lated genes usually silenced in ES cells and also tumor suppressor genes. H3K27
methylation deficiency also results in premature expression of repressed genes.
On the other hand, increased repression due to persistent H3K27 methylation that
is further supplemented with H3K9 (lysine 9 on histone 3) methylation is a fea-
ture of transformation and has been reported in several cancer cell lines[99] and in
embryonal cancer.[100] The genetic and epigenetic mechanisms of gene regulation
during self-renewal and differentiation, however, represent a striking commonality
between normal and cancer stem cells.

1.5.2 Stem Cell Extrinsic Effects: Niche Effects
and Microenvironmental Signaling

The stem cell niche is loosely defined as stem cells surrounded by other
differentiated cells within a tissue at defined locations. The niche consists of
heterologous cell types that harbor stem cells and influence their fate through
direct contact, thereby functioning to balance the quiescence and activation of
stem cells,[101] the key to homeostatic regulation of stem cells, yet supporting
ongoing tissue regeneration. The niche is thus a physical anchoring site for
stem cells and generates factors including certain extracellular matrix (ECM)
components and signaling molecules that control stem cell number, proliferation,
and fate determination.[79;102;103] Examples of stem cell niches include the hair
follicle bulge compartment[104] and the crypts of Lieberkuhn, located at the base
of villi within the intestinal epithelium.[105]

A majority of mutagenic agents described to confer a risk for cancer also perturb
the normal stem cell niche and tissue homeostasis, besides inducing changes in the
DNA of some stem cells and impairing or enhancing some of their characteristic
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properties, such as self-renewal or their intrinsic ability for DNA repair. These stem
cells with altered DNA may remain in a state of perpetual activation by intercellu-
lar communications in cis (through ECM proteins) or in trans (through autocrine
or paracrine factors) produced by niche cells. Such continuous activation further
accentuates altered gene expression and protein profiles that drive these stem cells
toward differentiation, cell death, and degenerative or transformation pathways.
Another function of the tumor niche is the active recruitment of new endothe-
lial and stromal cells into tumors that is essential for developing a pro-angiogenic
environment that enhaces tumor survival under adverse conditions.[106]

Very recently, the stringent regulation imposed on stem cells through their
niche have begun to be identified. A normal niche may evolve to become
proto-oncogenic, or in fact may be the prime feature in tumorigenesis and
therefore represent an oncogenic state. The concept of proto-oncogenic stem
cell niches is best exemplified in lung cancer, wherein different histological
types of neoplasias have been correlated with stem/progenitor populations at
specific tissues in the lung[107] (e.g., the putative stem cell populations originating
in the bronchiole mucosa in pulmonary neuroendocrine cells of lung-derived
neuroepithelial bodies have been proposed as likely originating cells for small cell
lung carcinoma[108–110]. Similarly, a direct relationship between proximal airway
basal progenitors and cells associated with carcinogenesis in murine models
for human squamous cell carcinoma is suggested,[111;112] while bronchoalveolar
cell and central bronchiolar adenocarcinomas are believed to originate from
bronchioalveolar stem cells that reside at the bronchoalveolar duct junctions in
lung tissues.[113–115]

Oncogenic stem cell niches have just recently been described. The retinoblas-
toma (RB) gene, dentified as a tumor suppressor, has been shown to regulate HSCs
extrinsically by maintaining the competence of the adult bone marrow to support
their growth and normal homeostatic hematopoiesis. Loss of RB expression in
the niche and myeloid cells leads to degradation of the osteoblastic niche and
consequent displacement of HSCs. The latter then undergo rapid expansion and
mobilization to the spleen, promoting myeloid development that ultimately culmi-
nates in myeloproliferative disease[116] (MPS). Along similar lines, mice deficient
for another gene [i.e., the retinoic acid receptor γ (RAR� )], develop MPS driven by
a RARγ-deficient microenvironment.[117] The MPS phenotype in both cases (i.e.,
loss of RB and RARγ) continues through the life span of the mice and is more
pronounced in older mice. Moreover, the disease cannot be propagated through
successive transplantation of HSCs from MPS-affected mice to normal mice, iden-
tifying the disease to be extrinsic to tumor-derived HSCs.

Another common feature of tumor and tissue stem cells is utilization of similar
signal pathways that normally control cell fate during early embryogenesis. Such
regulatory signal molecules, including components of the Notch, Wnt, and Hedge-
hog pathways, bone morphogenetic proteins,[90] fibroblast growth factor, leukemia
inhibitory factor, and transforming growth factor-β,[118–122] have been shown to
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play roles in controlling stem cell self-renewal and in regulating lineage fate in
different systems. In numerous tumors, however, the signaling cascades initiated
by these molecules have now been demonstrated to be dysregulated (e.g., in skin,
liver, colorectal, and pancreatic cancers, Wnt signaling has been demonstrated to
be aberrant[123;124]). In ovarian cancer, the Wnt signal transducer β-catenin is over-
expressed at an advanced stage of tumor progression.[125] The Hedgehog cascade,
well known as a regulator of patterning during embryonic development,[126] has
been associated with breast,[127] ovarian,[128] and prostate cancers,[129] whereas
Notch overstimulation has been strongly implicated in T-cell malignancies.[130] It
has been demonstrated further that various lineage determination molecules within
these signaling pathways exhibit a significant degree of crosstalk.[131] An impor-
tant difference in the signals between normal and transformed states is that those
in normal tissues are transiently expressed stem cell–activation signals, whereas
in cancer, these signals dominate and lead to a state of long-term or permanent
activation.[132]

The molecules and underlying machinery used by normal stem cells for
homing or mobilization and CSCs for invasion and metastasis are also realized
to be similar. For example, during HSC activation and mobilization, matrix
metalloproteinase-9 (MMP-9) is required for proteolysis of the extracellular
matrix components and converting stem cell factor from a membrane-bound form
into a free form, which then promotes HSC proliferation and mobilization through
a c-Kit receptor. Intriguingly, the molecules of the MMP family are considered
as key players in the process of cancer cell metastasis. Additionally, cell surface
receptors and the ligands required for their activation, such as SDF1 and CXCR4,
are also expressed during normal stem cell homing and mobilization as well as
cancer cell metastasis.

1.6 CONCLUSIONS AND FUTURE PERSPECTIVES

We have been presenting the widely accepted view that malignancy results from
a complex network of interactions between altered cellular genes and numerous
exogenous and endogenous factors of a tissue-derived cell. The probability of
the accumulation and effects of such changes and interactions is almost certainly
highest in long-lived tissue stem cells, but is equally effective in progenitors or
differentiated cells that acquire an immortal phenotype. Unfortunately, it is not
precisely known how CSCs arise in tissues or which of the resident tissue cells
would be more susceptible to the transformation process. Thus, at a very funda-
mental level, we have yet to determine the extent to which stem cell biology is
relevant to all types of human cancers. A detailed update in understanding of stem
cell involvement in the major cancers is presented in the following chapters; how-
ever, it would be rather naive to believe that CSCs represent a universal modality
for emergence and progression. Further studies employing cellular lineage tag-
ging of putative stem and cancer progenitors in tightly regulated transgenic mouse
models for specific cancer types are thus sorely needed. Once these cells and
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lineage relationships are better understood, one can hope to better understand the
process.

Several concerns also remain regarding the strategy of CSC identification using
xenotransplantation models that demonstrate the presence of a self-renewing pop-
ulation. Since highly purified, FACS-isolated tumor cells are used in these experi-
ments, the model remains imperfect, as in addition to a horde of other host factors,
evolution of a tumor in situ involves complex interactions between a stem cell
poised on the brink of transformation and its microenvironment. Thus, although
most findings make it highly likely that dysregulation of cell fate–determining
pathways contributes to the formation of aberrant stem cells and their hierarchies
in cancer, identification of crosstalk between the extracellular environment and the
regulation of pluripotency at the level of transcription is seriously restricted in the
current models.

It is also to be expected that the role of CSCs in migration and metastases would
be much different than their role in primary tumors. Such differential regulation of
migrating CSCs and those in metastases is also not yet identified. Once additional
insights into the biology of candidate CSCs, as well as of those subpopulations that
initiate metastases, become apparent with further characterization and validation of
their gene and protein expression profiles, as well as the role of these molecules in
tumor progression and clinical responses, it will become clear whether engrafting
activity (the key feature of identification protocols today) is an accurate reflection
of stem cell activity. However, it is certain that advances in our knowledge of the
properties of stem cells have definitely culminated in a realization for specific tar-
geting and eradication of CSCs, and that treatment of bulk disease is an insufficient
panacea for cancer. The development of a new generation of treatments to target
the rare CSCs is thus critical, but poses formidable challenges:

1. Ideally, a therapy should target unique CSC pathways and “turn back the
clock” from a state of disease to one of normal tissue and organ homeostasis.

2. A concern in achieving the goal stated above is that normal stem and
progenitor cells actually prove to be more sensitive than CSCs to the effects
of current chemotherapeutic drugs. This provides a competitive advantage to
CSCs and makes their positive selection quite likely, leading to the emergence of
drug-resistant clones. Delineation of the effects of the new drug regimes on the
evolution of CSCs is thereby imperative.

3. In cases where clinical remission is achieved, the presence of drug-resistant
CSCs that have “escaped” chemotherapy would initiate a relapse. This necessitates
the development of sensitive methods for detection of residual CSCs for follow-up
in patients in remission. The establishment of diagnostic endpoints by which treat-
ment success can be measured is thus required.

A culmination of the understanding of CSC biology will thus aid the develop-
ment of more effective and targeted therapies to treat this astoundingly complex
and devastating disease.
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2 Leukemic Stem Cells

SHARMILA BAPAT

2.1 INTRODUCTION

The concept of stem cell involvement in the regeneration of adult tissue arose
in the early twentieth century. However, it was not until a few decades later, in
the early 1960s, that the idea was shown to be a reality. Becker and co-workers
demonstrated the clonal nature of a small group of quiescent stem cells present
in the bone marrow, which, on stimulation, could also give rise to various types
of blood cells.[1] Along similar lines, the concept that cancer could be a stem
cell disease was hypothesized for a few decades before definitive proof-of-concept
experiments established unequivocally the involvement of stem cells in initiating a
tumorigenic state, following the identification of similarities between hematopoi-
etic stem cells (HSCs) and their leukemic counterparts, which propagate the dis-
ease successfully.[2]

Our current understanding of leukemic stem cells (LSCs) is thus based on
studies spanning almost a century of research in hematology and leukemia. The
development of clonal assays for all major hematopoietic lineages, together with
the availability of multiparameter fluorescence-activated cell sorting (FACS) has
enabled the prospective purification and/or enrichment of HSCs. Moreover, the
cell surface expression of specific molecules of the various cellular derivatives of
the classical HSC hierarchy, including stem cells, progenitors, and differentiated
cells and their functional readouts [e.g., as in vitro colony-forming units (CFUs)
in colony-initiating assays as well as competitive repopulating assays in animal
models][3–5] further enables the reproducibility of data. These developments have
now not only been applicable to leukemia research, but the techniques established
for the identification of leukemia-initiating cells are considered as the “gold
standards” of cancer stem cell research and have been extended to the field of solid
tumors, such as brain, breast, ovary, colon, pancreas, lung, and prostate cancer.
The importance of studies in LSCs is heightened further due to the realization that
almost every important aspect of cancer stem cell function, such as self-renewal,
cell signaling, maturation arrest, and generation of aberrant cellular hierarchies,
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identified as being dysregulated in leukemia, are also applicable to the remaining
cancers. Thereby, LSC research is considered as a path-breaking model in cancer
stem cell research.[6]

2.2 DYSREGULATION OF HEMATOPOIESIS IN LEUKEMIA

Development from an HSC to a mature cell of the hematolymphoid system
involves dynamic loss of self-renewal capacity, proliferation ability, and lineage
potentials that gradually shift from pluripotent to multipotent and finally, unipotent
capacities. In leukemias, although this downshift may not be altered completely,
a retention or restoration of the self-renewal and proliferative capabilities is
evident. However, before attempting to identify the extent of disruption of normal
hematopoiesis in leukemia, it is necessary to understand how both processes are
regulated on the cellular and molecular levels.

2.2.1 Normal Hematopoietic Stem Cell Hierarchies

During a human lifetime, a huge mass of blood cells of different types must be
produced. This massive cell production relies on a small fraction of cells in the
bone marrow (i.e., the HSCs) and is maintained through a continuous cell turnover
involving cell proliferation, differentiation, and apoptosis. Although HSCs reside
predominantly in the bone marrow, they are also found in peripheral blood at very
low densities, where they play a physiological role in certain situations, such as
functional reengraftment of unconditioned bone marrow.[7]

A myriad of molecular and cellular factors are involved in maintaining the
steady state of hematopoietic tissue. Despite this complex regulation, malignancy
is usually avoided because the cell turnover is organized ingeniously as a hierarchy
that is quite similar to the one outlined in Fig. 2.1. At the base of this hierarchy is
a self-renewing long-term stem cell that retains HSC properties (LT-HSC) which
undergoes an asymmetric division to generate another LT-HSC and a short-term
stem cell (ST-HSC). The ST-HSC, in turn, retains self-renewal for a short time,
although these are believed to be symmetric divisions and give rise to two ST-HSC
cells.[8] ST-HSCs further generate the multipotential progenitors (MPPs), which
undergo differentiation to give rise to oligolineage-restricted progenitors through
functionally irreversible maturation steps[9] (Fig. 2.1).

Two types of oligolineage-restricted progenitors have been identified in the
hematopoietic system: the common lymphoid progenitors (CLPs), which give rise
to T- and B-lymphocytes and natural killer cells,[10] and the common myeloid pro-
genitors (CMPs), which generate the myelomonocytic progenitors (GMPs) and the
megakaryotic erythroid progenitors (MEPs). The former, on differentiation, pro-
duce monocytes, macrophages, and granulocytes. The MEPs, while preferentially
generating megakaryocytes, platelets, and erythrocytes, also maintain the potential
for B-cell lineage differentiation at an extremely low frequency.[11] Interestingly,
both CMPs and CLPs can give rise to dendritic cells,[12;13] suggesting the existence
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FIGURE 2.1 Normal hematopoietic cell hierarchy. (See insert for color representation
of figure.)

of an alternative commitment pathway to the mutually exclusive developmental
pathways for the myeloid and lymphoid lineages.

It is thus apparent that resurrection of the hematopoietic orchestra involves a
multitude of cell progenitors that are poised at specific locations along a defined
trajectory to yield a wide array of differentiated blood cell types while maintaining
the HSC pool. Using specific combinations of cell surface markers, the hematopoi-
etic progenitor cells are separable as pure populations and have been shown to be
devoid of detectable self-renewal activity but are characterized by increased mitotic
activity.[14]

However, under altered circumstances (e.g., those requiring rapid cell turnover,
posttransplantation, during aging), variations in the cell hierarchy do occur. For
instance, the LT-HSCs may undergo a symmetrical type of division to yield two
LT-HSCs, leading to an overall increase in the numbers of HSCs. However, like the
other cell types, this increase is transient, as the number of HSCs is also regulated
by programmed cell death or apoptosis.[15] Another deviation that is derived is an
exit of the HSCs from a self-renewal mode to generate two progenitor cells that
are committed for differentiation; ultimately, this results in clone depletion. The
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latter variation is believed primarily to be the mechanism by which mutations may
naturally be depleted, especially in aging populations.

2.2.2 Understanding Aberrant Hierarchies in Leukemia

Today it is realized that leukemia represents a dysregulation of the homeostatic
mechanisms of the bone marrow and lymphatic systems that involves a disruption
of the mechanisms regulating the organized hierarchy described above. Certain
types of leukemias have thus been described as newly formed aberrant hematopoi-
etic tissue generated from transformed cells that have either retained or reacquired
the capacity for self-renewal, proliferation, and resistance to apoptosis through
accumulated mutations, and can thus be described as LSCs.

The concept suggests, therefore, that leukemia follows an aberrant and poorly
regulated process of organogenesis analogous to that of normal HSCs. The HSC
and LSC pools both have extensive self-renewal potential and the ability to give
rise to new hematopoietic tissues, with a definitive heterogeneity that correlates
with a distinctive set of phenotypic characteristics and proliferative potentials,
despite the fact that those are abnormal in the latter case. Some of the heterogeneity
in the tumor arises as a result of continuing mutagenesis and/or epigenetic changes,
but another portion is likely to arise from aberrant differentiation of the CSCs.
Because most leukemias are believed to have a clonal origin, LSCs must give rise
to phenotypically diverse progeny, including a few LSCs with an indefinite life
span (LT-LSC); short-term progenitors with an extended proliferative potential,
depending on the grade of the disease (ST-LSC); and finally, some cells that dif-
ferentiate and undergo apoptosis. A distinctive difference between the normal and
leukemic hierarchy is that the cellular components of the latter remain in circula-
tion longer, with extended proliferation but decreased differentiation capabilities.
The leukemic state is thus very efficient in terms of cell mass production but is
compromised by the functionality of the cells produced.

The high turnover of cells during hematopoiesis that depends on several cell
intrinsic and extrinsic factors, including stromal and microenvironment-related
factors, is a tightly controlled process that achieves homeostasis within the body.
However, cell division is an inherently error-prone process, and genetic alterations,
mostly mutations, are known to arise frequently during DNA replication and in
association with aging. A large majority of such mutations are assumed to be lost
during consequent cycles of self-renewal or division; alternatively, the mutation
may be lethal to the cell and lead to clone depletion. In direct contrast, certain
mutations that import pro-survival features to the stem cell, such as a prolifera-
tive advantage, enhanced self-renewal, growth factor independence, or resistance
to apoptosis, would result in dominance of the cell clone within the heterogeneous
population in the bone marrow. Such a dominating clone, with further acquisition
of additional transforming features, has the potential to develop into a LSC clone.

Apart from spontaneously occurring gene mutations, chromosomal alterations,
including trisomies, insertions, deletions, rearrangements, inversions, and translo-
cations, are known to occur extensively in leukemia; in fact, specific associations
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have been established as guidelines in disease subtyping. Chromosomal alterations
may either be inherited, or induced by such external factors as alkylating drugs,
ionizing radiations, and chemicals, and are realized to be an underlying feature in
the emergence of a LSC, as they often mediate alterations in the structure and/or
regulation of cellular oncogenes. Retroviral infections are also believed to be capa-
ble of leading to leukemogenesis via an insertional mutagenesis of oncogenes.[16]

LSC identity is thus largely dictated by the nature of the oncogenic events and how
these events perturb the essential processes of self-renewal, proliferation, differen-
tiation, and survival. The genetic lesions in LSCs result in a block of differentiation
(maturation arrest) that allows cells belonging to a certain clone not only to con-
tinue proliferation and to resist apoptosis, but also to accumulate in large numbers,
which is not a feature associated with normal hematopoietic cellular hierarchies.

Increasing evidence now indicates that three key biological changes affect the
development of leukemic clones: (1) an increased probability of differentiation
defects at the level of the most primitive LSCs or early progenitors, (2) an increased
turnover rate of the leukemic progenitors at all stages of differentiation, and (3) an
increased ability to survive under conditions of growth factor deprivation. Such a
model accounts for the long latent period for the development of certain leukemias,
such as chronic myeloid leukemia (CML), as well as suggesting why stem cells
may persist in large numbers but still fail to compete in contributing to the daily
output of mature blood cells in patients with disease.[17]

Another requirement for HSCs and LSCs is the ability to avoid telomere short-
ening through the action of the telomerase complex.[18;19] Telomerase activity
is also repressed during differentiation of maturation-sensitive human tumor cell
lines but not in resistant human tumor cell lines.[20] Thus, under normal conditions,
an inverse relationship between the degree of differentiation and telomerase activ-
ity exists and is regulated in an HSC by restricting the number of cell divisions
that it can undergo in a human lifetime. The most important component of the
telomerase complex is human telomerase reverse transcriptase (hTERT), which is
often overexpressed in tumor cells. Alternatively, telomerase activity and hTERT
mRNA expression may not be increased significantly, but variations in mRNA
splicing may play a significant role in determining the overall length of telomeres
and thereby the functional hTERT levels that restrict telomere shortening despite a
rapid turnover of cells, and lengthen the life span of the transformed clone.[21]

2.2.3 Types of Leukemia

Leukemia thus represents a heterogeneous group of monoclonal diseases that
arise from hematopoietic stem and progenitor cells in the bone marrow or other
hematopoietic organs.[22] As described above, the underlying causes for clonal
expansion are poorly understood but definitely involve several genetic and
epigenetic changes. All these events culminate in an imbalance created by the
accumulation of large numbers of cells of an individual lineage. In addition,
the abnormal cells may secrete factors that perturb the homeostatic mechanisms
and inhibit normal hematopoiesis, thus generating the symptoms of leukemia.
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Pancytopenia is typical and results in part from the physical replacement of
normal marrow elements by immature cells. Following replacement of the bone
marrow, the abnormal cells spill into the circulation and infiltrate other organs.

The various types of leukemia are identified primarily by the identity of the
target cell that undergoes transformation. When the cancer develops in the lym-
phocytes (lymphoid lineage), it is called lymphocytic leukemia, while cancer of
the granulocytes or monocytes (myeloid lineage) is described as myelogenous
leukemia. The rate of disease progression is an additional feature used for clas-
sification. In chronic leukemias, the immature hematopoietic progenitors (collo-
quially referred to as blasts) accumulate slowly and continue to form functional
hematopoietic cells; because of this, disease progression is slow. On the other
hand, in acute leukemias, the progenitors proliferate rapidly, resulting in blast
accumulation, decreased turnover of mature hematopoietic cells, and rapid dis-
ease progression. Normal and leukemic severe compromised immune deficiency
(SCID)-repopulating cells (SRCs) coexist in the bone marrow and peripheral blood
from patients in the chronic phase, whereas a dominance of leukemic SRCs is
evident in blast crisis.[23] Thus, the main classes of leukemia include (1) chronic
myeloid leukemia, (2) acute myeloid leukemia, (3) chronic lymphocytic leukemia,
(4) acute lymphoblastic/lymphocytic leukemia.

Chronic Myeloid Leukemia (CML) CML is a malignant, clonal myeloprolifera-
tive disorder, affecting the myeloid, erythroid, and megakaryocytic blood elements,
that accounts for 15 to 20 % of all cases of leukemia. This was the first hemato-
logical malignancy to be identified in association with a specific chromosomal
abnormality[24] and involves a translocation between chromosomes 9 and 22, now
recognized as the Philadelphia chromosome (Ph1). The molecular consequence of
Ph1 is the fusion of the ABL gene (chromosome 9) to the BCR (breakpoint cluster
region on chromosome 22) sequences, giving rise to a chimeric BCR-ABL gene.
The product of this fusion functions as a constitutively activated tyrosine kinase
and is involved in an endless list of pathways found to be altered in CML (including
transforming functions). Consequently, the BCR-ABL kinase becomes a molecular
target for drug design as well as monitoring therapeutic efficacies. Existing thera-
pies for CML include the use of busulfan, hydroxyurea, interferon-α, imanitib, or
allogenic stem cell transplantation.

In early chronic-phase CML, the apoptosis and differentiation pathways are
often intact; however, the disease invariably progresses from a chronic phase to
an accelerated acute phase, also referred to as blast phase or blast crisis. This
is accompanied by a loss of capacity of the transformed cell clone for terminal
differentiation and is characterized by massive blast and promyelocyte counts,
leukocytosis, and splenomegaly, along with acquisition of additional cytogenetic
abnormalities in addition to the Ph1 abnormality. Although initially it was believed
that CML arises as a consequence of the clonal expansion of HSCs that express
the BCR-ABL fusion gene,[25–29] it is now realized that progression to blast cri-
sis is associated with expansion of the myeloid progenitor fraction, which consists
mainly of GMPs that acquire some degree of self-renewal capacity rather than
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expansion of their own pool.[30–34] Moreover, although BCR-ABL correlates with
the development of CML, additional genetic and/or epigenetic events are required
for progression to blast crisis, including further BCR-ABL amplification and acti-
vation of β-catenin in the GMPs,[34;35] which effectively result in acquisition of
resistance to apoptosis and an escape from innate and adaptive immune responses.

Acute Myeloid Leukemia (AML) AML has been described as a clonal disorder
in which transformation and uncontrolled proliferation of an abnormally differen-
tiated, long-lived myeloid progenitor cell results in high circulating numbers of
immature blood forms and replacement of normal marrow by malignant cells. A
detailed analysis of the various chromosomal alterations in this disorder suggest
that AML alleles may be divided broadly into two categories:

1. Genetic alterations conferring a proliferative and/or survival advantage
on hematopoietic precursors. These involve either gain of function or activating
mutations in KIT, FLT3, SHP2, or RAS family members; or loss of function or
knock-out mutations, as in NF1.

2. Genetic alterations impairing hematopoietic differentiation. The best stud-
ied of such aberrations in AML include multiple translocations targeting the core
binding factor (CBF), and those involving the retinoic acid receptor alpha (RARα)
locus. CBF is a heterodimeric transcription factor comprising AML1 (RUNX1) and
CBFβ subunits and is necessary for normal hematopoietic differentiation. Mul-
tiple translocations that target CBF, including AML1-ETO, CBFþ-SMMHC, and
TEL-AML1, result in a loss of function of CBF, and consequently, an imbalance in
definitive hematopoietic development. Multiple translocations involving the RARα

locus with either PML, PLZF, NPM, NuMA, and STAT5B:X genes have been iden-
tified in AML.[36] Most, if not all, of these have been reported to result in a block
of differentiation at the promyelocyte stage.

However, it is realized that no single type of chromosomal aberration can be
considered as being pivotal toward the development of AML; extensive genotyp-
ing studies, in fact, lead to the reasoning that the pathogenesis of AML involves
more than one mutation. AML may thus be concluded to represent a complex
and heterogeneous disease resulting from multiple mutations, deletions, numerical
aberrations, and translocations.

Chronic Lymphocytic Leukemia (CLL) CLL represents a monoclonal expan-
sion of lymphocytes; in a majority of cases, B-lymphocytes are involved.
The neoplastic cell is a hypoproliferative, immunologically incompetent small
lymphocyte. A primary involvement of the bone marrow is characteristic of
the disease, with secondary release into the peripheral blood. The circulating
lymphocytes further selectively infiltrate the lymph nodes, spleen, and liver.
Constitutive integrin expression, activation state of the cell, and effective
modification of integrin-mediated function by cytokines determine the different
patterns of clinical disease observed in CLL.[37] With disease progression,
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symptoms of lymphadenopathy, splenomegaly, hepatomegaly, and secondary
immune deficiency with hypogammaglobulinemia are frequently observed. Over
the last decade, it has become apparent that there is diversity in types of CLL
in patients based on the occurrence of hypermutation of their immunoglobulin
genes.[38;39] CD38 expression has been described as an important prognostic
marker in CLL,[40] while CD40–CD154 interactions are important within and
among the malignant cells, and lead to occurrence of autoimmune syndromes in
some cases of CLL.[41]

B-cell chronic lymphocytic leukemia (B-CLL) is a disease of proliferating mono-
clonal B-cells that have a distinctive phenotype[42] (i.e., CD19hiCD5C CD23C
IgMlo). The progressive rise of mature CD5C B-lymphocytes, despite the low
proportion of proliferating cells, has led to the notion that B-CLL is related
primarily to defective apoptosis. Since the chemokine receptor CXCR4 (impor-
tant in homing of normal HSCs, progenitor cells, lymphocytes, and monocytes)
is overexpressed and functionally active in B-CLL, it may contribute to the
tropism of B-CLL cells for the bone marrow stroma.[43] An in-depth analysis
of individual VH rearrangements in patients with mutated and germline CLL
revealed that the latter group expressed a rearranged VH sequence usage pat-
tern similar to that reported in ALL patients, whereas the mutated CLL group
aligned with the controls. This suggests that germline B-CLL may derive from
a pool that has been unable to follow or complete the normal pathway of B-cell
differentiation.[44] However, CFU-GMs are not increased in peripheral blood of
patients with CLL,[45] indicating perhaps that the block occurs farther down-
stream in the differentiation hierarchy. Moreover, the microenvironment is also
likely to play a prominent role in disease manifestation because the malignant
cells are observed to accumulate progressively invivo, whereas they undergo
rapid spontaneous apoptosis when cultured in vitro.[46]

Hairy cell leukemia (HCL) is an uncommon malignant disorder of small
B-lymphocytes that gets its name from the presence of cytoplasmic projections
in these cells. The association of hairy cell leukemia with other neoplasms,
mainly non-Hodgkin’s lymphomas, is well known; it has recently been
suggested that association of HCL and small lymphocytic lymphoma might be
much more frequent than expected.[47]

T-cell malignancies are rare and include many different types of disorders, such as
T-cell prolymphocytic leukemia, T-cell large granular lymphocytic leukemia,
adult T-cell leukemia/lymphoma, cutaneous T-cell lymphoma, and peripheral
T-cell lymphoma.[48] The mature T- and NK-cell leukemias are even more
uncommon neoplasms derived from mature or postthymic T-cells.[49]

Acute Lymphoblastic/Lymphocytic Leukemia (ALL) ALL is a malignant clonal
disorder of the bone marrow lymphopoietic precursor cells that results in a
high number of circulating blasts that lack the potential for differentiation and
maturation. An inhibition of the normal development of hematopoietic cell
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elements occurs, followed by replacement of the normal marrow by malignant
cells, and the potential for leukemic infiltration of the central nervous system
and abdominal organs. The clinical presentation is dominated by progressive
weakness and fatigue secondary to anemia, infection secondary to leukopenia,
and bleeding secondary to thrombocytopenia. When 50 % of the bone marrow is
replaced, peripheral blood cytopenias are observed.

T-cell prolymphocytic leukemia (T-PLL) is a rare aggressive postthymic malig-
nancy associated with chromosomal translocations involving the T-cell receptor
gene and one of two proto-oncogenes (TCL-1 and MTCP-1) in the majority of
cases.[48] In some cases of T-PLL, the leukemic cells undergo secondary trans-
formation, resulting in different phenotypes of cutaneous T-cell lymphoma, such
as mycosis fungoides, lymphomatoid papulosis, and cutaneous CD30C anaplastic
large cell lymphoma.[50]

Adult T-cell leukemia–lymphoma (ATLL) is a lymphoproliferative disease of
malignant T-cells, often associated with a retroviral infection by human T-cell
leukemia. Unlike most leukemias, bone marrow infiltration is not always present
in adult T-cell leukemia–lymphoma, although lymph nodes are widely affected.

T-cell acute lymphoblastic leukemia (T-ALL) is a form of pediatric leukemia
that is reported to be caused by approximately 12 distinct chromosomal transloca-
tions that lead to aberrant expression of as many different cellular genes.[51] Recent
work has shown that the majority of human acute T-cell lymphoblastic leukemias
and T-ALL have gain-of-function mutations in NOTCH1, a type I transmembrane
receptor that normally signals through a γ-secretase-dependent mechanism and
relies on ligand-induced regulated intramembrane proteolysis.[52]

2.3 IDENTIFICATION AND ISOLATION OF CANCER-INITIATING
CELLS IN LEUKEMIA

From previous sections it becomes obvious that LSCs are defined as rare,
self-renewing cells that (1) keep on accumulating during late-stage disease
(crisis); (2) generate a phenotypic, morphologic, and functional leukemic cell
hierarchy; (3) express lineage-specific antigens; and (4) exhibit more altered
microenvironmental interactions than do normal HSCs. However, specifically
targeting LSCs in order to eradicate the disease starting from its source necessi-
tates their identification as a first step. One of the earliest markers reported was
cytoplasmic aldehyde dehydrogenase (ALDH) activity exclusively in hematopoi-
etic stem and progenitor cells; this was seen to be down-regulated further during
differentiation.[53] Since then, ALDH activity has also been reported in LSCs,
with a superior NOD/SCID engrafting potential.[54;55]

The association of distinct molecules on the cell membrane, with specific
stages in the normal cellular regenerative hierarchy, has served to provide some
markers for LSCs. The first such report was the association of expression of
CD34C–CD38� with AML-initiating cells that had a capacity to home and
repopulate the bone marrow on transplantation and generate leukemic blasts
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in SCID mouse models.[56] It was further shown that this cell could generate
the entire leukemic population in a hierarchial manner similar to the normal
hematopoietic one.[2] Soon after, cells with the same immunophenotype were also
identified in ALL.[57]

A limitation of this identification scheme was that the same cell surface
markers were associated with both normal and LSCs. This necessitated a more
stringent definition of the LSC than the CD34CCD38� phenotype. Further
research thus led to reports of additional putative markers, including CD123,[58]

CD13, and CD44, variable amounts of CD33, c-kit, and CD133,[59] and adenosine
triphosphate–binding cassette (ABC) transporters.[60] The expression of CD44
has been identified specifically in association with its role as a key regulator of
AML-LSCs and is reported to be involved in the interaction of LSCs with the
niche toward maintaining their stem cell properties; it has further been suggested
to provide a therapeutic target for the eradication of LSCs.[61]

More recently, on employing a signal sequence trap strategy to isolate cell
surface molecules expressed on human AML-LSCs, CD96 has been suggested
to be a promising LSC-specific marker.[62] CD96 is a cell surface antigen that
plays a role in tumor immunosurveillance[63] and has now been reported to
be useful in characterizing a subgroup of immature AML at the divergence of
T-cell and myeloid lineage.[64] FACS analysis demonstrated a higher frequency
of CD96 expression in AML samples than the normal HSC-enriched popu-
lations (Lin�CD34CCD38�CD90C). Transplantation of CD96C and CD96�
cell fractions into irradiated newborn Rag2�/� γ�/� mice showed significant
levels of engraftment in bone marrow with only CD96C cells. Thus, the CD96
molecule is a promising candidate and may serve as an LSC-specific therapeutic
target.[62]

Yet another group has recently identified a unique subpopulation of
Ph1-positive ALL cells coexpressing markers of endothelial cells (VE-cadherin,
PECAM-1, and Flk-1) and committed B-lineage progenitors.[65] Stromal cell
contact promoted VE-cadherin, stabilized β-catenin, and up-regulated BCR-ABL
fusion gene expressions in these PhCVE-cadherinC LSCs, indicating a unique
response of this fraction of cells to microenvironment-derived self-renewing and
proliferative cues.

2.4 MOLECULAR REGULATION OF ABERRANT HIERARCHIES

Resolution of the developmental hierarchy established by HSCs has been sup-
ported by identification of the molecular mechanisms regulating lineage commit-
ment within a hematopoietic system. This regulation involves a dynamic change
in the expression of specific transcriptional regulators, growth factors, and their
receptors, whose effects determine lineage commitment and cell maturation. Inter-
estingly, the involvement of the same molecules is now being identified with pro-
gression and maintenance of stem cells in a leukemic state.
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2.4.1 Signaling Pathways Deregulated in Leukemia

The concept of a stem cell niche followed observations that stem cell interactions
with their specific microenvironmental elements could be central to the regulation
and maintenance of stem cell self-renewal and differentiation capacities. The HSC
niche is an anatomical unit located in the endosteum within the bone marrow cav-
ity, composed of osteoblasts, osteoclasts, and stromal fibroblasts. Various studies
have shown that osteoblasts are important players in providing HSCs with extrin-
sic cues. The intimate relationship between a stem cell (normal or leukemic) and
its microenvironment is brought into view with identification of specific molecular
players involved in stem cell homing, migration, and adhesion, and their crosstalk
with cellular components of the niche. The molecules involved set off a cascade
of signals that are relayed from the microenvironment to the transcription level
within the stem cell and finally manifested as cellular effects. The recent example
of normal HSCs being tumorigenic under the influence of tumor stroma serves
to emphasize the importance of the niche in leukemogenesis[66;67] (detailed in
Chapter 1). Moreover, several development-associated transcriptional factor fam-
ilies are also aberrantly implicated in the transformation process.[68] The major
signaling pathways identified in normal as well as transformed processes are rec-
ognized to involve several key players of the Wnt, Notch, Sonic Hedgehog, TGF-β,
RARα, and Stat5 families. Further, crosstalk between pathways has also been noted
to be significant in leukemogenesis; for example, deregulation in the form of hyper-
active Shh and Wnt with repressed Notch and Hox pathways involving Stat3, Gli3,
β-catenin, CyclinD1, Hes1, HoxA10, and p21 are construed to act synergistically
and form an important hub in CML progression.[69]

Wnt Signaling Wnts are a large family of secreted glycoproteins involved in
embryonic development, stem cell self-renewal, proliferation, differentiation,
and oncogenesis. The classical Wnt signaling cascade inhibits the activity of
the enzyme GSK3β, augmenting β-catenin translocation to the nucleus and
transcription of the LEF/TCF target genes. β-Catenin has been shown to preserve
CD34 expression and impair myelomonocytic differentiation and clonogenic
proliferation of AML-CFC or CFU-L in methylcellulose.[70] Wnt signaling is
active in CLL; the Wnt/β-catenin–regulated transcription factor LEF-1 and its
downstream target cyclin D1 are overexpressed in CLL. The various ligands that
initiate the Wnt cascade (i.e., Wnt3, Wnt5b, Wnt6, Wnt10a, Wnt14, and Wnt16,
as well as the Wnt receptor Fzd3) are also highly expressed in CLL compared with
normal B-cells.[71] Silencing of SFRPs by CpG island methylation is suggested to
be a possible mechanism contributing to aberrant activation of Wnt signaling in
CLL.[72]

Translocation products (e.g., the fusion proteins in AML) also block
hematopoietic differentiation through activation of the Wnt pathway in
HSCs.[73;74] AML1-ETO, PML-RARα, or PLZF-RARα induce the expres-
sion of Wnt signaling–associated genes.[74;75] Flt3 and Wnt-dependent
signaling pathways synergize in some AML patients, resulting in myeloid
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transformation.[76] Activation of TCF/LEF signaling also decreases growth factor
withdrawal–induced apoptosis of normal progenitors[77]; crosstalk between the
Wnt and the adhesion-dependent signaling pathways through GSK3β is reported
to govern the chemosensitivity of AML.[78] Methylation of Wnt inhibitors is asso-
ciated with activation of the Wnt-signaling pathway[79] (e.g., DKK1 methylation
in the progression of AML and CBF leukemia[80] and DKK3 methylation at an
early stage of ALL[81]). ALL associated with the t(1;19) fusion protein E2A-Pbx1
targets Wnt16b, which promotes transformation, enhanced cell survival, and
leukemogenesis through the canonical Wnt pathway.[82–84]

The noncanonical Wnt/Ca2C pathway also suppress cyclin D1 expression and
negatively regulates B-cell proliferation in a cell autonomous manner. Wnt5a hem-
izygous mice develop myeloid leukemias and clonal B-cell lymphomas that dis-
play loss of Wnt5a function in tumor tissues. Further, analysis of human primary
leukemias reveals deletion of the WNT5A gene and/or loss of WNT5A expres-
sion in a majority of patient samples. These results suggest that Wnt5a suppresses
hematopoietic malignancies.[85]

Notch Signaling The presence of Notch receptors and ligands as well as their
downstream targets at critical stages of hematopoietic development is suggestive
of the involvement of this signaling pathway in cell-fate decisions during
embryonic hematopoiesis, intrathymic T-cell development, B-cell development,
and peripheral T-cell function.[86] This pathway is often described as being at a
crossroad since it is associated with enhanced self-renewal of HSCs as well as
altered lymphoid development, indicating that it may influence both stem cells and
the fate of the CLPs.[87] Notch activation in leukemia is reported either through
gain-of-function mutations (e.g., in FBW7[88]) or is triggered by fusion proteins
[e.g., MLL-MAML2,[89] t(1;22) translocation,[90] t(7;9)[91]] that are commonly
associated with T-cell lymphoblastic leukemias and lymphomas (T-ALL). The
Notch pathway also acts in a combinatorial manner with developmental/oncogenic
transcriptional factors in T-ALL pathogenesis; Notch1 mutations have been
identified along with HOX11, HOX11L2 mutations, or SIL-TAL1 expression.[92]

Besides self-renewal, the other effects mediated by Notch signaling in leukemia
include the transcriptional control of PTEN and regulation of the PI3K-AKT
pathway[93]; ubiquitin-mediated proteolysis of E47 and Tal1/SCL protein[94];
interaction with c-Myc[95]; positive regulation of the mTOR pathway[96];
maintenance of high SKP2 levels to reduce p27Kip1, which leads to more rapid
cell cycle progression[94]; Hes1 activation, which mediates growth arrest and
apoptosis in B-cells[97]; and so on. A finely tuned interplay between Notch3 and
pre-TCR pathways is known to converge on regulation of NF-�B activity, leading
to differential NF-�B subunit dimerization, which regulates distinct gene clusters
involved in either cell differentiation or proliferation/leukemogenesis.[98]

Clonal expansion and transformation mediated by Notch are dependent on
pre-T-cell-specific (TCR) signals associated with the development of CD4CCD8C
T-cells in the bone marrow,[99] including PKC� ,[100] which mediates activation
of NF-�B, inhibition of the E2A pathway, and cooperation with Myc, E2A-PBX,
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and Ikaros dysregulation.[101] Thereby, the NF-�B pathway is realized to be a
potential target of future therapies of T-ALL.[102] Notch activation induced by its
ligand, Delta-1, is also reported to reduce TNF-α-induced growth suppression and
apoptosis through suppression of the sequential activation of caspase 8, caspase 3,
and PARP induced by TNF-α.[103] Sustained GATA-2 expression by Notch1 also
inhibits differentiation of hematopoietic cells[104]; yet other pathways regulated
by Notch1 mediate differentiation-independent cell death.[105]

Other Pathways TGF-β has been shown to inhibit the proliferation of quiescent
hematopoietic stem cells and stimulate differentiation of late progenitors to ery-
throid and myeloid cells. Insensitivity to TGF-β is implicated in the pathogenesis
of many myeloid and lymphoid neoplasms. Loss of extracellular TGF receptors
and disruption of intracellular TGF-β signaling by oncogenes is seen in a vari-
ety of malignant and premalignant states.[106] Expression of the fusion protein
Bcr-Abl leads to hyperresponsiveness of myeloid cells to TGF-β[107]; the mutation
BCR/ABL-Y177 activates Ras-Akt in human hematopoietic progenitor cell trans-
formation leading to CML.[108] The amplitude of Ras pathway signaling is also a
determinant of myeloid cell fate; moderate Ras activation in primitive hematopoi-
etic cells is suggested to be an early event in leukemogenesis.[109]

Of the cytokine/receptor–initiated signaling pathways activated in hematopoi-
etic cells, the Janus kinase/signal transducer and activator of the transcription
(STAT) pathway plays a major role. In normal hematopoietic stem cells, STAT5 is
required for robust competitive repopulation and proliferative responses to early
acting cytokines. In particular, interactions with Grb2-associated binding protein
have linked STAT5 with the PI3K pathway and its downstream signaling.[110]

PI3K-Akt activation is also associated with development of chemoresistance in
AML blasts through a mechanism involving p53-dependent suppression of MRP1
expression.[111] Activation of STAT5 in CD34�c-KitCSca-1CLin� HSCs leads to
a drastic expansion of multipotential progenitors and promotes HSC self-renewal
ex vivo. In sharp contrast, STAT3 was demonstrated to be dispensable for HSC
maintenance invivo, and its activation facilitated lineage commitment of HSCs
invitro.[112]

2.4.2 Self-Renewal of Normal and Leukemic Stem Cells

One of the earliest features identified in leukemia is enhanced self-renewal
capacity of transformed cells.[113] Activation of β-catenin in CML GMPs
appears to mediate this self-renewal activity as well as the leukemic potential
of LSCs.[34] The polycomb transcriptional repressor Bmi1[114] has also been
identified as being critical in the self-renewal function of HSCs as well as
LSCs. Expression of the homeobox transcription factors HOXA9 and MEIS1A
(shown to reproducibly generate myeloid leukemia in mouse models) in mouse
fetal liver cells indicated that while Hoxa9 alone blocks the differentiation of
nonleukemogenic myeloid cell–committed progenitors, coexpression with Meis1
is required for the production of AML-initiating progenitors, which also transcribe
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a group of HSC genes, including CD34 and FLT3 (thus defined as Meis1-related
leukemic signature genes).[115] Together, these genes induce leukemia in
Bmi1-deficient mice with the same kinetics and characteristics as in normal mice,
implying that Bmi1 is not necessary for either leukemia initiation or progression.
However, LSCs from Bmi1-deficient mice could not self-renew, resulting in far
fewer leukemic cells in the blood of primary mouse recipients and an inability
to produce leukemic cells in secondary recipients. This result clearly identifies
self-renewal as an essential component of the development of leukemia, distinct
from the potent differentiation block and proliferation induced by HOXA9 and
MEIS1A. Further, the Bmi1 targets p16Ink4a and p19Arf were occasionally altered
in such deficient cells. This could to some extent compensate for the loss of Bmi1,
but also hints that other targets of Bmi1 may also be involved in the process of
self-renewal. More recently it has also been shown that the tumor suppressor
PTEN drives the self-renewal of normal HSCs and the formation of leukemia
cells through different mechanisms,[116]such as a cell-context-dependent,
PTEN-mediated regulation of mTOR.[117;118] Despite the extensive ongoing
research in this aspect of stem cell biology, the precise mechanisms controlling
HSC and LSC self-renewal are still not precisely understood.

2.4.3 Epigenetic Effects

In addition to the cell intrinsic and extrinsic events defined so far (genetic regu-
lation and signaling, respectively) that regulate molecular processes governing
hematopoiesis, an extensive interplay between lineage-specific transcription fac-
tors, DNA methylation, and covalent histone tail modifications (e.g., acetylation,
methylation, phosphorylation, SUMOylation, and ubiqutination), which constitute
the histone code, has also been realized. Adult T-cell leukemia/lymphoma,
characterized as one of the most aggressive human neoplasias, is thought to
be caused by both genetic and epigenetic alterations to the host cellular genes
of T-cells infected with human T-cell leukemia virus type I (HTLV-I).[119]

Similarly, abnormal Wnt signaling due to both types of alterations in ALL
establishes a group of patients with a significantly adverse prognosis.[120]

Epigenetic factors affect chromatin structure and gene transcription, allowing
the developmental potential of hematopoietic stem cells to be regulated dynam-
ically, and are often targets for dysregulation in many hematological malig-
nancies.

Hypo/Hypermethylation of Gene Promoters Hypermethylation of gene promo-
ters leading to their silencing has been reported in certain tumor suppressor and
lineage specification genes, cell cycle checkpoints, and so on, and is reported
to contribute effectively to blast accumulation in leukemic crisis. Some such
methylated gene promoters include p73 in ALL and Burkitt’s lymphoma[121];
AKAP12 in leukemic myeloblasts[122]; DLX3 in pediatric B-ALL patients[123];
PTPRO in CLL tumorigenesis[124]; PCDH10, a tumor suppressor that is variably
silenced in lymphomas (e.g., Burkitt’s, diffuse large B-cell, Hodgkin’s, nasal
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natural killer/T-cell) and also some leukemia cell lines but not in normal
peripheral blood mononuclear cells or lymph nodes[125]; RARβ2 in primary AML
blasts[126]; and GGH promoter methylation, which results in a significantly higher
accumulation of MTX polyglutamates in nonhyperdiploid B-lineage ALL.[127]

Similarly, the genes DLC-1, PCDHGB7, CYP27B1, EFNA5, and CCND1 were
frequently hypermethylated in non-Hodgkin’s lymphoma but not in benign
follicular hyperplasia[128]; allelic silencing at the tumor suppressor locus 13q14.3
occurs in B-cell CLL[129]; AhR promoter hypermethylation is reported in primary
ALL[130]; lamin A/C hypermethylation is associated with poor outcome in diffuse
large B-cell lymphomas[131]; TWIST2 is reported to be differentially methylated
in CLL cells relative to Ig V(H) mutational status[132]; and the CD26 antigens
are also silenced in ATL.[133] Interestingly, SOCS1 gene silencing caused by
methylation of CpG islands in CML is reversed to an unmethylated status in
molecular remission,[134] providing a marker for predicting patient prognosis.
DAPK1 expression of the CLL allele is down-regulated by 75 % in germline cells
due to increased HOXB7 binding. Additional promoter methylation results in
further loss of expression, contributing to the CLL phenotype.[135]

Although hypermethylation is more frequently associated with tumorigenesis,
hypomethylation leading to activation of proto-oncogenes is also reported [e.g.,
hypomethylation of PRAME (a tumor-associated antigen) plays a significant role
in the progression of CML,[79] activation of HOX11 in T-cell acute lymphoblastic
leukemia (regardless of the involvement of translocation)[136]]. Identification of
differential combinations of up- and down-regulated genes through microarrays
is also being studied increasingly in leukemias [e.g., 11 genes (DCC, DLC-1,
DDX51, KCNK2, LRP1B, NKX6-1, NOPE, PCDHGA12, RPIB9, ABCB1, and
SLC2A14) were differentially methylated between ALL patients and controls[137]].

Chromatin-Regulating Genes The role of higher-order chromatin assem-
bly is currently being realized in development-, lineage differentiation-, and
tumorigenesis-associated gene expression. Deletion of L3MBTL is associated with
myeloid malignancies; the gene represents a candidate 20q target and is also a
member of the Polycomb family of proteins, which together with the trithorax
proteins, bring about coordinated regulation of patterns of gene activity.[138]

An increase in histone H3K4 (lysine 4 on histone 3) and H3K79 (lysine 27 on
histone 3) methylation within the Bmi1 promoter provides proof of an epigenetic
mechanism for histone modifications in SALL4-mediated Bmi1 gene deregu-
lation, which is associated with enhanced self-renewal.[139] Similarly, altered
regulation of DNMT3b and HMTaseI expression and the methylation-dependent
binding proteins, and MBD2 and MeCP2 expressions, correlated with stages of
B-CLL, suggest that these changes may represent deregulation of the epigenetic
repertoire.[140]

GSK-3 inhibition abrogates NF-�B binding to its target gene promoters (XIAP,
Bcl-2), in part through epigenetic modification of histones, and thereby enhances
apoptosis in CLL B-cells ex vivo. This identifies GSK-3 as a potential therapeutic
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target in the treatment of CLL.[141] MLL1 (a histone methyltransferase) local-
izes with RNA polymerase II to the 50 end of most protein-coding genes where
histone H3K4 trimethylation occurs. In addition to this 50 proximal binding behav-
ior, MLL1 also occupies an extensive domain within a transcriptionally active
region of the HoxA cluster. This dual role of MLL1 as a start site–specific global
transcriptional regulator and participation in larger chromatin domains at the Hox
genes is important in maintenance of cellular identity in hematopoiesis.[142;143]

Chromosomal Rearrangements Contributing to Epigenetic Events Although
leukemia-derived fusion proteins such as MOZ-TIF2 (rearranged in chromosome
translocations associated with AML) promote self-renewal of LSCs, recent studies
indicate that murine MOZ and MORF are important for proper development of
hematopoietic and neurogenic progenitors, respectively, thereby highlighting the
importance of epigenetic integrity in safeguarding stem cell identity.[144] Both
proteins have intrinsic histone acetyltransferase activity and are components of
quartet complexes with noncatalytic subunits containing the bromodomain, plant
homeodomain-linked finger domain, and proline–tryptophan–tryptophan–proline
containing domain, three types of structural modules characteristic of chromatin
regulators. Similarly, the α-catenin tumor suppressor in HSCs is believed to
provide a growth advantage that contributes to human MDS or AML with
del(5q).[145] The myeloid maturation block by AML1-MTG16 is associated
with CSF1R epigenetic down-regulation.[146] Another fusion protein (i.e.,
MLL-AF10) results in leukemic transformation in an hDOT1L methyltransferase
activity–dependent manner, which results in up-regulation of Hoxa9, concomitant
with hypermethylation of H3K79. Thus, mistargeting of hDOT1L plays an
important role in MLL-AF10-mediated leukemogenesis.[147]

It is envisaged that changes in the epigenetic program are multifactorial in
nature, and a larger part of the epigenetic repertoire is as yet not well understood.
However, the discovery that epigenetic marks can be reversed by compounds
targeting aberrant transcription factor/coactivator/corepressor interactions and
histone-modifying activities provides the basis for an exciting field in which
the epigenome of cancer cells may be manipulated with potential therapeutic
benefits.

2.4.4 microRNA in Leukemia Development

MicroRNAs (miRNAs) are a novel class of small noncoding RNA molecules that
regulate gene expression by inducing degradation or translational inhibition of
target mRNAs. Increasing experimental evidence also supports the idea of aberrant
miRNA expression in cancer pathogenesis.[148] Many miRNAs are reported to be
differentially regulated in various hematopoietic lineages. Three miRNAs (i.e.,
miR-10a, miR-10b, and miR-196a-1) showed a clear correlation with Hox gene
expression,[149] which is important in lineage demarcation. Other hematopoietic
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lineage-specific or lineage-enriched miRNAs include miR-181c, miR-181d,
miR-191, and miR-136; miRNA clusters include miR-29c, miR-302, miR-98,
miR-29a, and let-7a-1.[150] MiR-181a expression correlates strongly with AML,
while miR-181a, let-7a, and miR-30d are consistently underexpressed in CLL.[151]

MicroRNAs may also be either tumor suppressors (e.g., miR-15a/miR-16-1
locus, miR-142) or have oncogenic properties (e.g., miR-155 and miR-17/miR-92
clusters).[152] The miR-15a/miR-16 locus (13q14.3) regulates Bcl2 negatively at
a posttranscriptional level, thereby inducing apoptosis, and is frequently deleted
or down-regulated in patients with B-cell CLL,[153–156] while miR-142 is at a
translocation site in aggressive B-cell leukemia. miR-let-7 also functions as a
tumor suppressor and may inhibit cancers by regulating oncogenes and/or genes
that control cell differentiation or apoptosis.[157]

Up-regulation of miR-15a, miR-15b, miR-16-1, let-7a-3, let-7c, let-7d,
miR-223, miR-342, and miR-107, and down-regulation of miR-181b expressions
in APL patients and cell lines during all-trans retinoic acid (ATRA) treatment
have been reported.[158] Deregulation of the TCL1 oncogene is a causal event in
the pathogenesis of aggressive CLL; expression levels of miR-29 and miR-181
generally correlate inversely with Tcl1 expression in CLL samples.[159] miR155
and BIC (its host gene) have been reported to accumulate in human B-cell
lymphomas, especially in diffuse large B-cell lymphomas, Hodgkin lymphomas,
and certain types of Burkitt lymphomas; it leads to polyclonal expansion, favoring
the capture of secondary genetic changes for full transformation.[160] miR-21
is also dramatically overexpressed in leukemia, although the corresponding
genomic loci are not amplified; whereas miR-150 and miR-92 are significantly
deregulated.[161]

A new role for a leukemia fusion protein linking the epigenetic silencing of
a microRNA locus to the differentiation block of leukemia has recently been
reported.[162] Human granulocytic differentiation is controlled by a regulatory
circuitry involving miR-223, miR-107, and the transcriptional factors NFI-A
and C/EBPα.[163] miR-223 is also a direct transcriptional target of AML1/ETO,
the t(8;21)-generated AML fusion protein. By recruiting chromatin remodeling
enzymes at an AML1-binding site on the pre-miR-223 gene, AML1/ETO induces
heterochromatic silencing of miR-223. Ectopic miR-223 expression, RNAi
against AML1/ETO, or demethylating treatment enhances miR-223 levels and
restores cell differentiation. A BCR�ABL�c-MYC�miR-17-92 pathway has
also been reported; consequently in three Bcr�AblC cell lines, expression of the
polycistronic miR-17-92 cluster miRNAs was specifically down-regulated by
both imatinib treatment and anti-BCR�ABL RNAi.[164] In unilineage monocytic
culture generated by hematopoietic progenitor cells, microRNAs 17-5p, 20a,
and 106a are down-regulated, whereas AML1 is up-regulated at the protein
but not at the mRNA level. These miRNAs target AML1, which promotes
M-CSFR transcription. In addition, AML1 binds the miRNA 17-5p-92 and
106a-92 cluster promoters and transcriptionally inhibits the expression of miRNA
17-5p-20a-106a. These studies indicate that monocytopoiesis is controlled by a
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circuitry involving sequentially miRNA 17-5p-20a-106a, AML1, and M-CSFR,
whereby miRNA 17-5p-20a-106a functions as a master gene complex interlinked
with AML1 in a mutual negative feedback loop.[165]

miRNA expression profiling of CLL and ALL revealed the five most
highly expressed miRNAs to be miR-128b, miR-204, miR-218, miR-331, and
miR-181b-1 in ALL, and miR-331, miR-29a, miR-195, miR-34a, and miR-29c
in CLL. The miR-17-92 cluster was also found to be up-regulated in ALL, as
reported previously for some types of lymphomas. The differences observed in
gene expression levels were validated for miR-331 and miR-128b in ALL and
CD19C samples, suggesting the potential roles of these miRNAs in hematopoiesis
and leukemogenesis.[166]

Kis2 ncRNAs (Non-coding RNAs) are the pri-miRNA of the oncogenic
miR-106-363; their overexpression results in miR-106a, miR-19b-2, miR-92-2,
and miR-20b accumulation and rising miR-92 and miR-19 levels. Myosin
regulatory light chain–interacting protein, retinoblastoma-binding protein 1-like,
and homeodomain-interacting protein kinase 3 are target genes of this miRNA
cluster; thus, a link between these genes, their regulatory miRNAs, and T-cell
leukemia has recently been established.[167]

Murine Fli-3 is the integration site of Friend murine leukemia virus
(F-MuLV)–induced erythroleukemia; its human homolog, C13orf25, includes a
region encoding the miR-17-92 miRNA cluster and is the target gene of 13q31
chromosomal amplification in human B-cell lymphomas. Erythroleukemias
resulting from either insertional activation or amplification of Fli-3 express
higher levels of the primary or mature miRNAs derived from miR-17-92. Ectopic
expression of Fli-3 in an erythroblastic cell line also switches erythropoietin
(Epo)-induced differentiation to Epo-induced proliferation through activation of
the Ras and PI3K pathways. Fli-3 encoding miR-17-92 is implied strongly in
hematopoiesis and the development of erythroleukemia.[168]

Collectively, the considerable amount of data generated for leukemia indicates
that miRNA expression profiles may become useful biomarkers in cancer diag-
nostics. In addition, miRNA therapy could also be a powerful tool for cancer
prevention and therapeutics.

2.5 CONCLUSIONS AND FUTURE PERSPECTIVES

The general mechanisms underlying leukemic transformation with stem cells or
their progenitors being targets for genetic rearrangements are begining to be elu-
cidated. Current chemotherapeutic agents are thought to have limited efficacies in
leukemia since they target both the leukemic and normal stem cell populations.
The expression of drug transporters is also enhanced in LSCs, making this disease
drug resistant. It thus becomes imperative to develop new strategies to target the
LSC population specifically and preferentially while sparing normal stem cells.
Some drugs that are lethal for LSCs are currently in preclinical testing, including
parthenolide and TDZD8.[169] The existing correlation of specific surface markers
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and cancer-initiating cells coupled with a leukemogenic marker also provides an
excellent prognostic tool to track postchemotherapeutic minimal residual disease,
which at a later stage leads to a stage of relapse. However, such strategies have yet
to be developed at the clinical level.

Targeting the fusion products of chromosomal translocations is another current
approach. These proteins not only retain the cells in an immature state, but
also contribute significantly to the development of a relative insensitivity to
treatment.[170] In CML, the bcr-abl translocation product is an activated tyrosine
kinase that activates myelocyte cells; this activation may be inhibited by imatinib
mesylate (Gleevec, STI-571), which prevents phosphorylation, resulting in cell
differentiation and apoptosis. In APL, the PML-RARα fusion product blocks
the activity of the promyelocytic protein required for formation of the granules
of promyelocytes and prevents further differentiation. Retinoic acids bind to the
RARα component of the fusion product, resulting in degradation of the fusion
protein by ubiquitinization. This allows normal PML to participate in granule
formation and differentiation of the promyelocytes. Leukemias resulting from
FLT3 mutations that result in constitutive activation of the IL-3 receptor may
be blocked by agents that inhibit farnesyl transferase. Thus, specific inhibition
of the genetically altered activation molecules of leukemic cells could induce
differentiation and apoptosis. Use of optimal combinations of specific inhibitors
that act on the effects of different specific genetic lesions promises to result in
more effective and permanent treatment.

In conclusion, a number of similarities are evident between normal and
leukemic stem cells, yet distinct differences also exist. The latter could be
exploited to provide a therapeutic window in which specially designed small
molecule inhibitors could specifically target LSCs in a clinical setting.
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3 Isolation and Characterization
of Breast and Brain Cancer
Stem Cells

MEERA SAXENA and ANNAPOORNI RANGARAJAN

3.1 INTRODUCTION

Even though the existence of functional hierarchies within tumors had been pre-
dicted over 40 years ago,[1] the first conclusive evidence came only in 1994, when
Lapidot and his co-workers demonstrated the existence of a small subpopulation
of tumor-initiating cells within acute myeloid leukemia (AML).[2;3] This raised
further questions: Is the existence of such a rare subpopulation of tumor-initiating
cells a rule for all kinds of tumors, or is AML an exception?[4] Do solid tumors,
which comprise the bulk of adult tumors, also obey this rule? Fueled by research in
the field of leukemic stem cells, the hunt began for the identification and isolation
of a subset of cells within solid tumors capable of initiating and maintaining
tumors. However, the field of cancer stem cell (CSC) biology had to wait almost
a decade more before answers to these questions were forthcoming. In 2003,
researchers in the laboratory of Michael Clarke elegantly demonstrated the
existence of a small subpopulation of cells within breast cancers that alone had
the potential to initiate new tumors.[5] These were considered to be putative
breast cancer stem cells. This landmark study quickly paved the way for the
identification and isolation of CSCs in several other solid cancers, with brain
tumors following suit immediately. In this chapter, we look at how researchers
succeeded in isolating breast and brain cancer stem cells.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
Copyright  2009 John Wiley & Sons, Inc.
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3.2 BREAST CANCER STEM CELLS

3.2.1 Mammary Gland Architecture and Cell Types

The development of the mammary gland or breast is a dynamic process that
responds to changes in age, menstrual cycle, and the pregnancy status of the
individual.[6] The mammary gland is a well-architectured tubuloalveolar organ
made up of ducts and lobules. An apt way to appreciate the architecture of the
mammary gland is to compare it with an upturned tree. The secretory alveoli or
the terminal end buds could be considered to represent the leaves on this tree
and they synthesize and secrete milk. Many of these alveoli are grouped together
into lobules, which drain milk into the short branchlike intralobular ducts. The
terminal end buds and the intralobular ducts together comprise the structural and
functional unit of the breast called as the terminal ductal lobular unit (TDLU).
The intralobular ducts, in turn, drain milk into the major branchlike interlobular
ducts. The lobules are organized into 15 to 20 lobes, each of which empties into
separate lactiferous sinuses, and from there into lactiferous ducts, which open into
the trunklike nipple (Fig. 3.1). The mammary gland is supported by interspersed
interstitial and intralobular adipose and connective tissue, comprising mainly
fibroblasts, endothelial cells, blood cells, and nerve cells.

The mammary epithelium is made up of three cell types: the myoepithelial cells,
which form the basal layer of ducts and alveoli; the ductal epithelial cells, which
line the lumen of the ducts, and the alveolar epithelial cells, which synthesize
the milk proteins. Together, the ductal and alveolar cells constitute the luminal
epithelium[7] (Fig. 3.1).

The ability of the mammary gland to replenish itself following cycles of men-
struation, pregnancy, and lactation suggested long ago the existence of a repopu-
lating pool of cells within the mammary gland. However, the exact identification
and isolation of such cells has proven difficult. It is now well established that
tissue-specific adult stem cells represent the parental undifferentiated cells within
an organ, which maintain the cell pool through their ability to both self-renew
and differentiate into the various cell types of the tissue. Very recently, in the
mouse mammary gland, epithelial stem cells were identified as bearing a Lin�
CD29hiCD24low cell surface marker profile since an entire functional mammary
gland could be derived from a single cell of this phenotype in transplantation
experiments.[8] Although a definite breast epithelial stem cell in human mammary
gland is yet to be identified, Dontu et al. developed an in vitro system to isolate
and propagate normal human breast epithelial stem cells. When grown in nonad-
herent, suspension conditions, in serum-free media, this research group showed
that human mammary epithelial cells generated floating spheres that they termed
mammospheres. These nonadherent mammospheres contained cells that retained
their undifferentiated, multipotent, and proliferative state, suggesting that mammo-
spheres are enriched in cells with functional characteristics of stem or progenitor
cells.[9]
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FIGURE 3.1 Mammary gland architecture and cell types: (A) parts of the mammary
gland; (B) phase-contrast microscopy of organoid obtained upon mechanical and enzymatic
treatment of breast tissue [the boxed area shows the terminal ductal lobular unit (TDLU)];
(C) TDLU and cell types of mammary gland.

3.2.2 Breast Cancer

Breast cancer today is the most prevalent cancer among women, affecting approx-
imately 1 million women worldwide. The most common type of breast cancer is
cancer of the ducts, which originates in the terminal end bud and is called inva-
sive ductal carcinoma (IDC). The in situ form of this type of tumor is referred
to as ductal carcinoma in situ (DCIS). Other less common types of breast tumors
are invasive lobular carcinoma (ILC), which progresses from lobular carcinoma in
situ (LCIS). A few examples of rare types of breast cancer are tubular carcinoma,
medullary carcinoma, and metaplastic carcinoma. Phylloides tumor and sarcoma
are tumors that arise in the connective tissue of the breast.

3.2.3 Identification of Breast Cancer Stem Cells

Al-Hajj and co-workers, in the laboratory of Michael Clarke,[5] identified and
isolated putative breast cancer stem cells based on the differential cell surface
expression of adhesion markers using flow cytometry (Fig. 3.2A). They sorted
the primary breast tumor–derived cancer cells or metastatic pleural effusions,
based on the expression of cell adhesion molecules CD44 and CD24 [cluster of
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FIGURE 3.2 (A) Principle of flow cytometry to sort cells. The sample of cell suspension
is introduced in the center of a narrow, rapidly flowing stream of sheath fluid. Light of a
single wavelength is focused onto this stream of cells. Each fluorescent antibody-labeled
cell passing through the laser beam may get excited and emit light at a longer wavelength
which is detected by a number of detectors. A vibrating mechanism causes the stream of
cells to break into individual droplets. Based on the fluorescence signal, an electric charge
is placed onto the drop containing a cell which then gets deflected and sorted into different
collection tubes by an electrostatic deflection system. (B) Strategy used by Al-Hajj et al. to
identify tumorigenic breast cancer cells.

differentiation (CD) cell surface markers]. Often, cells isolated from a primary
tissue are contaminated by cells of hematopoietic lineage. Such contaminating
hematopoietic cells were eliminated by sorting out for cells expressing the lineage
markers CD2, CD3, CD10, CD16, CD18, CD31, and CD64, which are associated
with leukocyte, endothelial cell, mesothelial cell, and fibroblast cell populations.
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The resulting Lineage� (Lin�) breast cancer cell fraction was sorted further using
the CD44/CD24 parameter. This yielded several expressions, including CD44high,
CD44low, CD24high, CD24�/low, and combinations thereof, which were collected
after sorting and individually grafted into the mammary fat pad of nanobese
diaketic/severely compromised immunodeficient (NOD/SCID) mice to assess
their tumorigenicity potential [10] (Fig. 3.2B).

3.2.4 Putative Breast Cancer Stem Cells that Exhibit the CD44C
CD24�/lowLin� Marker Profile

Of the Lin� cells obtained after cell sorting, the authors demonstrated that
only the CD44C CD24�/low fraction of cells represented the prospective breast
cancer–initiating cells as assessed by their capacity to generate tumors in
NOD/SCID mice; the alternate cell populations sorted on the basis of other
combination of markers failed to form detectable tumors. This clearly indicated
that the tumor-initiating property resided within the CD44C CD24�/low cell
populations. Yet another support for this was the fact that whereas at least 5ð 104

unsorted breast cancer cells were required to initiate tumors, as few as 103 CD44C
CD24�/lowLin� cells consistently generated tumors, indicating that these markers
are enriched in cells with tumor-forming potential in NOD/SCID mice. Among
the various breast tumors and pleural effusions analyzed, 11 to 35% of the Lin�
cells were CD44C CD24�/low, indicating that the tumor-initiating potential rested
within only a small subpopulation of the tumor cells, while the majority of the
tumor bulk failed to do so.

3.2.5 ESAC Subpopulation of CD24�/lowLin� Cells Enriched by
Tumorigenicity

On using another cell surface marker, ESA (epithelial surface antigen, which
is expressed in epithelial cancers), the ESAC subpopulation of CD44C
CD24�/lowLin� cells became further enriched in their ability to form tumors when
injected into NOD/SCID mice. As few as 200 of the CD44C CD24�/lowLin�
ESAC cells formed tumors consistently, whereas 10 times CD44C CD24�/lowLin�
ESA� cells (2000 cells), or 20,000 CD44C CD24C cells, failed to form tumors.
Thus, the ability of such a small number of CD44C CD24�/lowLin� ESAC cells
to regenerate a complete tumor is similar to the ability of normal stem cells to
regenerate an entire tissue.

3.2.6 Tumorigenic Breast Cells Displaying Properties of Stem Cells

The two hallmark properties of stem cells are self-renewal and the ability to regen-
erate all the other cell types of the tissue. To test whether the tumorigenic subpop-
ulation of breast cancers indeed behaved like stem cells, they were screened for an
expression of the properties of self-renewal and an ability to generate phenotypi-
cally diverse cells. Tumors generated in NOD/SCID mice through the engraftment
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of 200 CD44C CD24�/lowLin� ESAC cells were dissociated and subjected to flow
cytometry after immunostaining for specific surface markers. These cells exhib-
ited heterogeneity with respect to the expression of CD44, CD24, and ESA surface
molecules, thereby recapitulating the diversity of cell repertoire within the parent
tumor. Thus, in addition to the phenotype of the cells injected (i.e., CD44C CD24�
ESAC), cells of other phenotypes were detected in the newly generated tumor. This
small subpopulation of breast cancer cells indeed had the ability to propagate itself
as well as to generate the phenotypic heterogeneity characteristic of the parent
tissue, confirming their stem cell–like nature.

The extensive self-renewal and proliferation potential of these putative CSCs
was assessed further by monitoring them through sequential cycles of sorting
the specific subpopulation followed by tumor development in vivo in mice. The
tumorigenic CD44C CD24�/lowLin� breast cancer cells could thus be serially
passaged through a minimum of four such cycles of sorting and tumor formation,
thus demonstrating their extensive self-renewal and proliferation capacity.

In conclusion, to modify the classical definition of normal stem cells, the two
properties required to qualify a cell to gain recognition as a cancer stem cell are (1)
its ability to self-renew and proliferate extensively, and (2) its ability to generate
the various cell types of the parent tumor in order to recapitulate the original tumor
heterogeneity. Since very few of the CD44C CD24�/lowLin� ESAC cells were able
to be passaged serially in vivo, mimicking the extensive cell proliferation ability
of stem cells and also give rise to a heterogeneous tumor recapitulating the parent
tumor, these cells have been termed breast cancer–initiating or breast cancer stem
cells, the first of their kind to be identified in solid tumors.[10]

3.2.7 In Vitro Propagation of Breast Cancer Stem Cells
as Mammospheres

In an effort to understand the role and importance of CSCs, and the molecular
and cellular events that occur in them during seeding of cancer, one must first har-
vest appreciable numbers of these rare cells. For this it is essential to isolate and
propagate such CSCs in long-term in vitro culture. Toward meeting this demand,
advances made in the field for culturing normal breast stem/progenitor cells as
floating mammospheres came to the rescue.[9] In this strategy, cells are seeded in
low-attachment plates in serum-free media supplemented with growth factors that
provide a stimulus of activation of the stem cells, and included bFGF, EGF and
insulin. While a vast majority of cells die, owing to their inability to attach (i.e.,
grow in an anchorage-independent manner), the few surviving cells generate float-
ing spheres termed mammospheres. Mammospheres generated by normal breast
tissue were found to contain cells capable of self-renewal and could be maintained
in an undifferentiated state for several passages, and also demonstrated multilin-
eage differentiation potential on receiving the appropriate differentiation cues from
the environment. This strategy thus allowed the isolation and propagation of stem
and progenitor cells in vitro (Fig. 3.3A).
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FIGURE 3.3 (A) Method of in vitro propagation of normal and cancer mammospheres;
(B) proliferation and sphere formation efficiency of breast cancer precursor cell lines: �,
B3R, grade 3 carcinoma; �, MCF-S, breast carcinoma cell line; �, BP1, grade 2 carcinoma;
ž, B16, grade 1 carcinoma. (Adapted from ref. 11.)

Breast Cancer–Derived Cells that Generate Cancer Spheres To further
address whether breast cancer stem cells would also have the potential to generate
mammospheres, Ponti and co-workers subjected primary breast cancer–derived
cells to suspension culture.[11] The investigators observed that of the 16 different
primary cancers that were subjected to this assay, three had the capacity to give
rise to long-term cultures. These cancer-derived mammospheres were composed
of undifferentiated, self-renewing tumor cells which could be differentiated into
epithelial-like cells expressing markers of the mature mammary gland epithelium,
thus demonstrating that they were endowed with stem/progenitor cell properties.
In addition, the authors observed that the three tumors from which these cells were
derived were all estrogen receptor–positive lesions, which suggested a possible
correlation between hormonal cues and maintenance of stemness.[10;11]

Sphere-Forming Efficiency Correlated with Tumor Grade Another interesting
observation made by this group was that the primary culture established from
aggressive grade III breast carcinomas had more proliferating cells and corre-
spondingly higher sphere-forming efficiency than those of a grade II breast car-
cinoma; the latter in turn, had more proliferating cells and higher sphere-forming
potential than those of the least invasive grade I breast carcinoma (Fig. 3.3B). Since
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sphere formation efficiency is indicative of the number of self-renewing stem cells
or proliferating progenitors in a cell pool, a higher sphere formation efficiency
observed in cells obtained from a more aggressive tumor suggests the presence of
more self-renewing cells in that tumor.

Breast Cancer Mammosphere–Derived Cells that Are CD44C CD24� and that
Initiate Tumors In Vivo As Al-Hajj et al. had demonstrated that the subpopula-
tion of breast cancer cells capable of behaving as if CSCs had a CD44C CD24�
phenotype,[5] Ponti et al. subjected the cancer spheres derived from breast cancer
to flow cytometry to assess for their marker profile.[11] Indeed, the cancer spheres
were associated with a CD44C CD24� phenotype. Moreover, when small numbers
of these cancer sphere–derived cells were injected into NOD/SCID mice, they gen-
erated tumors, indicating their potential as cancer-initiating stem cells. On a discor-
dant note, however, even though 95 to 98% of the cancer sphere cells were CD44C
CD24�/low, only 10 to 20% of the cells were actually self-renewing, as shown
by sphere formation efficiency, suggesting that only a subset of cells within the
CD44C CD24� fraction are actually tumorigenic. More recently, CD44C CD24�
CSCs from individual human breast tumors were shown to be clonally related but
not always identical, suggesting that few additional genetic changes may be fur-
ther rendered for the progression of CD44C CD24� CSCs into the various other
phenotypes that contribute to the heterogeneity within a tumor.[12]

3.3 BRAIN CANCER STEM CELLS

3.3.1 Brain Architecture and Cell Types

The human brain, although just 2% of human body weight, is the most complex
of all organs. It is the prime site for integration of all the physiological functions
of a human body. The brain consists of extremely convoluted neural tissue that is
supported and protected by the skin, the cranial bones of the skull, the three layers
of connective tissue membranes called the meninges, and the cerebrospinal fluid
(CSF). The CSF flows between the spaces of the meninges, providing nourish-
ment to the brain tissue and also functioning as a shock absorber against physical
stresses.

Anatomically, the brain can be divided broadly into three parts: the cerebrum,
brain stem, and cerebellum. The functional and structural units of the brain are the
nerve cells or neurons and the glial cells (Fig. 3.4). The brain contains approx-
imately 100 billion neurons that receive, process, and transmit information as
electrochemical signals to and from the brain. Glial cells make up 90% of all brain
cells and are called the “nerve glue,” as they hold the nerve cells together, support,
and nourish them. The three main types of glial cells found in the central nervous
system are the astrocytes (star-shaped cells that provide physical and nutritional
support for neurons), oligodendrocytes (which form the protective coatings called
myelin around neurons), and the microglial cells (phagocytes that clear away the
dead neurons).
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FIGURE 3.4 (A) Architecture of the brain; (B) brain cell types. (See insert for color
representation of figure.)

3.3.2 Brain Cancers

Brain cancers are the leading cause of cancer-related mortality in children. The
nomenclature of these cancers is based on the cell type or part of the brain in which
they arise. The most common type of brain cancers arise in the glial cells and hence
are called the gliomas. Within the gliomas, astrocytomas (arising from astrocytes)
are the most common tumors. A type of grade 3 astrocytoma called anaplastic
astrocytoma and a grade 4 astrocytoma called glioblastoma multiforme are both
recognized to be highly malignant brain cancers. Other gliomas include brain stem
glioma, ependymoma (arises in ependymal cells that line the brain ventricles), and
the rare oligodendroglioma (arises in the oligodendrocytes). Some of the tumors
that do not arise in the glial cells include the medulloblastoma (arises in cerebellum
and is the most common brain tumor in children), pineal gland tumor (arises in the
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pineal gland), craniopharyngioma (arises at the base of the brain near the pituitary
gland and most often afflicts children), and meningioma (arises in the meninges).

3.3.3 Brain Stem Cells

The long-held belief that the nervous tissue does not regenerate was shaken in the
1960s when few researchers discovered two regions in the rat brain that contained
cells capable of dividing.[13–15] The dogmatic view that an adult brain is static and
incapable of regenerating nervous tissue was discarded completely in the 1990s,
when scientists showed that the adult brain contains undifferentiated stem cells that
could generate the three major types of brain cells: the neurons, astrocytes, and
oligodendrocytes. In 1992, Reynolds and Weiss isolated for the first time, neuronal
stem cells from the subventricular zone (SVZ) of the mouse brain.[15] In fact, it
is now known that neurogenesis occurs throughout adulthood in restricted areas
of the brain such as the SVZ and the hippocampus (present in cerebral cortex),
leading to production of as many as 30,000 new neuronal precursors or neuroblasts
every day.[14–16] They developed for the first time an in vitro assay for propagation
of neural stem cells as nonadherent neurospheres.[15] A neurosphere is a clone
of cells formed through the self-renewal of one parent neural stem cell. Therefore,
neurosphere generation is an in vitro assay indicative of the self-renewal capability
of cells. In fact, it is neurosphere cultures that pioneered the strategy for in vitro
propagation of several types of stem cells as floating spheres.

Soon after, Uchida et al. identified CD133-expressing cells derived from
human neural tissues as candidate human central nervous system stem cells
(hCNS-SC).[17] As mentioned earlier, each cell type within an organ can be
identified and distinguished from other cell types on the basis of a characteristic
cell surface marker profile. In their study, Uchida et al. screened 50 different
monoclonal antibodies against dissociated fetal brain tissue to identify specific
hCNS-SC markers and found that the cell population expressing CD133 displayed
attributes of stem cells.[17] These cells were able to self-renew, expand in
neurosphere cultures, and differentiate in vitro into neurons and glial cells.
Moreover, they also observed engraftment of the CD133C cells on transplantation
into the brains of NOD/SCID mice.

3.3.4 Brain Cancer Stem Cells

While globally, researchers were revising their concepts with respect to the dis-
covery that the adult nervous tissue can regenerate, there came a report in 2003 by
Singh and co-workers from the laboratory of Peter Dirks claiming the identifica-
tion of a CD133-expressing subpopulation of brain cancers as brain cancer stem
cells, which they called brain tumor stem cells (BTSCs).[18] At that time, it was
the only other report of the identification and isolation of cancer stem cells from a
solid tumor following the identification of breast cancer stem cells. Unlike the case
of breast cancer stem cells, evidence for the existence of BTSCs first came from in
vitro experiments, which were subsequently supported by in vivo experiments.
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FIGURE 3.5 (A) Strategy for in vitro assays to identify brain tumor cancer stem cells;
(B) strategy for in vivo tumorigenicity assays to identify CD133C brain tumor cancer stem
cells. (Adapted from refs. 18 and 19.)

3.3.5 Brain Cancer–Derived Cells that Generate Tumor Spheres

Sheila Singh and co-workers in 2003 utilized the previously established technique
of culturing normal neural stem cells as neurospheres to propagate brain tumor
stem cells as nonadherent cancer spheres (Fig. 3.5A). They established cultures
from 14 solid primary pediatric brain tumors and showed that tumor spheres gen-
erated from all 14 samples expressed nestin (an intermediate filament protein char-
acteristic of normal neural stem cells and progenitors) and CD133 (a hematopoetic
and neural stem cell marker). The tumor spheres did not express markers for dif-
ferentiated neurons, astrocytes, or oligodendrocytes, such as βIII tubulin and glial
fibrillary acidic protein (GFAP).[18]

Tumor Spheres That Show Stem Cell Properties The ability of primary
spheres to generate secondary spheres after single-cell dissociation has been
used to demonstrate self-renewal. All such primary tumor–derived neurospheres
generated secondary neurospheres when seeded at serial dilutions, revealing
the presence of stem cell–like cells capable of self-renewal. Using a limiting
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dilution assay, the minimum number of cells required to generate at least one
tumor-derived neurosphere per well in the case of medulloblastoma was found to
be much lower (23š 17) than in pilocytic astrocytoma (98.25š 4.6). Additionally,
when an equal number of cells (100 cells per well) of different tumor subtypes
were seeded, a higher number of secondary tumor neurospheres were generated
from cells derived from a more aggressive cancer (medulloblastoma) than from a
less aggressive cancer (pilocytic astrocytoma). These experiments indicated that
aggressive brain cancers would harbor a higher number of CSCs then would the
less aggressive cancers.

On exposing the dissociated tumor neurosphere cells to differentiation-inducing
conditions, the cell types generated recapitulated the same phenotype as the tumor
from which they were derived. For example, on growing medulloblastoma-derived
tumor sphere cells in the presence of FBS, the cells differentiated and expressed
βIII tubulin (neuronal cell marker), while cells from pilocytic astrocytoma (cancer
of astrocytes)–derived tumor spheres expressed GFAP, an astrocyte marker, thus
mimicking the parent tumor phenotype. On differentiation, however, these cells
failed to express the stem cell markers nestin and CD133.

Tumor Spheres Initiated Only by CD133C Cells To characterize the BTSC
population further on the basis of CD133 expression, Singh et al. used magnetic
bead sorting to separate CD133C and CD133� populations and grew both
populations in conditions that favor tumor neurosphere formation. They found
that only the CD133C tumor cells grew as nonadherent tumor neurospheres,
whereas the CD133� cells adhered to culture dishes, did not proliferate, and did
not generate neurospheres. Using a limiting dilution assay, they further confirmed
that only the CD133C cells (and not CD133� cells) could yield neurospheres and
hence had stem cell activity. Thus, the CD133-expressing subpopulation of brain
tumors represents a distinct class of brain tumor cells possessing stem cell activity.

CD133C Cells Behaving as Tumor-Initiating Cells (CSCs) In Vivo The same
group in 2004 reinforced their findings using more convincing in vivo assays.
The hallmark properties of a cancer stem cell are its ability to (1) self-renew,
(2) undergo multilineage differentiation, and (3) recapitulate the phenotype of the
original heterogeneous tumor. To attribute the same characteristics to the CD133C
putative BTSC, Singh et al. sorted the CD133C and CD133� fractions using mag-
netic sorting and then transplanted both types of sorted cells into the frontal lobes
of NOD/SCID mice[19] (Fig. 3.5B). They showed that in contrast to the high cell
numbers (105 to 106) of unsorted tumor cells or cell line–derived cells required
to form tumors, as few as 100 CD133C cells were sufficient for the formation of
brain tumors in NOD/SCID mice within 12 to 24 weeks of injection. Interestingly,
even 50,000 to 100,000 CD133� cells were not able to form tumors in the brains of
NOD/SCID mice, thereby indicating that the tumor-initiating potential was present
only within the subpopulation of CD133C cells. Highly aggressive glioblastoma
were found to harbor 11 to 19%, while the medulloblastoma harbor 6 to 21% of
tumorigenic CD133C cells.
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The authors went on to characterize the xenografts formed on injection of
medulloblastoma and glioblastoma multiforme (GBM)–derived CD133C cells
by immunohistochemistry. They found that all of the medulloblastoma and GBM
xenografts had cells expressing nestin and vimentin, markers of neural stem and
precursor cells. Also, a large majority of cells in a medulloblastoma xenografts
expressed βIII tubulin, similar to the original patient tumor. A few of the cells
were also shown to express GFAP, an astrocyte marker. While the majority of
the cells in GBM xenografts expressed GFAP, a minority of the cells expressed
a neuronal marker, microtubule-associated protein (MAP2), indicating that the
CD133C cells derived from tumors were capable of multilineage differentiation.
On immunostaining for Ki67 (a marker of proliferation), a high number of
proliferating cells were found in the xenografts. These results indicated that
CD133C cells were capable of proliferation and differentiation when injected into
NOD/SCID mice, thus recapitulating the original tumor from which they were
derived.

Serial passaging of tumor-derived and tumor-sorted cells is considered the gold
standard to demonstrate and assess the long-term self-renewal capacity of stem
cells. To show beyond doubt that CD133C cells could self-renew and hence were
authentic BTSC, the authors performed in vivo serial passaging (retransplantation)
of the primary xenografts obtained from a pediatric and an adult GBM case. It
was observed that the secondary brain tumors generated recapitulated the pheno-
type of the original patient tumor. This experiment provided direct evidence for the
self-renewal capacity of this population. None of the mice injected with CD133�
tumor cells developed brain tumors. Thus, CD133C brain tumor–derived cells are
concluded to represent the tumorigenic subpopulation that show stem cell proper-
ties such as self-renewal, extensive proliferation, multilineage differentiation, and
the ability to recapitulate the original tumor, thereby qualifying as BTSCs.

3.4 CONCLUSIONS AND FUTURE PERSPECTIVES

The stem cell concept of tumors seems to be shifting the focus of cancer biology
from treating the bulk of the tumor to a rare subpopulation within it that alone has
the potential to regenerate an entire new tumor.[20] Since these rare stem cells also
have enhanced radio and chemoresistant properties, it is possible that the contin-
uing presence of these cells causes tumor relapse following treatment. Therefore,
it seems logical to design novel therapeutic strategies that specifically target this
minority population. Thus, research in the field of breast and brain cancer stem
cells has provided evidence for the existence of functional heterogeneity within
solid tumors. However, this area of research still has several unanswered questions,
such as:

1. Do the CD44C CD24�/lowLin� subpopulation of breast cancer and CD133C
subpopulation of brain tumors represent true CSCs, or do they simply
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represent markers that promote better engraftment in mice models of
xenograft assays?[21;22]

2. Are mammo- and neurospheres actually generated by proliferation of single
stem cells, or does cell aggregation or clumping contribute to the process?
Thus, can sphere-forming efficiency be considered to be a true reflection of
the number of stem cells present in the starting tissue? [23]

3. The cell type of origin of these CSCs within the normal organ and their evo-
lution from normalcy to a state of transformation is not yet clear. Based on
their similarities to normal stem cells, it is predicted that CSCs may originate
through the accumulation of mutations in normal stem or progenitor cells
within the adult tissue; however, concrete evidence is yet to emerge.[20;22–25]

4. What are the unique tumorigenic mechanisms operating within the CSCs
that make them distinct from the tumor bulk? [26]

Cancer stem cell research no doubt promises to provide exciting answers to
several of these questions in the years to come.
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4 Cancer Stem Cell Side Populations

DANUTA BALICKI and RAYMOND BEAULIEU

4.1 INTRODUCTION

The cancer stem cell (CSC) hypothesis represents a paradigm shift in oncology.[1;2]

It unifies our clinical observations into a single cohesive cancer model. In the clas-
sic stochastic model, all cancer cells have tumorigenic potential. In contrast, the
cancer stem cell model suggests that only a small proportion of cancer cells have
intrinsic tumorigenic properties.[2] In addition to their multipotential capacity to
differentiate into progenitor cells of different lineages, stem cells self-renew. CSCs
are cells capable of cancer initiation, expansion, and progression. Mutated normal
stem cells and progenitors are sources of cancer stem cells.[3;4] CSCs are quiescent
but have a high level of proliferative potential under specific environmental stimuli
of the stem cell niche. These cells may evade the asymmetric cell division of adult
stem cells, giving rise to their self-renewal while generating differentiated daughter
cells.[5;6] Instead, clonal expansion of malignant cells occurs, contributing to the
malignant phenotype (Fig. 4.1). The fate of stem cells, including their capacity to
self-renew and differentiate, may also be programmed by the stem cell niche: that
is, the cellular microenvironment providing the necessary support and stimuli to
sustain self-renewal and differentiation, in addition to cellular adhesion, division,
and survival. [4;7–13]

Conventional chemotherapy eradicates cycling differentiated cancer cells but
is ineffective against quiescent CSCs. Under the influence of the stem cell niche,
these cells not only thrive but also escape cell cycle and proliferation checkpoints
by conventional therapies, leading to tumor recurrence and metastases. The
mechanisms of resistance of CSCs include high levels of expression of transporter
molecules, which export therapeutic agents.[14] Thus, it is necessary to isolate
CSCs and identify their biological properties so that they can subsequently be
eliminated by targeted therapies. Stem cell side populations (SPs) are recognized
to be a useful tool for the isolation and analysis of stem cells, including CSCs.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
Copyright  2009 John Wiley & Sons, Inc.
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A

B

C

FIGURE 4.1 Comparative physiology of (A) normal stem cells (NSCs), (B) cancer stem
cells (CSCs), and (C) cancer stem cells within their niche.
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4.2 STEM CELL SIDE POPULATIONS

SPs represent cell populations enriched in primitive and undifferentiated
cells.[15;16] The isolation of SPs is based on the technique initially described in
1996 by Goodell et al.[17] During a study of the cell cycle distribution of whole
bone marrow cells using Hoechst 33342 vital dye staining, they discovered that the
display of Hoechst fluorescence simultaneously at two emission wavelengths (blue
450 nm and red 675 nm) localizes a small, yet distinct nonstained cell population
that expresses stem cell markers (Sca1+ Linneg/low). SPs are localized in the left
lower quadrant of a fluorescence activated cell sorter (FACS) profile (Fig. 4.2).
Furthermore, the degree of efflux is correlated with the maturation state such
that cells exhibiting the highest efflux are the most primitive or least restricted
with regard to their differentiation potential.[18] Hoechst 33342 stoichiometrically
binds to the A-T-rich areas of the minor DNA groove, and the intensity of its
fluorescence is an index of DNA content, chromatin structure and conformation,
and cell cycle.[18] It has been proposed that the exclusion of Hoechst 33342 by SP
cells is an active process involving multidrug resistance transporter 1 (MDR1), a
member of ATP-binding cassette (ABC) transporter transmembrane proteins. To
support this hypothesis, the MDR1 inhibitor verapamil was used to demonstrate
that Hoechst 33342 exclusion by SP cells decreases when the MDR1 pump is
blocked with calcium channel blockers. However, verapamil is a nonspecific
inhibitor of MDR1 transport. Furthermore, the MDR1 antibody does not identify
SP cells exclusively, as MDR1 is expressed by 65% of bone marrow cells and SP
represent only 0.1% of these cells.[17] Thus, MDR1 cannot be taken as a single
marker to identify and isolate SP cells, and additional transporters should be
analyzed. For example, Zhou et al.[19] have demonstrated that the breast cancer
resistance protein (BCRP) is a marker of the SP phenotype in breast tissues;
further, the expression of integrin β3 is also correlated with the properties of
quiescent stem cells possessing the SP phenotype.[20]

In addition to their identification in a broad spectrum of normal cells,[18;21–30]

SPs have also been identified in cancer cell lines and tumors (e.g.,
neuroblastoma,[31] melanoma,[32] ovarian,[33] hepatocellular,[34] and glioma
cell lines.[35]). SP cells have been utilized to isolate and identify malignant cell
markers and properties, where their ability to expel nuclear dyes correlates with
multidrug resistance (i.e., the expulsion of cytotoxic drugs.[31]). The transporters
associated with this functionality, ABCB1 (MDR1) and ABCG2 (BCRP), can
also be studied using SPs since these transporters bring about active exclusion
of chemotherapeutic agents (e.g., ABCB1 expels vinblastin[36] and paclitaxel,[37]

while ABCG2 expels imatinib mesylate,[38] topotecan, and methotrexate[39]). SPs
and ABC transporters have been identified concurrently in certain cell lines: for
example, ABCA3 and ABCG2 in human neuroblastoma cell lines,[31] ABCB1 and
ABCG2 in human gastrointestinal cell lines,[40] and Mdr1a in the mouse muscle
cell line C2C12.[41]
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FIGURE 4.2 Presence of a side population in the human MCF-7 breast adenocarcinoma
cell line. Cells labeled with Hoechst 33342 reveal the presence of a small low-staining SP
population (A). When treated with 50 µL verapamil, an inhibitor of SP transporters, this
population diminishes in size (B). The cells were counterstained with 1 µg/mL propidium
iodide. (See insert for color representation of figure.)

Although there is a certain degree of disagreement regarding the phenotypes
that best characterize stem cells, similarities between stem cells and SPs are
also evident. In two independent studies[31;41] it has been demonstrated that (1)
hematopoietic stem cells are also present in the non-SP compartment, and (2)
mammary-repopulating cells capable of reconstituting a cleared mammary fat pad
are independent of the SP phenotype.[37;38] Given that SPs are composed of stem
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Side
population

Stem cell
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FIGURE 4.3 Overlap between a side population and a stem cell compartment.

and nonstem cells, and that some stem cells do not reside within SPs, it may be
surmised that the SP fraction of cells within any normal tissue or tumors does not
completely overlap with the stem cell compartment (Fig. 4.3).

Despite the conclusion above, it has been reported that a majority of SP cells
within tumors can be characterized by their immature, poorly differentiated, and
highly tumorigenic nature. At the genetic level, comparative gene expression
profiles confirm that SP cells are less differentiated than non-SP cells.[16] They
also express high levels of stem cell markers and low levels of differentiation
markers.[40] There remains a controversy regarding the differential capacity of SP
cells to divide asymmetrically, as is the case with adult stem cells. In some reports,
only SPs are able to generate SPs and non-SPs, whereas non-SPs are unable to
do so[31;35;40]; others have shown that both SPs and non-SPs are able to generate
either SP or non-SPs.[41] It thus seems most likely that SPs are heterogeneous
populations, and only a fraction of these populations has the capacity to undergo
asymmetric division. Moreover, SPs and non-SPs differ in terms of their
tumorigenicity in vivo and their potential for multilineage differentiation, SPs
being more malignant than non-SPs and more likely to differentiate.[35]

To characterize this property further, the SP cell population in the tail region (of
flow cytometry profiles) has been divided into different compartments according
to their capacity to efflux dyes. It has been demonstrated that cells at the tip of
the SP tail (which represent the highest Hoechst efflux activity) compared to the
distal portion,[43] also have the highest progenitor activity. Thus, under defined
conditions and circumstances, the level of Hoechst exclusion may be a direct
indication of cellular differentiation and presumably also have higher transporter
levels. Since the SP phenotype has also often been correlated with ABCG2 expres-
sion, which is dynamic during progenitor commitment,[44] it may be concluded that
the subpopulations found in the SP compartment reflect various degrees of cellular
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differentiation. Thus, in specific cases and under defined experimental conditions,
the isolation of cells with the highest dye efflux activity within the SPs could lead
to a highly enriched stem cell population.

4.3 SIDE POPULATIONS IN NORMAL TISSUE

Since the SP phenotype is correlated with dye exclusion (ABC transporter)
activity, several studies have been undertaken to establish a specific association
between the increased expression of a given transporter in specific tissues.
For example, since expression of the ABCG2/Bcrp1 transporter is the most
frequent association with the SP phenotype, it has undergone intense study. High
levels of expression of this transporter has been reported in skeletal muscle,[45]

bone marrow,[46] skin,[47;48] and cornea.[49–51] Low to complete absence of SP
expression has been observed in Bcrp1 knockout mice in the lungs,[29] skeletal
muscle, and bone marrow.[46] However, both ABCG2/Bcrp1 and MDR1/Mdr1
transporter expression have been described in the mouse mammary gland[52]

and human pancreatic islets of Langerhans.[53] Taken together, these results also
suggest the tissue-dependent distribution of these transporters.

Gene expression profile studies of SP cells using an in-house microarray assay
platform[15] or Affymetrix 430 2.0 array chips[52] have shown that several genes
are up-regulated. Notably, the transcription factor ID2, translation initiation factor
EIF5, and growth factor NRG1[15] were identified at significantly higher levels.
The up-regulation of transcription- and translation-associated genes have also
been reported, while genes regulating the immune response and cell adhesion
are down-regulated.[54] The latter suggests that SPs contain a particular cell
fraction whose survival is not exclusively or entirely dependent on cell–cell
interactions.[55] In addition, cell cycle checkpoints/repression genes have been
reported to be up-regulated in SPs, suggesting that SP cells will arrest at a
particular phase of the cell cycle. Correspondingly, G0/G1 cell cycle arrest has
been reported within SPs, which supports the relationship between SP and stem
cells. It is thus concluded that SP and stem cells are both slow-cycling cells that
may reside in a quiescent state.[52;56;57]

Universal stem cell markers have been proposed for characterizing SPs. For
example, the stem cell antigen (Sca1+) is present in heart, bone marrow, mam-
mary gland, and pituitary cells of mouse tissue [58–61]; proteins associated with
the Notch-1 and Wnt self-renewal pathways[62;63] are often detected in SP frac-
tions. Tissue-dependent stem cell markers have also been described in association
with SPs. For example, CD34+ has been identified in hematopoietic SP,[64] keratin
14 (K14), and keratin 19 (K19) in skin SPs. This suggests that SPs derived from
specific tissues may express a given pattern of tissue-dependent markers in addi-
tion to the common functionality of dye exclusion. However, certain exceptions to
this principle exist in the literature. For example, nestin is a neural stem cell marker
reported initially in nervous system tissues,[65] but is now identified in several other
tissue- derived SP fractions, including those from the pancreas.[53] Despite the lack
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of agreement as to whether or not SPs express a universal or specific stem cell
marker, there is a consensus as to the presence of an immature cellular population
within the SP fraction. While immature cell markers are expressed at high levels
within SPs, they also express low levels of differentiation markers [e.g., epithelial
membrane antigen (EMA) in mouse mammary epithelial cells].[66] Thus, it is not
surprising that stem cells can be identified within SPs, as they contain immature
and undifferentiated cell populations.

There is also a heightened controversy regarding the expression of SP mark-
ers in tissue samples compared with cell lines, with a multitude of contradictory
results. A pertinent example is provided by estrogen receptor (ER) expression
within the mammary gland. ERs have variably been reported to be either absent
in SPs[67] or present at high levels in SPs,[68] or may be expressed in SPs and
non-SPs at similar levels.[66] Factors that have been identified to explain these
absolutely contradictory results include the effects of tissue dissociation in the
preparation of single-cell suspensions, cell counting, Hoechst concentration, and
SP gate selection.[69] Age is yet another confusing factor that yields mixed results.
It has been demonstrated that SP size may increase[70] or decrease[71] with aging,
whereas Triel et al.[48] have concluded from their studies that SP size is age inde-
pendent. Although SPs may be an enriched source of stem cells throughout the
lifetime of a given organism, a thorough characterization of this cell population
will elucidate the origins, markers, and functions of its constituent cells.

4.4 SIDE POPULATIONS IN TUMORS

Two general approaches are currently being used to identify and characterize
CSCs. First, molecular markers have been proposed: for example, as described
elsewhere in the book, CD44+/CD24� for breast cancer stem cells,[72;73]

CD34+/CD38� for leukemia stem cells,[74] and CD44+/α2β
hi
1 /CD133+ for prostate

cancer stem cells.[75] Second, SP cells isolated from tumors have proven to be
an attractive alternative strategy to the study of CSCs, especially in cases where
specific surface marker associations with normal stem cells of the organ of origin
have not been identified. This stems from the proposition that since SPs isolated
from normal tissues are enriched in normal stem cells, the same population
from tumors may be enriched in CSCs. For example, Grichnik et al.[32] have
isolated SPs from human melanoma samples and have shown that SP cells have
overlapping properties common with normal stem cells, including the finding
that they are small, possess the capacity to give rise to larger cells, and have the
greatest ability to expand in culture.

Since then, SP-enriched cells that express stem cell characteristics have been
identified in a wide range of cancers, including retinoblastoma,[76] bone marrow
from patients with acute myeloid leukemia (AML),[77] and neuroblastoma.[31]

Miletti-Gonzalez et al. have demonstrated that CD44 and MDR1/P-gp expression
are correlated in several carcinoma cell lines.[78] Since MDR1 is one of the ABC
transporters responsible for the SP phenotype, a relationship between SPs and
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CD44 could be speculated at least in some types of cancers. Furthermore, as an
SP is defined by ABC transporter activity, the expression of these transporters
has been analyzed in various malignancies. For example, cells from patients with
acute lymphoblastic leukemia (ALL) express high levels of MRP1 to MRP6
(ABCC)[79] members, gastrointestinal stromal tumors express high expression
levels of ABCB,1[80] and neuroblastoma cells express high levels of ABCG2 and
ABCA.3[31]

4.5 OVERCOMING SIDE POPULATION LIMITATIONS

Given that SPs represent a small fraction of the entire stem cell cohort, additional
approaches are required to enrich this source of stem cells. The concomitant study
of molecular markers of stem cells is mandatory to achieve their complete charac-
terization. For example, the Sca1+ Lin� Thy1� c-kit+ phenotype of hematopoietic
stem cells is commonly accepted[39] as being indicative of stem cells. However, in
no single instance has a complete correlation with specific markers been achieved
for the SP compartments in either normal or tumor tissues.

The second limitation of SP studies relates to the requirement of an ultraviolet
(UV) laser to excite Hoechst 33342. Whereas flow cytometers equipped with UV
sources are not common because of the cost of both the laser and optics that can
transmit UV light, violet laser sources are inexpensive and are now common fix-
tures on flow cytometers. In comparison to Hoechst 33342, the DyeCycle Violet
(DCV) reagent has emission characteristics, but with a longer wavelength exci-
tation maximum (369 nm). When this dye is loaded into hematopoietic cells, a
side population is sharply resolved that is similar in appearance to that seen with
Hoechst 33342, except that DCV-SP is similar in appearance to both violet and UV
excitation.[81] DCV-SP can be inhibited with fumitremorgin C and has the same
membrane pump specificity as Hoechst 33342. The simultaneous immunopheno-
typing with stem cell markers in mouse bone marrow demonstrated that DCV-SP
was restricted to the Lin� Sca1� c-kit� population, as is Hoechst SP and that they
identify similar stem cell populations.

Yet another limitation of SPs as a stem cell source is the toxicity of Hoechst
33342,[63] the fluorescent dye employed for their isolation. As Hoescht dyes are
toxic to many cells, a comparison of the biological and functional properties of
SPs and non-SPs is difficult. For example, using the SP phenotype of mobilized
human peripheral blood (mPB), Fischer et al.[42] have demonstrated that Hoechst
staining depleted mobilized human peripheral blood of short-term repopulating
cells with myeloid potential. Thus, additional studies to optimize this technique
and define the conditions associated with minimum toxicity are required. An alter-
native strategy is to develop and utilize a less or nontoxic reagent to detect SPs via
FACS. Rhodamine 123 is a mitochondrial dye that is less toxic than Hoechst in SP
applications. The amount of fluorescence emitted by a cell stained with this dye
reflects either its mitochondrial content or its kinetics. It has been used alone or in

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CONCLUSIONS AND FUTURE PERSPECTIVES 81

combination with Hoechst, and its associated SPs may be enriched in stem cells in
certain cases compared with Hoechst SPs.[82]

Due to the growing need for new markers to identify and isolate stem cells,
an assay based on aldehyde dehydrogenase isoenzyme 1 (ALDH1) activity has
been proposed and identified as a promising alternative. Storms et al. designed
a novel system using a non-UV-light-excitable fluorochrome named Aldefluor
[BODIPY-conjugated aminoacetaldehyde (BAAA)], which is metabolized
by both murine and human cells.[83] They combined inhibition of multidrug
resistance using verapamil with Aldefluor staining of human umbilical cord
blood mononuclear cells and obtained a population highly enriched for Lin�
CD34+ CD38lo/� cells and other hematopoeitic progenitor cells, suggesting
that ALDH1 is a reliable marker for the isolation of stem cells. In contrast to
Hoescht staining, Aldefluor-stained cells are viable; hence cell separation based
on Aldefluor staining can subsequently be utilized successfully in in vitro and in
vivo experimental protocols, as has recently been described with mammary stem
cells.[84]

4.6 CONCLUSIONS AND FUTURE PERSPECTIVES

While stem cells will undoubtedly continue to play pivotal roles in normal physi-
ology and cancer, research in this area is limited by a lack of universally accepted
markers. Despite some limitations, the advantage of SPs is that they entail no
specific markers. SPs are well documented as an enriched source of stem cells
in specific settings and remain a valid and promising tool for the identification,
isolation, and characterization of stem cells, particularly when this approach is
combined with other cell markers. Thus, it is a good starting point for stem cell
studies, especially with newer reagents that are less toxic to cells.[85] The enrich-
ment of stem cells in SPs is best demonstrated through the functional assay of in
vivo serial passage and multilineage differentiation, which confirms the stem cell
properties of self-renewal and differentiation.
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5 Evidence for Cancer Stem Cells
in Retinoblastoma

GAIL M. SEIGEL

5.1 INTRODUCTION

Retinoblastoma (RB) is the most common intraocular tumor of childhood.
It involves mutations in the retinoblastoma gene(RB) and occurrs in both germline
(40%) and sporadic (60%) forms.[1] Retinoblastoma treatment presents a clinical
challenge with its incidence of metastatic or secondary tumors that affect life
span and quality of life. Survivors of germline retinoblastoma have an increased
frequency of secondary malignant neoplasms[2] at a rate of about 2% per year.[3]

Secondary malignancies are believed to result from a number of possible causes,
including extraretinal manifestations of the RB mutation, radiation-induced
neoplasms,[4] or invasion and seeding of metastatic tumor cells. The prognosis for
metastatic retinoblastoma is reported to be very poor.[5] Advances in the treatment
of RB and accompanying metastases will require an intimate knowledge of RB
tumor progression, including a better understanding of the divergent cell types
involved in the establishment and progression of the disease.

5.2 ELUSIVE ORIGINS OF RETINOBLASTOMA

The RB gene encodes for a nuclear phosphoprotein that regulates the proliferation
and development of a normal retinoblast cell[6–8] and exhibits tumor suppressor
activity.[9] Loss of tumor suppression and ensuing RB tumor growth occur when
both alleles of the RB gene on human chromosome 13 are inactivated within the
same retinoblast cell.[10;11] More than 20 years ago it was proposed that RB tumors
originate from a primitive neuroectodermal cell.[12;13] More recently, the cancer
stem cell theory in retinoblastoma has been suggested,[14] which may involve a
naturally occurring, death-resistant retinal stem/precursor cell.[15] Approaches that
have been used to show the evidence of cancer stem cells (CSCs) in other tumors
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have provided newer approaches to exploring the origins of RB in a variety of
models.

5.3 SOURCES OF RETINOBLASTOMA CELLS FOR STUDY

Ideally, fresh RB tumors from human surgical specimens are preferred for the most
clinically relevant experiments. However, the number of new RB cases can be lim-
ited, as the clinical goal is to spare the eye and thereby preserve visual acuity
without enucleation or surgical intervention. Due to the scarcity of fresh surgi-
cal human specimens, it is necessary to examine retinal tissues from appropriate
mouse models of RB. One example is the long-studied LH-betaTAG mice, created
by expression of a viral oncogene (simian virus 40 T-antigen) in the retina of trans-
genic mice, resulting in heritable ocular tumors with histological, ultrastructural,
and immunohistochemical characteristics comparable to those of human RB.[16] In
addition, newer and improved preclinical mouse models have been developed over
the last couple of years[17;18] that more closely mimic the underlying genetic basis
of RB.

In addition to the human and mouse models of RB, there are two very
well characterized human retinoblastoma cell lines that are most frequently
used in such studies, Y79[19] and WERI-RB27,[20] derived from genetically
related individuals.[21] Established RB cell lines provide a pliant system for
experimentation since they are easy to grow and can be used to work out
experimental conditions for comparisons with in vivo models. The Y79 and
WERI-RB27 human cell lines have been in culture for many years and have
retained many features of RB[12], including the ability to form intraocular tumors
in vivo,[22] but are not identical to RB tumors in situ. Another consideration
regarding human versus mouse RB models is that mouse RB (but not human RB)
requires inactivation of both RB and p107. [15;23] Since all RB models are not
created equal, our studies have included multiple RB models, including cell lines,
mouse tumors, and human tumors in order to seek out both commonalities and
differences between the models.

5.4 PRECEDENT FOR CANCER STEM CELLS

As seen in previous chapters, some cancers appear to contain stemlike cells that are
slowly dividing, chemoresistant, and capable of tumor progression (for reviews,
see refs. 24 and 25). The existence of CSCs was first shown in acute myeloid
leukemia[26;27] and has since been demonstrated in other cancers, including breast
cancer,[28] human brain tumors,[29] and even the C6 glioma cell line, which has
been maintained in culture over many years.[30] Therefore, there is a precedent for
the persistence and association of CSCs expressing unique stem cell–like proper-
ties with specific cancers.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


IMMUNOREACTIVITY TO STEM CELL MARKERS IN RETINOBLASTOMA 89

5.5 SIDE POPULATIONS IN RETINOBLASTOMA

Recently, expression of ABCG2 (or BCRP), a cell surface drug-resistance marker
has been utilized to identify stem cells. Specifically, ABCG2 expression confers
upon cells the ability to exclude Hoechst dye 33342 in a verapamil-sensitive
manner[31–34] as well as resistance to at least 20 different chemotherapeutic
agents, including methotrexate, doxorubicin, indolcarbazole, and others (for a
review, see ref. 35). This dye-excluding side population (SP) phenotype has been
used in a variety of tissues to isolate presumptive stem cells, including stem cells
from hematopoetic populations,[32] bone marrow, skeletal muscle,[33] mammary
gland,[36] lung,[37] and developing retina.[38] Recently, our group has detected side
populations in dissociated mouse RB tumors as well as in human RB cell lines.[39]

Correspondingly, we have visualized ABCG2-immunopositive cells that are
colocalized as Hoechst-dim by fluorescence microscopy. The percentage of these
sp cells in RB generally ranges between 0.1 and 0.4% of the total population.
This percentage is similar to that seen in other tissues and tumor cell lines. In
six other tumor cell lines—C6 (rat glioma), MCF-7 (breast cancer), U-20 and
SaOS-2 (osteosarcoma), B104 (rat neuroblastoma), and HeLa (adenocarcinoma,
cultured over 50 years)—Kondo et al. found that all but the U-20 and SaOS-2
cells contained side population cells.[30] Despite the many years since they were
first established and propagated in culture, Y79 and WERI-Rb27 cells appear
to have retained a degree of heterogeneity in terms of a side population and
immunoreactivity to ABCG2. The presence of side populations and small numbers
of ABCG2-bright/Hoechst-dim cells is significant for RB cell lines, as they were
previously thought to be more homogeneous in nature.

5.6 IMMUNOREACTIVITY TO STEM CELL MARKERS IN
RETINOBLASTOMA

In addition to the ABCG2 transporter, we have also detected immunoreactivity
to other classical stem cell markers in RB,[39] including Sca1 (mouse), ALDH1,
Oct3/4, and Nanog(human). The presence of these markers in small subpopulations
of RB is another sign of heterogeneity. A summary of these markers is shown
in Table 5.1. It has, however, not been established whether all of these stem cell
markers colocalize to the same cell(s) or represent nonoverlapping subpopulations.

In addition to the markers shown in Table 5.1, we have detected immunore-
activity to the marker MCM2,[39] a minichromosome maintenance gene reported
to label neural stem cells.[40] An example of MCM2 immunoreactivity in human
RB is shown in Fig. 5.1. Expression of MCM2 in RB was later confirmed in a
large-scale study in which MCM2- and ABCG2-positive cells were detected in
over 50% of RB tumor samples examined; with increased levels of ABCG2 and
MCM2 expression correlating with more highly invasive tumors.[41] This suggests
that quantitation of some stem cell markers may be a useful parameter that can be
applied in developing improved classification schemes for RB tumors.
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TABLE 5.1 Summary of Stem Cell Characteristics in RB

Human Cell Lines Mouse Tumor Human Tumor

Side population C C N.D.a

ABCG2 C C C
SCA-1 (mouse) � C �
ALDH1 C C C
Oct3/4 (human)b C � C
Nanog (human)b C � C
aNot done.
bEmbryonic stem cell markers.[42]

FIGURE 5.1 MCM2 immunoreactivity in human RB. An archival paraffin-embedded
human retinoblastoma tumor was de-paraffinized and immunostained with MCM2 antibody
(Santa Cruz Biochemicals, N-19). MCM2 immunoreactive cells were labeled with brown
DAB reaction product. (See insert for color representation of figure.)

In work by ourselves and by Mohan et al.[41], a few cells within the normal
retina of RB-containing eyes were found to be immunopositive for stem cell mark-
ers (Fig. 5.2). These stemlike cells in normal areas of RB retina could represent
“seeding” for initiation of new retinal tumors or simply be an interesting charac-
teristic of RB-susceptible retinal tissue. This differs from the normal postmitotic
adult mammalian retina, in which retinal progenitors of unknown function have
been detected in the ocular ciliary body and not in the neural retina.[38]

Another interesting and recent finding is the immunoreactivity of human embry-
onic stem cell markers in RB[42] (Table 5.1). Oct 3/4 and Nanog are human embry-
onic transcription factors that maintain stem cell pluripotency and self-renewal.[43]

The presence of these human embryonic markers in RB is interesting, considering
that RB is a tumor of early childhood, with the majority of RB tumors diagnosed

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CONCLUSIONS AND FUTURE PERSPECTIVES 91

FIGURE 5.2 SCA-1 immunoreactivity in mouse RB. A frozen mouse RB tumor was
immunostained with Sca-1 antibody (BD Biosciences, 557403). Arrows indicate areas of
immunopositive cells. An isotype control panel is shown for comparison. (Adapted from
ref. 39, with permission of the authors.) (See insert for color representation of figure.)

by age 2.[1] It is intriguing to speculate whether the presence of these embryonic
markers could represent remnants carried over from embryonic retinal develop-
ment. However, further experiments will be needed to determine whether there is
either a postnatal persistence or de novo expression of human embryonic markers
in RB, and what impact this may have on RB tumor progression and differentiation
potential.[44;45]

5.7 CONCLUSIONS AND FUTURE PERSPECTIVES

Further evidence is needed to confirm the presence of cancer stem cells in
retinoblastoma The definition of a cancer stem cell is that it is a cell that is able
to give rise to a new tumor that recapitulates the tumor of origin. A critical future
experiment will involve the isolation of putative RB CSCs for further examination
in terms of tumorigenicity. If an RB subpopulation of interest is indeed a CSC,
it will preferentially form new RB tumors in animals, while the non–stem cell
component of the cell population, lacking stem cell characteristics, may survive or
engraft, but not form tumors. In this way, the existence of an RB-CSC population
can be shown more definitively.

More recently, tumorigenic retinal stemlike cells have been identified in RB
lesions as undifferentiated cells capable of extensive proliferation as clonal
nonadherent spheres that have a capacity to differentiate into different retinal
cells in vitro.[46] Cultured cells from retinoblastomas express several retinal
development-related genes, including Nestin, CD133, Pax6, Chx10, and Rx, as
well as Bmi1, a gene associated with self-renewal and proliferation of stem and
progenitor cells. Further, in the classical severe compromised immune deficiency
(SCID) mouse model, these cells gave rise to new tumors with histomorphological
features and immunophenotypes similar to those of the parental tumors. This
recent study provides a new insight into retinoblastoma tumors.
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As of this writing, it is clear that mouse and human RB tumor cells contain
a small subpopulation of cells that exhibit some CSC characteristics. Especially
significant is the expression of ABCG2, a chemoresistance protein. Previous stud-
ies have shown other multidrug resistance markers in pathology specimens of
retinoblastoma.[47] RB heterogeneity and drugresistance are important to consider
in the context of RB treatment strategies. No matter whether these particular RB
subpopulations eventually fit within the generally accepted realm of cancer stem
cells, chemoresistant subpopulations in RB are clinically significant in terms of
future targets for therapies that will promote long-term survival and improve the
quality of life in RB patients. This, in turn, may translate into novel diagnostic
means for determining RB prognosis and intervention.
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6 Ovarian Stem Cell Biology and the
Emergence of Ovarian Cancer
Stem Cells

ANJALI KUSUMBE and SHARMILA BAPAT

6.1 INTRODUCTION

Ovarian cancer is widely recognized as an asymptomatic disease and progresses
rapidly, delaying the diagnosis to an advanced stage when prognosis is extremely
poor.[1;2] Survival rates at the early stage of ovarian carcinoma range from 70 to
90%, compared with 20 to 25% at the advanced stage of the disease.[3] Recently,
cancer has been viewed as being propagated by a minority of cells that display stem
cell–like characteristics and are termed cancer stem cells (CSCs). Unfortunately,
research in this facet of ovarian cancer is at present limited, due to the paucity of
understanding of the stem cell population residing within normal ovarian tissue.
Unlike the hematopoietic system or organs such as breast and brain, where normal
stem cell populations have been identified and their commitment and differentia-
tion along various lineages dissected out precisely, ovarian stem cell lineages and
markers for their identification remain unrevealed.

6.2 OVERVIEW OF THE HUMAN OVARY

6.2.1 Histological Landmarks

The surface of the adult ovary is covered by a layer of epithelium termed ovarian
surface epithelium (OSE) and is continuous with the mesothelium of the ovarian
ligament (mesovarium) and peritoneum. The OSE proliferates under the influence
of pituitary gonadotrophins, ovarian steroids, and other growth factors to repair the
postovulation trauma. Beneath the OSE lies the dense connective tissue capsule
termed the ovarian cortical interstitium or tunica albuginea. As in many other
organs, ovarian tissue is also organized into an outer cortex and an inner medulla.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
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The cortex consists of a very cellular connective tissue component termed stroma
in which the follicles are embedded; the loose connective tissue comprising the
medulla contains blood vessels and nerves. Each follicle consists of an immature
ovum surrounded by one or more layers of granulosa cells. Follicles at the various
stages of development—primordial (resting) follicles, primary follicles, secondary
follicles, and tertiary (graffian) follicles—coexist in the ovary[10] (Fig. 6.1C).

6.2.2 Ovarian Development: The Story Before Birth

Human ovarian tissue consists of two cell lineages: somatic cells and germ cells
(GCs). The somatic cells include the OSE, which forms the outermost layer of
the ovary; the tunica albugenia cells located beneath the OSE; and the granulosa
cells, which surround the GCs. Analogous to the epithelia of urogenital system and
adrenal cortex, the OSE derives its origin from the mesoderm. The process is ini-
tiated by the segregation of mesoderm into pluripotent mesenchyme and coelomic
epithelium (also termed the peritoneal mesothelium). The latter invaginates over
the genital ridges at 10 weeks of embryonic age to differentiate into the OSE;
simultaneously, it proliferates to give rise to epithelial cords that penetrate the
ovarian cortex.[4] At about the fifth month these cords give rise to the granulosa
cells, which surround the oogonia, leading to development of the primordial fol-
licles, which are separated from the overlying OSE by stromal cells.[5] Besides
being the precursor of ovarian tissue, the coelomic epithelium also gives rise to
linings of Mullerian ducts (i.e., the oviduct, endometrium, and endocervix). Thus,
the epithelial linings of all these organs share a close developmental relationship.[5]

The tunica albugenia is believed to originate through epithelial-to-mesenchymal
transition of OSE cells during early development (Fig. 6.1A).[6]

The GCs arise from diploid embryonic precursors termed primordial germ cells
(PGCs), found in the endoderm of the dorsal wall of the yolk sac. In the third
week postfertilization they start proliferating and subsequently migrate through
the endoderm, hindgut, and mesentery to reach the final destination, the genital
ridges.[7] Further settlement of PGCs occurs at the end of the fifth week postfertil-
ization, when these cells reach the gonadal primordium and colonize the superficial
areas of the developing ovaries [8] (Fig. 6.1B). Despite a great deal of scientific
interest in the origin of GCs that has extended over several decades, it is remark-
able that the precise stage at which these cells segregate from the somatic cell
lineage in the developing embryo has not yet been identified.

During further embryonic development, the PGCs differentiate into diploid
oogonia, which divide rapidly to provide the repertoire of future oocytes. These
oogonia, surrounded by the squamous granulosa cells, are termed primordial
follicles. They begin a partial meiosis and can remain dormant (for up to
four to five decades) at the prophase (diplotene) stage until they undergo the
primordial-to-primary follicle transition. During this transition the primary
follicles develop a cuboidal morphology, proliferate, and sequester theca from the
surrounding stroma to mature into a graffian follicle. The primordial-to-primary
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follicle transition is a nonreversible event. Maturation of the primary follicle con-
tinues until ovulation; alternatively, it is destroyed through atresia.[9] Despite loss
of the majority of the follicles prior to birth, due to a wave of atresia, the two
human ovaries together harbor approximately 700,000 oocytes at birth. By puberty
the number of follicles declines further to about 400,000, due to continuing atresia.

6.2.3 The Mammalian Oogenesis Dogma

A basic doctrine of mammalian reproductive biology is that females are endowed
with a preset reserve of nonrenewing GCs at the time of the birth, after which
the production of new GCs (i.e., neo-oogenesis) ceases. In contrast, males retain
germline stem cells (GSCs) for spermatogenesis throughout their adult life. The
number of oocytes keeps on declining throughout postnatal life through ongoing
atresia as described above, leading to GC depletion at around the fifth decade
of life, thereby driving menopause (Fig. 6.1B). Thus, according to conventional
dogma, the process of neo-oogenesis leading to de novo generation of GSCs does
not exist in the postnatal mammalian ovaries.[11]

6.3 STEM / PROGENITOR CELLS IN THE ADULT
MAMMALIAN OVARY

6.3.1 Historical Perspective

The debate over the issue of absence versus existence of GSCs in the postnatal
mammalian ovaries exploded in the early twentieth century. As early as 1870,
Waldeyer defined the OSE as a germinal epithelium, based on his observations
that GCs arise from this layer of cells.[12] Allen (1923) supported this concept of
germinal epithelium,[13] although earlier, Pearl and Schoppe stated that “during
the life of the individual there neither is nor can be any increase in the number of
primary oocytes.”[14] Using differential follicle counting studies, Zuckerman also
demonstrated oocyte production to be limited to prenatal life.[15] However, predic-
tive studies by Vermande-Van Eck based on the incidence of atresia and the time
taken for the atretic follicles to be cleared from the ovaries in a monkey model sug-
gested that 90% of the GC reserve would be exhausted within the first two years
of life.[16] In that case, neo-oogenesis would be indispensable to sustain the GC
pool throughout the reproductive age of the animal. Nevertheless, the concept of
neo-oogenesis in the postnatal ovaries was put in limbo until 1962, when through
tritiated thymidine labeling of mouse oocyte nuclei it was demonstrated that the
premeiotic S (synthesis) phase in the mouse occurs during the prenatal period.
Thus, oocytes in juvenile and adult ovaries are the descendants of fetal GCs.[17;18]

Thereafter, arguments regarding postnatal neo-oogenesis rested firmly with estab-
lishment of the dogma of mammalian females being endowed with a preset reserve
of nonrenewing GCs.[11]
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6.3.2 The Oogenesis Dogma Revisited

Despite the evidence supporting the absence of postnatal neo-oogenesis, from a
phylogenetic perspective it seemed rather paradoxical that mammalian females
would evolve a retrogressive mechanism that necessitates maintenance of their
fetal GC pool throughout postnatal life. Conversely, neo-oogenesis has been
observed in the adult ovaries of some prosimian primates.[19;20] An additional
drawback of the oogenesis dogma was that preservation for over several decades
would render GCs susceptible to spontaneous and environmentally induced
genetic insults. These discrepancies led to the initiation of a series of studies in
the field. In 2003, the first report of an in vitro differentiation of mice embryonic
stem cells into oocytes was documented.[21] This was followed by several
others (Table 6.1), suggesting the postnatal existence of GSCs. The key findings
supporting this concept of postnatal neo-oogenesis are reviewed below.

Ovarian Surface Epithelium as the Source of Germline Stem Cells The first
investigation to decipher the prevalence of neo-oogenesis in postnatal mammalian
ovaries[22] was initiated with the observation that the total pool of healthy follicles
in juvenile mice begins to decline at about 30 days of age, due to follicular atresia,
and continues until the age of 4 months. Since these follicles have a brief turnover
of about 4 days, this loss could be predicted to result in complete exhaustion of the
follicular pool within a few weeks. Actual follicular monitoring, however, identi-
fies the decline in the total number of healthy follicles within mice to be minimal,
indicative of follicular renewal in the postnatal ovaries. The following data were
presented in this study to support the foregoing notion:

1. Histological analysis of juvenile and adult mouse ovaries revealed the pres-
ence of germlike cells in the OSE, identified through the expression of Vasa (a
conserved germ-cell marker). BrdU incorporation demonstrated the cyclical nature
of these cells, indicative of a proliferative capacity.

2. Oocyte formation involves meiosis; this was confirmed through the expres-
sion of meiosis-specific proteins [i.e., synaptonemal complex protein 3 (Scp3),
endonuclease Spo11, and the recombinase Dmc1].

3. Treating mice with the toxic drug busulfan (which targets only GSCs, not
postmeotic GCs) rapidly depleted the pool of young follicles, indicating the
involvement of neo-oogenesis in maintenance of the follicular pool.

4. Ovarian fragments from adult wild-type (WT) mice were grafted into trans-
genic mice with ubiquitous GFP (green fluorescent protein) expression. Confocal
microscopic analysis of the ovaries from these transgenic mice later revealed the
presence of hybrid follicles comprising GFP-expressing oocytes in the WT gran-
ulosa cells and ovarian fragments. This indicated infiltration of the WT graft with
transgenic GFP-positive GCs to generate hybrid follicles (Fig. 6.2).

Collectively, the data above build a strong case in favor of the existence of
GSCs, which are located within the OSE and function to replenish the GC pool in
the postnatal mammalian ovary.
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TABLE 6.1 Recent Reports Supporting the Persistence of Neo-oogenesis in
Postnatal Ovaries of Mammalian Females

Cell Markers Approach and Significant
Year Species Used Techniques Findings Ref.

2004 Mouse Vasa, Scp3,
Spo11,
Dmc1

Expression analysis of
meiosis-specific
proteins and the germ
cell marker Vasa in
adult ovaries.

BrdU incorporation assay
to determine the cyclical
nature of cells in
ovaries.

Busulfan treatment to
specifically target the
GSCs.

Engrafment of adult
wild-type ovarian
fragments in GFPC

adult mice.

Adult ovaries are
endowed with
GSCs which
seems to be
residing within
the OSE.

22

2004 Human Cytokeratin,
MAPK

Immunohistochemical
analysis of adult ovaries
to investigate whether
the mesenchymal cells
in the tunica albugenia
function as bipotent
progenitors with
commitment for both
GC and granulosa cells.

Bipotent
mesenchymal
progenitors from
tunica albugenia
function to
replenish the GC
reserve during
postnatal life.

6

2005 Mouse
and
human

Oct4, Mvh,
Dazl, Stella,
and Fragilis

Expression profiling of
BM for GC markers.

Transplantation of BM
from adult WT mice
into chemotherapy-
treated mice and
congenitally sterile Atm
mice.

BM and peripheral
blood–derived
GSCs contribute
to neo-oogenesis
in adult ovaries.

26

2005 Human Cytokeratin
5, 6, 8,17,18

Cells from the surface of
the ovaries were cul-
tured to determine the
possibility of their diff-
erentiation into oocytes
and granulose cells.

Confirms OSE to be
the source of
GSCs during
adult life.

27

2006 Porcine Oct4, GDF9b,
DAZL, Vasa,
Scp3, c-Mos

Stem cells isolated from
the skin were induced
towards oocyte differen-
tiation to investigate
their germline potential.

Stem cells from
fetal porcine skin
demonstrate in
vitro potential of
germline
differentiation.

28
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Donor Mouse
Wild type adult mouse ovary

Surface epithelium
Vasa+ Scp3+,

Spo11+, Dmc1+

Brdu incorporation

(i)

Recipient Mouse
GFP+ adult mouse ovary

(ii)

(iii)

(iv)

Tunica albugenia
 Follicles

Stroma
Cortex

Donor Mouse Ovary Recipient Mouse Ovary

Recipient Mouse Ovary

Engrafted wild type
ovary fragment

Newly formed follicles-
neo-oogenesis
GFP+ oocytes
Wild type granulosa cells

Engrafted wild type ovary fragment

FIGURE 6.2 In vivo evidence of neo-oogenesis in postnatal mouse ovaries. Ovarian
fragments from adult wild-type mice (i) were grafted into transgenic mice (ii) with ubiq-
uitous GFP (green fluorescent protein) expression (iii). Subsequent to engraftment, ovaries
from these transgenic mice revealed the presence of hybrid follicles. Hybrid follices were
made up of GFP-expressing oocytes in wild-type granulosa cells and ovarian fragments (iv),
thus indicating the infiltration of the wild-type graft with transgenic GFP-positive GCs to
generate hybrid follicles.

Bone Marrow as a Putative Germline Stem Cell Reservoir Although in accor-
dance with the research, OSE serves to replenish the GC pool in the postnatal
ovary, the regenerative potential of OSE is known to decline rapidly after mice
attain puberty. This suggested the existence of an alternative source of GSCs to
sustain oocyte production further until menopause. On the grounds mentioned
below, bone marrow (BM) seemed to be the most probable candidate as an alter-
native source. During embryogenesis, hematopoietic stem cells (HSCs) and PGCs
both originate from the same site (the proximal epiblast).[23] These two cell types
migrate along a common path until the HSCs colonize the fetal liver.[24] During
postnatal life HSCs not only sustain hematopoiesis but also have a capacity for
multipotent differentiation.[25] Concurrently, PGCs have been identified with the
potential to generate HSCs in vitro. Deriving a lead from this evidence, the BM
has recently been identified as an alternative source of GCs in the postnatal mouse
ovary.[26] The highlights of this study include:
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1. Treatment of mice with doxorubicin (which results in the extensive destruc-
tion of primordial and early-growing follicles) followed by a recovery period evi-
denced spontaneous regeneration of the GC pool.

2. Expression profiling of freshly isolated and cultured BM for GC molecular
markers, including Oct4, Mvh, Dazl, Stella, and Fragilis demonstrated the presence
of all these markers in the BM, with significant variation in their expression levels
during the mouse estrous cycle.

3. Fresh BM was transplanted into chemotherapy sterilized adult female mice.
Later analyses of the ovaries from sterilized mice exihibited a complete spectrum
of immature and mature oocyte-containing follicles and corpora lutea in these
ovaries (indicative of the resumption of normal ovulatory cycles). Such a follicular
pool remained evident for up to 11 months after transplantation.

4. BM transplants from WT female mice were further performed in congeni-
tally sterile Atm (ataxia telangiectasia–mutated) mice, which lack the ability to
produce mature GCs. Posttransplantation, oocyte-containing follicles could be
identified in the ovaries of mutant females.

5. Peripheral blood cell transplantation may also be able to contribute to oocyte
production in female recipients, a fact confirmed through detection of the markers
Oct4, Mvh, Dazl, Stella, and Fragilis in the peripheral blood of the recipients.

The findings above suggest the BM to be a putative source of GSCs. Unfor-
tunately, certain anomalies are distinctly evident in this work: for example, the
specificity of the markers used for screening, the lack of evidence relating to
the capacity of BM to regenerate oocytes in vitro (as achieved with embryonic
stem cells), competence of oocytes thus produced for fertilization, and embryonic
development and generation of viable offspring. Extensive study is thus required
to confirm the functional competency of the BM and peripheral blood-derived
oocytes.

Bipotent Progenitors for Germ Cells and Granulosa Cells The findings above
supporting postnatal neo-oogenesis were extended to humans by Bukovsky
et al., who showed that adult human ovaries harbor a population of bipotent
progenitor cells with commitment for both GCs and granulosa cells.[6] This
study indicated that neo-oogenesis may be initiated when cytokeratin-negative
mesenchymal cells of tunica albugenia differentiate into cytokeratin positive cells.
The cyokeratin-expressing mesenchymal cells function as bipotent progenitors
and undergo a mesenchymal-to-epithelial transition to revert back to the more
primitive OSE cells. Being germinal in nature, the latter can differentiate into
either granulosa cells or GCs upon receiving appropriate stromal/environmental
cues (Fig. 6.3). Yet the follicular renewal ceases after a certain age, consequently
driving the onset of the natural menopause or premature ovarian failure. The same
group of researchers also demonstrated neo-oogenesis in vitro, wherein the OSE
cells from adult human ovaries were grown and differentiated into oocytes and
granulosa cells.[27] Thus, this study confirmed the earlier observations that in adult
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FIGURE 6.3 Four-step transition during oogenesis from bipotent progenitors.
During early embryonic development the ovarian surface epithelium undergoes
epithelial-to-mesenchymal transition to generate tunica albugenia. The tunica albu-
genia cells serve as the bipotent progenitors for the granulosa and germ cells during
postnatal oogenesis. (See insert for color representation of figure.)

human ovaries, OSE may serve as a bipotent source for oocytes and granulosa
cells.

Germline Potential of Stem Cells from Fetal Skin More recently, it has been
demonstrated that under specific in vitro growth conditions (medium supplemented
with follicular fluid) stem cells isolated from the fetal porcine can undergo differ-
entiation to give rise to oocytes.[28] In this study GC differentiation was monitored
through the expression of markers Oct4, GDF9b, DAZL, and Vasa. In addition to
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expression of the GC phenotype, these cells formed follicle like aggregates that
secreted estradiol and progesterone and responded to the cues that normally stim-
ulate GC response. Finally, some of these aggregates gave rise spontaneously to
embryolike structures through parthenogenesis.

6.4 IS OVARIAN CANCER A STEM CELL DISEASE?

Recently escalating evidence has accumulated supporting the existence of
self-renewing tumor-initiating stem cells, termed cancer stem cells (CSCs), which
drive tumor pathogenesis. Thus, analogous to the normal adult organs, cancers
seem to be maintained through a hierarchical cellular organization. In addition,
the CSCs have been identified to exhibit similarities with the normal adult stem
cells. Briefly, like normal adult stem cells, CSCs exhibit self-renewal potential,
establishment of cellular hierarchy, and slow cell cycling times.[29] In a broad
sense a tumor can be considered as an aberrant organ initiated by CSCs; this
facilitates an understanding of tumor biology based on the principles of normal
stem cell biology and organogenesis.

Based on its cell of origin, ovarian cancer is classified into three broad histolog-
ical types:

1. Stromal tumors. These account for only 5% of ovarian tumors and arise in
the stromal cells located within the ovarian cortex.

2. GC tumors. These account for approximately 5% of all ovarian tumors and
originate in the GCs. Based on their cellular composition, these are further clas-
sified as differentiated and undifferentiated tumors. The latter have a capacity to
lead to a malignant state. Prior to the widely prevalent use of embryonic stem
cells, undifferentiated germ cell tumor cell lines were used for cell development
and differentiation studies.

3. Epithelial ovarian carcinoma (EOC). This is most widespread form of the
disease and accounts for about 90% of ovarian cancer cases. This histologic type
originates from the OSE. EOC is further divided into several subtypes, depend-
ing on the nature of cellular differentiation within the tumor. The most common
subtype is serous adenocarcinoma, which resembles fallopian tube differentiation,
while clear cell and transitional cell (Brenner) are rare subtypes and resemble
gestational endometrium and urinary tract epithelium, respectively. Other subtypes
include mucinous (resembling either the gastrointestinal tract or endocervix) and
endometrioid type (resembles proliferative endometrium).[30]

6.4.1 Putative Role of Stem/Progenitor Cells in Ovarian Cancer

A cause–effect relationship between ovulation and EOC has been suspected for
several years.[31] During the normal ovarian cycle, the OSE undergoes periodic
degeneration and proliferative repair. Due to the location of OSE cells directly
above the ovulation site, these are subjected to postovulatory genotoxins and

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


IS OVARIAN CANCER A STEM CELL DISEASE? 105

oxidative damage. The continual cyclic wounding and repair processes, persisting
for several decades until menopause, especially in cases that are uninterrupted
by the long anovulatory rest periods during pregnancy and lactation, have been
described as major predisposing factors for neoplasia. An observation that
supports the hypothesis is that ovarian cancer is more common in human females
than in other mammalian species, a fact attributed to a reduced frequency of
pregnancies and lactation in the former during their reproductive lives.[32]

As described earlier, the existence of somatic stem cells and GSCs in the mam-
malian ovary has been suggested. Like any other adult stem cell, an ovarian stem
cell would be expected to divide in response to stimulation for the requirement of
tissue repair. Such stem cell divisions are known to be asymmetric, yielding one
daughter cell that remains as a stem cell, while the other differentiates to function
toward tissue repair (in case of ovarian stem cells, it would involve contributing
to postovulation epithelial cell layer repair). In such a scenario, loss of a bal-
ance between differentiation and self-renewal simultaneous with the acquisition of
mutations at either the stem cell stage or in their immediate progenitors would ulti-
mately lead to their transformation into a CSC. This could lead to the development
of EOC that progresses rapidly toward malignancy. Similarly, GSCs subsequent to
genetic insults might seed GC tumors.

6.4.2 Tumor as an Aberrant Organ Initiated by Cancer Stem Cells

Although it is not known whether CSCs arise from normal adult stem cells or
more differentiated cells, many recent studies have shown that CSCs resemble the
normal stem or progenitor cells of the corresponding tissue of origin (see Chapter
1). There is evidence demonstrating that cell surface markers, generally restricted
to normal adult stem cells, are also expressed by cancer stem cells. This permits a
cell surface phenotype–based isolation and identification scheme for winnowing
these notorious CSCs from tumors.

The first report on the isolation and identification of stemlike cells in ovarian
cancer originated from our lab.[33] This study combined in vitro cell cloning with
extensive screening for cell surface markers and other stem cell characteristics,
thus providing evidence for the involvement of CSCs in ovarian cancer pathogen-
esis. As a part of the work, a novel in vitro model system comprising of 19 clones
derived from a malignant ascites of human ovarian cancer was established. Of
these, two clones were further identified as being CSCs, whereas the remaining 17
were untransformed and plausibly represented the pre-tumorigenic stage.

All 19 clones showed the presence of cell surface markers such as c-kit and
stem cell factor, which are also expressed by stem cells, and expressed several
other markers, such as CD44, EGFR, and E-cadherin. The two CSC clones (A2 and
A4-T) showed the capacity of anchorage-independent growth, as evinced through
their ability to form spheroids in the suspension culture and form multicellular
colonies when grown in soft agar (an in vitro assay for carcinogenicity). Spheroid
formation by these clones was construed to be a differentiation event, as it was
associated with an expression of markers normally expressed by multiple ovarian
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lineages (i.e., the OSE, granulosa cells, and GCs). On injecting the CSCs in nude
mice subcutaneous and intraperitoneal tumors were formed that were histolopatho-
logically similar to the original tumor in the patient. Moreover, these tumors could
be serially passaged through at least three generations of mice; indicative of a
capacity for in vivo self-renewal. Thus, the study above provides evidence of ovar-
ian cancer stem cells with stem cell phenotype, self-renewal, and differentiation
abilities.

6.4.3 Ovarian Cancer Stem Cells Isolated as a Side Population

A small subset of cells termed as side population (SP) has been identified and char-
acterized using flow cytometric analysis in several mammalian tissues, including
bone marrow, mammary gland, lung, skin, and the cancers of these organs (details
are presented in Chapter 4). A recent report by Szotek et al. demonstrates these
properties within cells isolated as an SP in mouse ovarian cancer cell lines.[34]

These SP cells were shown to have a capacity for self-renewal and produce heterol-
ogous descendent non-SP populations (i.e., the bulk that constitutes the majority
of cells within a tumor). In culture, the SP cells were predominantly arrested at
the G1 phase of the cell cycle. On injecting an equal number of SP and non-SP
cells in vivo, the former formed palpable tumors much earlier and at a higher
frequency than did non-SP cells. These cancer-derived mouse SP cells exhibit
properties ascribed to CSCs, suggesting that the SP from mouse ovarian cancer
cells is enriched for CSCs. A similar subpopulation of SP cells could also be iso-
lated from human ovarian cancer cell lines and primary human ascites cells from
ovarian cancer patients, thus providing an approach to the detection and isolation
of ovarian CSCs for further characterization.

Compared to non-SP cells, the SP cells were highly resistant to doxorubicin
(a conventionally used chemotherapeutic drug) that correlates with their expres-
sion of ABCG2 (a drug transporter frequently associated with SP populations).
Subsequently, the authors demonstrated suppression of SP cell growth in the pres-
ence of Mullerian inhibiting substance. This provides a potential therapy that could
be effective in restricting tumor progression driven by resistant ovarian SP-CSCs.
However, these findings are based on in vitro studies in mouse cell lines, and
extrapolation of these results to the clinic would require further study.

6.4.4 New Challenge: Targeting Ovarian Cancer Stem Cells

The two reports described above plausibly demonstrate that the ovarian cancers are
derived from CSCs, which are more resistant than the bulk cells in the tumor. Thus,
targeting these cells would prove extremely successful in the management of ovar-
ian cancer (Table 6.2). Although the reports above define ovarian cancer as a stem
cell disease, in neither of the studies have markers for these CSCs been revealed,
rendering this system tricky for therapeutic research. Moreover, the overall simi-
larities between normal stem cells and CSCs put forward another stumbling block
in designing a therapy that will selectively target CSCs without significant toxicity
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TABLE 6.2 Evidence Suggesting the Existence of Stemlike Cells (Putative CSCs)
Within Ovarian Cancers

Markers
Main Criteria Identified

for CSC Cell Markers for Ovarian
Year Species Identification Used CSCs Conclusion Ref.

2005 Human Clonogenicity
and cell
surface
phenotype

CD44, EGFR,
c-kit, vimentin,
c-met, Snail,
Slug, SCF,
E-caderin,
Nanog, Oct4,
Nestin

None Ovarian cancer
is a stem cell
disease.

32

2006 Mouse
and
human

Dye effluxing
potential—
side
population

CD24, CD34,
c-kit, CD44,
CD45, CD90,
CD105, CD133,
Sca1

None SP from the
ovarian
cancer cells
is enriched
for the CSCs.

33

to normal stem cells and their niche. However, recent reports have provided proof
of principle of such specific targeting of leukemic stem cells with minimal toxic-
ity to their normal counterparts (i.e., HSCs).[35] In principal, similar studies in the
field of ovarian cancer may be valuable in designing a therapy that selectively tar-
gets ovarian CSCs. It thus becomes imperative for reproductive and ovarian cancer
biologists to initiate new series of investigations so as to extend or challenge these
basic studies and resolve mysteries in this field of research.
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7 Prostate Cancer Stem Cells

STEFANIE HAGER, NORMAN J. MAITLAND, and ANNE COLLINS

7.1 INTRODUCTION

Causing about 200,000 deaths worldwide each year, prostate cancer is excelled
only by lung cancer as the leading cause of cancer-related mortality among men.
Improvements in detecting early-stage disease have been made over the past years,
and treatment measures for localized prostate cancer have been refined. However,
there remains little effective therapy for patients with locally advanced and/or
metastatic disease. The majority of patients with advanced disease respond initially
to androgen ablation therapy, but most go on to develop androgen-independent
tumors that are inevitably fatal. The response to chemotherapeutic and radiother-
apy treatments is similar.

Prostate epithelial stem cells have been assigned a role in prostate cancer. It is
thought that these cells are residual after conventional androgen ablation therapy
and that they represent the basis of commonly observed tumor regrowth following
seemingly successful treatment. This hypothesis was strengthened by the identifi-
cation and isolation of prostate cancer stem cells, based on surface expression of
the markers integrin α2β1 and CD133.[1] If prostate tumors are indeed derived from
transformed stem cell we will need to reconsider the way we treat prostate cancer.
To do this, we need to acquire a profound knowledge of these cells. In this chapter
we discuss recent data as well as our current knowledge of prostate biology and
pathology.

7.2 HUMAN PROSTATE BIOLOGY, GLAND ARCHITECTURE,
AND PATHOLOGICAL ALTERATIONS

The human prostate gland is located in the pelvis and is surrounded posteriorly by
the rectum and superiorly by the bladder. It is a nonessential organ that is suppos-
edly involved in maintaining the viability of sperm and in semen production. Due
to its compact, walnut-shaped structure, anatomical regions in the prostate are not
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easily discernible. A concept of anatomical zones which considers the site of origin
of different pathologies is used instead.[2] The prostate is then described in terms
of a peripheral, a central, and a transition zone as well as an anterior fibromuscu-
lar stroma. Benign prostate hyperplasia (BPH) originates mainly in the transition
zone, whereas prostate carcinomas commonly arise in the peripheral zone of the
prostate.[3]

Histologically, the prostate exhibits a tuboloalveolar gland architecture. An
epithelial parenchyma is embedded within a connective tissue matrix, and epithe-
lial cells are organized in glands that branch out from the urethra and terminate
in secretory acini (Fig. 7.1). In adults, the prostate epithelium is organized as a
bilayer consisting of a basal layer of flattened, undifferentiated cells attached to the
basement membrane and a layer of terminally differentiated, columnar secretory
cells residing on top of the basal cells and facing the gland lumen. This characteris-
tic two-layered epithelial architecture develops during puberty under the influence
of male sex hormones. Prior to this differentiation process, prostatic ducts and
acini are lined with a multilayered epithelium consisting of immature cells.[4]

A third cell type discernible in adult prostate comprises the neuroendocrine
cells, which are scattered throughout the basal compartment. They are character-
ized by the expression of neuropeptides such as chromogranin and serotonin, and
are terminally differentiated androgen-insensitive cells.[5] Luminal cells are char-
acterized by expression of the differentiation markers androgen receptor (AR),
prostatic acid phosphatase (PAP), and prostate-specific antigen (PSA), which is
currently used as a diagnostic marker for early prostate cancer.[6] Basal cells, in
contrast, express the antiapoptotic gene bcl-2.[7;8] Both basal and luminal cells
also express a characteristic set of cytokeratins, which commonly serve as specific

secretory cells
secretory duct

basal cell

ductal lumen

prostatic fluid

FIGURE 7.1 Organization of the prostate gland: cross section of the ductal region with
labels indicating cell types present in prostatic ducts, including luminal secretory and basal
cells. (From A.T. Collins and N.J. Maitland, Prostate cancer stem cells, Eur. J. Cancer,
2006; 42:1213–1218.)
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markers of differentiation in epithelial tissues [9–13] (see Section 7.3.1). A further
distinction between basal and luminal cells can be made on the basis of growth
regulation: Basal cells are androgen-independent, whereas luminal cells are highly
dependent on androgens for their growth and survival.[14]

In aging men, the prostate gland usually becomes hyperplastic. This alteration,
termed benign prostate hyperplasia (BPH), arises mainly in the transition zone
of the prostate. The state is nonmalignant and causes only minor disturbance of
well-being.[3] In contrast, prostate intraepithelial neoplasia (PIN), is a premalig-
nant lesion that is characterized by a progressive loss of the epithelial two-cell
arrangement.[15]

Adenocarcinoma of the prostate accounts for 95% of all cancerous lesions
in the prostate. It is the most commonly diagnosed neoplasm after skin cancer
and is second only to lung cancer as the leading cause of cancer-related death
among men in the Western world.[15] Prostate carcinoma arises primarily in the
peripheral zone of the prostate, and its incidence increases dramatically with
patient age.[3] Unless detected at an early stage, prostate cancer tends to spread
to the pelvic lymph nodes and ultimately localizes at distant lymph nodes or
bone. With these sites being hardly amenable to surgery or radiation therapy,
treatment of metastatic disease commonly relies on the hormone-responsive
nature of the cancer. Like normal prostate, prostate tumors rely on male sex
hormones for development and growth. To induce apoptosis in cancer cells, the
hypothalamus–pituitary–sex gland signaling axis, which supplies cancer cells
with testicular androgen, is inhibited. [15–17] Such androgen deprivation initially
results in a reduction in tumor mass as androgen-dependent cancer cells undergo
apoptotic death.[15] Response to hormone therapy is, however, only temporary,
and development of androgen-independent disease with tumor progression occurs
in virtually all patients 12 to 18 months after the onset of treatment. At this stage,
prostate carcinoma is incurable by current treatment strategies, with five-year
survival rates as low as 15%. [6;15–17]

7.3 PROSTATE EPITHELIAL STEM CELLS

Evidence for the existence of a stem cell subpopulation in the prostate has been
accumulating since the 1980s. Initial experiments in the murine prostate demon-
strated the presence of a small number of androgen-independent cells which were
able to reconstitute a functional prostate gland. [18–20] More recent experiments
provided indirect evidence that basal and luminal cells were derived from a com-
mon precursor [21–24] before prostate epithelial stem cells were finally isolated and
their stem cell characteristics demonstrated.[25;26]

7.3.1 Evidence for Prostate Epithelial Stem Cells

Androgen Cycling Studies The experiment that most vividly demonstrates that
cells exhibiting stem cell characteristics must exist in the prostate are the castration
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experiments conducted by English et al.[19;27] The authors showed that androgen
withdrawal in rats led to an involution of the prostate gland caused by apop-
tosis of androgen-dependent epithelial, endothelial, and periacinar stromal cells.
Interestingly, these cell compartments could be restored by readministration of
androgen. This cycle of gland involution–restoration can be repeated several times,
which argues for the existence of a long-lived, androgen-independent population of
prostate stem cells which can give rise to an androgen-dependent luminal popula-
tion. In support of these findings, Montpetit et al. [20] were able to isolate clones of
androgen-independent cells from primary cultures of androgen-dependent epithe-
lial cells from the rat ventral prostate. Based on these seminal papers, Isaacs and
Coffey[28] proposed a stem cell theory that linked basal and luminal cells in the
prostate in a precursor–progeny relationship. According to their hypothesis, a
population of androgen-independent stem cells in the basal epithelial compart-
ment gives rise to an androgen-responsive transit-amplifying population, which
in turn produces the fully differentiated androgen-dependent luminal population
(Fig. 7.2).

Around the same time, however, cell kinetic and morphological investigations
raised the opposing view that basal and luminal cells in the prostate form part
of independent differentiation lineages. Cell labeling studies demonstrated that

basal compartment luminal compartment

stem transit-amplifying differentiated

normal situation

castrate situation

androgen-independent androgen-responsive androgen-dependent

FIGURE 7.2 Stem cell model for the organization of the prostate epithelium. A stem cell
located in the basal epithelial compartment gives rise to a population of transit-amplifying
cells, which in turn differentiate to form the secretory luminal cells. Stem as well as
transit-amplifying cells are androgen independent and therefore persist under castrate con-
ditions. Luminal cells in contrast are dependent on androgens and undergo apoptotic death
upon androgen withdrawal. (Adapted from A. T. Collins and N. J. Maitland, Prostate cancer
stem cells, Eur. J. Cancer, 2006; 42:1213–1218.)
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both basal and luminal epithelial prostate cells were residual after castration and
that proliferation could be observed in both compartments after restoration of
androgen levels.[18;29;30] However, the persistence of luminal-like cells after andro-
gen cycling experimentation does not contradict the stem cell theory proposed by
Isaacs and Coffey[28] if we assume that the residual luminal-like cells mentioned
above constitute the androgen-insensitive but responsive transit-amplifying popu-
lation (Fig. 7.2).

Phenotypic Relationship Between Epithelial Cell Types in the Prostate The
theory that basal and luminal cells in the prostate are linked in a hierarchi-
cal manner was strengthened by the identification of morphologically and
immunophenotypically intermediate cell types. As early as 1978, Dermer[31] was
able to distinguish between basal and luminal cells in the human prostate on the
basis of their differential affinity for toluidine blue. He identified cells with a
basal phenotype exhibiting a high affinity for toluidine blue not only in contact
with the basement membrane but also close to the gland lumen.[31] Following
these fundamental studies, sophisticated methods of multiple immunostaining
for differentiation stage-specific cytokeratins identified an intermediate cell
population in the prostate. [21–24] Thus, a gradual shift in keratin expression can be
observed, as basal cells acquire a luminal phenotype via a defined transitional cell
population. Bonkhoff et al.[32] demonstrated co-localization of basal cytokeratins
with the proliferation-associated antigens Ki67, PCNA, and MIB 1 in normal and
hyperplastic prostate, indicating that the proliferative compartment in the prostate
resides within the basal cell layer. The same group reported co-localization of
basal cell–specific cytokeratins and prostate-specific antigen, a luminal marker
indicating terminal differentiation, as well as coexpression of basal cytokeratins
and the neuroendocrine marker chromogranin A, in the basal cell compartment.[33]

Similarly, Robinson et al. observed a gradual shift from expression of basal
to luminal cytokeratins via a transit-amplifying population.[34] These findings
indicate considerable phenotypic plasticity in the basal cell compartment of the
prostate and point to a common cell differentiation lineage comprising basal,
luminal, and neuroendocrine cells. Keratin-based differentiation pathways for the
prostate have been hypothesized based on simultaneous immunostaining for up
to three different cytokeratins. [21–23] According to these studies, basal stem cells
expressing cytokeratins 5 and 14 enter the differentiation pathway by transiently
expressing cytokeratin 19 while gradually down-regulating expression of keratins
5 and 14. Further down the lineage, cells transiently coexpress cytokeratins
19, 8, and 18 before acquiring the keratin 8/18-positive luminal phenotype.[21]

Transient expression of cytokeratin 19 in intermediate cells complies with the
findings of Stasiak et al., who identified it as a “neutral” keratin characteristic
of regions of labile or variable cellular differentiation.[35] However, Robinson
et al. demonstrated stable expression of keratin 19, and its co-localization with
the luminal markers keratin 18, androgen receptor, and prostate-specific antigen
(PSA).[34]
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7.3.2 Isolation of Human Prostate Epithelial Stem Cells and Demonstration
of Their Stem Cell Character

Its current definition requires a tissue stem cell to be capable of giving rise to all
cell types that are characteristic of the particular tissue or organ. Addressing this
issue of multipotency requires isolation of the respective tissue stem cells and dif-
ferentiation of the pure population in vitro or in vivo. Isolation of the stem cell
subpopulation, however, has to be performed on the basis of a marker that is exclu-
sive to this population. Hudson et al. undertook clonal analysis of human prostate
epithelial cells in order to identify the stem cell subpopulation.[36] Upon cloning
of cells from biopsies of benign prostate hyperplasia, two types of colony could be
distinguished. Type II colonies exhibited a smooth periphery and densely packed
cells, whereas cells in type I colonies were less densely packed and colony borders
were irregular; which is indicative of the presence of cell types with differing pro-
liferative activity. Type II colonies were capable of generating three-dimensional
duct like structures in Matrigel, [36–38] with evidence of luminal-specific cytoker-
atin and androgen receptor expression in a subset of the cells. These results implied
that type II colonies were founded by stem cells, whereas type I colonies were
probably founded by transit-amplifying cells. Due to a lack of known prostate
stem cell markers at this time, these experiments provided indirect evidence of the
lineage of prostate epithelia. Collins et al.[25] took advantage of the observed asso-
ciation of stem cells with basement membranes in skin[39;40] and testis[41] to enrich
for prostate epithelial stem cells from BPH tissue samples. About 1% of basal cells
in the prostate exhibit a high affinity for the extracellular matrix component colla-
gen I, which is attributed to a high-level expression of integrin α2β1 in these cells.
Cells that adhere rapidly to collagen I are clonogenic in vitro and capable of regen-
erating prostatelike acini in vivo, with evidence of expression of the luminal cell
markers PAP, AR, and PSA.[25] Consistent with the findings reported by Hudson
et al.,[36] however, differential adhesion to collagen I does not separate stem and
transit-amplifying cells, as the retrieved cell population is capable of giving rise
to both type I and type II colonies. Furthermore, rapidly adherent cells contain
a subpopulation of approximately 5% of committed basal cells, as indicated by
expression of the luminal-specific cytokeratin 18 in these cells. Cells adhering to
collagen I after 20 minutes found small, terminal colonies of irregular shape (type
III colonies), which indicates the high degree of differentiation of these cells.[25]

Richardson et al.[26] extended the cell surface markers for the isolation of
prostate epithelial stem cells to include CD133, a five-transmembrane-domain
cell surface glycoprotein which had originally been identified as a marker
for hematopoietic stem cells[42] and had previously been used to enrich for
endothelial[43] and neuronal[44] stem cells. CD133 cells comprise a subset of the
basal epithelial cells in prostate (0.75%; Fig. 7.3) and are restricted to the α2β1

hi

population of basal cells, which had previously been shown to be enriched for
prostate epithelial stem cells.[25] Immunostaining patterns for CD133 and the pro-
liferation antigen Ki-67 did not overlap, which suggests a replicative quiescence
of the α2β1

hi/CD133C cell fraction. This fraction, however, exhibits a higher
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FIGURE 7.3 Expression of CD133 by a rare subset of basal cells in prostate epithelium.
A paraffin section of prostatic acini is labeled with the nuclear stain DAPI (shown in blue)
and anti-CD133 directly conjugated to PE (shown in red). (From A. T. Collins and N. J.
Maitland, Prostate cancer stem cells, Eur. J. Cancer, 2006; 42:1213–1218.) (See insert for
color representation of figure.)

proliferative potential and colony-forming ability than that of the CD133� cells
within the α2β1

hi cell fraction. Basal cells selected for α2β1
hi/CD133 expression

are also capable of regenerating a fully differentiated prostatic epithelium in vivo
with evidence of expression of the common differentiation markers, whereas
α2β1

hi/CD133� cells lack this ability.
In contrast to the subpopulation retrieved from basal prostate epithelial cells on

the basis of high-level expression of α2β1 integrin alone, the α2β1
hi/CD133C cell

fraction consists solely of epithelial stem cells, whereas transit-amplifying cells
are restricted to the CD133� fraction among α2β1

hi cells. Integrin α2β1
low cells

among the basal population probably represent cells committed to luminal dif-
ferentiation (Fig. 7.4). A different method for the isolation of prostate stem cells
from primary tissues was published by Bhatt et al.[45] The isolation procedure was
based on the SP (side population) phenotype, which is commonly exhibited by
murine hematopoietic stem cells and is characterized by the ability of the respec-
tive cells to efflux Hoechst dye 33342. The dye-effluxing stem cells constitute an
unstained side population upon flow cytometric analysis.[46] Using this method for
prostate epithelia, the authors estimated the stem cell population to comprise 1.4%
of all prostate epithelial cells. However, gland regeneration activity has not been
demonstrated in association with this putative stem cell fraction.[45]
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basal cells
CD44+

CD44+ 

integrin a2b1
hi

CD44+

integrin a2b1
lo

committed basal population

CD44+ integrin a2b1
hi

CD33+

CD44+ integrin a2b1
hi

CD33−

transit-amplifying population

stem cell population

FIGURE 7.4 Fractionation of basal prostate epithelial cells. Basal prostate epithelial
cells can be separated into a committed basal (integrin α2β1

lo), transit-amplifying (inte-
grin α2β1

hi CD133�), and stem cell population (integrin α2β1
hi CD133C) on the basis of

expression of the surface markers integrin α2β1 and CD133.

7.3.3 Epithelial Stem Cells in the Murine Prostate

With respect to the location of epithelial stem cells within the prostate gland, differ-
ent results have been obtained using the mouse model. Unlike the human prostate,
the murine organ can be subdivided into ventral and dorsolateral prostates, which
in turn consist of ventral and dorsolateral lobes. Individual ducts are made up
of proximal, intermediate, and distal regions.[47] Label-retention studies on mice
demonstrated that the majority of quiescent cells are located in the proximal region
of the ducts, whereas luminal cells are located at the ductal tips. Label retention
is a common method of mapping the location of stem cells, which is based on
the assumption that cells exhibiting stem cell properties will enter the cell cycle
very infrequently and therefore retain a DNA label for an extended period of time.
In contrast, label density will decrease rapidly in actively dividing cells.[48] Inter-
estingly, label-retaining cells in the mouse prostate are located among both the
basal and luminal cells in the proximal region, which either suggests that basal and
luminal cells in the murine prostate form separate lineages or that label-retaining
cells in the luminal compartment constitute an early transit-amplifying population
derived from basal stem cells. Proximal, label-retaining cells have a higher prolif-
erative potential than that of distal cells in vitro and are capable of forming large
glandular structures in collagen gels,[49] which is in accordance with a stem cell
phenotype. Burger et al. enriched for murine prostate epithelial stem cells from the
proximal region of prostatic ducts on the basis of expression of Sca-1 (stem cell
antigen 1).[50] The Sca-1-purified cells efficiently regenerated prostatic ducts in
vivo and expressed α6-integrin as well as the antiapoptotic marker bcl-2,7, 8 which
is commonly expressed among stem cells. Xin et al. enriched for Sca-1-expressing
cells from murine prostate by flow-sorting and demonstrated prostate-regenerating
activity for the subpopulation selected.[51] Lawson et al. went on to show that
Sca-1 expression in cells in the proximal murine duct region co-localizes with both
basal (cytokeratin 5) and luminal (cytokeratin 8) cytokeratins,[52] which implies
that Sca-1 expression is not restricted to the stem cell population but might be
retained by early progenitor cells, which could be the luminal-like label retaining
cells proposed by Tsujimura et al.[49]
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7.3.4 Other Markers of Prostate Epithelial Stem Cells

Unlike the bulk of cells in a tissue, stem cells are long-lived and capable of
self-renewal. Enhanced life span and proliferative potential must be reflected
in the cells’ gene expression program, such that gene products involved in
self-renewal and antiapoptotic pathways will be exclusive to, or up-regulated in,
the stem/progenitor cell fraction. Due to the common mechanisms underlying
stem cell function, stem cells from different tissues are also expected to share
markers to some extent.

Bcl-2 is an antiapoptotic protein[7;8] which is expressed primarily in long-lived
cells.[53] Expression of bcl-2 can also be detected in the basal epithelial compart-
ment in the prostate.[54;55] Salm et al. suggested that high levels of bcl-2 expression
in stem cells, in the proximal region of mouse prostatic ducts, prevent the cells
from undergoing apoptosis due to high levels of TGF-β signaling, which main-
tains stem cell quiescence.[56] Association of bcl-2 expression with the stem cell
compartment in prostate, however, remains to be demonstrated.

Telomerase is a ribonucleoprotein enzyme that prevents progressive shorten-
ing of telomeres upon cell division, thus preventing chromosome end fusion and
ultimately cell death. It is therefore expressed in various cancers where sustained
self-renewal capacity of cells is required, whereas expression is absent from adult
somatic cells.[57] Telomerase is expressed throughout the basal compartment in
adult human prostate.[58] Whether it is expressed in the stem cell fraction, how-
ever, has yet to be elucidated. Owing to the infrequent cycling of stem cells,
telomerase expression in this cell fraction might not be required. Supporting this
assumption, Jaras et al. demonstrated that an increase in hTERT expression in
murine hematopoietic stem cells was concomitant with decreased self-renewal
capacity.[59]

Notch signaling has a role in the maintenance of hematopoietic stem cells.[60]

Shou et al. mapped the Notch1 receptor to basal epithelial cells in the murine
prostate using a transgenic mouse model that expressed enhanced green fluores-
cent protein (eGFP) under the control of the Notch1 promoter.[61] To further assess
the role of Notch on prostate development, Wang et al. generated a transgenic
mouse model expressing the prodrug-converting enzyme nitroreductase, under
the control of the Notch1 promoter, which allows controlled elimination of
Notch1 expressing cells by administration of nitroreductase substrate.[62] Ablation
of Notch1-expressing cells severely affected morphogenesis, growth, and
differentiation in murine prostate, suggesting that it is expressed in the stem cell
compartment.

A further marker of basal epithelial cells in the prostate is p63, a homolog
of tumor suppressor p53, which acts on the expression of a wide spectrum of
target genes via multiple protein isoforms.[63] Mice bearing a germline inacti-
vation of p63 fail to develop a prostate gland,[64] which suggests that the frac-
tion of p63-expressing cells in the prostate comprises the stem cells. Another
gene selectively expressed in basal prostate epithelium is pp32, which codes for
a nuclear phosphoprotein and has been identified in anatomically defined stem cell
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compartments of normal human tissues such as intestinal crypt epithelial cells.[65]

Whether pp32 expression is restricted to the stem cell compartment in prostate has
yet to be elucidated.

As stated previously, prostate epithelial stem cells express high levels of inte-
grin α2β1 and CD13326 (see Section 7.3.2), the latter being expressed exclusively
in the stem cell fraction of the human prostate. A putative prostate stem cell frac-
tion has also been isolated on the basis of a side population phenotype[45] (see
Section 7.3.3). On a molecular level, this phenotype is determined by the pres-
ence of membrane efflux pumps of the ATP-binding cassette (ABC) transporter
superfamily.[46] Prostate stem cell antigen (PSCA), a homolog to thymocyte stem
cell antigen 2, maps to a subset of basal cells in sections of benign prostate.[66]

Rather than identifying it as a prostate stem cell marker, however, studies in a trans-
genic mouse model identified PSCA as a marker of transit-amplifying cells.[13;67]

Markers shown to typify other types of stem cells include Oct4, nanog (embryonic
stem cells[68;69]), and β-catenin (intestinal stem cells[70]) as well as nestin (neu-
ral stem cells[71]). Whether these markers are expressed in prostate epithelial stem
cells has yet to be determined.

7.4 PROSTATE CANCER STEM CELLS

Stem cells have long been assigned a role in the development of cancer,[72;73] but it
is only over the last decade that our methodologies and our understanding of stem
cell biology have advanced to such an extent that we are able to prove the involve-
ment of tissue stem cells in the development of a range of malignancies. [74–79]

Only very recently, such evidence has been obtained for prostate cancer.[1] With
no effective treatment being available for prostate cancer in its advanced stage,
research into prostate cancer stem cells holds the potential to yield novel treatment
strategies.

7.4.1 Role of Stem Cells in Prostate Cancer

Similar to many other types of cancer, it is widely assumed that prostate tumors
rely on stemlike epithelial cells for tumor maintenance and the subsequent emer-
gence of therapy resistance under androgen blockade. Controversy exists, however,
as far as the cell of origin of pathological alterations in prostatic epithelium is
concerned. Generally, there are two basic mechanisms by which tumorigenic,
stemlike cells can arise. The first mechanism is in accordance with the cancer stem
cell hypothesis and is the occurrence of transforming mutations in a tissue stem
cell. The second mechanism suggests that a more restricted progenitor cell, [80–82]

or even fully differentiated cell[83] is the target of mutational hits and thereby
reacquires stem cell properties. Despite the requirement for extensive genetic
alterations, the latter mechansim of de-differentiation has long been suggested
to be the molecular basis of prostate carcinomas. It was postulated that secretory
luminal cells are the targets of mutations leading to prostate cancer, as prostate
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cancer cells predominantly express the luminal cell markers cytokeratin 8 and 18
and prostate-specific antigen (PSA).[83] The predominant phenotype of prostate
carcinomas being luminal-like, however, does not preclude the tumor from being
derived from a prostate epithelial stem cell, as the cancer stem cell hypothesis
states that tumor stem cells comprise a minority population among tumor cells
and give rise to the bulk of tumor cells through differentiation.

De Marzo et al. suggested that PIN and prostate carcinomas are derived from
transit-amplifying cells in prostate epithelium, which acquire stemlike features
of unlimited self-renewal by mutation.[84] The benign condition of BPH, in con-
trast, was suggested to arise from aberrantly proliferating stem cells in the basal
compartment. This model for the development of prostate disease was seeking to
explain regional differences in the occurrence of BPH and prostate carcinomas
and the rare progression of BPH to prostate cancer by proposing different cells of
origin for both pathologies.

Expression of c-Met (the gene coding for hepatocyte growth factor receptor) in
intermediate cells in normal and malignant prostate epithelium[85] and identifica-
tion of keratin expression patterns in prostate cancers associated with intermediate
stages of differentiation[23;86] pointed similarly to progenitor cells as being the
founder cells of prostatic carcinomas. Nevertheless, the cancer stem cell model
postulates that the transformed stem cells, although making up only a minor-
ity population of the tumor, are still capable of giving rise to transit-amplifying
and luminal populations through differentiation. It is therefore not unexpected that
transit-amplifying or luminal cells resembling their counterparts in benign tissue
are present in a tumor in large numbers, thereby potentially masking the stem cell
phenotype.

Stem cells rather than intermediate cells have, however, also been suggested to
be the founder cells of prostate malignancies. De Marzo et al. demonstrated differ-
ent proliferative compartments, in normal as well as neoplastic prostate tissue,[87]

with respect to expression of the cell cycle inhibitor p27Kip1. Quiescent stem cells,
as well as fully differentiated luminal cells, in normal prostate express high lev-
els of p27Kip1, whereas the cell layer sandwiched between basal and luminal cells
does not express p27Kip1, which is indicative of active cell cycling. It was therefore
suggested that the p27Kip1-negative population represented the transit-amplifying
cells. p27Kip1 is down-regulated in high-grade PIN as well as invasive prostate
carcinoma, which is in accordance with the expansion of the transit-amplifying
cell population in prostate tumorigenesis, possibly through a slight increase in
the self-renewal rate of prostate cancer stem cells. These results also imply that
down-regulated or absent p27Kip1 might be part of the prostate cancer stem cell
phenotype. Liu et al. performed expression analysis on a variety of prostate tumors
and observed a trend toward expression of basal genes with disease progression.[88]

Thus, most primary prostate tumors exhibit a luminal phenotype overall, whereas
metastases are basal-like.

Further studies that point to prostate epithelial stem cells as the targets of
transforming mutations show overexpression of genes involved in stem cell
maintenance which are overexpressed in prostate cancer. Bcl-2 is expressed at
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high levels in androgen-independent prostate cancers,[89] and similarly, telomerase
is expressed in basal epithelial cells in the prostate as well as PIN and prostate
carcinoma.[58] Wang et al. generated a PtenloxP/loxP;PB-Cre4 mouse model bearing
a conditional knockout for tumor suppressor gene PTEN, which is frequently
mutated in human prostate cancers.[90] The mouse model recapitulates the disease
course seen in humans, progressing sequentially from hyperplasia to PIN, invasive
adenocarcinoma, and ultimately, metastasis. Only very recently, the same group
managed to demonstrate the direct involvement of basal prostate stem cells in
this disease process.[91] Using the same PTEN knockout model, the researchers
revealed that PTEN suppresses proliferation of basal cells, directly while still
allowing them to differentiate. PTEN� basal cells undergo extensive proliferation,
which translates into an increase in the transit-amplifying population and thus
tumor formation. Xin et al. perturbed PTEN/Akt signaling in murine prostate
cells by transduction with a lentivirus expressing constitutively active Akt151.
The researchers showed that a cell population selected for the murine prostate
epithelial stem cell marker Sca-150–52 and infected with Akt1-expressing lentivirus
was much more effective at giving rise to PIN lesions after grafting than a
lentivirus-infected Sca�1� cell population.[51] This clearly demonstrates that
epithelial stem cells can be a target for prostate tumorigenesis and that aberrant
activation of the PTEN/Akt signaling axis may be an initiating event.

The implication of a stem cell as the initiating cell for prostate cancer requires
explanation not just of the phenotype of the primary tumor but also the com-
monly observed treatment resistance following androgen ablation therapy. Con-
ventional therapy eliminates the androgen-dependent bulk of tumor cells but will
allow androgen-independent cancer stem cells and transit-amplifying cells to sur-
vive, which leads to an undifferentiated tumor phenotype. With continued therapy,
more differentiated progeny become adapted to an androgen-depleted environment
and eventually, androgen-receptor signaling may be reestablished by amplification
or mutation of the androgen-receptor gene and/or crosstalk with other signaling
pathways, as has been shown to be the case in prostate cancer cell lines and patients
suffering from hormone-refractory prostate cancer [92–94] (Fig. 7.5).

7.4.2 Prospective Isolation of Prostate Cancer Stem Cells from Human
Tissue Samples

Proof that prostate tumors contain a subpopulation of highly tumorigenic prostate
cancer stem cells has been obtained from a study by Collins et al. The prospective
isolation of the tumor stem cell fraction was based on a CD44C/α2β1

hi/CD133C
phenotype. This combination of cell surface markers had previously been used to
isolate the stem cell population from normal prostate,[26] which demonstrates that
tissue stem cells and their malignant counterparts may share antigenic properties.

Irrespective of tumor grade, the cancer stem cell population makes up about
0.1% of prostate tumor cells. CD44C/α2β1

hi/CD133C cells exhibit an enhanced
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FIGURE 7.5 Stem cell model of normal tissue renewal and prostate cancer. The malig-
nant stem cell arises from transformation of the normal stem cell and gives rise to more
differentiated progeny. Androgen ablation induces apoptosis of the androgen-dependent
mature cells, and the resulting overproduction of malignant stem cells and their progenitors
imparts an undifferentiated appearance to the tumor unless androgen-receptor signaling in
these cells is reactivated via alternative pathways. (From refs. 92 to 94.)

colony-forming efficiency compared to an unselected population, demonstrating
the increased proliferative capacity of this fraction. There is no significant differ-
ence between the primary and secondary colony-forming efficiency of the stem cell
fraction, which emphasizes its high self-renewal ability. CD44C/α2β1

hi/CD133�
cells, the putative transit-amplifying population, in contrast, exhibit a significantly
lower capacity for self-renewal. CD44C/α2β1

hi/CD133C cells selected from
prostate tumors are considerably more invasive in vitro than stem cells selected
from benign prostate, which complies with a cancer stem cell phenotype. Similar
to stem cells from normal prostate, they express HMW keratins 5 and 14 as well as
cytokeratin 19. Expression of the differentiation markers’ androgen receptor and
prostatic acid phosphatase can, however, be induced by incubation in the presence
of serum and androgen in vitro, indicating that prostate cancer stem cells can
differentiate to a luminal phenotype and therefore recapitulate the differentiation
program that is seen in the original tumor.

CD44C/α2β1
hi/CD133C cells have proven highly tumorigenic in preliminary

experiments with NOD/SCID mice (A. Collins; unpublished observations). Serial
transplantation studies are currently under way to demonstrate the ability of the
putative prostate cancer stem cells to give rise repeatedly to phenocopies of the
original tumor.
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7.4.3 Role of the Stem Cell Niche in Prostate Cancer

In prostate, epithelial–stromal interactions influence survival and proliferation of
epithelial cells. This is true for both normal and malignant prostate. In prostate dis-
ease, epithelial–stromal interactions are dynamic, allowing for disease progression
and establishment of metastases.[95;96]

The Notch signaling pathway may be important in maintaining the stem cell
niche. The Notch1 receptor is expressed in basal epithelial cells in the mouse
prostate,[61] and Notch1-expressing cells are essential for prostate development.[62]

Expression of Notch ligand, however, is undetectable in cultured prostate cancer
cell lines and malignant prostate cells in transgenic adenocarcinoma of the mouse
prostate (TRAMP)[97] mice, which suggests that the Notch signaling pathway is
inactive in prostate cancer.[61] Moreover, overexpression of a constitutively active
form of Notch1 in prostate cancer cell lines inhibited their proliferation,[61] which
suggests that Notch1 is acting as a tumor suppressor in prostate. Notch also appears
to be acting as a tumor suppressor in skin, as conditional knockout of Notch1 in a
mouse model led to the development of hyperplasia and skin tumors.[98]

Recent findings suggest that TGF-β signaling is involved in prostate stem cell
fate. Using a mouse model, Bhowmick et al. demonstrated the profound influence
of prostate stromal cells on tumorigenesis in adjacent epithelium.[99] Inactivation
of TGF-β type II receptor in fibroblasts and concomitant loss of TGF-β responsive-
ness in these cells leads to the development of PIN lesions in prostate epithelium
and proliferation in the stromal compartment. Salm et al. demonstrated the direct
involvement of TGF-β signaling in the maintenance of stem cell quiescence in
murine prostate, whereupon high levels of TGF-β signaling in the proximal duct
region inhibit stem cell self-renewal.[56] The level of TGF-β signaling declines
along the proximal–distal duct axis, allowing proliferation of transit-amplifying
cells, which are located more distally. Temporary cycling of stem cells can be
induced by a transient increase in levels of mitotic cytokines. It seems obvious that
disturbance of the delicate balance between inhibitory and proliferation-promoting
signals supplied by the niche could derail tissue homeostasis and lead to cancer.

7.4.4 Putative Markers of Prostate Cancer Stem Cells

Just like normal stem cells from different tissues, cancer stem cells from differ-
ent types of tumors are expected to share certain molecular properties. More-
over they are likely to share molecular characteristics of the corresponding tis-
sue stem cells. So far, unique markers have not been identified that distinguish
prostate cancer stem cells from benign or normal prostate epithelial stem cells.
However, there is evidence that expression of certain prostate stem cell markers
is retained in prostate cancer stem cells. The prospective isolation of prostate can-
cer stem cells by Collins et al.[1] was based on the same surface markers that had
been used to isolate prostate epithelial stem cells.[26] Consequently, prostate can-
cer stem cells continue to express high levels of integrin α2β1 and CD133. The
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putative prostate stem cell marker pp3287, 100 is expressed in PIN and prostate car-
cinoma, which suggests that it also forms part of the prostate cancer stem cell
phenotype. Telomerase expression can be detected in normal prostate, PIN, and
prostate carcinoma.[58] Whether it is expressed by prostate stem cells and cancer
stem cells, however, remains to be elucidated. Expression of telomerase in normal
and malignant prostate tissue could also be due to activation of telomerase expres-
sion in a more differentiated progenitor cell.[59] The basal cell marker bcl-2 is
expressed at high levels in androgen-independent prostate cancers,[89] which indi-
cates that it may also be expressed in prostate cancer stem cells. Similarly, expres-
sion levels of basal cell marker Notch1 are elevated in primary and metastatic
tumors formed in TRAMP mice,[61;97] which indicates that Notch1 expression may
be retained in prostate cancer stem cells founding these tumors. Due to the sup-
posed involvement of the Notch pathway in tumor suppression in the prostate[61]

(see Section 4.4), it is unlikely that the pathway is active in these cells. Interest-
ingly, the prostate basal cell marker p63 is absent from PIN and invasive prostate
cancer, suggesting that it functions as a tumor suppressor that is lost upon stem
cell-to-cancer stem cell transition in prostate.[64] It is possible, however, that con-
tinued expression of p63 in prostate cancer stem cells is masked by the bulk of
tumor cells, which will be luminal in phenotype.

Although there is evidence that the markers noted above form part of the can-
cer stem cell phenotype, ultimate proof for this has not yet been obtained and
will require gene expression profiling of these cells. Comparative analysis of gene
expression programs in normal prostate stem cells and prostate cancer stem cells
has the potential to reveal the molecular mechanisms underlying the prostate stem
cell-to-cancer stem cell transition.

7.5 STEM CELL TRACKING IN THE PROSTATE

There is little doubt regarding the existence of epithelial stem cells in the prostate
and their involvement in tumorigenesis. Evidence suggests that basal stem cells
in the prostate can give rise to differentiated epithelial phenotypes[26] and that
malignant prostate stem cells can give rise to the complex and heterogeneous
mixture of cells that make up a prostate tumor.[1] However, ultimate proof of this
has not yet been obtained, as the ability to recapitulate tumorigenesis in vivo has
not been demonstrated to date. To investigate the lineage capacity of both normal
prostate stem cells and prostate cancer stem cells, the progeny and differentia-
tion of a marked or isolated stem cell must be tracked. Using a mouse model,
benign prostate stem cells could potentially be followed through several cycles
of androgen depletion–repletion in order to investigate gland-regenerating activ-
ity. Similarly, labeled prostate cancer stem cells could be tracked through multiple
rounds of xenotransplantation or experimental androgen ablation to assess their
tumorigenicity and therapy refractiveness.
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Current approaches in cell tracking include the application of fluorescent semi-
conductor quantum dots,[101;102] transient transfection of reporter constructs,[103]

ultra small iron particles for magnetic resonance imaging,[104] fluorescent
cytoplasmic dyes,[105] and stable genome modifications using retroviral
vectors.[105;106] Trackable particles and dyes as well as transfected reporter
constructs will be diluted below detection level after a limited number of cell
divisions, which makes them unsuitable for long-term studies. Retroviral vectors,
in contrast, integrate into the host cell genome and thus allow for permanent
reporter gene expression in transduced cells.[107] Among retroviruses, lentiviruses,
especially, have gained widespread application, due to their unique ability to
infect nondividing and terminally differentiated cells[108;109] and due to easy
pseudotyping with vesicular stomatitis virus G glycoprotein, which greatly
broadens tfhe virus host range.[110] Lentivirus cloning systems are readily
available, and the vectors have been used successfully to deliver transgenes to
stem cell populations. [106;111–113] Potential drawbacks of the lentivirus strategy
are insertional inactivation or deregulation of host cell genes by means of virus
integration,[114] or inactivation of the transgene by methylation and/or chromatin
modification.[115–117] Both problems can, however, potentially be avoided by
performing transductions at low levels of multiplicity of infection and by selecting
several clones of transduced cells, as transgene inactivation may be dependent on
the integration site.

With a view to lineage tracking in stem cells, the lentiviral approach allows
reporter genes to be placed under the control of differentiation-stage-specific pro-
moters, thereby translating lineage transitions into a visible signal. Using this
strategy, Suter et al. monitored neuron-specific transgene expression during the
differentiation of lentivirus-transduced embryonic stem cells by combining two
lentivectors expressing different fluorescent marker genes under the control of pro-
moters specific for the neuronal lineage.[106] This approach could prove valuable in
establishing detailed differentiation lineages for tissue stem cells in that it allows
investigation of the temporal relationship of promoter activation as well as assess-
ment of similarities and differences in the differentiation pathways of benign and
malignant tissue stem cells. Moreover, such a tracking system could be used to
evaluate the ability of novel drugs to eliminate or differentiate cancer stem cells. In
the prostate, this approach could involve keratin promoters[21] as well as promoters
of genes whose temporal expression patterns in prostate epithelium have not been
elucidated in as much detail (e.g., PSCA[67]).

In our laboratory, a range of lentiviruses have been generated, expressing
different fluorescent marker genes under the control of the constitutive CMV
(cytomegalovirus) promoter. Prostate cancer stem cells isolated from the P4E6
cell line[118] have been infected with lentiviruses expressing the eGFP or DsRed
fluorescent marker genes (Fig. 7.6) and are now available for tracking experiments
in vitro and in vivo. Driving marker gene expression in prostate (cancer) stem cells
from differentiation stage-specific promoters would allow us real-time monitoring
of prostate tumorigenesis. The generation of suitable lentivectors is currently
under way in our laboratory.
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A B

FIGURE 7.6 Transgenic prostate cancer stem cells cultured on feeder cells. Prostate can-
cer stem cells were isolated from clonal populations of P4E6 prostate cancer cells infected
with a lentivirus delivering an (A) CMV-eGFP or (B) CMV-DsRed expression cassette,
and were cultured on STO feeder cells. Pictures were taken after (A) 15 or (B) 10 days of
culture. (A): 200ðmagnification, (B): 400ðmagnification. (From S. Hager, unpublished
observations.) (See insert for color representation of figure.)

7.6 CONCLUSIONS AND FUTURE PERSPECTIVES

The prospective isolation of prostate cancer stem cells from human tissue
samples[1] has paved the way for their extensive molecular characterization. There
is little consensus among researchers regarding the cell of origin for prostate
cancer. However, a fraction of highly tumorigenic cells has been identified in
a range of prostate tumor samples. Whatever the differentiation stage of the
originating cell, the target for future therapies against prostate cancer has been
defined.

Progress will ultimately require tracking of prostate cancer stem cells in vitro
and in vivo to prove their tumorigenicity and lineage capacity. Gene expression
analysis of purified cancer stem cell populations will be required with a view to
identifying markers that can be targeted in therapy. Due to the anticipated similar-
ity between tissue stem cells and the corresponding cancer stem cells, markers of
prostate cancer stem cells would be expected to be shared by the normal epithelial
stem cells to at least some extent. Use of one or more of these overlapping mark-
ers as a target for therapy would be unacceptable in the majority of tissues, but
would be acceptable in the prostate. Therapies against prostate cancer, modified to
eradicate the prostate cancer stem cells, are highly likely to result in more durable
responses than current approaches and possibly even cures for metastatic disease.
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8 Molecular Signatures of Highly
Malignant Melanoma Stem Cells

SURAIYA RASHEED

8.1 GENERAL PROPERTIES OF HUMAN MELANOMAS

Melanomas are the most common malignant tumors that arise in various epithelial
tissues of the skin, eyes, meninges, digestive tract, and other parts of the body.[1–3]

Currently, melanomas account for approximately 77% of all deaths from skin can-
cers, and the incidence of these tumors is increasing in all ages, especially among
persons exposed to excessive ultraviolet radiation from the sun.[1;2;4–7] Although
genetic and familial predisposition to the evolution of malignant melanoma has
been proposed,[4;8–10] the vast majority of these tumors are sporadic.

Melanomas represent a group of heterogeneous tumors with diverse morphol-
ogy, histology, and pigmentations that range from black, brown, tan, and gray
to blue, pink, or red with areas of white, unpigmented cells. Primary amelanotic
melanomas are uncommon but have been reported in various populations.[11;12]

Among the major types of melanomas, the superficially spreading melanomas
are most common in the United States, and they can develop at any age.[13]

Although melanomas are less frequent in people with dark skin, when they
do occur, they belong primarily to the acral lentiginous (AL) type. The AL
melanomas (ALMs) are also called “hidden” tumors because they develop in
plantar skin and acral or mucosal sites such as soles, palms, under the fingernails,
tonsils, mucous membranes of the mouth, nose, and genitourinary tracts, and
other areas that escape detection during routine physical examinations.[14] ALMs
can occur in people of all ages,[15] but the chances of developing nonpigmented
tumors increase with age, especially in sun-damaged skin of the elderly.[4;5]

The uncommon subtypes of ALMs are the desmoplastic, neutrotrophic, and
amelanotic/nonpigmented melanomas, which usually appear as pink or red
nodules on the head and neck.[11;12] A more common cancer in the sun-damaged
skin of elderly is the lentigo maligna melanoma, which grows slowly for years
under the skin in the form of brownish patches. One of the most aggressive
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skin tumors is nodular melanoma (NM), which accounts for about 15% of all
diagnosed melanomas.[16] NMs can occur at any age but are more common in
older people; an important distinguishing characteristic is that NMs do not grow
out of a preexisting nevus or mole.[16] Initially, the tumor appears as a cyst, scar
tissue, or a brownish to colorless nodule. Since NMs grow deeper (not wider)
more rapidly than other melanomas, they do not change color for long periods
or show any external signs of growth. NMs are therefore not detected until the
lesions bleed or ulcerate and are often diagnosed as a “primary tumor” of that site.
Thus, different types of melanomas can present themselves as multiple primary
melanomas.[12;14]

Early stages of melanomas are difficult to diagnose[17;18] because most of
the transformed melanocytes move downward from the surface and develop
into microscopic tumors in deeper parts of the dermis, where they find their
niches. Benign tumors remain confined to the tissue of origin, but as soon as
the cells acquire metastatic potential, they begin to invade neighboring tissues
and metastasize to lymph nodes, liver, lung, brain, bone, and other organs of the
body.[13;17;18] Over a period of time, the pigmentation in the lesion may darken,
developing increasingly irregular borders and areas of inflammation. Metastatic
tumors spread rapidly and are lethal in most cases.[13]

Although Braf, ras, and other genes have been associated with the development
of various human melanomas, most of the current diagnostic and prognostic mark-
ers do not correlate well with their clinical outcome.[19–27] The prognosis of highly
malignant melanomas is mostly unfavorable, as they develop resistance to con-
ventional radiation and chemotherapy, while patients who respond to therapy are
often at high risk of developing new tumors.[26;28–33] The resistance to therapeutic
agents has been associated with sequestration of cytotoxic drugs by melanosomes
and other factors associated with pigmentation of melanocytes.[34–37] However, it
may be that the more aggressive drug-resistant tumors are derived from stem cells
and therefore can survive adverse conditions and continue to spread more rapidly.

8.2 CHARACTERISTICS OF STEM CELL–DERIVED MELANOMAS

The first clue of a stem cell–derived melanoma was provided by our studies on a
highly malignant cat melanoma that differentiated into neuronal cells.[38;39] More
recently, several clones of melanoma stem cells have also been isolated from estab-
lished human melanoma cell lines in vitro.[40]

The molecular mechanisms involved in the development of human melanomas
are not fully understood, and it is not clear which types of human melanoma may
be derived from stem cells. Melanomas develop from melanocytes present in the
inner epithelial cell lining and mucous membranes of many organs. In developing
embryos, melanocytes arise from the neural crest, which also gives rise to stem cell
progenitors of various cell types, including hematopoietic, endothelial, skeletal,
connective tissue, bone, cartilage, neurons, glial, and other sensory cells of both the
peripheral and central nervous system.[41] Although it is well established that only
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a small number of stem cells are involved in the development of various tissues
and organ systems, how the progenitor cells make fate choices for differentiation
into specific tissue types is unclear.[42] Moreover, the mechanisms by which some
tissues regenerate and others do not.

To identify genes involved in the development of melanomas, investigators
are studying gene expression profiles of human melanoma cell lines.[23;40;43–49]

Since proteins are the functional effectors of all cells, the gene expression
profiles may not necessarily translate into the respective encoded proteins that are
responsible for conferring oncogenic potential to the healthy cells of a “normal”
genome. Melanomas and cancer stem cells have also been characterized by
quantitative RNA, reverse transcriptase polymerase chain reaction (RT-PCR),
single nucleotide polymorphisms (SNPs) of specific genes, and changes in
the gene expression profiles by microarray analyses.[50–59] However, although
microarray-based studies have enhanced our knowledge of comprehensive RNA
expression profiles of different cell types, these databases cannot be translated
directly to the respective encoded functional proteins primarily because a single
gene could conceivably produce multiple proteins by frame shifting, mutations,
mRNA splicing, and variance in translational start or stop codons. In addition,
proteins are posttranslationally modified by phosphorylation, glycosylation, acety-
lation, and O-linked-N-acetylglucosamine (O-GlcNAc), each of which is uniquely
significant in cell signaling and performance of cellular functions.[60–68] As a
result, the number of proteins encoded by a genome far exceeds the number of
genes present in the DNA. In addition, proteins fold in three-dimensional struc-
tures and form specific aggregates or complexes with interacting proteins or other
molecules. In an unrelated project, our laboratory had compared mRNA expres-
sion results with proteomic protein profiles of the same cells harvested at the same
time. The results showed only about 10 to 12% correlation between the RNA and
protein expression profiles of cloned cells (S. Rasheed, manuscript in preparation).

8.3 THE CAT MODEL SYSTEM FOR STEM CELL MELANOMAS

To gain an insight into the molecular processes involved in the progression of
melanomas, we studied a naturally occurring, highly malignant melanoma of a
domestic cat, designated CT1413 (Fig. 8.1), which exhibits similar clinical and
pathological properties that are presented by human melanomas. Over the past two
decades our laboratory has mined a wealth of information indicating that this cat
melanoma is derived from stem cells.[38;39;69] Most significantly, through the appli-
cation of proteomics and bioinformatics technologies, we have identified unique
stem cell–related proteins that were not described previously for any other human
or animal melanoma.[69] This melanoma model system has provided a unique
opportunity for experimental in vitro manipulation in order to gain an insight into
the relationship between stem cells, differentiation, and cancer (melanoma). This
knowledge can be applied further to identify protein markers that can be used
to distinguish stem cell–derived human melanomas from those that may not be
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FIGURE 8.1 Athymic nude mouse with melanoma induced by in vitro cultured CT-1413
cells. Melanoma developed within 10 days of subcutaneous inoculation cells. (See insert for
color representation of figure.)

developed from stem cells. In the following sections we focus on the biological,
biochemical, and molecular properties of the foregoing system and provide evi-
dence for the involvement of differentially regulated immediate, early, and germ
cell proteins in self-renewal, tumorigenesis, and differentiation of tumor cells.

8.3.1 Biological Characteristics of Highly Malignant Stem Cell Melanomas

The highly metastatic cat melanoma cells contain many black/brown pigmented
cells that synthesize and secrete melanin in vivo as well as in vitro.[38] These tumor
cells were initially grown in the minimum essential medium containing 5 to 10%
fetal bovine serum.[38] However, since the discovery of its stem cell properties, all
cultures are being maintained in 1 to 2% serum or no serum-containing medium.
Sparsely plated melanoma cells appear fibroblastic in morphology, as they attach to
the plastic surface and occasionally produce small bipolar extensions[38] (Fig. 8.2).
When the same cells are densely plated, they tend to attach loosely and grow as
microspheres, especially in a low-serum medium.

A B

FIGURE 8.2 Cat melanoma cell cultures before and after trans-differentiation in vitro:
(A) uninfected (control) melanoma cells 48 hours following culture; (B) trans-differentiated
neuronal cells 48 hours after infection with the endogenous cat retrovirus RD114.
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The cat melanoma cells maintained in low- or no-serum-containing media
exhibit no significant difference in their differentiation capabilities. Cloning of
tumor cells in these media enhanced sphere formation, and cells that were isolated
25 years ago differentiated again in vitro.[72] In contrast, melanoma cells cultured
for prolonged periods in 10 to 20% serum do not differentiate well. This indicated
that these not only self-renew and survive for long periods in low-serum-like
stem cells, but also retain early embryonic gene expression, which influences
their differentiation into neuronal cells (discussed in the following sections).
Subcutaneous inoculation of in vitro cultured melanoma cells in young kittens
or nude mice produced pigmented, highly metastatic melanomas within 10 to 15
days[38] (Fig. 8.1). The histopathology and clinical features of these tumors were
similar to those observed in metastatic human melanomas.

8.3.2 Trans-differentiation of the Malignant Cat Melanoma
into Neuronal Cells

One of the most important properties of all stem cells is their ability to differenti-
ate into different lineage-specific cell types. Early studies indicated that exposure
of cat melanoma cells to the nonpathogenic endogenous cat retrovirus RD114
in vitro could induce neuronal cell differentiation within 24 to 48 hours.[38;69]

Trans-differentiated melanoma cells show long, multipolar, cytoplasmic processes
and giant multinucleated cells with long neuritelike extensions that form a network
of connections with smaller neural glial or astrocytelike cells[38;69] (Fig. 8.2).

The melanoma cells do not produce any virus, including the feline
leukemia virus (FeLV) or the RD114,[70;71] although low levels of endogenous
RD114-related RNA were detected in the cytoplasm on one occasion. [38]

Chemicals that induce endogenous retroviruses from cat or mouse cells failed
to produce any virus after treatment of these cells. In addition, other feline and
murine retroviruses capable of replicating in cat cells were not detected, nor
could they induce neuronal cell differentiation or any morphological changes
in these cultures.[38] Thus, the susceptibility of melanoma cells to differentiate
is not due to viral replication,[38] nor does neural cell differentiation in these
cells depend on the primary binding site of the RD114 virus. It is mediated by a
unique multifaceted interaction with other cell surface proteins, as suggested by
our proteomic studies.[69] The binding of the RD114 viral envelope glycoproteins
to the NAA receptors present on the surface of melanoma cells is a highly
ordered event that results in novel protein–protein interactions capable not only of
activating the external cues but of sending signals that alter differentiation-specific
pathways that facilitate neuronal cell differentiation.[69] Conformational changes
in the cell surface proteins due to heterodimer formation and possible interactions
with other proteins in close proximity to the receptor may activate proteins and
trigger a cascade of events that result in altering genome-wide transcriptional and
translational programs and induce neuronal cell differentiation.[69]

Production of new cells during neuronal cell differentiation and maintenance
of healthy neural phenotypes are highly intricate biological processes that involve
concurrent multifaceted mechanisms. Our studies on cat melanoma tumors have
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indicated that long-term in vitro cultures of cell lines may compromise and reduce
stem cell characteristics of certain tumor cells unless grown under specialized
conditions (S. Rasheed, personal observations). An important observation during
the neuronal cell differentiation of melanoma cells was that the cellular environ-
ment played a direct role in cell differentiation. The two factors that reduced the
ability of CT1413 cells to trans-differentiate were the continuous maintenance
of cultures as monolayers in high serum concentration and frequent trypsiniza-
tion. Further, since the cat melanoma cells express stem cell proteins, cloning of
these tumors does not make any difference during the trans-differentiation process.
Although these differentiation studies had predicted a possible stem cell origin
of this melanoma over two decades ago,[38] concrete evidence toward the phe-
nomenon was provided through analyses of protein profiles of both cell types.[69]

An interesting phenomenon associated with the neuronal cell differentiation of
cat melanoma is that neurogenic transformation is accompanied by concomitant
loss of the tumorigenic potential of melanoma cells. No tumors were produced
when the differentiated neuronal cells were inoculated in nude mice.[38] Since both
melanocytes and neuronal cells arise from the embryonic neural crest, the neuronal
cell differentiation of melanoma cells has been considered stem cell specific.[38]

8.3.3 Proteins Associated with Neuronal Cell Differentiation

To identify differentiation- or tumor-specific proteins associated with development
of the highly malignant cat melanoma, we performed genome-wide protein profil-
ing of these cells at different stages of growth. Rather than study the entire cellular
proteome, we preferred to identify the differentially expressed proteins (up- or
down-regulated) by subtractive analyses of protein profiles of the tumor cells from
those expressed or suppressed in the counterpart neuronal cells or those present
in the normal cat embryo fibroblast cultures.[69] All differentially expressed pro-
teins were confirmed unambiguously by mass spectrometry, and each protein was
scrutinized thoroughly for its known functions in the global databases. The unique
accession number for each protein has been identified from the SwissProt database
(Fig. 8.3).

To relate the protein expression profiles with specific functions, we applied sev-
eral computational bioinformatics techniques and delineated protein–protein inter-
action pathways within the cat genome.[72;73] This analysis indicated that most of
the proteins expressed in the cat melanoma cells were of immediate early type and
were multifunctional. The proteins identified could be grouped into functional fam-
ilies of proto-oncogenes, cytokines, growth-stimulating hormones, neurotrophins,
neurosensory proteins, receptors, transcriptional regulators, germ cell–associated
proteins, cell cycle–related proteins, peptidases, phosphatases, kinases, enzymes,
and other signaling proteins. These proteins could be associated with a variety of
stem cell functions including self-renewal, dysregulation of the cell cycle, tumori-
gensis, and neurogenesis. In addition, the tumor cells also express proteins that are
produced by a wide range of specialized organs, indicating potential capabilities
of these cells to differentiate into multiple cell types.
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Comparison of the comprehensive protein profiles of neuronal cells with those
present in the highly malignant cat melanoma cells indicated that although sev-
eral proteins were induced de novo (i.e., were expressed exclusively in neuronal
cells and were absent in melanoma cells), over 90% of the proteins expressed or
suppressed during neurogenesis were shared by the tumorigenic melanoma cells
(Fig. 8.3). These results indicate that it is a critical balance between various differ-
entially expressed proteins rather than simply the presence or absence of a protein
that affects cellular phenotypes.

Trans-differentiated neuronal cells expressed several multifunctional proteins,
including neurogenic enzymes, neurotrophic factors, cytokines, hormones, and
the cell cycle regulatory gene complex. The polycomb group protein PCGF4 was
expressed early during differentiation and appears to be necessary for neurogenesis
(Fig. 8.3). The presence of PCGF4 is critical for self-renewal of the cat melanoma
stem cells, and some of the same signaling proteins are also involved in the early
stages of embryonic development. Our results suggest that the functions of these
differentially expressed proteins may be interconnected, and the up-regulation of
PCGF4 in neuronal cells points to its significant role in neurogenesis. This is
indeed the case, as the PCGF4 complex has been shown recently to be absolutely
essential for embryonic brain development.[74;75] The proteomics data on the cat
stem cell melanoma has now added a new dimension to the PCGF4 functions, as
this protein complex is not only important for neuronal cell differentiation of the
cat melanoma cells, but its expression is also critical for maintaining a transcrip-
tional balance between many of the coordinately expressed early proteins involved
in cell differentiation. These findings are also consistent with the role of PCGF4 in
preserving the stemness of melanoma cells over a long period of time.

The expression of neuronal cell phenotypes depends on neurotrophic factors
such as the brain-derived neurotrophic factor (BDNF) and neurotrophic factor
3 (NT3). These factors are critical for the development of both the peripheral
and central nervous system cells.[76–78] Both BDNF and NT3 factors were
up-regulated in neuronal cells compared to their levels in the melanoma. These
neurotrophins are essential for the survival of neuronal stem cells.[79] In adult
humans, ischemia or stroke leads to increased production of BDNF in cortical
and hippocampal neurons, indicating its role in repair or regeneration of neuronal
cells.[80–82] Patients treated with recombinant BDNF show reduced damage when
infused intracerebroventrically after hypoxia-induced ischemia.[90] The BDNF
activity in neuronal cells may therefore be directly related to neurogenesis in
the differentiated neuronal cells.[83] During neuronal cell differentiation, the
neurotrophins work in concert with other neurogenic growth factors, cytokines,
neuron-specific enzymes, kinases, and membrane receptors that are already
present in melanoma cells.[69] For example, BDNF interacts with PDGFB
to increase the length of the neurites.[84] β1-adrenergic receptor (ADRβ1),
peripherin (RDS), parathyroid hormone (PTH), and Myc proto-oncoprotein
were also up-regulated during neuronal cell differentiation, and each of these
proteins has been shown to be directly or indirectly associated with neuronal cell
activities.[85–87]
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Many cytokines were also up-regulated in transdifferentiated neuronal cells
compared to melanoma.[69] A key cytokine, interferon gamma (IFNγ), was induced
as the first line of defense against the RD114 virus infection.[69] The presence
of IFNγ is important for the production of several multifunctional cytokines that
are activated by phosphatases and peptidases present in melanoma cells.[69] These
include interleukin-1α (IL1α), IL1β, IL1, IL2, IL2 receptor α-chain (IL2Rα), IL4,
IL10, IL12β-chain (IL12β), and IL15 (S. Rasheed, manuscript in preparation).
In Vivo, IL1β is induced in response to stress or hypoxia in the central nervous
system (CNS), while IL1β-converting enzyme (ICE) or caspase 1 activates IL1β

and many other pro-inflammatory cytokines.[88;89] Caspase 1 and caspase 3 are
cysteine proteases that regulate a large number of biological processes, including
activation of proteins by cleavage.[90;91] IL1β is an essential factor for neurogene-
sis, as it induces astrocytes and glial cells to produce many growth factors and other
cytokines in the central nervous system.[92–94] In the presence of tumor necrosis
factor (TNF-α), IL1β also induces the expression of IL1 receptor (IL1R1) on astro-
cytes and neurons.[95]

In addition to the neurogenic proteins and factors produced by differentiated
neuronal cells, the influx and efflux of Ca2C, and a number of other activities
associated with Ca2C, KC, and NaC channels, are deemed essential in regulating
signal transductions that influence neuronal cell differentiation.[96;97] Among
the various mechanisms that control neural cell homeostasis, the concentration
of cellular Ca2C is crucial for cell activation, as it influences growth and
neuronal cell differentiation.[98] For example, active communication between
astrocytes and other neuronal cells is through the Ca2C pump designated sar-
coplasmic/endoplasmic reticulum calcium ATPase 2 (ATA2).[99;100] This protein
displayed the highest frequency of detection in the trans-differentiated neuronal
cells, and it is reasonable to assume that it is involved in controlling the amount
of Ca2C efflux and influx that is essential for the translocation of calcium from the
cytosol to the sarcoplasmic reticulum lumen.[69;97]

8.3.4 Cell Cycle Dysregulation and Antitumorigenic Effects
During Cell Differentiation

An important characteristic of malignant cat melanoma cells is that after differ-
entiation into neuronal cells, the ability to produce tumors in nude mice or young
cats is lost.[38;39] This melanoma–neuronal cell differentiation model system there-
fore provides a unique resource for studying stem cell–tumorigenesis on the one
hand, and antitumorigenic and antineurogenic properties on the other. As far as
we could determine, this is the first demonstration of neuronal cell differentia-
tion with concomitant expression of tumor-inhibitory proteins and suppression of
tumorigenic potential of melanoma cells. A significant finding of our proteomic
analysis is that the cell cycle genes are differentially regulated in melanoma and
differentiated neuronal cells.[69] These include the tumor suppressor protein p53
(TP53), cyclin-dependent kinase inhibitor 1 (CDKN1A), and cyclin-dependent
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kinase inhibitor 1B (CDKN1B/p21) (Fig. 8.3), which control cellular prolifera-
tion by inhibiting cyclin-dependent kinases.[101–103] The CDK inhibitors affect
the G1 and S phases of the cell cycle, the cyclin-dependent kinases drive the
cell cycle, and inhibition of this kinase arrests the cell cycle.[101;104] Whereas the
CDKN1A kinase was overexpressed in the rapidly growing cat melanoma cells,
this protein was absent or detected at extremely low levels during the neuronal cell
differentiation.[69] In contrast, p53 tumor suppressor protein was down-regulated in
melanoma cells but was overexpressed in the trans-differentiated neuronal cells.[69]

The ubiquitin-protein ligase E3 Mdm2 (MDM2) counteracts the growth arrest and
apoptosis of p53, which indicates that a disruption in cell cycle regulation may
influence the initiation of tumorigenesis.[65;105;106]

After the binding of RD114 retrovirus to the melanoma cell surface receptors,
the cells were arrested in the G1 phase due to the expression of IL6, IL1A, ITGB,
PTH, and c-Myc proteins. The expression of c-Myc can be both oncogenic and
antitumorigenic, depending on the other proteins expressed at that time. Similarly,
the presence of multifunctional cytokines during cell differentiation may contribute
to their antitumorigenic effects in the initial phases of growth arrest and neu-
rogenesis. The parathyroid hormone (PTH) is up-regulated during neuronal cell
differentiation, and this hormone has been shown to use multiple mechanisms to
arrest cell cycle progression of osteoclasts from G1 to S phase and is therefore
required for neural cell growth[88;104] (Fig. 8.3). In addition, PTH regulates expres-
sion of CDKN1A, Ca2C channels, alkaline phosphatase (a neuronal marker), and
other neurogenic proteins, all of which arrest tumor cell growth.[86]

Dipeptidyl peptidase IV (DPP4) is a cell surface peptidase that is normally
expressed on healthy skin epithelial cells, including melanocytes.[107] This
enzyme is a critical component of KC channels, and it enhances growth of
astrocytes.[108;109] However, DPP4 also inhibits invasion of melanoma,[110;111]

which suggests that it may play a role as an antitumorigenic protein during cell
differentiation. Activation of caspases is required for cell differentiation[119]; both
caspase 1 and caspase 3 were up-regulated in neuronal cells. These enzymes are
involved in the spontaneous regression of neuroblastomas and therefore may
confer antitumorigenic properties on melanoma cells.[112]

8.3.5 Molecular Signatures of Self Renewal and Long-Term
Proliferation of Tumor Cells

Analyses of differentially expressed protein profiles of rapidly growing melanoma
cells in comparison with those present in the normal cat embryo fibroblasts
or those expressed in the terminally differentiated, nondividing neuronal cells
suggested that most significant indicators of self-renewal included regulation
of cell cycle and growth-related genes (p< 0.001). An important protein that
was detected at various stages of the growth of the cat melanoma cells over a
period of two years belonged to the Polycomb group Ring finger 4 (PCGF4),
a Bmi1-associated protein.[113–116] Although this gene was initially reported
as a proto-oncogene involved in the development of hematopoietic and other
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cancers,[113;114;117] the PCG proteins Bmi1 and Ring fingers 1 to 4 have now been
shown to represent subunits of Polycomb repressive complexes (PRCs), which
are ubiquitous in nature and are critical for the regulation of genes expressed in
health and disease.[118–122] Expression of PCG promotes growth of both normal
hematopoietic (HSC) and leukemic human stem cells; a lack of this gene results in
defects in the self-renewal capacity of HSC [75;123–125] and growth retardation and
neurological deficits in mice. This indicates that these transcriptional repressors
may be essential for preserving growth and survival of both stem cells and stem
cell–derived tumors.[117;126;127] The PCG complexes interact with a large number
of proteins, including the stem cell regulators OCT4, SOX2, and NANOG,[74]

that maintain the transcriptional repressive state of several genes and modify
chromatin such that the changes are heritable.[126] The repression is essential for
embryogenesis and self-renewal, as a number of cell cycle genes are dysregulated
and CDK inhibitor is suppressed.[74;128;129]

Based on the reported functions for each of the proteins expressed in melanoma
cells and using different aspects of protein–protein interaction programs (Ingenu-
ity Pathway Analysis; www.ingenuity.com), we have identified an additional set
of proteins (marked with an asterisk in Fig. 8.3) that may also cooperate in pro-
tecting stem cell characteristics of cat melanoma cells within the confines of their
ever-changing environment both in vivo and in vitro. Among the many significant
proteins that are coexpressed in cat melanoma cells, the high-affinity stem cell
tyrosine kinase growth factor receptor (c-KIT) is a key regulator for the survival
of stem cells and tissue repair.[130] c-KIT is considered a germ cell marker and is
also expressed in stem cells derived from cardiomyocytes and thymocytes.[130–132]

Although the levels of c-KIT and its ligand [i.e., stem cell factor (SCF)] were
lower in malignant melanoma than those observed in the counterpart, differen-
tiated neuronal cells,[69] the binding of SCF to KIT activates and autophospho-
rylates the KIT receptor, and this activation initiates a cascade of interactions
with the SCF growth factor. This enhances autocrine mechanisms of self-renewal
and cell proliferation.[133] In contrast to cat melanoma, the expression of SCF
has been reported to be totally lost in human malignant melanoma cell lines,[134]

and coexpression of both KIT and SCF can inhibit metastatic growth of human
melanomas.[135;136] These differences could arise from the fact that the human
melanomas tested may not be derived from stem cells. Alternatively, the stem
cell–derived cat melanoma may be unique. SCF is closely related to receptors
for platelet-derived growth factor beta (PDGF-B), macrophage colony-stimulating
factor (M-CSF), and the FLT3 ligand.[137] Since all these proteins were expressed
in the metastatic cat melanoma, it is possible that these factors may also use c-KIT
to promote self-renewal and long-term proliferation of these cells. Our results thus
support the regulatory role of c-KIT in preserving the stemness of these tumor
cells.

Several cytokines expressed in cat melanoma cells may also contribute to the
production of hormones and other growth factors necessary for the self-renewal
of these cells.[138] Tumor necrosis factor ligand superfamily member 5 (TNFL5)
is expressed in high quantities in cat melanoma cells (Fig. 8.3), and this factor,
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together with other cytokines, has been shown to sustain regeneration of stem
cells in the bone marrow following extensive damage.[139] Expression of IL12A
induces production of other cytokines, human leukocyte antigen (HLA) classes I
and II.[140]. Expression of both IL1β and TNF increases granulocyte–macrophage
colony-stimulating factor 2 (CSF2), and GMCSF stimulates stem cells by inter-
acting with Kit and SCF.[141] The macrophage colony-stimulating factor I recep-
tor (CSF1R) is expressed in early growth and differentiation of embryos, and its
expression in multipotential cells has been shown to favor “self-renewal versus
differentiation.”[142]

The cat melanoma cells also express many immediate early signaling
proteins that can be associated with numerous growth-regulating functions and
survival of embryonic proteins in these cells. For instance, CDKN1B, arylamine
N-acetyltransferase, CD9, IL12β, vitamin K–dependent protein C, prolactin, and
granulocyte–macrophage colony-stimulating factor (GM-CSF) were expressed
exclusively in melanoma stem cells and were not present in detectable levels in
trans-differentiated neuronal cells.[69] It is therefore probable that these proteins
may be working in concert to promote an undifferentiated state in melanoma cells
and are essential for self-renewal.[141;143–145] These proteins have been shown
to promote stem cell–related functions in embryos, placenta, or other cell types
in the body. Although most of the proteins expressed in melanoma cells are
essential for the growth of the embryos, these immediate early proteins have not
been reported previously in relation to self-renewal or growth of melanocytes.
For example, two hormone precursors (leptin and prolactin) were up-regulated in
melanoma cells, and each has been shown to influence proliferation of different
cell types by regulating their growth through amino acid uptake.[146–148]

Our studies also indicate that both up- and down-regulated proteins are impor-
tant because several proteins act synergistically, and suppression of one protein
may lead to overexpression of another protein. In both cases, protein–protein
interactions that are necessary for the performance of specific cellular functions,
including self-renewal, will be affected. To validate the functional significance of
several proteins implicated in self-renewal, growth, and maintenance of undif-
ferentiated or a quasi-differentiated state of stem cell melanoma, further studies
to compare cellular proteomes before and after treatment with small interfering
RNAs (RNAi) for silencing multiple genes will be undertaken toward a better
understanding of specific roles of critical proteins in the self-renewal, growth, and
differentiation-related characteristics of melanoma stem cells.

8.3.6 Proteins Involved in Tumorigenesis and Metastasis

Tumor development is a multistep process that involves de novo expression
of signaling proteins that are essential for tumorigenesis. Most of the proteins
expressed in cat melanoma cells are involved in signal transduction and cell–cell
signaling. Although paracrine and autocrine signals are transient, the extra-
cellular cues are central to the induction of new signals that generate specific
biological responses required for transformation. These proteins include several
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multifunctional proto-oncogenes expressed in cat melanoma cells, and they
perform a variety of stepwise functions, from initiation and promotion of
tumorigenesis to metastasis. The c-KIT receptor may interact with platelet-derived
growth factor B chain (PDGFB) and maintain melanoma cells in an activation
mode. The FES/FPS tyrosine kinase and the serine/threonin–protein kinase pim-1
(PIM1) play vital roles in growth, mitosis, and cell survival, respectively.[155–157]

Expression of PIM1 kinase in hematopoietic cells has been reported to result
in the development of lymphoma and other tumors.[149–151] Further, PDGFB is
expressed at the highest levels compared to other proto-oncogenes in cat melanoma
cells (Fig. 8.3). This growth factor cooperates with the proto-oncogenes c-KIT,
FES, FOS, and PIM1, which are also expressed in melanoma cells, albeit at low
levels, and helps in regulating oncogenesis, stimulating cytokine production, and
controlling proliferation of stem cells[152;153] (Fig. 8.3). Studies with Bmi-1 dele-
tion mutants have also suggested that PCG4–Bmi-1 complex can mediate cellular
transformation by translocating itself from the nucleus to cytoplasm but not by its
transcriptional suppression activity.[154;155]

The immediate early genes expressed in cat melanoma cells represent both
embryonic and developmental proteins that are regulated by many overlapping
multifunctional cytokines present in these cells [e.g., granulocyte–macrophage
colony-stimulating factor (GMCSF) and IL4], which regulate the proliferation
of multipotential stem cells while interacting with IL6, granulocyte colony-
stimulating factor, interleukin-12, and other factors during tumorigenesis.[156] The
expression of CSF1R (receptor for CSF) stimulates tumor necrosis factor (TNF),
which is overexpressed in cat melanoma cells. This in turn activates caspases,
which are indirectly involved in tumorigenesis, as they activate a number of
proinflammatory cytokines: IFNG, IL1B, IL2, and IL.10157 Expression of these
factors can be mitogenic, particularly in the presence of Kit receptors and their
ligand SCF.[134;158;159] Matrilysin (MMP7) was overexpressed in melanoma cells;
this metalloprotease is essential for metastasis,[69] and secretion of this enzyme
from tumor cells facilitates cell–cell communication, modulates cell membranes,
and facilitates tumor cell invasion.[160;161] A unique combination of the intrinsic
and extrinsic factors present in these cells thus creates a milieu conducive to
expression of embryonic proteins while promoting the malignant potential of
the tumor cells (Fig. 8.3). This signaling further creates novel protein–protein
interactions along numerous pathways that enhance the malignant potential of
transformed cells and invade various tissues and organs of the body.

Thus, we have identified distinct sets of cellular proteins that are involved in
the maintenance of stem cell characteristics of this melanoma as well as those that
play major roles in the cell differentiation and malignant transformation of these
cells.[69] Establishing molecular definitions of stem cells, their differentiated cellu-
lar partners, and different stages in the development of stem cell–derived tumors
would lead to a reconceptualization of mechanisms by which resident stem cells
of certain organs in particular individuals develop tumors more aggressively than
in other organs.
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8.3.7 Expression of Germline and Embryonic Proteins in Cat Melanoma

In addition to the tumorigenic and neurogenic proteins, the stem cell cat melanoma
cells express a number of early proteins that are necessary for the growth and devel-
opment of many differentiated cell types, including mammary gland, retinal cells,
and oocyte membranes: for example, the proteins leptin and lipoprotein lipase are
associated with the development of adipose tissue,[162–164] the superfast myosin
light chain is involved in the development of muscle cells,[165] and the CD8, the
Toll-like receptor 4 and cathepsin W, are expressed in hematopoietic cells.[166–168]

The mammary gland–related proteins β-lactoglobulins and prolactin, which are
usually expressed in placenta, pituitary, and endometrium,[169] were also expressed
in cat melanoma cells. CD9 is a multifunctional protein that is expressed exclu-
sively in melanoma but not in neuronal cells (Fig. 8.3). CD9 sends signals for
induction of membrane metalloproteases,[173] and therefore this protein may be
involved in promoting the metastatic potential of cat melanoma cells. This mem-
brane protein is also required for gamete fusion and cell motility.[170–172] Periph-
erin was up-regulated exclusively in the stem cell cat melanoma (i.e., not detected
in neuronal cells or in cat embryo cells). This is an intermediate filament protein
produced by neurons and is involved in the growth and development of periph-
eral nervous system cells.[85] In addition, stem cell melanoma expresses the retinal
photo-transducing proteins phosducin and the red-sensitive opsin receptor, and the
germ cell–associated extracellular membrane protein zona pellucida (Fig. 8.3).
Although the roles of these proteins in the development of cat melanoma are not
known, their presence in this tumor may correlate with the stemlike characteristics
of melanoma cells.

The presence of differentiation-specific proteins in melanoma cells suggests that
these cells may be capable of differentiating into multiple cell types. However, sig-
nals that induce these specific proteins have yet to be identified, and factors that
influence progression toward certain cell lineages are also not known. Currently,
we are developing in vitro techniques for directing melanoma cells to differenti-
ate into other cell types by manipulating culture conditions and by using different
ligand-binding proteins, peptides, and cues that may generate novel signals and
trigger lineage-specific pathways. It would also be important to identify natu-
rally occurring factors, peptides, and other small molecules that are present in the
microenvironments of different types of resident stem cells in vivo. These triggers
could then influence growth or differentiation into cell types of interest. This infor-
mation would provide better tools for controlling type-specific spatial and temporal
environments for the production of specialized cell types in vitro or in vivo.

8.3.8 Naturally Occurring Protein–Protein Interaction Complexes
in Melanomas

All living cells have dynamic intracellular molecular programs that facilitate
protein–protein interactions in order to perform specialized functions in various
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cell types. These interaction complexes are constantly renewed to maintain
cellular homeostasis. When the normal physiological pathways are altered,
different complexes are formed that alter the cellular decisions of differentiation,
apoptosis, metabolic breakdown, and disease susceptibility.

Conventionally, protein interaction complexes are separated by protein tagging,
affinity binding of specific proteins to monoclonal antibodies, protein chips
painted with numerous ligands, or by the use of baits in the yeast two-hybrid
system.[174;175] The separated complexes are identified by mass spectrometry and
protein–protein interactions validated by computational techniques.[72] Although
these methods are excellent for purification of specific proteins of interest, they
may not identify functional differences between cells of the same phenotype
since their specific affinity ligands are unknown. To probe the specificity of a
particular protein within these complexes and to validate the interacting proteins,
Martin et al. have applied bioinformatics and computational technologies to
analyze protein–protein interactions in these complexes.[176] A previously
established computational/bioinformatics methodology was used to analyze the
31 protein pairs that occurred in multiple complexes in cat melanoma cells.[72]

The significance of interacting amino acid sequences in the protein pairs and
occurrence of these proteins within a specific complex was defined at below
the 0.05 confidence level, and this analysis was able to predict, with about 96%
accuracy, when a protein pair would occur in a complex.[176] Using the sequence
data alone, these computational analyses could predict the protein pairs in the
complexes independently, regardless of whether the interaction pairs occurred
in melanoma cells or in the trans-differentiated counterpart neuronal cells. This
suggests that the protein pairs isolated by our proteomics technology do interact
and have biological relevance.[176]

Examination of the protein network in cat melanoma cells has also revealed that
the most significant protein–protein interactions identified in the tumor cells or the
counterpart trans-differentiated neuronal cells involve signal-transducing proteins
that influence activation or suppression of cellular functions.[69] The highest
frequencies of interactions in both (melanoma and neuronal) cell types were
detected with integrin β1 (ITGB1), mass/stem cell growth factor receptor (c-KIT),
proto-oncogene tyrosine-protein kinase (FES), and sarcoplasmic endoplasmic
reticulum (ATA2) (Table 8.1). Integrins, transmenbrane proteins present on the
surfaces of all cell types, are essential for focal adhesion, vesicle transport,
regulation of actin cytoskeleton, and targeting to other membrane proteins.
Interactions of integrins with extracellular matrix proteins are critical for cell
proliferation, migration, and differentiation.[177–179] Our computational analyses
of the experimental proteomics data indicates that integrin β1 interacts most
significantly with 13 signal-transducing proteins, including membrane-bound
kinases, enzymes, phosphatases, growth factors, and receptors (Table 8.1).
These interactions may result in the assembly of distinct protein complexes
that send signals through membrane proteins and regulate expression and/or
suppression of other regulatory proteins that may be necessary for altering cellular
functions.
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TABLE 8.1 Protein–Protein Interactions of Naturally Occurring Multiprotein
Complexesa

Interacting p- Interacting p-
Protein Protein Value Protein Protein Value

Mast/stem cell
growth factor
receptor (KIT)

Proto-oncogene
tyrosine-
protein kinase
(FES)

Sarcoplasmic/
endoplasmic
reticulum (ATA)

Integrin beta-1
precursor

Sarcoplasmic/
endoplasmic
reticulum

Serum albumin
precursor

Proto-oncogene
tyrosine-protein
kinase

Pyruvate kinase,
M1 isozyme

Sodium/calcium
exchanger 1
precursor

Zona pellucida
sperm-binding
protein

Aminopeptidase N

Transferrin receptor
protein 1

Interleukin-1 beta
convertase

Integrin beta-1
precursor

Sarcoplasmic/
endoplasmic
reticulum

Transferrin receptor
protein 1

Serum albumin
precursor

Zona pellucida
sperm-binding
protein

<0.001

<0.001

<0.001

<0.001

0.002

0.002

0.007

0.016

<0.001

0.016

<0.001

0.007

<0.001

<0.001

0.007

Integrin
beta-1
precursor
(ITGB1)

Sarcoplasmic/
endoplasmic
reticulum

Transferrin receptor
protein 1

Zona pellucida
sperm-binding
protein

Serum albumin
precursor

Pyruvate kinase,
M1 isozyme

Aminopeptidase N

Alkaline phosphatase

Toll-like receptor 4
precursor

Sodium/calcium
exchanger 1
precursor

Beta-glucuronidase
precursor

Cathepsin W
precursor

Lysosomal
α-mannosidase

Glutamate
decarboxylase

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.007

0.038

<0.001

0.016

0.016

0.038

0.016

aComputational analyses of protein–protein interactions and evidence that the experimentally identi-
fied protein complexes isolated by two-dimensional gel electrophoresis and identified by mass spec-
trometry have biological relevance (see the text).
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Despite the discovery of many signal-transducing proteins, simple networks of
interactions involved in cellular processes such as cell growth and differentiation
have not been delineated. In melanoma cells the c-KIT protein-tyrosine kinases
interact with 10 distinct proteins, and FES exhibits significant complexes with two
proteins (Table 8.1). These proteins are essential for phosphorylation, dephospho-
rylation, and activation and deactivation of a wide range of molecular processes
that are critical for cell differentiation and neurogenesis. Our probability calcula-
tions and predictions indicate that the protein pairs identified in multiple complexes
from cat melanoma cells represent naturally interactive proteins (S. Martin and S.
Rasheed, unpublished data). Further, computational and bioinformatics analyses
have been helpful in authenticating the experimentally identified protein–protein
interactions in naturally occurring cat melanoma (Table 8.1).

8.3.9 Networks of Protein Interaction Pathways

To further define the biological relevance of our experimental data, we have uti-
lized the software program Ingenuity Pathway Analysis (www.ingenuity.com) to
analyze protein–protein interactions pathways and network connections of pro-
teins identified in the stem cell melanoma. As shown in Fig. 8.4, most of the
proteins identified in melanoma cells do indeed interact with each other and with
other proteins in the cell. Although the biological significance of each of these
interactions is not clear at present, the discovery of novel protein interactions and
pathway networks that may lead to cell transformation would be crucial in design-
ing strategies to alter specific pathways and correct biological defects by interfering
with the formation of functional complexes. This knowledge would ultimately lead
to the development of new tools for the diagnosis, prognosis, and therapeutic inter-
ventions of stem cell cancers.

8.4 CHALLENGES OF RESEARCH IN CANCER STEM
CELLS AND THERAPEUTICS

Analyses of differentially expressed protein profiles of melanoma cells at differ-
ent stages of growth and differentiation have provided compelling evidence that
multifunctional embryonic stem cell genes are involved directly in tumor develop-
ment and cell differentiation. Proteins expressed in stem cells can be distinguished
from those present in fully differentiated tissues, which produce distinct sets of
proteins that are necessary for the maintenance of a healthy cellular state. Such
studies have just begun to provide new insights into molecular processes involved
in neural crest–derived tumors and cell differentiation.

Our knowledge of the self-renewal properties of progenitors of various differ-
entiated tissue types is extremely limited, and cues or pathways that direct these
cells toward type-specific differentiation are not known. The cat melanoma model
system offers a unique opportunity to understand how some stem cells that retain
embryonic properties within the confines of an adult organ or tissue may be driven
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FIGURE 8.4 Graphical representation of the molecular relationship between proteins
expressed in stem cell cat melanoma and network connections generated through the use
of Ingenuity Pathway Analysis systems (www.ingenuity.com). Each protein is represented
as a node, and the biological relationship between two nodes is represented by a line. All
lines are supported by at least one reference from the literature, a textbook, or from canoni-
cal information stored in the Ingenuity Pathway knowledge base. The intensity of the node
color indicates normalized quantities of expressed proteins [i.e., degree of expression, up-
(red) or down- (green) regulation in melanoma cells] compared to those present in counter-
part neuronal cells. Nodes are displayed using various shapes that represent the functional
class of the protein. Fischer’s exact test was used to calculate a p-value that determines the
probability that each biological function assigned to that network is due to chance alone.
(See insert for color representation of figure.)

to change direction by external cues from oncogenic to nononcogenic pathways.
Understanding the biology of stem cell cancers and molecular cues that trigger
differentiation or maintain undifferentiated state of cells would lead to designing
better strategies for identifying novel therapeutic targets. These studies may also
guide us in learning how different cell types can be manipulated to change the
directions of their pathways toward functional regeneration or health.
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8.5 CONCLUSIONS AND FUTURE PERSPECTIVES

For a number of years, scientists have been discussing the relationship between
the presence of embryonic genes and the development of cancer, but no conclu-
sive evidence had been available until genome-wide proteins were analyzed by
proteomic studies. Although many crucial questions regarding embryonic or adult
stem cell growth and differentiation have yet to be answered, in this chapter some
of the most fundamental biological and molecular properties of a stem cell–derived
melanoma have been presented and a distinctive relationship between differentia-
tion and cancer has been demonstrated. This model system has provided insights
into the immediate early or embryonic gene products that are involved in regulat-
ing self-renewal, growth, proliferation, and neural cell differentiation of a stem cell
melanoma.

At present, clinically relevant proteins that may be involved in the expression
of heterogeneous tumors such as melanomas are not known. Although many tech-
niques are currently available to analyze the gene expression profiles and proteins
involved in various cellular functions, we have taken a direct approach to identi-
fying some naturally occurring events specific to a stem cell melanoma compared
with those of normal healthy and trans-differentiated counterpart cells. Since pro-
teins are the ultimate functional effectors, we have compared comprehensive pro-
tein profiles of different types of cellular phenotypes under different conditions
and analyzed proteins systematically by “reductionism.” This differential analy-
sis of protein expression profiles of melanoma and trans-differentiated neuronal
cells has demonstrated how the expression of stem cell proteins maintains plastic-
ity for long periods of time. This strategy has also facilitated multivariate analyses
of naturally occurring molecular processes inside different cell types and tissues.

Analyses of naturally occurring protein complexes by mass spectrometry fol-
lowed by validation of interacting proteins by computational analyses has indicated
that specific protein–protein interactions are responsible for changing the direction
of a cell from tumorigenic pathways to lineage-specific networks of interactions
leading to neuronal cell differentiation. These studies may eventually lead to a
better understanding of how various molecular interactions guide the larger struc-
tures inside living cells to perform certain functions. This knowledge would be
conducive in applying novel approaches for studying human melanomas and iden-
tifying disease-specific proteins in relation to tumor development.

We have identified distinct protein profiles that can be used to distinguish dif-
ferences between neuronal cells and tumor cells. Thus, the protein profiles of
pigmented tumorigenic cells can be distinguished from those of normal embryonic
cells or neuronal, nontumorigenic, unpigmented cells. Establishment of molecular
definitions of different stem cell progenitors would lead to a reconceptualization
of mechanisms by which stem cells of certain organs in particular people develop
tumors more aggressively than in others.

Our experimental data also show that the tumorigenic potential of melanoma
cells is lost or inhibited during neurogensis, due to the expression of many early
embryonic and cell cycle–related genes whose products have antitumorigenic
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effects. Correlation of cellular phenotypes with specific signature patterns of
expressed proteins in response to epigenetic or environmental changes and
validation of test results by computational and bioinformatics analyses would
lead to establishing molecular classification of stem cell cancers and a better
understanding of stem cell differentiation.

The finding that infection of melanoma stem cells by RD114 virus can exert
neurogenic potential raises the possibility that endogenous retroviruses may be
involved in differentiation of cells in early embryos and the repair of various organs
and tissues by the resident stem cells present in adults.[38] Since both melanocytes
and neuronal cells are derived from the embryonic neural crest, our experimental
findings have provided evidence that the precursor of this melanoma is a stem
cell rather than the primitive melanoblast committed to melanocytic differentiation
only.

Genetic or epigenetic factors that may confer susceptibility or resistance to
transformation in different resident stem cell populations within a tissue may vary
from person to person and from organ to organ in the same person. Identification of
stem cell–specific proteins is important not only for establishing molecular signa-
tures of stem cell–derived tumors from various tissues but also for understanding
proteins involved in maintaining normal functions of stem cells that are resident
in fully differentiated adult organs. Characterization of proteins that induce cell
differentiation is crucial because they can be utilized as targets for developing
inhibitors or promoters of differentiation-specific pathways. These data would ulti-
mately provide innovative translational research tools for clinical diagnosis and/or
for developing interventional therapeutics for a variety of cancers and related dis-
orders.

The relationship between factors that confer oncogenic potential to specific cell
types and those that are involved in embryonic cell differentiation or development
are not known. Analyses of the intracellular interaction pathways and signaling
proteins involved in controlling normal cellular differentiation and those that are
responsible for the breakdown of normal regulatory processes that guide toward
tumorigenic pathway may lead to a better understanding of molecular mechanisms
for the development of melanomas. Finally, this study is just the beginning of a
road that may lead to an ocean of knowledge and a better understanding of the
complex inner workings of a cell’s life.
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9 Invasion Program of Normal and
Cancer Stem Cells

DAVID OLMEDA, GEMA MORENO-BUENO, DAVID SARRIÓ,
JOSÉ PALACIOS, and AMPARO CANO

9.1 INTRODUCTION

Metastasis represents the most life-threatening event for cancer patients. Unfortu-
nately, although considerable progress has been made in the last two decades in
new therapeutic strategies to stop tumor growth, fighting the metastatic spread of
tumors is still an unresolved matter for most, if not all, cancer types. This important
drawback in effective cancer eradication is due primarily to the complexity of the
metastatic process and to the relatively scarce knowledge we have of the process
at the molecular level that could provide effective new drug targets. Despite this, it
is presently considered that metastases originate from individual cells or reduced
groups of cells inside the primary tumor that acquire the capacity to colonize into
distant organs. The invasion of tumor cells from the original primary tumor to adja-
cent tissue, presently recognized as the initiating step of the metastatic process for
most solid tumors, is of particular relevance in carcinomas. The increased knowl-
edge generated in recent years on the invasive processes has provided new insights
into cellular and molecular cues of metastases.

Epithelial to mesenchymal transition (EMT), a meaningful developmental pro-
cess, is frequently associated with the acquisition of invasive behavior in carcinoma
and melanoma cell lines and in several animal models. The recent recognition
of the importance of cancer stem cells (CSCs) in initiation and maintenance of
tumor growth can also be extended to malignant conversion. Indeed, it has been
speculated that metastasis can originate from certain subpopulations of CSCs that
acquire invasive and migratory properties. Furthermore, it has been suggested that
EMT could occur specifically in that subpopulation of migratory cancer stem cells.
Nevertheless, the implication of EMT in invasion/tumor progression of human car-
cinomas has still to be proved definitively. Other important open questions in the
field relate to the actual occurrence of CSC in human tumors and their relationship
to EMT/invasive processes.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
Copyright  2009 John Wiley & Sons, Inc.

167

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


168 INVASION PROGRAM OF NORMAL AND CANCER STEM CELLS

In this chapter we discuss current knowledge regarding the tumor invasion
program in the context of EMT and CSC biology, focusing on (1) the basic mech-
anisms and programs that drive invasion and EMT in development and tumor
progression, and (2) the existence of EMT in human tumors and its relation to
CSC biology.

9.2 BASICS OF TUMOR PROGRESSION: INVASION AND
METASTASIS

Observations in human cancers and animal models of cancer have sustained the
hypothesis that tumor development is governed by the rules of Darwinian evolu-
tion in which a succession of genetic changes, each one conferring an advantage
in growth or survival, leads to a progressive conversion of normal human cells
into tumor cells. Accumulated evidence has also shown that cancer is a multistep
process in which different steps are associated with the accumulation of both
genetic and phenotypic alterations in the cells that drive the progressive transfor-
mation of normal human cells into malignant cells. Despite the great diversity of
human cancers, it is broadly accepted that there are six main steps or acquired prop-
erties, also known as hallmarks of cancer, required for any normal cell to become a
highly tumorigenic and metastatic tumor cell[1]: self-sufficiency to growth signals,
insensitivity to antigrowth signals, evasion of the programmed cell death, limit-
less replicative potential, sustained angiogenesis, and tissue invasion and metasta-
sis. Among them, tissue invasion and metastasis, the final step of most tumors,
is responsible for an estimated 90% of the deaths caused by cancer tumors in
humans.[2] Acquisition of the invasive and metastatic phenotype confers on tumor
cells the capacity to colonize new areas in the body where, at least in principle,
nutrients and space are not a limiting factor for tumor growth.[1;3;4] Similar to the
primary tumor, the formation of secondary metastatic foci is highly dependent on
the other five hallmark acquired capabilities, but with additional capacities.

Metastasis is itself a multistep process that in the case of carcinomas involves
basement membrane destruction and local invasion into adjacent tissues, intravasa-
tion and survival in the bloodstream, extravasation into distant organs, and finally,
their colonization, which requires the capacities of survival plus proliferation at
the metastatic site (Fig. 9.1). Invasion is the first step of the metastatic cascade and
is also a highly regulated multistep process. Invasion and metastasis are closely
allied and extremely complex processes at the mechanistic level. Local invasion of
tumor cells involves profound changes in cell adhesion properties, affecting both
cell-to-cell and cell-to-extracellular matrix adhesion, in addition to the expression
of extracellular proteases. Working in an orchestrated fashion, those changes
lead to the remodeling of cell–cell contacts, de-attachment of the cells from
their original location in the tissue, degradation of the extracellular matrix, and
migration of the tumor cells into adjacent tissues. Thus, during invasion a complete
new cellular program needs to be set in motion. Several classes of proteins are
involved in the invasion process. Among them, cell adhesion proteins[5–8] and
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FIGURE 9.1 Metastasis is a multistep process. The major steps of the metastatic pro-
cess are indicated: local invasion, involving basement membrane destruction and invasion
into adjacent tissues; intravasation and survival in the bloodstream; and extravasation into
distant organs and proliferation/survival in the new host organ. The specific steps where
EMT (epithelial–mesenchymal transition) and the reverse MET (mesenchymal–epithelial
transition) process are thought to occur are indicated. (See insert for color representation of
figure.)

extracellular matrix proteases[9;10] play key roles. The most relevant molecules
involved in cell–cell adhesion and their remodeling during tumor invasion belong
to the calcium-dependent adhesion proteins of the cadherin superfamily, with a
prominent role for the classic epithelial E-cadherin in carcinomas.[5;6] Integrins,
which mediate cell–extracellular matrix interactions, also play an important,
although still incompletely understood role in local invasion.[7;8]

9.3 EPITHELIAL-TO-MESENCHYMAL TRANSITION
IN DEVELOPMENT AND ITS RELATION TO THE INVASIVE
PROCESS

In epithelial tumors (carcinomas), which represent about 90% of all human tumors,
the changes in cell behavior accompanying local invasion can be associated with
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a process known as epithelial–mesenchymal transition (EMT). The EMT pro-
cess was initially characterized as an extremely regulated process during specific
stages of development characterized by the loss of cell–cell adhesion, repression
of E-cadherin expression, and increased cell mobility[11] (Fig. 9.2). During EMT,
epithelial cell layers lose polarity and cell–cell contacts and undergo a dramatic
remodeling of the cytoskeleton.[11;12] Concurrent with the loss of epithelial cell
adhesion and changes in cytoskeletal components, cells undergoing EMT acquire
expression of mesenchymal components and manifest a migratory and, in some
cases, invasive phenotype (Fig. 9.2). Epithelial–mesenchymal transition is a highly
conserved and fundamental process that governs meaningful events for morpho-
genesis in multicellular organisms (reviewed in refs. 11 to 13). Cells embedded in
an epithelial layer acquire mesenchymal characteristics, become motile, and leave
the epithelium. This happens multiple times in the embryo under the control of
a range of signaling molecules. EMT in the primitive streak (of amniotes) is the
most ancient (in terms of metazoan evolution) of these events and the prerequisite
for embryonic body formation. EMT is also essential for numerous developmental
processes, including mesoderm formation and neural tube formation. EMTs thus

FIGURE 9.2 Epithelial-to-mesenchymal transition and cell plasticity in carcinoma pro-
gression. After EMT induction, carcinoma cells decrease epithelial characteristics, lose
apical–basal polarity, decrease cell–cell cohesiveness, down-regulate epithelial markers,
express mesenchymal markers, and reorganize the actin cytoskeleton. Malignant cells
acquire fibroblastic (spindle) morphology and the ability to degrade the basal lamina,
invade through the surrounding tissues, and metastasize. Nevertheless, intermediate sit-
uations with only partial manifestation of EMT can also be found. EMT is thought to
be a transient process; thus, under certain circumstances (i.e., at the site of metastasis)
carcinoma cells can reacquire the epithelial phenotype through a reversal mechanism of
mesenchymal–epithelial transition (MET).
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occur during critical phases of embryonic development in most multicellular ani-
mal species. During this transition, mesenchymal cells acquire a morphology that
is appropriate for migration in an extracellular environment and for their poste-
rior settlement in areas that are involved in further organ formation. Importantly,
developmental EMTs are highly dynamic processes that occur transiently at spe-
cific embryonic stages and in a highly regulated spatiotemporal model. In fact,
mesenchymal cells participate in organogenesis of the embryo in the formation
of specific epithelial organs, such as the kidney, through the reverse process of
mesenchymal–epithelial transition (MET).[12] The term epithelial cell plasticity
has recently been introduced to describe more faithfully the cellular and molecu-
lar events governing the remodeling of epithelia and their reversible or irreversible
conversion into mesenchymelike cells.[14]

During metazoan development, EMTs are required for morphogenetic move-
ments underlying parietal endoderm formation and gastrulation, as well as during
the formation of a range of organs and tissues, such as the neural crest, heart, mus-
culoskeletal system, craniofacial structures, and peripheral nervous system. [11–13]

Gastrulation is perhaps the most fundamental developmental process because it
leads to establishment of the body plan. In Drosophila, genetic studies have iden-
tified several genes involved in epithelial cell plasticity during the formation of a
furrow in a narrow strip of ventral cells of the blastoderm. The ventral furrow is
the site of the invaginating mesodermal and endodermal cells, which first elongate,
then shorten, and finally, lose their epithelial morphology, acquiring a fibroblast-
like shape. The transcription factors Snail and Twist were identified as key genes
in the formation of the ventral furrow.[15] Epithelial cell layer reorganization is
even more sophisticated in the amphibian Xenopus laevis and involves particu-
lar cell movements. Gastrulation begins with radial intercalation in multilayered
epithelial sheets, resulting in extension of the layer and its involution, followed
by mediolateral intercalation in the invaginated layer. This produces a convergent
extension movement, thereby transforming a spherical blastula into an elongated
tadpole.[16] Another example of epithelial cell plasticity is provided by the neural
crest. In vertebrates, this transient structure arises at the dorsal border of the neural
tube. Neural crest cells lose their neuroepithelial morphology, acquiring a migra-
tory phenotype as individual fibroblastlike cells. This EMT is accompanied by a
rapid change in the adhesion status,[17] including changes in the expression of cad-
herin members.[18] Interestingly, the precursor neural crest cells have recently been
suggested to share properties with stem cells, supporting the attractive hypothesis
that link EMT processes with stemness.[19]

From the tumor progression point of view, clear evidence has emerged in the
last years supporting the involvement of EMT in the dissemination of carcinoma
cells from the sites of the primary tumors. More generally, EMT might be involved
in a de-differentiation program that leads to some malignant carcinoma. In fact,
most of the genes that control developmental EMT are expressed during tumor
progression (reviewed in refs. 12 and 13). Much of the strong evidence for the asso-
ciation of tumor invasion with EMT comes from studies in cancer cell lines and in
animal models,[12;20;21] but the evidence for the occurrence of EMT in human
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tumors is still scarce, and therefore its actual implication and relevance in human
cancer is a matter of debate. [22–24]. One of the main reasons for this is that EMT
might not be easily detected in time and space in human tumors, considering that
EMT may occur only transiently and in reduced groups of cells or even in isolated
cells of tumor-invasive areas.[12;21;25] In fact, a common observation of patholo-
gists is that established metastasis of most carcinomas reacquire the differentiation
and morphological appearance of the primary tumor, supporting the transient and
dynamic nature of EMT (Figs. 9.1 and 9.2). However, in vitro, various carcinoma
cell lines indeed undergo stable EMT in response to different external stimuli or
expression of specific genes.[26;27] Moreover, carcinomas that show a diversity of
phenotypes and malignant potential can lose most of their epithelial characteristics
during tumor progression. A clear example of that situation is represented by car-
cinosarcomas, mixed tumors with clear sarcomatous and carcinomatous regions
that, although generally infrequent, can be highly aggressive and metastatic. We
discuss this point further in the last part of the chapter.

In conclusion, the present cumulative knowledge supports the interpretation that
the accumulation of genetic mutations in tumor cells, so far considered as the driv-
ing force in tumorigenesis, does not necessarily lead to a unidirectional path in
tumor progression, but this might rather be considered as a highly regulated pro-
cess involving dynamic changes in the tumor tissue architecture, more like the
morphogenetic process in embryos.[12;28] In this new scenario, EMT and epithelial
plasticity might well represent clear manifestations of tumor tissue remodeling at
specific stages of tumor progression.

9.4 REGULATION OF EMT: FROM SIGNALS TO MOLECULAR
PATHWAYS

In general terms, the EMT process involves setting in motion a complex genetic
program that in its simple version will lead to the repression of epithelial mark-
ers and to the induction of mesenchymal and migration-related markers. Although
some important cellular and molecular aspects of EMT have emerged in recent
years, several central questions remain to be resolved: What signals govern EMT in
different physiological and pathological contexts? Do the various signals converge
on similar or distinct regulatory factors and pathways? Which genetic programs
underly EMT? Which programs and signals, if any, are involved in local tumor
invasion?

It has become clear that EMT can be induced by different agents/signals or
combinations thereof, often dependent on particular cellular models (reviewed in
refs. 26 and 27). It is also becoming evident that depending on particular cellu-
lar or tissue contexts, EMT can adopt a reversible or stable fate, thus enhancing
or repressing to different levels progression of the epithelial cell’s gene expres-
sion program toward a mesenchymal phenotype. These evolutionarily conserved
mechanisms are present in both development and cancer progression, modulating
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similarly conserved molecular machines that govern both cellular polarity[29] and
cellular motility.[30]

The original discovery by Michael Stoker and Michael Perryman in 198531 that
embryonic fibroblast culture supernatant contained a scatter activity for epithe-
lial Madin–Darby canine kidney (MDCK) cells pointed to the characterization
of hepatocyte growth factor [HGF; also known as scatter factor (SF)], the lig-
and of the c-met receptor, as an inducer of EMT. Evidence for the participation
of HGF/c-met in invasion and metastasis has accumulated over recent years and
recently been reviewed.[32;33] At present, several other growth factors recognizing
tyrosine–kinase surface receptors (RTKs) are known to induce EMT in epithelial
cell lines[26;27;34] (Fig. 9.3A). Interestingly, many of the growth factors that have
the ability to induce EMT in cell cultures have also been found to be essential
for EMT in embryos, calling for the conservation of basic EMT signal inducers.
Strong genetic evidence for the direct involvement of some factors, such as FGFs
or TGF-β/BMPs, as EMT inducers in invertebrate and mammalian systems has
been provided in recent years (reviewed in refs. 12, 13 and 35).

In the majority of epithelial cell types and in transgenic mouse tumor
models, TGF-β signaling, one of the main EMT inducers, cooperates with
oncogenic Ras or RTKs to cause EMT and metastasis.[26] Besides TGF-β,
EGF family members, FGFs, HGF, and IGF1/2 also contribute to EMT via
autocrine production, at least in some contexts.[12] In many circumstances,
however, physiological and pathological EMT is induced primarily by paracrine
production of RTK ligands, secreted by surrounding fibroblast or tumor stroma
components rather than by normal or tumoral epithelial cells.[26;27;33] The
latter observations highlight the importance of the microenvironment in the
modulation of EMT and epithelial cell plasticity in both normal and pathological
situations.[36] Importantly, signaling pathways essential for stem cell function
and early development, such as Wnt/β-catenin, Notch and Hedgehog signaling,
have a major impact on EMT during development and cancer progression.[26]

The essential role of the canonical Wnt pathway is to control the cytoplasmic
levels of β-catenin through a signaling cascade that involves inhibition of
degradation of non-membrane-associated β-catenin. Free cytoplamatic β-catenin
can thus translocate to the nucleus, where it interacts with Tcf (T-cell factors),
transcription factors activating gene transcription.[37] A plethora of Wnt/β-catenin
target genes has been described in various systems in recent years, some
of them involved in stemness, others apparently related to EMT and tumor
progression.[28] Interestingly, Wnt/β-catenin and TGF-β/Smad signaling can
also cooperate via several mechanisms in the induction of EMT.[26] Like TGF-β
signaling, the Notch pathway can act in a tumor-suppressive or tumor-promoting
fashion, depending on the cellular context and whether cooperating
(proto)-oncogenes are present. Recently, the Notch pathway has been shown
to collaborate with TGF-β in the induction of Snail,138 a known repressor of
E-cadherin and inductor of EMT (see below).

Activation of the various pathways described above induces the loss of cell
polarity and down-regulation of E-cadherin. Loss of functional expression of
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A

B

FIGURE 9.3 Different signaling pathways can induce EMT and their mediators. A. Rep-
resentation of several growth factors and their receptors involved in the regulation of EMT
through the direct or indirect induction of EMT-related genes. Some of the signaling path-
ways indicated can cooperate in the induction of EMT in specific cell contexts (e.g., TGF-β
and Wnt or TGF-β and RTK mediated signals[14;26;27]). B. EMT signals lead to the expres-
sion of transcription factors implicated in regulation of the genetic program underlying
EMT, such as Snail family factors Snail1 and Snail2. The basic genetic program regulated
by those factors leads to the down-regulation of epithelial genes and up-regulation of mes-
enchymal and motility related genes. Whereas some of EMT-related genes are regulated in
a similar fashion by Snail1 and Snail2 factors, others are specific to each factor,[86] indicat-
ing a distinct role for different EMT regulators and supporting the concept of epithelial cell
plasticity.
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E-cadherin protein and/or transcriptional repression of its mRNA is presently
considered as the hallmark of EMT, both in embryonic development and in
cancer progression.[12;21;25] E-cadherin is a central component of cell–cell
adherens junctions and is required for the formation of epithelia in the embryo
and to maintain epithelial homeostasis in the adult.[18;39] Down-regulation of
E-cadherin is a frequent event in most carcinomas, and the evidence accumulated
in the last 15 years since its description as a tumor suppressor gene [40–43] has
firmly supported its present consideration as a major anti-invasive molecule in
carcinomas.[5;20;44] The molecular mechanisms underlying E-cadherin regulation,
particularly during tumorigenesis, are reasonably well known at present. During
tumor progression, E-cadherin gene expression can be functionally inactivated or
silenced by different mechanisms. These mechanisms include somatic mutations
(although only in specific tumor types, such as lobular breast and diffuse gastric
carcinomas), epigenetic down-regulation through promoter hypermethylation
and/or histone deacetylation, and transcriptional repression (reviewed in refs.
25, 45, and 46). In relation to transcriptional regulation, several E-cadherin
repressors have been characterized in the last years, acting via interaction with
specific E-boxes of the proximal E-cadherin promoter. Importantly, most, if
not all of the presently characterized E-cadherin repressors were known as
EMT-inducing developmental regulators (reviewed in refs. 13, 25 and 27). The
best characterized E-cadherin repressors/EMT inducers are two members of the
Snail zinc-finger transcription factors, Snail and Slug, [47–50] presently known
as Snail1 and Snail2, respectively.[35] Genetic evidence for the participation of
Snail1 in EMT has been obtained. Snail1 mutant mice die at gastrulation as a
result of defective EMT and sustained E-cadherin expression.[51] Furthermore,
Snail1 has been detected in an increasing number of invasive carcinoma cell
lines and, importantly, at invasive areas of some carcinomas (reviewed in refs.
25 and 35; see also below). Other E-cadherin repressors containing zinc-finger
domains are SIP1/ZEB-252 and ŽEF-1/ZEB1.53 SIP1 and Snail1 bind to partly
overlapping E boxes in the E-cadherin promoter, with similar repressor effects,
and SIP1 is highly expressed in several E-cadherin-deficient human carcinoma
cell lines,[52] while ŽEF-1 is expressed in breast carcinoma cells.[53] In addition,
factors of the helix–loop–helix (bHLH) family, E12/E47 (the E2A or TCF3 gene
products),[54] and E2-2A/E2-2B (the E2-2 or TCF4 gene products) (V. R. Sobrado
and A. Cano, submitted) also show an ability to repress E-cadherin and induce
EMT. Interestingly, the E2A protein suppression of the E-cadherin promoter is
antagonized by its interaction with the inhibitor of differentiation (Id) proteins Id2
and Id3, at least in cellular context, where they are down-regulated by the EMT
inducer TGF-β.[55] Finally, and no less important, the bHLH transcription factor
Twist, a protein known to be essential for initiating mesoderm development during
gastrulation,[15;56] was also recently characterized as an E-cadherin repressor (by
a still unknown mechanism) and inductor of EMT.[57] Importantly, knockdown
of Twist expression by RNAi in a metastatic mammary tumor cell line prevented
lung metastasis, apparently by specifically inhibiting intravasation,[57] a metastatic
step also associated with EMT[12] (see also Fig. 9.1).
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9.5 EMT AND CANCER STEM CELLS

The recognition that tumors can be sustained by a rare population of cells with
self-renewal properties, thus called cancer stem cells (CSCs), has provoked a sub-
stantial change in the way scientists are considering tumor biology and its potential
implications in clinics. The existence of CSCs has so far been demonstrated in
hematological cancers and in an increasing number of solid tumors, such as breast
and brain tumors. [58–61] A highly debated and still unresolved issue is whether
CSCs are always derived from normal stem cells or whether they can arise from
progenitors or more differentiated cells by acquiring specific mutations that endow
them with stem cell–like properties, such as self-renewal.[62;63] This specific and
fascinating aspect of tumor biology is discussed widely in other chapters in this
book. Here, however, we confine our discussion to the relevance of CSCs to tumor
progression and the origin of potentially invasive or metastatic cells.

It has long been known that metastasis as a whole is a highly inefficient pro-
cess, with estimates that only about 1 in 107 cells in the primary tumor are able
to accomplish successfully all the steps of the metastatic process.[3;4] This ineffi-
ciency was assumed to be due, at least in part, to the requirement of acquisition
of additional mutations and/or acquired capacities to develop the full metastatic
phenotype. However, present genetic evidence has challenged the classical view
of metastasis as a late acquired phenotype. Several genetic profiling studies of
different tumor series have identified a metastatic gene signature or poor progno-
sis signature inside primary tumors, supporting the view that metastatic potential
can be an early acquired character in tumor development[64;65] (reviewed in ref.
66). It has also been shown that expression of additional specific genes is required
for tumor cells to exhibit full and site-specific metastatic potential, at least for
breast tumors.[67;68] Recently, in respect to the current thinking on CSCs, the inef-
ficiency of the metastatic process has been reviewed; it has been hypothesized
that metastasis can originate from certain subpopulations of CSCs that acquire
a poor prognosis signature.[66] Other authors have speculated that acquisition of
migratory properties is an essential requirement for CSCs to become metastatic
and proposed the term migrating cancer stem cells (MCSs) to define this specific
subpopulation of CSCs.[69] MCSCs are indeed proposed as an integrated concept
for malignant tumor progression.[69] The MCSC concept has been derived mainly
from observations in colorectal carcinomas and is closely linked to the presence
of transient EMT in the invasive tumor/stroma interphase areas.[28] Implicit in
the existence of MCSCs is the distinction between two types of CSCs: station-
ary CSCs (SCSCs), located inside the tumor mass, and migratory CSCs (MCSCs),
located at the tumor–stroma interphase. An important implication of this model
is that MCSCs are derived from CSCs by acquisition of transient EMT.[69] The
MCS model is certainly attractive and well supported by data from colorectal
tumors. Undoubtedly, it will be interesting to test/confirm its existence in other
human tumor types. In this context, it is important to mention that other authors
have recently hypothesized that reversible EMT/MET processes might be a func-
tional manifestation of cell plasticity underlying fundamental transitions between
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“normal” stem cells (embryonic or adult) and cancer stem cells.[19] One of the most
interesting aspects of the MCSC concept is its link with EMT/epithelial plasticity
and thus with tumor invasion.

9.6 CAN STEM CELL PROPERTIES BE EXTENSIVE TO INVASIVE
TUMOR CELLS?

In our opinion, one essential question in the field is: What is the link, if any,
between EMT and stem cell biology? Some recent studies tend to support a link.
As mentioned above, important signaling pathways involved in stemness also act
as potent EMT inducers in different cellular or biological contexts. Importantly,
this applies to Wnt/β-catenin and Notch pathways. In colorectal tumors, active
Wnt/β-catenin signaling appears to be closely associated with cells at the inva-
sive front with apparent EMT, as indicated by specific nuclear localization of
β-catenin in those de-differentiated cells.[70] A similar situation has been observed
in endometrioid carcinomas, but its extension to other tumor types has to be estab-
lished. Essential properties of stem cells are self-renewal and survival capacity
against different external stresses, coupled with their low proliferation potential.[63]

Therefore, it is pertinent to ask if any of those properties are present in invasive or
metastatic cells. Survival is indeed an essential character for tumor cells in the
context of metastasis, a fact recognized many years ago. Moreover, in relation to
the invasive process, resistance to apoptosis induced by de-attachment from the
extracellular matrix (anoikis) is one of the requirements for the success of the
process.[71] Indeed, recent data support that survival, considered as a manifestation
of the inhibition of cell death, might be a crucial aspect for the entire metastatic
process.[72]

Some new data regarding EMT regulators are also raising interesting ideas on
the potential link between invasion and stemness. The Snail members Snail1 and
Snail2 have recently been described to confer additional properties to EMT, related
to proliferation and survival.[35] Thus, Snail1 induces a G1/S cell cycle arrest
due, at least in part, to its ability to repress cyclin D2 expression; importantly,
Snail1 appears to perform this function in cell culture and in vivo during mouse
development.[73] This property could, in fact, confer on cells a low proliferative
potential, while permitting their migration in response to specific external cues.[73]

Another important function recently recognized for Snail1 and Snail2 is their active
participation in protection against cell death induced by external stimuli, includ-
ing absence of survival factors, presence of TNF-α, and resistance to genotoxic
agents, including γ-irradiation and chemotherapeutic agents. [73–76] Interestingly
enough, the cell survival properties appear to be shared by all Snail superfamily
members from different phyla, supporting the hypothesis that protection against
cell death might be a general property of Snail family (reviewed in ref. 35). Impor-
tantly, Snail1 has also recently been implicated in the recurrence of primary breast
carcinomas.[77] In agreement with this, stable silencing of Snail1 in highly aggres-
sive mouse epidermal carcinoma cell lines induces a dramatic reduction of tumor
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growth potential.[78] Pending further confirmation in additional human tumors, the
present results support the speculation of a role for Snail1 in self-maintenance of
the pool of recurrent cells,[79] thus linking Snail1 to CSC biology.

Acquisition of survival properties (e.g., survivin expression) and reduced pro-
liferation potential has been observed in invasive areas of colorectal carcinomas
where EMT is thought to occur.[28;70;80] Interestingly, survivin is a Wnt/β-catenin
target,[81;82] directly linking at least some aspects of stemness and invasion. In
this context it is also worthwhile to mention that Snail2 has been reported as a
Wnt/β-catenin target in colorectal carcinoma cells, where it induces transient EMT
associated with functional down-regulation of E-cadherin-mediated contacts.[83]

Taken together, all these data seem to support a link between EMT and CSC in
tumor progression.

9.7 IS THERE A UNIQUE EMT PROGRAM LINKED TO INVASION?

The present evidence derived from different model systems supports the notion
that invasion is a genetic program regulated by transcription factors (reviewed in
ref. 84). As already discussed, EMT is presently considered a manifestation of
epithelial cell plasticity that can adopt particular or specific aspects, depending
on cell/tissue context and external signals. The minimal characteristics defining
the EMT processes are loss of stable epithelial cell–cell adhesions and polarity
and acquisition of mesenchymal/migratory properties (Fig. 9.2). These properties
should be manifested regardless of EMT occurrence as a transient or stable
process. As also discussed earlier, we and other authors favor the notion that
a transient EMT process is one of the main driving forces for carcinoma
invasion.[12;14;21;25;69] But, as outlined above, many questions remain to be
answered before a comprehensive understanding of tumor progression can
be obtained. One of the open questions we have tried to address recently is
whether different E-cadherin repressors drive EMT and the invasive process
by inducing similar or distinct genetic programs. In addition, whether the
different factors play a specific or redundant role in tumor progression also
underlies that question. To approach this issue we have based our studies on a
cellular model, the prototypical epithelial MDCK cells that are able to undergo
a stable EMT process after expression of various E-cadherin repressors: Snail1,
Snail2, or the bHLH E47 factor.[48;49;54] The morphological appearance of the
transfected MDCK cells with either factor is very similar, as are most analyzed
cellular parameters: complete loss of E-cadherin and other epithelial markers,
acquisition of mesenchymal markers (vimentin, fibronectin), and motility and
migratory properties (reviewed in ref. 25). However, a closer inspection of both
biochemical parameters and more important, in vivo invasion assays, using
transplantation chambers of three-dimensional cultures into nude mice indicated
important differences in the biological behavior of MDCK cells expressing Snail1
or E47 factors.[85] Whereas Snail1-expressing cells showed highly aggressive
invasiveness in vivo, E47-expressing cells invaded much more slowly, but induced
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a faster and stronger angiogenic response in the host than Snail1-expressing
cells.[85] These observations clearly suggested that different genetic programs
might be driven by each factor, despite their ability to induce apparently similar
EMT processes in the same cellular context. This suggestion has recently
been confirmed by genomic studies. Genetic profiling analysis of MDCK
cells expressing Snail1, Snail2, or E47 has indicated that of 250 differentially
expressed genes, compared to control MDCK cells, only 20% are regulated in
a common fashion by the three factors; the majority of genes are regulated by
different binary combinations or by only one of the three factors.[86] EMT-related
genes are detected among the group of common as well as differentially
regulated genes (Fig. 9.3B), suggesting that specific or particular aspects of
the EMT program can be undertaken by each specific factor.[86] Studies by
other groups related to the gene expression pattern conferred by transient
Snail1 expression in colorectal carcinoma cells also support such alteration
of epithelial phenoptype as being a main trait.[87] Regarding Snail2, apart
from its participation in EMT, it has recently been reported to be required in
hematopoietic cells for the functional activity of c-kit signaling, an important
contributor to hematological stemness.[88] Interestingly, a recent genomic analysis
in fibroblasts has identified additional Snail2 target genes, potentially related to
stemness.[89] Whether the common or specific gene expression patterns defined
in our recent study, induced by different EMT mediators, can confer a CSC or
MCSC “character” is being analyzed presently. Regardless of this important
point, our recent genomic study using MDCK cells provides evidence for a
differential role of distinct transcription factors acting as EMT mediators that
might be important for tumor progression. Of further interest in this genetic
analysis were important unsuspected differences in the gene expression patterns
driven by highly related members of the Snail family, Snail1 and Snail2.[86] This
strongly supports similar yet distinct roles for these transcription factors in tumor
progression.

Based on our own results and data accumulated by many groups, we
recently proposed a hierarchical model for the action of EMT factors in tumor
progression.[25;45] In that model, Snail1 was proposed as the main initiating
actor of invasion by inducing local EMT, while Snail2 and E47 were proposed
to play a role in maintainance of the migratory phenotype farther away from
the invasive front. Recent observations of limited Snail1 expression at the
tumor–stroma interface[90] strongly support our hierarchical model of action. As
mentioned above, the relation of the different factors to CSC/MCSC remains to
be established. In other words, it should be important to determine in different
carcinomas whether tumor cells undergoing EMT correspond to CSC/MCSC or if
EMT is a paracrine response of epithelial tumor cells to specific factors that can be
liberated by CSCs or the tumor microenvironment. In this context it is interesting
to mention that Snail1 expression is induced under certain situations that lead to
fibroblast activation under normal or pathological situations.[27;35;90]

There is an additional crucial question in relation to EMT, invasion, and tumor
progression that perhaps matters more to both basic oncologists and pathologists:
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does EMT really occur and to what extent in human tumors? We discussed above
the evidence for EMT in colorectal carcinomas; in the next section we expand on
this issue in other tumor types.

9.8 EVIDENCE OF EMT IN HUMAN CLINICAL TUMORS

As mentioned previously, the role of EMT in human carcinoma progression is a
matter of intense debate.[22–24] One of the major criticisms in accepting a role
for EMT in tumor progression and metastasis is that the events defining a full
EMT process in vitro (loss of epithelial characteristics, expression of mesenchy-
mal markers, acquisition of spindle/mesenchymal morphology, and the pattern of
invasion as single cells) are rarely observed together in human carcinomas. One
exception is human carcinosarcoma, which has been suggested to be a true example
of complete EMT.

Carcinosarcomas are uncommon but aggressive neoplasias with biphasic histol-
ogy of carcinomatous and sarcomatous elements. They develop in different organs,
preferentially in the endometrium, breast, lung, kidney and upper aerodigestive
tract, but rarely in other locations, such as the colon.[91;92] In most organs, the car-
cinomatous element consists of adenocarcinoma, but in others (e.g., in the esopha-
gus) the epithelial malignant element corresponds to squamous cell carcinoma.[93]

The sarcomatous component may be any type of sarcoma, such as fibrosarcoma,
leyomiosarcoma, and rhadomyosarcoma. Because the tumors have an intimate
mixture of histologically diverse malignant cells, the histogenesis of carcinosar-
comas has long been a matter of debate. Thus, three main theories have been
proposed: collision theory, composition theory, and combination tumor theory.[94]

The first considers these tumors synchronous biclonal tumors that blend together to
form carcinosarcomas. The second hypothesis considers the stromal elements reac-
tive and nonneoplastic. However, this theory has been abandoned since metastasis
can contain both malignant epithelial and malignant mesenchymal components.
Finally, the third and most favored theory postulates that carcinomatous and sar-
comatous elements both originate from a single stem cell clone. According to this
theory, the sarcomatous component arises within a carcinoma through evolution of
specific subclones.

A number of recent cell culture, immunohistochemical, and molecular genet-
ics studies support the monoclonal nature of these neoplasms. Thus, cell lines
established from carcinosarcomas have been shown to differentiate into epithelial,
mesenchymal, or both components.[95] Furthermore, immunohistochemical studies
have documented the expression of epithelial markers in the sarcomatous compo-
nent of a large proportion of cases.[96] More recently, p53 mutational analyses
and loss of heterozygosity (LOH) studies have all shown that carcinomatous and
sarcomatous elements share common genetic alterations.[94;97–99] Interestingly,
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Gorai et al. (1997) suggested that uterine carcinosarcomas may originate from a
precursor (stem) cell.[100]

Unfortunately, at present, we do not know the molecular events that trigger sta-
ble EMT in human carcinosarcomas, since the role of E-cadherin repressors and
other previously discussed pathways involved in EMT has not yet been analyzed.
Although inactivation of p53 (by mutation and LOH of 17p) appear to be frequent
in the pathogenesis of human carcinosarcomas in different organs,[98] the relevance
of this alteration in the genesis of EMT has not yet been explored.

Apart from carcinosarcomas, another suggested example of full EMT in human
cancer is the possibility that stromal components surrounding carcinoma cells
(such as myofibroblasts) might originate directly from tumoral cells. In agreement
with this, peritumoral stromal cells frequently exhibit the same genetic alterations
(e.g., LOH and mutations in the p53 gene) as those exhibited by the adjacent car-
cinoma cells, suggesting a common origin for both cell types.[101;102]

However, these extreme examples showing the conversion of carcinoma into
mesenchymal cells might not completely reflect the occurrence of EMT in human
tumors. Evidence derived from in vitro cell culture studies indicates that the ability
to undergo complete EMT varies among different cell lines even when they are
exposed to the same stimuli, such as treatment with TGF-β.[14;103] This suggests
that complete EMT might not be easy to achieve, but partial EMT may be sufficient
for certain cell lines to acquire an aggressive migratory phenotype. Therefore, it
has been suggested that expression of mesenchymal markers, loss of epithelial
markers (E-cadherin), and/or cadherin switching may be considered independently
as signs of partial EMT.[14]

9.9 EXPRESSION OF MESENCHYMAL MARKERS AND CADHERIN
SWITCHING IN CARCINOMAS

Although loss of E-cadherin function is a critical event for EMT, the expression of
mesenchymal markers is probably required to enable invasive cells to interact with
interstitial matrices and to sustain local invasion. In this sense it is interesting to
note that a variable number of carcinomas that do not develop a full morphologi-
cal EMT (and are not considered carcinosarcomas) express specific mesenchymal
markers, such as vimentin or smooth muscle actin (SMA). One typical example
of that situation is breast carcinoma, in which focal or diffuse vimentin and SMA
expression, reported in about 10 to 15% of cases, is generally associated with poor
prognosis.[104;105]

Cadherin switching from the prototypical epithelial type (E-cadherin) to mes-
enchymal types (e.g., N-cadherin) is also a character frequently associated with
the EMT processes.[6;12] Different studies have demonstrated the inappropriate
expression of nonepithelial cadherins by epithelial cells as a putative mechanism
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for promoting the interaction with the stroma, thereby facilitating invasion and
metastasis. Several cancer cell lines (e.g., human bladder, melanoma, and breast
cancer cell lines) that lack E-cadherin-mediated cell–cell adhesion show expres-
sion of mesenchymal cadherins, such as N-cadherin and cadherin-11 (reviewed
in ref. 106). This phenomenon of cadherin switching has also been observed in
human tumors, such as melanoma, prostate, and breast cancer.[107]

In normal human skin, E-cadherin is expressed on the cell surface of
keratinocytes and melanocytes, being the major adhesion molecule between
both epidermal cell types, while N-cadherin is expressed by dermal fibroblasts
and endothelial cells.[108] During melanoma development, a progressive loss of
E-cadherin expression has been observed. Disruption of E-cadherin-mediated
cell adhesion frees the melanocytic cells from microenvironmental control,
whereas restoration of E-cadherin expression in melanoma cells results in
keratinocyte-mediated growth control and down-regulated expression of
invasion-related adhesion receptors.[109] N-Cadherin seems to play a dual role in
cell–cell adhesion in melanoma since it mediates homotypic aggregation between
melanoma cells as well as heterotypic adhesion of melanoma cells to dermal
fibroblasts and vascular endothelial cells. Together, these results support a role
for E- to N-cadherin switching during melanoma development, participating
in growth control and possibly providing metastatic advantages to melanoma
cells.[110]

The role of N-cadherin expression in tumor progression has also been
demonstrated in prostate carcinoma, where it is correlated with clinical parameters
including the Gleason score (a measure of tumor differentiation). Interestingly,
N-cadherin is found to be expressed in a subset of prostate tumors, which
showed mainly aberrant or negative E-cadherin staining,[111;112] reinforcing
the concept of the cadherin switch. On the other hand, cadherin-11 (normally
expressed in the brain) is expressed in the stroma of all prostatic tumors analyzed
at the epithelial–stromal interphase. In addition, cadherin-11 is also expressed
in a dotted pattern or at the membrane of the epithelial cells of high-grade
cancers. In metastatic prostate cancer, N-cadherin and cadherin-11 are expressed
homogeneously.[112] Similarly, the expression of N-cadherin and cadherin-11 in
breast cancer has been associated with more aggressive phenotypes.[113;114]

In general terms, present evidence tends to support the notion that the cadherin
switching observed in many carcinomas can be interpreted as an additional trait
of cell plasticity but may not be sufficient to support overt manifestation of EMT
in tumors. Interestingly, in many experimental situations that lead to a complete
EMT, E-to-N-cadherin switching also occurs. This is the case in MDCK cells
overexpressing Snail1 or Snail,286 suggesting that these factors can also induce
the expression of mesenchymal-type cadherins. Nevertheless, the action of those
factors as direct transcriptional activators of mesenchymal genes has not been
yet demonstrated. Regardless of the mechanistic aspects of the action of specific
EMT-inducing factors, analysis of their expression in human tumors has attracted
great interest in recent years.
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9.10 EXPRESSION OF EMT INDUCERS IN HUMAN TUMORS

The expression of several EMT inducers, such as Snail1, Snail2, Twist, and SIP1,
has been demonstrated in diverse human tumors using different methodologies.
Generally, the expression of these transcription factors is correlated with
E-cadherin down-regulation [115–119]. As discussed earlier, based on experimental
and developmental studies, we proposed a hierarchical model for the action
of different repressors during tumor progression.[25;45] However, the exact
contribution of these transcription factors in tumorogenesis in vivo is not fully
understood.

Expression of Snail1 mRNA has been detected in biopsies from patients
with breast,[77;119–124] ovarian,[121] gastric,[116] colon,[125;126] and hepatocellular
carcinomas.[117] Of these reports, only one analyzed Snail1 expression directly in
epithelial neoplastic cells. Thus, the study by Blanco et al. (2000) using in situ
hibridization reported that mRNA expression was detected at the invasive areas
and more frequent among poorly differentiated breast carcinomas with lymph
node metastasis.[119] As mentioned before, in breast cancer a role for Snail1 in
tumor recurrence has also been proposed.[77] Comparative transcriptome analysis
of human primary breast cancers suggests that elevated Snail1 expression is
correlated with decreased relapse-free survival.[77] In addition, Toyama et al.
observed that node-negative infiltrating ductal carcinomas showing low Snail1
mRNA expression do not developed distant metastasis, whereas 12%, showing
high expression of Snail1 mRNA, did.[124] Collectively, these data suggest that
Snail1 expression is a poor prognostic factor in breast carcinomas and is probably
involved in local recurrence and in lymph node and distant metastasis.

Additionally, it has been reported that Snail1 expression in colon cancer was
associated with down-regulation of E-cadherin and VDR (vitamin D receptor) gene
products.[125;126] These findings suggest that Snail1 may be associated with loss
of responsiveness to vitamin D analogs and may thus be used as an indicator of
patients who are unlikely to respond to this therapy.[127] Another study reported
Snail1 mRNA overexpression in 16% of hepatocellular carcinomas compared with
adjacent noncancerous liver tissue.[117] E-Cadherin protein expression was found
significantly down-regulated in cases with Snail1 mRNA overexpression. In addi-
tion, the tumor and nontumor ratio of Snail1 mRNA correlated independently
with tumor invasiveness. This indicates that Snail1 both down-regulates E-cadherin
expression and promotes invasion in human hepatocelular carcinoma.[117] Finally,
up-regulation of Snail1 associated with reduced or negative E-cadherin expression
has also been reported in diffuse gastric cancer.[116;128]

Despite these data, the exact role of Snail1 in clinical tumor invasion and pro-
gression remains to be established. In most of the aforementioned studies, the
precise contribution of stromal and carcinoma cells to the expression of Snail1 was
not assessed. In fact, it has been demonstrated that Snail1 is expressed by tumor
stromal fibroblasts[90] and endothelial cells.[129] A recent study using immunohis-
tochemical analysis of Snail1 detected this protein only in occasional neoplastic
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epithelial cells situated at the edge of the tumor mass. Some of them had an undif-
ferentiated phenotype while others retained an epithelial phenotype.[90] Analysis
of E-cadherin in these cells demonstrated that although most of the Snail-positive
cells were negative for E-cadherin, others coexpressed both proteins and may rep-
resent cells at the initial stages of the EMT, where E-cadherin gene transcription
has been switched off but the protein remains.[90] These results fit nicely in our
hierarchical model of Snail1 action described previously.[25]

Regarding Snail2, initial in vitro studies suggested that Snail2 is a likely in vivo
repressor of E-cadherin in breast cancer[50] and participates in the metastatic poten-
tial of melanoma.[130] In human clinical samples, although the expression of Snail2
has been explored only occasionally, some data suggest that Snail2 expression
might be an indicator of poor prognosis. Thus, a high expression of Snail2 mRNA
in lung cancer tissue was significantly associated with postoperative relapse and
shorter patient survival.[131] In addition, positive expression of Snail2 was found
in 58% of colorectal carcinomas. The positive expression of Snail2 was signifi-
cantly associated with higher Dukes stage and distant metastasis and had a negative
impact on overall patient survival.[132] In breast cancer, increased Snail2 expression
was associated with metastatic disease or tumor recurrence.[123]

With regard to the expression of other EMT-mediating transcription factors
in human tumors (e.g., SIP1, Twist), little information is currently available.
SIP1 expression has been analyzed in gastric and gynecological cancer and
in squamous cell carcinomas.[115;116;121] In 20 intestinal-type gastric cancer
samples, reduced E-cadherin expression was found in 60% of the cases, which
correlated with up-regulation of SIP1 at the mRNA level. However, in this
study, SIP1 overexpression could not be linked to down-regulated E-cadherin in
diffuse-type gastric cancer.[116] In ovarian cancer, expression of SIP1 correlated
with worse outcome.[121] Twist was studied in primary human gastric, breast, and
colon cancers. In diffuse gastric cancer, overexpression of Twist correlated with
N-cadherin expression, but this association was not found in intestinal gastric
cancer or in colon cancer.[116;133] In breast carcinomas, Twist overexpression
was associated with poor outcome.[123] Additionally, Twist expression was
up-regulated in lobular breast cancer,[57] a tumor characterized by the lack of
E-cadherin expression. Since lobular carcinomas invade in a distinctive diffuse
pattern (with cells infiltrating Indian-file or as single cells), the authors suggest
that in this tumor type, Twist may be involved in silencing E-cadherin and
promoting this EMT-like invasion pattern. However, there is evidence contrary
to this assumption. First, lobular tumors consistently express cytokeratins (even
in metastsic lesions)[91] but rarely mesenchymal markers such as vimentin.[134]

Second, E-cadherin gene is irreversibly inactivated by genetic (mutations, allelic
loss) and epigenetic (promoter hypermethylation) alterations in lobular breast
cancer.[135] Third, a recent report with a larger series of tumors (nD 144) failed to
find such an association between Twist expression and the lobular histotype.[136]

In contrast, studies in prostate cancer appear to support a role for Twist in this
tumor type. Thus, Twist was found highly expressed in the majority (90%) of
prostate cancer tissues but only in a small percentage (6.7%) of benign prostate
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hyperplasia. In addition, the Twist expression levels were positively correlated
with Gleason grading and metastasis, indicating its role in the development and
progression of prostate cancer.[137]

One important drawback on the studies discussed above is that most of them rely
on detection of the factors by RT-PCR (or qRT-PCR) on the whole-tumor samples
or on antibodies, the specificity of which has not been clearly established. Provided
that EMT can be transient and/or spatiotemporally restricted in most carcinomas,
additional studies in a larger series of tumors using highly specific reagents are
clearly needed to establish the role of the various EMT factors definitively. It is
also possible that overt EMT might not always be a general mechanism for a
carcinoma to invade and metastasize. In fact, many carcinomas invade as multi-
cellular aggregates and sometimes form glandular structures resembling normal
epithelium, in which the carcinoma cells retain epithelial characteristics, includ-
ing adherens junctions and apical–basal polarity.[22;23] Therefore, these cells can
invade and metastasize in a process known as collective migration.[138] Thus, it
is reasonable to assume that EMT may preferentially occur in specific biological
contexts.

9.11 OCCURRENCE OF EMT IN A SPECIFIC
SUBSET OF BREAST CARCINOMAS

Breast cancer is a heterogeneous disease encompassing a wide variety of patho-
logical entities and a range of clinical behavior. Recent cDNA microarray studies
have demonstrated that breast cancers can be classified according to their gene
expression profiles into four main groups: basal-like, luminal, HER2+, and normal
breastlike breast carcinomas.[139] Most important, these groups have been shown
to be of prognostic and predictive significance.[140] Basal-like breast carcinomas
are high-grade tumors, lack estrogen receptor (ER) and HER2 expression, and are
consistently positive for basal keratins and/or other markers normally expressed by
basal or myoepithelial cells (p63, CK5/6, CK14, EGFR, CD10).[141]

Recent studies tend to indicate that in breast carcinoma the expression of
mesenchymal markers (e.g., vimentin, SMA, SPARC) occurs in a specific
subtype, the basal-like phenotype.[142;143] This finding might not be surprising
considering that normal myoepithelial cells also express some of these markers
(e.g., vimentin, SPARC). However, we have observed in a series of 478 invasive
ductal carcinomas that basal-like tumors also frequently express N-cadherin
and cadherin-11,[152] supporting the association of the mesenchymal phenotype
with basal-like tumors. It is also interesting to note that tumors with a basal-like
phenotype that express mesenchymal markers have a tendency to produce visceral
rather than bone metastasis.[144]

Taken together, the observations above suggest the possibility that in breast
tumors the acquisition of an invasive and mesenchymal phenotype might occur
preferably in a specific genetic context such as that associated with the basal
phenotype. In agreement with this hypothesis, the presence of tumoral areas
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showing spindle morphology is significantly more frequent in tumors with that
phenotype.[145] Additionally, recent studies indicate that breast carcinosarcomas
also express myoepithelial markers (e.g., CK5/6, P-cadherin, EGFR), and they
are therefore considered to have a basal-like phenotype.[146;147;152] (D. Sarrió
et al., unpublished results). Importantly, the recent isolation and characterization
of breast stem cells has demonstrated that these cells show an immunophenotype
very similar to that observed in basal-like breast carcinomas.[148] Moreover,
basal-like tumors are extremely frequent among BRCA1 (breast Cancer associated
gene 1) germline mutation carriers. It has therefore been suggested that these
tumors may originate from a pluripotent stem cell rather than differentiated
epithelial (luminal) cells (reviewed in ref. 149).

In the normal breast, stem cells are localized in a suprabasal position between
luminal and myoepithelial layers, have self-renewal capacity, and have the poten-
tial to produce both epithelial and myoepithelial lineages.[150;151] Recent exper-
iments demonstrated that the presence of these cells within breast carcinomas
increase tumor aggressiveness,[58] thus providing a link between stem cells, EMT
processes, and invasive tumor behavior.

9.12 CONCLUSIONS AND FUTURE PERSPECTIVES

The information accumulated in recent years supports the concept that EMT rep-
resents a manifestation of epithelial cell plasticity with important implications for
tumor progression. One of the major lessons we are learning regarding EMT is
its transient and dynamic nature, which may also underlie dynamic changes in
tumor tissue architecture at different stages of the metastatic process. Thus, much
of the controversy regarding the actual occurrence of EMT in human tumors might
derive from the recognition that stable EMT is probably an infrequent event in
most carcinomas but that in some specific tumor types can be detected as carci-
nosarcomas. More important appreciation of the concept of epithelial cell plasticity
can have additional implications as to the origin of metastatic cells. The potential
link between the concept of migratory cancer stem cells and reversible EMT/MET
processes is certainly a very attractive hypothesis that deserves to be explored in
different carcinoma types.

Here, we have reviewed the information available regarding the regulatory
mechanisms of the invasive process with an emphasis on the known transcrip-
tional factors operating as mediators of EMT, and have analyzed the current data
supporting their implication in human tumors and CSC biology. The present
information appears to support a potential role for some EMT mediators, such as
Snail family factors, in invasion and stemness. Furthermore, in breast carcinoma a
picture seems to emerge linking the occurrence of EMT/cell plasticity to a specific
tumor phenotype, the basal-like phenotype, further supporting the link between
EMT and CSC biology. Nevertheless, more experimental data and rigorous
analysis of expression of EMT/cell plasticity regulators in large series of human
tumors are needed to fully understand and link these processes. It will also be
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important to determine in different carcinomas whether tumor cells suffering EMT
correspond to CSC/MCS or if EMT is a paracrine response of epithelial tumor
cells to specific microenvironmental factors. This information can be extremely
useful in identifying potential new drug targets to block the most lethal process in
the tumor progression, metastasis.
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10 Epigenetics in Cancer Stem Cell
Development

KENNETH NEPHEW, CURT BALCH, TIM H.-M. HUANG,
ZHANG SHU, MICHAEL CHAN, and PEARLLY YAN

10.1 INTRODUCTION

It is now well known that cancer pathogenesis is strongly associated with abnormal
epigenetic (i.e., DNA sequence-external) alterations, represented by both losses
and gains of DNA methylation and deviant patterns of histone modifications.[1;2]

These chromatin modifications allow for the stable inheritance of various aberrant
cellular properties without involving changes in DNA sequence (e.g., deletions,
mutations) or the amount of DNA (e.g., gene amplification) in cancer cells. An
emerging hypothesis of tumor propagation is based on the activity of a subpopula-
tion of cancer stem cells (CSCs) capable of an atypical type of differentiation that
results in tumor formation, invasion, and metastasis to distant sites.[3] Such abnor-
mal progenitors are believed to strongly resemble normal tissue stem cells, pos-
sessing defining characteristics such as asymmetric cell division, self-renewal, and
the maintenance of an undifferentiated phenotype.[3–5] As normal differentiation is
regulated by epigenetic modifications to chromatin,[6;7] it is almost certain that epi-
genetics also contributes to the aberrant differentiation present in tumors, including
the maintenance of multipotency and self-renewal of their progenitor cells. Indeed,
one recent review suggested a causal role for repressive epigenetic modifications in
the establishment and propagation of CSCs.[8] Consequently, knowledge of the epi-
genetic events associated with tumor stem cell behavior will result in a more com-
plete understanding of carcinogenesis in general, in addition to providing insight
into new therapeutic targets and clinical risk assessment. In addition, based on the
cancer stem cell hypothesis (outlined in more detail in Chapter 1), it is believed that
the inadequacy of standard chemotherapies for many solid tumors is due largely
to their failure to target CSCs,[9] resulting in inevitable disease relapse. Thus, ther-
apeutic reversal of epigenetic modifications that define the undifferentiated state
of those malignant progenitor cells (including a drug-resistant phenotype) could
allow for epigenetic resensitization of recalcitrant tumors to conventional agents.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
Copyright  2009 John Wiley & Sons, Inc.
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10.2 CHARACTERIZATION OF CANDIDATE CANCER STEM CELLS

To date, isolation of CSCs has been based largely on their probable phenotypic
similarity to normal stem cells: demonstrating such defining characteristics as
anchorage-independent formation of spheres, dye exclusion (due to overexpres-
sion of efflux transporters), expression of cell surface differentiation markers, and
clonogenicity.[3] The most significant characteristic, however, is amplified tumori-
genic potential, as defined by the capacity of significantly small numbers of cells
to form tumors in animals (see Chapter 1), and the ability to recapitulate the phe-
notype of the original tumor from which they were derived.[10] Additionally, CSCs
probably express self-renewal-associated genes found in normal stem cells, includ-
ing NANOG, SOX2, Oct-4, SCF-1, and Bmi-1, encoding a transcriptional repressor
previously established as necessary for self-renewal in hematopoietic stem cells
(HSCs).[11] Suggestive of a role in tumor “stemness,” Bmi-1 has now been demon-
strated as overexpressed in a number of malignancies, as has another HSC tran-
scriptional repressor, the Enhancer of Zeste homolog-2 (EZH2).[12] Genes that are
commonly down-regulated in normal (and probably, cancer) stem cells are typi-
cally those associated with a commitment to differentiation, and include those of
the CDX family, involved in intestinal cell determination[13]; the Myo genes, which
contribute to muscle differentiation[14]; and early B cell factors, which play a role
in B-cell lineage commitment.[15] Gene expression microarrays have recently been
used to globally determine specific markers/pathways up- and down-regulated in
normal mammary stem cells,[16] an approach that will undoubtedly yield useful
information in global analyses of cancer stem cells.

10.3 POSSIBLE ORIGINS OF CANCER STEM CELLS

As a consequence of likely CSC genotypes, several hypotheses have been put
forth regarding the origin of tumorigenic progenitors. One supposition is that these
arise from normal tissue stem cells, which are long-lived, often express mem-
brane efflux transporters, and are highly efficient at DNA repair.[3] For example,
it is now strongly believed that acute myelogenous leukemia (AML) stem cells
are derived from normal hematopoietic stem cells.[17] Another scenario sets forth
that CSCs arise from transit-amplifying cells (unipotent progenitors).[18] Support
for this hypothesis is found in chronic myeloid leukemia, shown to derive from
cells committed to the granulocyte–macrophage lineage.[19] It is also possible that
some cancers originate from mature cells that subsequently reacquire stem cell
properties (i.e., de-differentiate).[18] In a third scenario, in some gastric cancers,
there is now evidence that infiltrating bone marrow–derived cells are transformed
into CSCs within the epithelial lining, following infection with the bacterium Heli-
cobacter pylori.[20] This hypothesis could be extended to other epithelial malignan-
cies associated with chronic inflammation, including esophageal, colorectal, and
ovarian cancers.[21] CSCs could also arise by gain of whole or partial chromosomes
by cell–cell fusion or horizontal gene transfer.[18] Indeed, hematopoietic stem cells
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can fuse to a variety of differentiated cells, and one hypothesis for tumorigene-
sis is based on fusion of tissue stem and differentiated cells, resulting in possible
genomic instability.[18] In fact, CD44, a cell surface marker of putative breast,
prostate, and colon cancer stem cells, has previously been demonstrated to be
a fusogen in macrophages.[22] Horizontal gene transfer by phagocytosis of frag-
mented DNA from apoptotic cells could also result in the conferral of stemlike
properties to recipient cells, and one tumor cell type, invasive glioma cells, has
indeed been demonstrated to be highly phagocytic.[23]

10.4 EPIGENETICS IN NORMAL DEVELOPMENT

One biochemical phenomenon intricately linked to differentiation is epigenetic
modification of chromatin, referring to heritable changes external to DNA
nucleotide sequence.[24] These modifications, including methylation of deoxycy-
tosine and ubiquitination, methylation, phosphorylation, and acetylation of histone
lysines, are responsible for altered gene expression patterns that allow for specific
cell or organotypic phenotypes.[24] One well-known epigenetic phenomenon is
random inactivation of one X chromosome in female somatic cells, a process
known as dosage compensation, for which complete failure is lethal.[25] Further,
epigenetic “programs” are probably the primary impetus for both normal develop-
ment and differentiation, as all somatic cells (with the exception of lymphocytes)
possess identical genomic DNA, yet possess widely divergent patterns of gene
expression.[7] In fact, the very term “epigenetics” was used originally to describe
the process by which genotype gives rise to phenotype.[7;26] In mice, it is well
established that during preimplantation embryonic development, a large degree
of “epigenetic reprogramming” occurs, including active demethylation of the
paternal genome and passive, DNA replication–dependent demethylation of the
maternal genome.[27] Following implantation, remethylation occurs, in distinct
patterns that facilitate commitment to specific tissue lineages.[28] A lack of
epigenetic reprogramming is strongly believed to be responsible for the low
success rate of somatic cell cloning (i.e., transplantation of an adult cell nucleus
into an enucleated unfertilized egg cell), as it appears that differentiation-related
epigenetic marks must be “erased” to restore totipotency.[29] Indeed, it was
found that methylation patterns from cloned genomes more closely resembled
the adult cells from which they derived than embryonic genomes.[28] Epigenetic
reprogramming might also allow for trans-differentiation, a clinical ambition for
the use of adult tissue stem cells to serve as precursors for the generation of an
unrelated tissue cell type (e.g., adipocyte differentiation into neurons).[30] The use
of epigenetic inhibitors could conceivably allow for such therapies in the future.
Finally, a role for DNA methylation in gene imprinting, defined as a difference in
expression between the paternal and maternal alleles of distinct genes, has long
been established.[31]

As epigenetics is intricately linked to normal differentiation, disruption
of normal epigenetic processes has been strongly associated with a variety
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of developmental disorders. Specifically, dysregulated genomic imprinting
has been correlated with numerous neurodevelopmental diseases, includ-
ing Prader–Willi and Angelman syndromes, and the growth disorder
Beckwith–Wiedemann syndrome.[32] Further, genetic or functional knock-
out of several chromatin-modifying enzymes, including histone and DNA
methyltransferases, is lethal or results in greatly altered development.[33;34]

Mutations in a DNA methyltransferase, gene DNMT3b, result in a condition
known as immunodeficiency, centromeric region instability, and facial anomalies
(ICF) syndrome; one manifestation of ICF syndrome is impaired immune system
development.[35] Another epigenetics-based disorder, Rett syndrome, resulting
from an X-linked mutation in a gene encoding a methylcytosine-binding protein
(MeCP2), is also characterized by developmental defects, particularly in the
nervous system.[32] In adult mammals, a histone methyltransferase, EZH2, is
essential for B-cell development[36] and the avoidance of hematopoietic stem
cell senescence.[37] In fact, epigenetics is now believed to contribute to the
majority of noninfectious diseases, as evidenced by discordance of various
disorders in identical twins (i.e., epigenetic drift) and the delayed (adult) onset of
inherited genetic diseases such as familial amyotrophic lateral sclerosis (ALS)
and Huntington’s chorea.[32;38] Other conditions, including Alzheimer’s disease,
Down’s syndrome, coronary artery disease, and a developmental syndrome,
neural tube defect, have been associated with deficiencies in the metabolism
of folate, a dietary precursor for S-adenosylmethionine, the DNA methyltrans-
ferase cofactor that donates the methyl group for methylation of 5-deoxy-
cytosine.[39]

10.5 EPIGENETIC REGULATION OF THE CANCER STEM CELL
PHENOTYPE

In association with its intricate role in differentiation, it is also now well estab-
lished that epigenetics contributes significantly to tumorigenesis. Although genetic
contributions have been well documented in neoplasia, they are probably inade-
quate alone to explain the origin of most tumors.[8] As it has been proposed that
five or six biallelic mutations are necessary for a fully malignant phenotype,[40]

some have questioned the sufficiency of a hypothesized somatic cell mutation
rate (10�7 per gene per cell division[41]) to achieve that level of variance in a
single cell in a human lifetime.[42] Consequently, a possible mutator phenotype
has been invoked to be responsible for amplified genetic alteration in tumors.[43]

Although many tumors do exhibit increased genomic instability, this finding is
not universal,[44] and others have noted the possible deleterious effects of a high
mutation rate on tumorigenesis (e.g., apoptosis of highly mutated tumor cells).[45]

Other potential shortcomings of pure genetic models of cancer are that the classical
progression-related genes are not always found mutated, and that no reproducible
mutations have been identified outside the well-known genetic gatekeepers.[8]
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To further support a role for epigenetics in cancer development, it was
demonstrated that a transplanted mouse melanoma nucleus was capable of devel-
opment into an entire mouse, suggesting that a large degree of reprogramming
of tumor-associated gene expression is possible by epigenetic modification.[46]

Moreover, a recent study of glioblastoma found extensive phenotypic and
molecular similarities between normal neural stem cells and tumor stem cells.[47]

That report further demonstrates that CSCs harbor a number of genetic aberrations
found within their parental tumors, suggesting that stemness properties could
be largely unrelated to primary DNA sequence, strongly supporting a role for
nongenetic (i.e., epigenetic) events in the multipotency of malignant progenitors.
Indeed, it is well established that tumor cells, arising within a specific organ,
possess patterns of epigenetic modifications quite different from the normal
cells within that organ. These alterations include global DNA hypomethylation,
with localized hypermethylation, and aberrant patterns of histone modifications,
such as atypical lysine acetylation and methylation.[2] To identify possible
“epigenetic signatures” of advanced-stage ovarian cancer, our group has per-
formed comprehensive analyses of chromatin modifications in cell lines and
tumors using microarrays for the global examination of DNA methylation and
histone modifications (the sum of such modifications now referred to as the
epigenome).[48;49] Many cancer-specific chromatin modifications are repressive
of gene expression and act to silence tumor suppressor genes (TSGs) such
as RASSF1A, p16INK4, and hMLH1[50;51]; indeed, many such TSGs are now
known to contribute to differentiation programs.[52] Additionally, a number of
epigenetic gatekeeper genes have recently been identified; these are similar to the
genetic gatekeepers described previously to be intimately involved in regulating
cell proliferation (see above).[53] These epigenetic gatekeepers include genes
encoding SFRP, a negative regulator of the Wnt cell fate determination cascade,
the differentiation-conferring transcription factors GATA-4 and -5, and the cell
cycle regulator p16INK4.[54;55] It is also well established that epigenetic alterations
typically occur early in carcinogenesis[56] (probably even prior to genetic
changes),[8] and cancer-associated DNA methylation alterations are often present
in normal tissue adjacent to tumors, a phenomenon known as a field effect.[57]

To account for this emerging body of evidence, Feinberg et al. recently put forth
an epigenetic progenitor model of human cancer, in which early epigenetic events
result in expansion of a progenitor cell pool, followed by hyperplasia and an “ini-
tiating” genetic or epigenetic mutation.[8] Further tumor progression is the result
of heterogeneity due primarily to epigenetics, which can beget permanent genetic
mutations. A variation of this model is shown in Fig. 10.1, illustrating that ini-
tiating epimutations could be responsible for the generation of tumor progenitors
from normal stem cells, transit-amplifying cells, or bone marrow–derived infiltrat-
ing cells, followed by expansion and abnormal differentiation into a full-fledged
tumor. Although comprehensive identification of these epimutations has not yet
been reported, the recent development of several high-throughput microarray anal-
yses could be utilized to establish genome-wide “signatures” of epigenetic changes
that occur in CSCs. Indeed, a similar study has now been performed to compare
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FIGURE 10.1 Cancer stem cells might originate by epigenetic alteration of nor-
mal tissue stem cells (epimutation 1), transit-amplifying cells (epimutation 2), or bone
marrow–derived cells (epimutation 3).

methylation signatures of embryonic stem cells, fully differentiated cells, and can-
cer cell lines, demonstrating considerable differences in epigenetic profiles.[58]

Polycomb Repressor Complexes in Cancer Stem Cells In addition to the
aforementioned cell fate signaling cascades, another group of genes, discovered
originally in Drosophila development, are those of the Polycomb group (PcG).[59]

In that insect, PcG proteins were found intricately involved in segmentation by the
repression of a group of developmental regulators known as homeobox (encoding
proteins possessing a conserved DNA-binding homeodomain).[60] The action of
PcG proteins (gene repression) was found in Drosophila to be directly opposed by
another gene family, the trithorax group (trxG) (i.e., trxG proteins act as activators
of homeobox family genes).[60] It is now known that both PcG and trxG proteins,
as developmental regulators, exert their actions by epigenetic mechanisms.
TrxG proteins exist in large complexes that modify chromatin epigenetically
into an “open” configuration permissive of gene expression.[61] One trxG gene,
Brahma, encodes a chromatin-remodeling protein that disrupts histone–DNA
interactions,[62] a process necessary for active gene expression,[63] while another
family member, TRX, encodes a histone methyltransferase capable of catalyzing
the trimethylation of histone 3 lysine 4 (H3K4) to form a known transcriptionally
permissive chromatin “mark” (H3K4me3). In direct opposition to trxG complexes,
PcG proteins exert their effects (also in multisubunit complexes) by modifying
chromatin into a transcriptionally repressive state.[64] Two such Polycomb
repressive complexes, PRC1 and PRC2, have now been well characterized. PRC2
is believed to be responsible for the establishment of stem cell self-renewal
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and consists of a histone methyltransferase, known in mammals as Enhancer
of Zeste homolog 2 (EZH2), that modifies histone H3 lysine 27 (H3K27), also
by trimethylation, to generate the histone mark H3K27me3.[12] In contrast to
H3K4me3, H3K27me3 is a transcriptionally repressive chromatin mark[65;66]

that we recently demonstrated to be capable of being genetically manipulated to
study the “histone code” in cancer cells.[67] Recent findings have also shown that
a number of genes frequently found DNA-methylated in adult tumors possess a
bivalent pattern of both transcriptionally activating (H3K4me3) and repressive
(H3K27me3) chromatin marks in embryonic stem cells, suggesting that this
specific epigenotype holds those genes in a transcription-ready state for further
repression or activation during differentiation.[68–71] However, it has also been
hypothesized that during tumorigenesis, further epigenetic repression (by the
addition of other silencing chromatin marks, including DNA methylation) of
those differentiation-associated genes may occur in CSCs committed to the
malignant phenotype.[71–73] Although a direct association of DNA methylation
with the PRC2 complex has been reported,[74] our group[67] and others[71;75] have
failed to observe an immediate linkage of these two repressive chromatin marks
(H3K27me3 and DNA methylation). However, an alternative hypothesis is that
the H3K27me3 mark may precede DNA methylation,[71;72] and indeed, a recent
report demonstrated that genes possessing that specific histone modification
(H3K27me3) were 12-fold more likely to acquire DNA methylation in adult
tumors.[76]

In addition to EZH2, two other core PRC2 PcG proteins are Suppressor of
Zeste-12 (Suz12) and embryonic ectoderm development (EED),[64] and another
PRC2 subunit is a histone-binding protein, RBP4.[77] Two more recently discov-
ered Polycomb repressor complexes, PRC3 and PRC4, differ slightly from PRC2
in that they possess various isoforms of EED.[78;79] Although EZH2 appears to be
the PRC2 enzyme directly responsible for H3K27 methylation,[77] both EED and
Suz12 are also essential for that activity.[80;81] In support of a role for Polycomb
complex activity in CSCs, EZH2 was found highly overexpressed in advanced
breast and prostate cancers.[12] Specifically, PRC2 may contribute to the mainte-
nance of undifferentiated tumor progenitors, as demonstrated by EZH2 association
with poorly differentiated malignancies.[82] Although PRC2 plays a role in the
establishment of stem cell self-renewal, PRC1 is responsible for the maintenance
of that process. In humans, PRC1 consists of the core PcG proteins B lymphoma
Mo-MLV insertion region-1 (Bmi-1), human polyhomeotic (HPH), human
Polycomb (HPC), and a histone ubiquitin ligase known as Ring2 (also known
as RTF and RING1B).[64;83] Similar to EZH2, Bmi-1 has also been reported as
overexpressed in a number of malignancies, including neuroblastoma and nasopha-
ryngeal and breast cancers.[12] Recently, a microarray approach was used to
identify an 11-gene expression “death-from-cancer signature” associated with
shortened survival in 11 different malignancies; those 11 genes appear to con-
stitute a Bmi-1-regulated pathway, as the signature did not occur in a Bmi-1�/�
genetic background.[84]
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In regulating stem cell self-renewal, there is now emerging evidence that
PRC1 is actually linked to the action of PRC2, probably through binding of
its component HPC proteins to H3K27me3.[66] Additionally, it appears that
recruitment of the PRC1 member Bmi-1 to specific heterochromatic sites is
contingent on the action of the PRC2 components EED and EZH2, in addition to
DNA methyltransferase-1, an enzyme also reported to associate with PRC2.[74;85]

To further investigate mechanisms of both PRC1- and PRC2-mediated repression
in mammals, genome-wide microarray analyses were performed to identify target
promoters bound by PRC1 (Phc1, Ring2, and Bmi-1) and PRC2 (EED, EZH2,
and Suz12) components in mouse and human normal embryonic stem cells.[86–88]

As might be predicted, a large number of stem cell–and differentiation-specific
genes were bound (500 to 1000 Polycomb target genes) by these specific PcG
proteins, confirming that both PRC1 and PRC2 target key pathways central to
cell fate decisions and development.[86;87] Those mammalian findings concurred
well with previous global studies in Drosophila, which demonstrated a change
in PcG protein distribution during development.[89] Thus, it appears that in
mammals, as well as in Drosophila, PcG repressors, via their ability to initiate
and maintain specific chromatin modifications (e.g., histone methylation),
epigenetically regulate stem cell establishment and self-renewal.[86–88] As
described above, the aberrant overexpression of both EZH2 (component of PRC2)
and Bmi-1 (component of PRC1) has been linked to several malignancies,[12]

and additionally, Bmi-1 has been associated specifically with the proliferation of
leukemic stem cells.[90] Consequently, it is highly likely that PRC1 and PRC2
activity, involved in the molecular regulation or normal stem cells, may become
dysregulated in CSCs. Thus, genome-wide approaches for discovering PRC1 and
PRC2 targets in CSCs may result in the identification of pathways responsible for
their defining characteristic of malignant stemness.

10.6 CONTRIBUTIONS OF EPIGENETICS TO DRUG RESISTANCE
IN CANCER STEM CELLS

Several mechanisms have been hypothesized as a basis for drug resistance in solid
tumors, including drug inactivation, quiescence, and increased DNA repair in
chemoresistant tumor cells.[91] The classical drug-resistance model invokes drug
selection of clones possessing mutations (i.e., increased DNA repair, quiescence,
etc.) that confer a survival advantage from various drug insults (e.g., platinum
damage of DNA); each cell within the tumor would have an equal probability
of gaining such mutations.[10] However, the above-mentioned phenotypes also
describe tissue stem cells. These normal progenitor cells are generally long-lived
(thus quiescent or slowly proliferating) and therefore require survival-conferring
characteristics such as enhanced DNA repair and the expression of membrane
transporters that allow increased resistance to environmental toxins.[3] As a
consequence of the cancer stem cell theory, it is believed that malignancies that
initially undergo complete remission but subsequently relapse to a completely
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refractory state (e.g., ovarian cancer[92] and anti-hormone-refractory breast[93]

and prostate[94] cancers) are more likely to possess tumor stem cells than
are cancers that do not respond well to primary therapy (e.g., pancreatic[95]

cancer).[9] In that model, shown in Fig. 10.2, chemotherapeutics preferentially
target transit-amplifying cells, causing tumor regression, but fail to eradicate
drug-resistant CSCs. Following “complete” remission of detectable disease, CSCs
proliferate and probably confer the drug-resistant phenotype to their progeny,
resulting in a tumor that is now fully refractory to further treatment (Fig. 10.2),
as occurs in patients suffering from several advanced-stage malignancies.[92–94]

Consequently, therapies are greatly needed that specifically target the small
percentage of tumor progenitors in addition to the nontumorigenic progeny that
comprise the bulk of the tumor mass. As epigenetic modifications are the primary
driving force for differentiation in normal somatic cells,[7;79] it is highly likely
that these also play a role in maintaining differentiation states in tumors (see
below), necessitating a comprehensive study of such modifications (and agents
capable of their reversal) in malignant progenitors. As the Polycomb repressor
EZH2 is widely implicated in aggressive malignancies,[12] it is likely that this
enzyme plays a significant role in CSC self-renewal and multipotency. In this
regard, it was recently demonstrated that in vivo delivery of a small inhibitory
RNA against E2H2 could abolish human prostate xenograft bone metastases
in athymic mice.[96] Moreover, as histone deacetylases (HDACs) and DNA
methyltransferases (DNMTs) may associate with the PRC2 complex,[74;97] it
is feasible that inhibition of these enzymes could disrupt PRC2 activity and,
consequently, stem cell establishment. In support of such a hypothesis, it was
demonstrated that treatment with HDAC inhibitors could deplete EZH2 and other
PRC2 component proteins from acute leukemia cells.[98] We[99] and others[100;101]

have also shown that HDAC and DNMT inhibitors, alone and in combination
with conventional chemotherapies, are strongly antiproliferative to drug-resistant
human cancer cells, suggesting that these therapies may hold the potential to
directly target tumor stem cells.

chemotherapy proliferation

(drug-resistant)

FIGURE 10.2 Based on several defining characteristics, cancer stem cells could proba-
bly resist conventional proliferative cell-targeting chemotherapies, survive, and repopulate
a now drug-resistant tumor (red cells represent stem cells, yellow cells represent transit
amplifying cells, and blue cells represent differentiated tumor cells). In the new tumor, the
chemoresistant phenotype is passed on to stem cell progeny (gray). (See insert for color
representation of figure.)
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10.7 GENOME-WIDE INTERROGATION OF EPIGENETIC
MODIFICATIONS IN CANCER STEM CELLS

We and others have successfully categorized global epigenomic alterations
in cancer cells and tumors, using a variety of high-throughput, genome-wide
epigenetic analyses.[49;102;103] One such method, pioneered by our group, is
differential methylation hybridization (DMH), is a microarray-based technique
now capable of analyzing simultaneously over 240,000 CpG-rich fragments
(promoter-associated). In general, “CpG islands” (CpGi), promoter-associated
CG-rich regions, are normally unmethylated.[104] However, in tumors, numerous
CpGi are found aberrantly methylated, and consequently, these sequences repre-
sent potential biomarkers and/or therapeutic targets.[2] We previously employed
DMH to show that promoter-associated hypermethylation, within specific CpGi,
is widespread in ovarian cancer genomes; we also identified specific methylated
loci correlated with poor prognosis in advanced ovarian cancer patients.[49;103]

Those studies demonstrate that distinct hypermethylated CpGi may be important
prognostic markers for this disease. In fact, as a number of technologies have
recently been developed to detect large numbers of differentially methylated
CpGi,[102] these methods could be exploited to better understand the role of DNA
methylation in CSC biology.

In addition to DMH, another high-throughput epigenetic analysis, chromatin
immunoprecipitation-to-microarray hybridization (ChIP-on-chip), is now widely
utilized by many groups, including ours. In that technique, antibodies against spe-
cific chromatin-modifying enzymes (e.g., EZH2) or histone modifications (e.g.,
trimethylated histone 3 lysine 27) are used to coprecipitate DNA associated with
those chromatin components. The precipitated DNA is then isolated, PCR ampli-
fied, fluorescently labeled, and hybridized to “tiled” high-density microarrays.[105]

Hybridized “spots” thus represent individual promoters that possess the specific
chromatin modification under study.[105;106] Our research group used ChIP-on-chip
to establish estrogen receptor-alpha (ER) target genes in breast cancer cells[106;107]

and, using bioinformatics approaches, determined specific ordered transcription
factor–binding sites associated with those ER targets.[108]

This global approach was also used for genome-wide mapping of Polycomb
repressor targets in normal embryonic stem cells and resulted in the comprehen-
sive identification of genes repressed by both PRC2 (SUZ12, EED, and EZH2)
and PRC1 (Bmi-1, PHC1, and RING2) component PcG proteins.[86–88] Such
an approach would almost certainly be useful to determine similar epigenomic
changes that occur in CSCs. By revealing specific epigenetically repressed genes
in CSCs, combined with powerful bioinformatics analyses, it would be possible to
build a comprehensive model(s) of altered pathways in tumor progenitors. Such
a model may provide a systematic understanding of pathways associated with
CSC tumorigenic potential, self-renewal properties, and the maintenance of an
undifferentiated phenotype, and may also provide insight into various targets for
intervention.
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10.8 EPIGENETIC THERAPIES AGAINST POORLY
DIFFERENTIATED CANCER CELLS

In the last 15 years, several agents capable of reversing epigenetic repression have
demonstrated effectiveness in clinical trials for various solid and hematologic
cancers.[50;109;110] These include HDAC inhibitors, a group of drugs that were
originally discovered as compounds capable of differentiating erythroleukemia
cells.[111] Although the precise mechanism(s) of these agents remains under
study, it is likely that they affect numerous signaling pathways unrelated
to histone acetylation.[112] Another class of epigenetic therapies includes
inhibitors of DNA methylation, representing another repressive epigenetic
modification[1;2;56]; DNA methylation inhibitors have similarly been well
demonstrated as cancer-differentiating agents.[113;114] We and others have also
affirmed that methylation inhibitors are capable of reversing platinum resistance
in chemoresistant cancer cells.[99;101] It is also well established that combinations
of DNA methylation and HDAC inhibitors are more potent for gene reexpression
than is either alone[48;110;115]; indeed, several such combinations are now in cancer
clinical trials.[110] It is possible that these epigenetic therapies could target CSCs
in several ways. First, as the PRC2 complex has been reported to associate with
HDACs[97] and DNMTs[74] and one DNMT is also linked to PRC1 recruitment
to heterochromatin,[85] both DNMTs and HDACs may play roles in suppressing
differentiation-related genes.[74;97] Consequently, inhibition of those epigenetic
repressors could conceivably allow for CSC “escape” to committed pathways,
as shown in Fig. 10.3 (upper path). Second, as tumor stem cells maintain the
ability to differentiate, agents that induce differentiation (e.g., HDAC and DNA

epigenetic
drug

epigenetic
drug

CSC differentiation

CSC apoptosis

chemotherapy

chemotherapy

FIGURE 10.3 Based on the disruption of DNA methylation and/or histone deacetylation
necessary for cancer stem cell (CSC)–initiated tumorigenesis, epigenetic therapies could
induce CSC differentiation (top path) or apoptosis (lower path). Conventional chemotherapy
could then eliminate the remaining non-stem cell population. (See insert for color represen-
tation of figure.)
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methylation inhibitors) may have a therapeutic role to play against the cancer
stem cell compartment. Moreover, although conventional chemotherapies, which
preferentially target cells with a high mitotic index, may be ineffective against
the slower-proliferating or quiescent stem cells (Fig. 10.2), it has now been
reported that HDAC inhibitors can target both proliferating and nonproliferating
malignant cells.[116] When combined with conventional therapies such as platinum
agents, complete tumor regression could conceivably occur. Finally, disruption of
Polycomb action could abrogate self-renewal, resulting in apoptosis (Fig. 10.3,
lower path), as both DNA methylation and HDAC inhibitors have demonstrated
an ability to induce programmed cell death in cancer cells.[50;109;112] Thus,
combinations of epigenetic drugs and conventional chemotherapies may be
capable of direct targeting of CSCs, although this has yet to be demonstrated.

Although methylation and HDAC inhibitors have been shown previously to
elicit differentiation in various cancers, some studies have reported contradictory
outcomes (i.e., de-differentiation or stem cell expansion). In one study, human
embryoid bodies (formed by in vitro differentiation of embryonic stem cells)
treated with the demethylating agent 5-azacytidine altered their morphology
and expressed genetic markers of undifferentiated cells.[117] Similarly, others
reported expansion of hematopoietic stem cells following treatment with
methylation and histone deacetylase inhibitors,[118] while another study noted
that severe hypomethylation in DNMT�/� embryonic stem (ES) cells results in
complete inhibition of ES cell differentiation.[119] However, it appears unlikely
that clinically used DNMT inhibitors can actually achieve the same degree
of hypomethylation as knockout or severe knockdown of DNMT genes.[120]

Moreover, other studies have reported opposite effects (stem/progenitor cell
differentiation) of epigenetic drugs in stem cell populations, including commit-
ment of ES cells into cardiomyocytes[121;122] and the induction of myogenesis in
mesenchymal progenitors.[123] In general, these agents have been well established
as differentiating agents of various malignancies, both in vitro and in vivo, and
indeed, many HDAC inhibitors were originally characterized solely on that basis
(see ref. 111 and the discussion above). Additionally, it was suggested recently
that differentiating agents might be most effective as therapies targeting the
cancer stem cell compartment, based on a study of glioblastoma tumor stem cells
demonstrating a likely epigenetic (not genetic) basis for the altered stem cell
phenotype.[47] It is likely that future epigenetic analyses of isolated cancer stem
cells, including manipulation with DNA methylation and histone deacetylase
inhibitors, will shed light on this important controversy.

10.9 CONCLUSIONS AND FUTURE PERSPECTIVES

Epigenetic alterations, including DNA methylation accompanied by local changes
in histone modification and chromatin structure, have been firmly demonstrated to
play a role in tumor initiation, development, and progression. As epigenetics is the
primary catalyst for establishing and maintaining normal differentiation states in
somatic cells, it is likely that these are significantly altered in cancer stem cells.
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Future analyses may include identifying epigenomic profiles of cancer stem cells
and establishing differentiation/self-renewal pathways that are disrupted in those
cells during tumorigenesis. Such information will allow further identification of
possible targets to alter aberrant self-renewal and the poor differentiation capacity
of tumor progenitors. Explicitly targeting such abnormal stem cells with epigenetic
therapies, possibly resulting in the induction of apoptosis and/or differentiation to a
chemosensitive phenotype, is also feasible. In summary, the establishment of can-
cer stem cell epigenotypes may lead to the identification of cancer pathways and
potential therapeutic targets of the most primitive cells within a tumor, cells with
the capacity to propagate the entire malignant phenotype. Such findings may allow
elucidation of strategies for the targeted eradication of those cells by specifically
directed therapies.
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11 Cancer Stem Cells and New
Therapeutic Approaches

MICHAEL DEAN

11.1 CANCER STEM CELLS

The recent identification of a small population of cancer stem cells (CSCs) in
solid tumors such as breast and brain has changed the way that many scientists
view cancer.[1;2] These cells represent only 1% of the tumor mass and are the
only cells capable of transplanting the tumor into nude mice. Additional stud-
ies have presented data that long-established cell lines, even HeLa cells, contain
a minor population of cells with some of the same properties as stem cells.[3;4]

Many researchers now suspect that all cancers are composed of a mixture of stem
cells and proliferative cells with a limited life span. It has also been known for
decades that there exists a proportion of cells in a tumor capable of surviving radi-
ation treatment and cytotoxic drug exposure.[5] Stem cells must also survive many
genetic insults during a human life and express drug transporters and DNA repair
systems. Stem cells are necessarily refractory to programmed cell death, and can
be quiescent for long periods of time, properties that would allow a cancer cell to
resist standard therapeutic approaches.[6–8] Hence, it is likely that the surviving
cells in tumors may share certain attributes with stem cells.

The implications of the concept of CSCs are far reaching. The regression of
many cancers following chemotherapy could result from the survival of cancer
stem cells. This is paralleled in the body with the regrowth of hair due to the
survival of hair follicles and the recovery of blood cells due to the survival of
hematopoetic stem cells. Can these results be extrapolated to most or all solid
tumors? Are there therapeutic approaches targeting these cancer stem cells with
application to a wide array of cancers? These are critical questions remaining to be
addressed in the cancer stem cell field.

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
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11.2 ACTIVATION OF STEM CELLS AND CANCER

Most stem cells in the body remain in a dormant state. These cells are surrounded
by other, differentiated cells within the tissue in a structure known as the niche.
The cells of the niche regulate the stem cells via cell–cell contacts, interactions
with the extracellular matrix, and secretion of inhibitory factors. Disruption of the
niche through infection, inflammation, tissue damage, or chemical assault can acti-
vate the division of the stem cells. The activated stem cell gives rise to additional
stem cells as well as cells committed to differentiate. These new cells repair the
damaged area of tissues and the stem cell returns to its quiescent state. Virtually
all of the agents described to confer a risk for cancer also result in tissue alteration
(and therefore activation of stem cells), including radiation, wounding, chemical
damage, infectious agents, and inflammation.

Therefore, cancer can be thought of as a disease resulting from the abnormal
growth of stem cells, resulting from chronic activation of stem cells (caused by
disruption of the niche), and leading to the long-term proliferation of the stem
cells (Fig. 11.1). Chronically dividing stem cells are a target for additional muta-
genic agents, resulting in genetic damage to the cell (mutation of tumor suppressor
genes and activation of oncogenes), generating first a premalignant stem cell, and
subsequently, a malignant stem cell (Fig. 11.1). The disruption of a niche and
stem cell activation could occur by hormonal stimulation, tissue damage caused
by inflammation, radiation, chemicals, infections, or inactivation of certain tumor
suppressor genes (Table 11.1). The abnormally dividing stem cell could be subject

Normal Stem
Cell

Premalignant or Activated
Stem Cell

Mature Cell

De-differentiation

Cancer Stem Cell

FIGURE 11.1 Formation of cancer stem cells. Cancer requires the generation of an acti-
vated or premalignant stem cell. Mutations in tumor suppressor genes and oncogenes can
convert an activated stem cell into a premalignant cancer stem cell. Further mutations are
required for tumor progression and metastasis. An alternative pathway has a mature tissue
cell acquiring the ability of self-renewal.
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TABLE 11.1 Stem Cell Activation and Common Cancersa

Class of Agent Action Target Cell Cancer Type

None Naturally activated
stem cells

Retinoblast
Kidney stem cell
Testes

Retinoblastoma
Wilm’s tumor
Testicular germ

cell
Inflammation Activates cell

growth
Colon
Pancreas

Colon cancer
Pancreatic

cancer
Hormones Stimulate tissue

growth
Breast Breast cancer
Ovary
Prostate

Ovarian cancer
Prostate cancer

Viral infection Tissue damage Liver

Cervix

Hepatocellular
carcinoma

Cervical cancer
Bacterial infection Inflammation Stomach Gastric cancer
Tumor suppressor Stem cell

proliferation
Colon Colon cancer

Inactivation
chemical
irritants

Inflammation Skin

Lung

Basal cell
carcinoma

Lung cancer

aEndogenous and environmental agents postulated to play a role in the activation of stem cells are
shown along with their mode of action, and one or two examples of a target cell type and resulting
cancer.

to additional genetic events, leading to autonomous growth, the loss of cell cycle
regulation, and resistance to apoptosis—all well-understood properties of cancer
cells.[9] However, it is also possible that a more mature, committed cell could
acquire the property of self-renewal (de-differentiation) and therefore become a
malignant stem cell (Fig. 11.1).

11.2.1 Initiation and Promotion Revised

One of the most important discoveries in cancer research has been the elucidation
of the multistep nature of cancer and the development of experimental systems
that allowed the nature of carcinogenic agents to be explored. In 1942, Peyton Rous
demonstrated that mouse skin could be exposed to mutagens and that tumors would
not result unless there was subsequent wounding of the site. This later event could
be carried out long after the original exposure. Subsequently, the terms initiator and
promoter were coined. Initiators are agents that mice had to be exposed to initially
in order to develop a tumor. Although many exposures to a tumor initiator could
be shown to cause cancer, the typical experiment involved a single exposure to the
initiator and multiple subsequent exposures with a tumor promoter (Fig. 11.2). The

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


220 CANCER STEM CELLS AND NEW THERAPEUTIC APPROACHES

Experimental cancers

Human cancers

I

I

P P P P

I

I I

I

I I

P P P P

P P IP P IP P

P PP P

Cancer

Cancer

No cancer

Cancer

Cancer

FIGURE 11.2 Tumor initiation and promotion. In experimental systems the adminis-
tration of an initiator (mutagen) when followed by multiple administrations of a tumor
promoter results in tumors. If the promoter is given first, no tumor results, although many
administrations of the initiator can cause cancer. In the human system, chronic inflamma-
tion and/or exposure to tissue-disrupting agents, combined with mutagen exposure, causes
cancer. (See insert for color representation of figure.)

promoter is thus required to be given multiple times and within a fairly constrained
window.

The mechanism of action of tumor initiators was the first to be elucidated. These
were shown to be any agents damaging the DNA and causing mutations. Tumor
promoters were more elusive and included agents such as phorbol esters and min-
eral oils. In addition, physiological processes such as wounding were also shown to
cause tumor promotion. Eventually, some tumor promoters were shown to activate
cells via the protein kinase C pathway.

Tumor promoters can then be thought of as agents that disrupt the tissue and
activate stem cells, whereas tumor initiators damage DNA and mutate specific
genes. The only difference between the experimental mouse models of tumori-
genesis and the human situation is the fact that human cancers involve chronic
exposure to tissue-damaging agents and mutagens.[10] Most of the environmental
agents that lead to stem cell activation would be classified as promoters, whereas
non-DNA reactive agents that enhance the tumorigenicity of initiators would be
classified as mutagens. Some environmental agents, such as tobacco smoke and
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ultraviolet irradiation, contribute to both initiation and promotion, as they stimulate
tissue proliferation and damage DNA.

In light of the identification of cancer stem cells, the initiation and promotion
scheme can be updated. Cancer can be envisioned to be caused by a combination
of agents disrupting tissue architecture and activating stem cells, and agents that
damage and mutate DNA. This paradigm explains the role of known agents impli-
cated as causing cancer and focuses the problem on a subset of abnormal cells that
could be targeted specifically, resulting in more effective therapies.

11.2.2 Stem Cell Activation and Specific Cancers

Although a model of a small population of self-renewing cells as the key to all can-
cers is an attractive idea, can the model be extended to the wide variety of tumor
types and specific agents implicated in causing these tumors? Broadly, three dis-
tinct origins of cancers have been described: embryonic, conditional growth, and
renewal[11] (Fig. 11.3). Embryonic cancers derive from rapidly dividing embry-
onic tissue and therefore contain a population of actively dividing stem cells. The
prototype embryonic cancer is retinoblastoma,[12] but Wilms’ tumor, Ewing’s sar-
coma, and childhood bone and brain cancers are also known to be embryonic in
origin. Retinoblastoma arises in embryonic cells in the developing eye known as
retinoblasts. These cells are highly proliferative and represent naturally activated
stem cells. Mutations or loss of the RB1 gene transforms these embryonic stem
cells into CSCs. These cells would be expected to have lost the response to growth
regulatory signals shutting down the stem cell once eye development is completed.
Other childhood cancers could involve multipotent stem cells in other tissues suf-
fering genetic damage during development. These cancers require the fewest num-
ber of genetic events, because the target cell is a fully activated stem cell.

The identification of the Patched (PTCH) gene as a tumor suppressor gene
directly connected early development to tumorigenesis.[13–15] The PTCH protein
is a membrane protein with 12 membrane spanning segments and is the receptor
for the Hedgehog (HH) family of signaling molecules. PTCH and the HHs play a
central role in the cell fate and patterning of early embryonic cells. Alteration in
the growth regulation of stem cells was invoked to explain the role of the PTCH
gene in causing basal cell carcinomas in patients with nevoid basal cell carcinoma
syndrome.[16]

Stem cells can also be activated during the normal process of expansion of cer-
tain tissues due to the action of hormones, particularly during puberty (conditional
growth tissues).[11] Examples are the breast and prostate, which undergo dramatic
expansion and growth during puberty under the control of estrogen, testosterone,
and other hormones.[17] Activated stem cells in the breast represent the target cells
for breast cancer. Inactivation of specific tumor suppressor genes such as TP53
would transform the breast tissue stem cells into unregulated cells, resulting ini-
tially in premalignant lesions. These uncontrolled stem cells would be the targets
for additional events, leading to the progression of the premalignant lesion into a
fully malignant tumor.
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P53 Inactivation

P53 Inactivation

[BRCA1]

Estrogen Stimulation

Risk Factors

Dormant Stem
Cell

Dormant Stem
Cell

Renewal Tissue

Estrogen
Inhibition

ACP Inactivation

PTCH Inactivation

RB1 Inactivation

RetinoblastomaActivated Stem
Cell

Breast
Carcinoma

Activated Stem
Cell

Premalignant
Stem Cell

Color or Basal Cell
Carcinoma

Conditional Growth Tissue

Embryonic Tissue

FIGURE 11.3 Tumor types and stem cell activation. Embryonic tumors arise from nor-
mal embryonic stem cells. These rapidly dividing cells require few alterations to become
malignant. Conditional growth tissues, such as the breast, ovary, and prostate, are activated
by hormones during puberty and during reproductive life. Activated stem cells in these tis-
sues that suffer tumor suppressor gene mutations can give rise to premalignant lesions that
can progress to malignancy. Hormonal risk factors such as age at menarche and age at first
pregnancy affect the window of susceptibility of these cells, and agents that inhibit estrogen
production can suppress cancer risk. Through inhibition of DNA repair, BRCA1 and BRCA2
mutations can accelerate the progression into a carcinoma of an activated or premalignant
stem cell. Renewal tissues such as the colon and skin have dormant or slowly replicating
stem cells. Certain tumor suppressor gene mutations can give rise to premalignant stem
cells with uncontrolled replication. Subsequent mutations give rise to tumor progression.

Consistent with this model, the major risk factors for breast cancer risk involve
hormonal and reproductive variables (Fig. 11.1).[18] Women with an early onset of
puberty have a higher rate of breast and ovarian cancer than those with later menar-
che. Pregnancies, especially those starting at a relatively younger age, decrease
cancer risk. These factors influence either the number or activation of breast stem
cells. Several drugs have been developed that are able to decrease cancer risk
and/or cancer recurrence. These include agents reducing the production of estrogen
or blocking its action on cells. Similarly, removal of the ovaries reduces cancer risk
in those with an extensive family history of breast and ovarian cancer.[19] Mutations
in the BRCA1 and BRCA2 genes dramatically increase the risk of breast cancer.
However, unlike many other tumor suppressor genes, BRCA1 or BRCA2 mutations
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are not commonly found in sporadic breast tumors. The BRCA1 and BRCA2 pro-
teins play a role in the DNA repair process. These mutations can be thought of
as increasing the probability of genetic events associated with tumor progression.
Since these genes are not in the main pathway leading to breast cancer, they are not
frequently mutated in sporadic tumors, but when mutated do increase a person’s
risk of disease.

In tissues such as the colon or skin, which undergo frequent self-renewal and
turnover of cells, the tissue stem cells also keep dividing at a slow but constant
rate. In the absence of disruption of these tissues, the risk of cancer is low. How-
ever, activation of stem cells in such tissues with a high cell turnover can occur
either by inflammation or by tissue damage caused by radiation, mutagens, and
irritants (Fig. 11.2). Chronic tissue damage would cause an increased rate of divi-
sion of the renewing tissue stem cells and a corresponding increase in the number
of target cells available for transformation. Colon cancer is considered a classi-
cal example that highlights the influence of inflammation on cancer. Inflammatory
diseases such as Crohn’s disease and inflammatory bowel disease result in dramat-
ically increased risk for colon cancer.[20] Patients with mutations in the APC gene
have familial adenomatous polyposis coli (FAP) syndrome and suffer from large
numbers of colon polyps.[21;22] Polyps are premalignant lesions and FAP subjects
have an elevated risk for colon cancer.[23] Individuals with FAP, as well as mice
with mutations in APC, are associated with an increased cellular proliferation com-
partment in the colon.[24–26] The effect of APC mutations has been proposed to be
to increase the proliferation of colon stem cells.[11] Consistent with this model,
the APC gene is mutated in the vast majority of sporadic colon tumors.[27] Addi-
tional downstream events in colon cancer are very well characterized and include
mutations in p53, RAS, and other genes.[27]

11.3 MAJOR CANCERS AND RISK FACTORS

Environmental risk factors have been identified for most of the most common can-
cers. These risk factors can be classified by their potential role in either activating
stem cells or mutating target genes.

11.3.1 Liver Cancer

Liver cancer is one of the most common cancers in the world and is the third most
common cause of cancer death. Liver cancer is particularly prevalent in eastern
and southeastern Asia and in central and eastern Africa.[28] Hepatitis B and C
viruses are the principal risk factor for hepatocellular carcinoma.[29;30] HBV or
HCV do not contain genes known to inactivate tumor suppressor genes directly.
However, patients persistently infected with these viruses typically suffer from
liver inflammation, extensive cirrhosis, and abnormal liver function. The liver
responds to damage by regenerating and repairing the damaged tissue. Therefore,
persistent infection leads to chronic inflammation and continual stimulation
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of hepatic stem cells. HBV or HBC infection would be classified as a stem
cell–activating agent. Other risk factors for liver cancer include aflatoxin B1, one
of the most potent cancer-causing agents known. Aflatoxin is produced by the
mold Aspergillus flavus, found in such foods as peanuts, rice, soybeans, corn,
and wheat. Aflatoxin is a mutagen known to generate mutations in the p53 tumor
suppressor gene.

11.3.2 Lung Cancer

Lung cancer is considered to be a deadly cancer, with over 3 million deaths
worldwide each year. The highest risk factor for lung cancer is recognized
to be tobacco smoke. Tobacco smoke contains thousands of chemicals and
several known carcinogens. The two primary carcinogens in tobacco smoke are
nitrosamines and polycyclic aromatic hydrocarbons, and these agents are known
to cause mutagen specific mutations.[31] Many agents in smoke damage the lung
tissue and cause inflammation. Smoking causes the most common respiratory
disease, chronic obstructive pulmonary disease (COPD). Recently, nicotine has
been shown to promote the survival of lung cells, allowing the accumulation of
genetic changes necessary for cancer formation.[32] Therefore, tobacco smoke
contains both agents promoting cell death and tissue damage compounds capable
of mutating DNA.

Another prevalent lung cancer carcinogen is asbestos. Asbestos is a metabol-
ically inert compound remaining essentially permanently in the lungs of persons
exposed to large amounts of the fibers. Asbestos exposure causes asbestosis, a
fibrotic disease of the lung and is a risk factor for mesothelioma, a cancer of the
mesothelial layer of the lung.[33] Asbestos also works synergistically with tobacco
in increasing the risk of other lung cancers.[34] The chronic fibrosis and irritation
caused by asbestos could be expected to stimulate stem cells in the lung continu-
ously leading to an increased risk of mutations and the formation of premalignant
lesions.

11.3.3 Gastric Cancer

Gastric cancer is the second highest cause of cancer death in the world and is
highly prevalent in Japan, Great Britain, South America, and Iceland. Stomach
cancers are highly associated with infection of the bacterium Helicobacter pylori
and metal dust exposure.[35;36] H. pylori infection leads to inflammation of the cells
of the stomach lining and damage to the tissue. Dietary carcinogens are another risk
factor for gastric cancer, and the combination of H. pylori infection and carcinogen
ingestion is thought to account for the majority of this disease.

11.3.4 Pancreatic Cancer

Pancreatic cancer is a common disease in most of the world’s populations, and the
fatality rate of this malignancy is high, due to the failure to detect it early in most
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cases. The most common environmental factor associated with pancreatic cancer
is smoking, and it is estimated that 25% of all pancreatic tumors are caused by
smoking.[37] In animals, pancreatic tumors can be induced with tobacco-specific
N-nitrosamines or the administration of other N-nitroso compounds.[38] Chronic
pancreatitis and diabetes mellitus are also associated with pancreatic cancer,[39]

and persons with mutations in the BRCA2 gene have a 10-fold higher risk of the
disease.[40] As in the other cancers described so far, the major risk factors are
inflammatory conditions and mutagenic agents.

11.3.5 Cervical Cancer

Cervical cancer has been largely eliminated from developed countries by the
routine screening of women and the administration of PAP smears to detect early
lesions. However, cervical cancer remains one of the most common cancer killers
of women in the world. Some environmental agents associated with cancer may
contribute both to stem cell activation and to downstream mutations and tumor
suppressor gene inactivation. Human papilloma viruses, particularly HPV16 and
18, are highly associated with cervical cancer.[41] These viruses contain proteins
(E6 and E7) that interact with and inhibit the P53 and RB1 tumor suppressor
proteins.[42;43] Most women with infection by pathogenic HPV strains do not
develop cervical cancer; therefore, additional factors are also likely to be involved.
HPV infection leads to an increased proliferation of cervical stem cells. Although
HPV infection produces a minimal immune response[44] and infected women
do not have a visibly inflamed cervix, the immune system does recognize HPV
infected cells, and immune-compromised patients are at increased risk for cervical
cancer.[45] This chronic proliferation provides an increased pool of cells that are
susceptible to viral integration and disease progression.

11.4 TREATMENT IMPLICATIONS

If it is true that most if not all solid tumors are composed of a minor population
of self-renewing (stem) cells and a large fraction of non-renewing cells, tumors
regressing following radiation and chemotherapy treatments are not the result of a
rare cell evolving from within the tumor, but are the regrowth of the cancer stem
cells. Of course, tumor stem cells could accumulate genetic changes, rendering
them even more drug resistant, radiation resistant, or aneuploid. Because cures
are achieved for many types of cancer, the cancer stem cells must be eliminated by
some therapeutic strategies. The committed cells in a tumor are likely to play a role
in supporting or stimulating the stem cells, forming a tumor niche. Rapid regres-
sion of a tumor could lead to disruption of the tumor niche and elimination of the
cancer stem cells. Immune surveillance is clearly important in many cancers,[46]

and reducing the mass of the tumor may allow the immune system to recognize the
remaining cells efficiently.
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Targeted therapies that suppress or kill tumor stem cells directly may synergize
with established therapies to provide increased efficacy. Angiogenesis is likely to
be critical to provide blood supply to the tumor stem cells, and strategies to inhibit
the development of blood vessels are likely to be effective.[47]

1. Drug transporters as chemotherapeutic targets. One of the protective mech-
anisms of stem cells against toxins is the expression of one or more ATP-binding
cassette (ABC) efflux transporters. These pumps protect stem cells from xenobi-
otic toxins.[48] The ABCG2 and ABCB1/MDR1 genes are expressed in the majority
of stem cells and in most tumor stem cells.[6–8] These transporters can efflux
fluorescent dyes such as rhodamine and Hoecht 33342, and this property allows
stem cells to be separated from non-stem cells on a cell sorter.[49] The combined
use of chemotherapy drugs and ATP-binding cassette (ABC) transporter inhibitors
could be used to specifically target cancer stem cells.[50] There are highly specific
inhibitors of ABCB1 in clinical use and ABCG2 inhibitors in development.[51]

Transporter inhibition therapies are likely to have toxic effects on a patient’s nor-
mal stem cells, and both ABCG2 and ABCB1 play a role in the blood–brain
barrier. Therefore, this approach would have to be adjusted carefully to avoid
excessive toxicity.

2. Signaling molecules as chemotherapeutic targets. Another approach to
inhibiting cancer stem cells is to target the proteins essential for the growth and
maintenance of stem cells. Because of the fundamental research in Drosophila,
mice, Caenorhabditis elegans, zebrafish, and other developmental systems, a
tremendous amount is known about the growth regulatory pathways functioning
in embryonic cells.[52] One pathway, controlled by the Hedgehog (HH) and
WNT signaling molecules, contains several genes functioning as either tumor
suppressor genes or oncogenes.[16] For example, Patched (PTCH) is the receptor
for HH molecules, and PTCH is mutated in patients with nevoid basal cell
carcinoma syndrome.[14;53] The PTCH gene is also mutated in virtually all
sporadic basal cell carcinomas and in some medulloblastomas, rhabdomyomas,
and rhabdomyosarcomas.[54;55] The mammalian HH genes (IHH, SHH, DHH)
are overexpressed in a large number of cancers, including small cell lung,
pancreas, gastric, breast, and prostate.[56–59] HH ligand overexpression and PTCH
mutation both have the effect of constitutive expression of smoothened (SMO),
a G protein–coupled receptor family protein, a key signaling protein in the
pathway. Constitutive HH expression could be an important component in stem
cell activation in many cancers and therefore represents an attractive target for
cancer therapy.

Cyclopamine is a compound discovered in the corn lily (Veratrum califor-
nicum), a plant teratogenic to sheep.[60] Cyclopamine binds to and inhibits the
SMO protein and suppresses the growth of cells and tumors with activated
HH signaling.[61] Human prostate tumor cell lines grown as xenografts in
mice were eliminated following 21 days of treatment with cyclopamine,[59]

and ultraviolet-induced basal cell carcinomas were suppressed in mice given
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low levels of cyclopamine in their drinking water.[62] Recently, it has been
demonstrated that vitamin D3 is a critical signaling molecule between PTCH and
SMO. PTCH normally secretes vitamin D3, and this molecule inhibits SMO on
that cell as well as in adjacent cells.[63] HHs inhibit this secretion and cause a
release from repression. Cyclopamine competes for the binding of vitamin D3, on
SMO and so appears to act in a similar manner. It is likely that vitamin D3 and/or
other steroidal analog could have a similar effect and be a candidate anticancer
compound.

Other pathways critical to embryonic development and potentially important in
cancer have also been described and include the WNT and NOTCH pathways. A
number of experimental inhibitors of these pathways have been developed. There
pathways are also the subject of drug development for a number of conditions, one
example being the drug MK0752, which is in clinical trials for the treatment of
acute T-cell lymphoblastic leukemia, myelogenous leukemia, chronic lymphocytic
leukemia, and myelodysplastic syndrome. Gamma-secretase is required for matu-
ration of the NOTCH protein, and secretase inhibitors have been developed for a
number of pathological conditions. In a recent study, one such γ-secretase inhibitor
was effective in the inhibition of stemlike cells in embryonal brain tumors.[64]

11.5 FUTURE PERSPECTIVES

The identification of cancer stem cells in solid tumors has important implica-
tions for basic cancer research. Most analyses of tumors, such as gene expression,
microarrays, proteomic, and many phenotypic assays, have been performed on
whole tumors and have not revealed data on the small fraction of tumor stem cells.
In addition, screens for cancer cytotoxic drugs have involved cell cultures treated
over short time periods.[65] Drugs specifically targeting cancer stem cells may dis-
play modest activity in short-term proliferation assays and be rejected for further
follow-up study in animals or humans. Several important questions remain from
the current data. Do the side population cells isolated from cell lines[3;4] bear a
relationship to cancer stem cells? In principle, in any permanent cell line there
must be a self-renewing cell population. If the characterization of the SP cells in
cell lines could be applied to cancer stem cells, this could advance understanding
rapidly. One property of cancer cells, like stem cells, is their ability to grow in soft
agar cultures.[66] It has been found that only a fraction of cells in a tumor cell cul-
ture can form a colony in soft agar. Are the cells forming soft agar colonies cancer
stem cells? This would be a logical conclusion from the information at hand. It
is known that the clonogenicity varies substantially between different tumor cell
lines. If clonogenicity it related to self-renewing cells in the culture, assays based
on colony formation may be useful for screening for stemcell targeting therapies.
Such assays would be more time consuming and have a lower throughput, but
might in the end prove more informative.

Metastasis is the most troublesome property of tumor cells. The vast majority of
cancer fatalities are due to the effect of the spread of the initial tumor to other sites.
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Although they can be quite invasive, basal cell carcinomas virtually never metas-
tasize and are rarely fatal. Stem cells, especially certain cells of the neural crest,
possess the ability to migrate through the developing embryo. The neural crest
gives rise to the precursors of melanoma, neuroblastoma, and small cell lung can-
cers, all highly metastatic tumors. Is the metastatic ability of tumor cells related to
an innate property of the cancer stem cells to migrate? If true, further characteriza-
tion of germ cell migration could lead to new insights into metastasis. Anti–cancer
stem cell therapies might find their best application in the restriction of metasta-
sis. If metastasis could be prevented, even if the primary tumor remains intact, the
patient might still experience a substantial increase in survival time.

11.6 CONCLUSIONS

The identification of cancer stem cells in certain solid tumors has created notable
excitement in the field and generated new research possibilities. If these results
can be extended to most or all cancer cell types, a considerable advance in under-
standing will be achieved. Separating the cancer process into a stem cell activation
phase and a tumor progression phase allows an understanding of how the myr-
iad cancer-causing agents can have an effect on specific tissues. Research efforts
directed at understanding the growth requirements of tumor stem cells as well as
identifying tumor stem cell antigens could lead to new targeted approaches.

The isolation and characterization of cancer stem cells from other tissues will
be a great aid in cancer diagnostics, cancer prevention, and therapeutics. Normal
stem cell–based approaches are being developed intensively as an aid in replacing
damaged cells and tissues in the body. The insight from the growth and character-
ization of normal stem cells will aid in the understanding of cancer stem cells and
in new therapeutic approaches.
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12 Immunobiology of Cancer
Stem Cells

SHUBHADA V. CHIPLUNKAR

12.1 CANCER STEM CELLS

The characteristics that define stem cells are self-renewal and multipotentiality. A
cancer stem cell is a cell within a tumor that possesses the capacity to self-renew
and to cause the heterogeneous lineages of cancer cells that comprise the tumor.
Such cells regenerate a replica of the original tumor when transplanted and show
differential chemo- and radiosensitivity.[1] The concept of cancer stem cells was
first documented in 1994 in human acute lymphocytic leukemias.[2] A series of
reports demonstrated the presence of self-renewing cancer stem cells in solid
tumors such as brain, breast, multiple myeloma, and ovarian cancer.[3–5]

Cancer stem cells resemble normal stem cells as they exist in a quiescent state
but are relatively resistant to drugs that target dividing cells. Relapse of tumors fol-
lowing a chemotherapeutic regimen indicates a possibility that cancer stem cells
survive within the host and cannot easily be eliminated. These cells have the capac-
ity to metastasize and multiply. The antigenic differences between cancer stem
cells and normal stem cells are not well defined; in fact, it is also not understood
whether antigenic differences exist between cancer stem cells and other cancer
cells. Cancer stem cells represent 1 % of tumor cells and it is therefore unlikely that
the antigens expressed on cancer stem cells may be the same as those expressed on
tumor cells.[6]

This brings us to the important question of what makes tumors antigenic and
how the break of tolerance (if any) is achieved. Mutation may be responsible for
the immunogenicity of tumor-specific antigens, while the aberrant expression of
nonmutated self-antigens makes them candidate tumor antigens. Immune response
to self-antigens is generated because of overexpression of the self-antigens, which
overcomes the threshold of antigen concentration at which an immune response is
generated.[7]

Cancer Stem Cells: Identification and Targets, Edited by Sharmila Bapat
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Use of SEREX technology in screening of cDNA expression libraries with
patient sera has identified overexpressed antigen on tumor cells.[8] There are two
major groups of self-tumor antigens, which include conventional antigens, such
as proteins, encoded by genes with exon–intron organization and translated in a
primary open reading frame. The second group includes unconventional cryptic
peptide antigens: cryptic antigens encoded in (1) introns of genes, (2) exon–intron
junctional regions, (3) alternative reading frames, or (4) subdominant open reading
frames located in the 50 untranslated region or 30 UTR of the primary open reading
frame, chromosome rearrangement, and aberrant processing.[9] Since the uncon-
ventional antigen peptides are not expressed by normal stem cells or normal tissue
cells but are able to generate an immune response, these may belong to cancer stem
cells and would be ideal targets for future immunotherapy.

Following the success of molecular profiling in identifying prognostic signa-
tures for many cancers, researchers have initiated profiling of cancer stem cells
as well. From the perspective of systems biology, a global assessment of cancer
stem cells and their microenvironments (niche) at the level of complete transcrip-
tome, proteome and epigenome using high-throughput technologies is now possi-
ble. Emerging proteomic technologies employing mass spectrometry and protein
chip platforms would permit identification of better cell surface markers of can-
cer stem cells. The antigenic profiling of cancer stem cells would help in targeting
cancer stem cells for therapeutic benefits.

12.2 CANCER STEM CELLS AND LYMPHOCYTES

A new model for genesis of cancer proposed by Grandics in 2006 explored the
similarities between lymphocytes and cancer cells.[10] The development of cancer
requires infection(s), during which antigenic determinants from pathogens mim-
icking self-antigens are co-presented to the immune system, leading to break of
tolerance. Thus, the close relationship that exists among infection, autoimmu-
nity, and cancer has been identified in several instances.[11] Hepatocellular car-
cinoma develops on a background of hepatitis B and hepatitis C virus infection.[12]

Epstein–Barr virus and human T-lymphotropic virus type 1 (HTLV-1) infections
are associated with autoimmune phenomena, including abnormal lymphoprolifera-
tion, Hodgkin’s lymphoma, Sjogren’s syndrome, and arthritis.[13] Cytomegalovirus
infection is linked to autoimmunity and testicular cancer.[14;15] The association of
Helicobacter pylori with gastric cancer is well established. Additionally, it can lead
to autoimmune neutropenia and MALT-lymphoma.[16]

It is thought that microbes can play a direct role in induction of autoimmu-
nity, for instance by molecular mimicry or bystander activation of autoreactive
T-cells.[17] Viruses play a possible role as an environmental factor in autoimmune
diseases. These viruses include mumps,[18] rubella,[19] enteroviruses such as Cox-
sackie B4[20] and cytomegalovirus,[21] which are related to induction of type 1
diabetes. Pro-inflammatory cytokines are induced by virus infection and may be
responsible for bystander activation of self-reactive lymphocytes.[22]
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FIGURE 12.1 Migration of normal and cancer stem cells is a multistep process which
involves: (i) Egress of CXCR4 expressing stem cells from the tissue; (ii) adhesion of stem
cells to the endothelium; (iii) crossing the endothelial barrier; (iv) homing to the target
tissues chemoattracted by the SDF-1 released; and (v) expansion of stem cells at the site
that provides a favorable niche. (See insert for color representation of figure.)

The presence of autoreactive T-cells has been described in healthy persons,
as some degree of autoreactive T-cells are essential in immune defense mecha-
nisms. It has been reported that T-cells which recognize variants of self-antigens
are of lower avidity than those recognizing non-self-antigens.[23;24] An effective
response against pathogenic microorganisms requires the detection of activated
T- and B-cells that are reactive to self-antigens.[25] Any defects in the programmed
cell death of these lymphocytes may result in autoimmunity[26;27] and cancer.[28;29]

Markers for apoptosis, such as the Fas receptor (FasR), are expressed on a wide
variety of cell types, whereas Fas ligand (FasL) is expressed mainly on T-cells[27]

and “immune-privileged” tissues such as brain, testes, and eyes. Mutation in FasR
or FasL may result in autoimmune disorders.[30;31] It has been argued from the
expression of such apoptosis related molecules on the surface of cancer cells and
the presence of lymphocytes infiltrating the tumors whether neoplastic cells are
formed from cytotoxic T-lymphocytes by a premature termination of the apoptosis
mechanism.[10]

Some similarities exist between neoplastic cells and cytotoxic T-lymphocytes;
both express FasL and are capable of inducing the apoptotic death of activated
T-cells, as well as other cancer cells that carry a functional FasR.[32;33] It was
therefore proposed that an aberration in the process of apoptosis could lead to the
formation of cancer stem cells from autoreactive T-cells.[10]

Several examples of lymphocyte markers expressed on cytotoxic
T-lymphocytes, leukemia, and solid tumors establish the link between lym-
phocytes and cancer. Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), a
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regulator of the effector function of T-cells, is expressed on various leukemias
and solid tumors.[34] Melanoma and glioma cell lines express the common
acute lymphoblastic leukemia antigen.[35–37] The leukocyte common antigen
CD45 is expressed on seminoma,[38] rhabdomyosarcoma,[39] and neuroendocrine
carcinomas.[40] The myeloid antigen Leu 7 expressed on NK-cells is also
expressed on a variety of solid tumors[41] and Hodgkin’s lymphomas.[42]

The resulting cancer stem cell preserves some function of effector T-cells, such
as homing to inflammatory sites and secretion of inflammatory cytokines, which
leads to disruption of the local immune system and apoptosis. Owing to the defec-
tive constitutive production of inflammatory cytokines and other growth factors,
a stroma is built at the site of inflammation similar to the temporary stroma built
during the process of wound healing. The cancer stem cells grow inside this stroma,
forming a tumor that has its own vascular supply and offers protection from cellular
immune responses.[10]

12.3 TRAFFICKING OF NORMAL STEM CELLS AND METASTASIS
OF CANCER STEM CELLS

Chemokines are key factors involved in regulation of the immune response,
through the activation and control of leukocyte traffic, lymphopoiesis, and immune
surveillance. Chemokines are small pro-inflammatory chemoattractant cytokines
that bind to specific G protein–coupled seven-span transmembrane receptors
present on target cells. The human chemokine family currently includes more than
50 chemokines and 20 chemokine receptor families. Chemokine receptors are
defined by their ability to induce directional migration of cells toward a gradient
of a chemotactic cytokine. Chemokine receptors are present on different cell
types and are broadly divided into two main subfamilies, CC and CXC, based on
the position of two conserved cysteine residues and the intervening amino acid
present in the extracellular domain.[43]

The interactions between the chemokine and its respective receptors help coor-
dinate the trafficking and organization of cells within various tissue compartments.
Stromal cell–derived factor (SDF-1 now designated CXCL12) is a homeostatic
chemokine that signals through CXCR4. The role of the SDF-1-CXCR4 axis was
studied initially in hematopoiesis, development, and organization of the immune
system.[44;45] This axis regulates trafficking and homing of CXCR4 hematopoietic
stem and progenitor cells, pre-B-lymphocytes, and T-lymphocytes.[44–47]

Evidence indicates that besides the hematopoietic stem cells, CXCR4 is
expressed on nonhematopoietic tissue/organ-committed progeneitor stem cells.[48]

Perturbation of the SDF-1/CXCR4 axis by mobilizing agents is essential for
the egress of hematopoietic stem/progenitor cells from the bone marrow into
peripheral blood.[49;50] Evidence accumulates that CXCR4, which is expressed
on normal stem cells of different organs and tissues, is also expressed on several
tumors that are derived from these cells. This implies that the SDF-1/CXCR4
axis plays an important role in the metastasis of cancer stem cells to organs that
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express high SDF-1 (e.g., lymph nodes, liver, lungs, bones) Classical properties
of normal stem cells are strikingly reminiscent of the experimental and clinical
behavior of metastatic cancer cells. The common features are unlimited capacity
of self-renewal and the requirement for a specific microenvironment that can help
cancer stem cells to grow.

Another important function of the CXCR4/CXCL12 axis is related to tissue
repair and regeneration.[51–53] Hypoxia-inducible factor-1 (HIF-1), a key player of
tissue hypoxia, is known to induce CXCL12 expression in ischemic areas in direct
proportion to reduced oxygen tension in vivo. [51] HIF-1 is also known to enhance
the expression and function of CXCR4 on normal and malignant cells.[51–53] In
patients with renal cell carcinoma that harbor VHL gene mutation, HIF-1 accu-
mulates and induces expression of CXCR4. This provides a possible mechanism
to explain how CXCR4 is induced during tumor cell evolution, which explains
the egress of neoplastic cells from areas of low oxygen tension.[54] The SDF-1
promoter contains two HIF-1-binding sites, and HIF-1 is known to bind to this
sequence on SDF-1.51

Mobilization of cancer stem cells and metastasis is a multistep process and is
very similar to that in normal stem cells.[49;55] The cancer stem cells egress from
the primary tumor mass and enter peripheral blood and lodge in lymph nodes,
liver, lung, or bone marrow. The stem cells sense the chemo-attracting gradient of
CXCL12 within the tumor microenvironment, which directs their homing (normal
stem cells) metastasis (cancer stem cells) (Fig. 12.1). The mobilization and egress
of metastasizing cancer cells are not well understood. However, mobilization of
normal hematopoietic stem cells (HSPCs) from their tissue niches provides impor-
tant clues to our understanding of the egress of cancer stem cells. CXCL12 regu-
lates tethering or adhesion of hematopoietic stem cells to the endothelium,[56;57] the
expression of basement degrading enzymes matrix metalloproteinases (MMPs),
and other processes that are essential to HSPC homing and engraftment.

After the stem cells reach circulation, they respond to CXCL12, which directs
them to a new stem cell niche (normal stem cell) or to the organ where the cells
metastasize (cancer stem cell).[48] CXCL12 is known to increase cell motility as
changes in rearrangements of cytoskeletal proteins exposed to CXCL12 have been
reported. SDF-1-mediated cell motility and chemotaxis are affected by inhibitors
of p13-AKT, MAPK p42/44, and phosphatases.[58–60]

SDF-1 modulates the adhesion of cells to the endothelium in the organ where
they home or metastasize. SDF-1 modulates activation of various adhesion
molecules (i.e., LFA-1, VLA-4, VLA-5) on the surface of target and α11b/β3
cells.[61] SDF-1 induces adhesion and transendothelial migration of human CD34+

hematopoietic cells. Increased migration of tumor cells to endothelium has been
reported in the presence of SDF-1. After exposure to SDF-1 tumor cells secrete
more MMPs, nitric oxide, and VEGF.[57;62] These factors may help stem cells to
cross the endothelial barrier and are important in trafficking of normal stem cells
and metastasis of cancer stem cells. In the presence of CXCL12 signal, the stem
cells attach firmly to endothelium via CXCR4, followed by penetration of the
microvessel wall. These stem cells would lodge in tissues or organs that would
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provide a protective niche for the cells. The microenvironment has to protect the
stem cells from apoptosis. In addition, the stromal cells within the metastatic
site regulate tumor progression. Adhesion to stromal cells supports the growth of
neoplastic cells through high-level expression of CXCL12 and integrins that can
activate CXCR4.[63]

The SDF-1/CXCR4 axis has emerged as an important regultor of trafficking of
normal and malignant stem cells. It has been demonstrated that breast cancer cells
treated with a CXCR4 inhibitor showed significantly inhibited metastatic ability. In
breast cancer, CXCR4 expression correlates with the cancer stem cells content and
aggressiveness of the cancer cell lines.[64] In pancreatic cancers, only the CD133+

and CXCR4+ cancer stem cells were able to metastasize.[65] The SDF/CXCR4 axis
is therefore a prime target for the development of new drugs that would have the
ability to control the metastatic behavior of tumor stem cells expressing CXCR4.

To conclude, the future therapies for cancer would not rely only on elimina-
tion of cancer cells, as this would affect the immune system negatively. The focus
should now be directed at cancer stem cells, which would eliminate cancer at the
precancerous stage. The cancer stem cell–directed approach would be the new
cancer vaccine strategy. Monoclonal gammopathy of undetermined significance
(MGUS) represents a precursor legion of multiple myeloma (MM).[66] Although
the bulk tumor in MM consists of plasma cells that express CD138, recent studies
have suggested that the clonogenic growth may be enriched in a fraction missing
this marker.[67] It was demonstrated that the expression of an embryonal stem cell
marker, SOX2 specifically marks the clonogenic CD138 compartment in MGUS
patients. These patients mount cell-mediated and humoral responses to SOX2.67

This report establishes that harnessing immunity to antigens expressed on tumor
progenitor (stem) cells may be critical for prevention and therapy of human cancer.
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FIGURE 1.1 Developmental stages from normal early vertebrate embryo development
to the blastocyst stage: (A) single-celled zygote; (B) two-celled embryo; (C) four-celled
embryo; (D) early morula; (E) compacted morula; (F) late morula; (G) early blastocyst;
(H) late blastocyst.
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FIGURE 1.3 Stem cell hierarchies in normal tissue regeneration.
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FIGURE 2.1 Normal hematopoietic cell hierarchy.
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FIGURE 3.4 (A) Architecture of the brain; (B) brain cell types.
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FIGURE 4.2 Presence of a side population in the human MCF-7 breast adenocarci-
noma cell line. Cells labeled with Hoechst 33342 reveal the presence of a small low-
staining SP population (A). When treated with 50 µL verapamil, an inhibitor of SP
transporters, this population diminishes in size (B). The cells were counterstained with
1 µg/mL propidium iodide.
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FIGURE 5.1 MCM2 immunoreactivity in human RB. An archival paraffin-embedded
human retinoblastoma tumor was de-paraffinized and immunostained with MCM2 antibody
(Santa Cruz Biochemicals, N-19). MCM2 immunoreactive cells were labeled with brown
DAB reaction product.

FIGURE 5.2 SCA-1 immunoreactivity in mouse RB. A frozen mouse RB tumor was
immunostained with Sca-1 antibody (BD Biosciences, 557403). Arrows indicate areas of
immunopositive cells. An isotype control panel is shown for comparison.
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FIGURE 6.3 Four-step transition during oogenesis from bipotent progenitors. During
early embryonic development the ovarian surface epithelium undergoes epithelial-to-mes-
enchymal transition to generate tunica albugenia. The tunica albugenia cells serve as the
bipotent progenitors for the granulosa and germ cells during postnatal oogenesis.
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FIGURE 7.3 Expression of CD133 by a rare subset of basal cells in prostate epithelium.
A paraffin section of prostatic acini is labeled with the nuclear stain DAPI (shown in blue)
and anti-CD133 directly conjugated to PE (shown in red).
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FIGURE 7.6 Transgenic prostate cancer stem cells cultured on feeder cells. Prostate can-
cer stem cells were isolated from clonal populations of P4E6 prostate cancer cells infected
with a lentivirus delivering an (A) CMV-eGFP or (B) CMV-DsRed expression cassette,
and were cultured on STO feeder cells. Pictures were taken after (A) 15 or (B) 10 days of
culture. (A): 200 ð magnification, (B): 400 ð magnification.

FIGURE 8.1 Athymic nude mouse with melanoma induced by in vitro cultured CT-1413
cells. Melanoma developed within 10 days of subcutaneous inoculation cells.
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FIGURE 8.4 Graphical representation of the molecular relationship between proteins
expressed in stem cell cat melanoma and network connections generated through the use
of Ingenuity Pathway Analysis systems (www.ingenuity.com). Each protein is represented
as a node, and the biological relationship between two nodes is represented by a line. All
lines are supported by at least one reference from the literature, a textbook, or from canoni-
cal information stored in the Ingenuity Pathway knowledge base. The intensity of the node
color indicates normalized quantities of expressed proteins [i.e., degree of expression, up-
(red) or down- (green) regulation in melanoma cells] compared to those present in counter-
part neuronal cells. Nodes are displayed using various shapes that represent the functional
class of the protein. Fischer’s exact test was used to calculate a p-value that determines the
probability that each biological function assigned to that network is due to chance alone.
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FIGURE 9.1 Metastasis is a multistep process. The major steps of the metastatic pro-
cess are indicated: local invasion, involving basement membrane destruction and invasion
into adjacent tissues; intravasation and survival in the bloodstream; and extravasation into
distant organs and proliferation/survival in the new host organ. The specific steps where
EMT (epithelial–mesenchymal transition) and the reverse MET (mesenchymal–epithelial
transition) process are thought to occur are indicated.
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FIGURE 10.2 Based on several defining characteristics, cancer stem cells could proba-
bly resist conventional proliferative cell-targeting chemotherapies, survive, and repopulate
a now drug-resistant tumor (red cells represent stem cells, yellow cells represent transit
amplifying cells, and blue cells represent differentiated tumor cells). In the new tumor, the
chemoresistant phenotype is passed on to stem cell progeny (gray).
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FIGURE 10.3 Based on the disruption of DNA methylation and/or histone deacetylation
necessary for cancer stem cell (CSC)–initiated tumorigenesis, epigenetic therapies could
induce CSC differentiation (top path) or apoptosis (lower path). Conventional chemotherapy
could then eliminate the remaining non-stem cell population.
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FIGURE 11.2 Tumor initiation and promotion. In experimental systems the adminis-
tration of an initiator (mutagen) when followed by multiple administrations of a tumor
promoter results in tumors. If the promoter is given first, no tumor results, although many
administrations of the initiator can cause cancer. In the human system, chronic inflamma-
tion and/or exposure to tissue-disrupting agents, combined with mutagen exposure, causes
cancer.
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FIGURE 12.1 Migration of normal and cancer stem cells is a multistep process which
involves: (i) Egress of CXCR4 expressing stem cells from the tissue; (ii) adhesion of stem
cells to the endothelium; (iii) crossing the endothelial barrier; (iv) homing to the target
tissues chemoattracted by the SDF-1 released; and (v) expansion of stem cells at the site
that provides a favorable niche.
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