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Preface

The classic hallmarks of cancer are a poorly differentiated phenotype, and a cellular
and genetic heterogeneity. In the past, the cellular diversity of cancer has mostly
been attributed to the genetic instability of its cells. As the tumor cell population
expands, individual cells pick up random mutations, and their molecular identity
starts to diverge. By the time the cancer is detected, the millions of cells that make
up the tumor have become as different from each other.

Cancer stem cells (CSCs) or, as defined by other authors, tumor-maintaining
cells or cancer stem-like cells are a subpopulation of cancer cells that acquired some
of the characteristics of stem cells to survive and adapt to ever-changing environ-
ments. These include the ability to self-renew and the capacity to produce progenitors
that differentiate into other cell types.

It has been originally hypothesized that CSCs could potentially arise from normal
stem or early progenitors. Now, the longstanding notion that fully committed and
specialized cells might de-differentiate over the course of tumor initiation and pro-
gression to originate CSCs has been reevaluated. At present, data emerge to indicate
that cancer cells that resemble stem cells need not be part of the original tumor but
rather may emerge during later stages of tumor development. The observed tumor
heterogeneity is probably a combination of growing genomic instability and epige-
netic instability associated with the acquisition of a stem cell-like phenotype. These
instability promote a new a fundamental peculiarity of CSCs, i.e., genetic plasticity.

CSCs represent the ideal justification for a lot of intriguing and obscure aspects
of cancer pathogenesis (i.e., cancer cell dormancy, chemoresistance, local and dis-
tant relapses). The complex pathophysiology of CSCs and its important direct and
indirect implications in molecular and cellular biology of cancer, at present, render
this topic particularly interesting for Chemists, Biochemists, Pharmacologists,
Biologists, Geneticists who are studying different aspect of experimental oncology.
Moreover, considering the enormity of the clinical implications related to CSCs
and/or to “cancer cells like stem cell,” a growing number of researchers should
modify and/or adapt its field of study in consideration of this relatively new topic.
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At last, the identification of a molecular phenotype for these modified stem cells,
associated to an accurate definition of their typical derangement in cell differentia-
tion and metabolism, can represent a fundamental advance in terms of early diagnosis
and selective therapy of cancer. At last but not least, the knowledge of pathogenetic
mechanisms at the basis of CSCs can enlarge and ameliorate the therapeutic appli-
cations of the normal adult stem cells (i.e., regenerative medicine, tissue engineering,
biotechnology applications) by reducing the risk of a deranged, uncontrolled, and
thereby potentially tumorigenic stem cell differentiation.

A critical and continuous updating to the different pathophysiological aspects of
this CSC may certainly help the development of a research, not only limited to cancer
but also really useful and harmless for patients, by stimulating potential clinical
applications in terms of diagnosis and above all of therapy.

Rome, Italy Roberto Scatena
Alvaro Mordente
Bruno Giardina
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Chapter 1
Cancer Stem Cells: A Revisitation
of the ‘“Anaplasia” Concept

Roberto Scatena

Introduction

Cancer stem cells (CSCs) or, as defined by other authors, tumor-maintaining cells
or cancer stem-like cells represent one of the most interesting topics of cancer
pathophysiology studied in the last decade.

The American Association for Cancer Research Stem Cell Workshop defined a
cancer stem cell as a cell within the tumor that possesses the capacity to self-renew
and, in doing so, gives rise to the heterogeneous lineages that comprise the tumor
(Clarke et al. 2006). This intriguing subpopulation of cancer cells should permit to
justify some lethal clinical aspects of cancer, above all recidivism and radio/
chemoresistance. Moreover, CSCs may represent a real new and more selective
approach in cancer treatment. These innovative clinical potentials originate from an
important revision of cancer molecular biology, with the clonal model of tumor
evolution passing to a hierarchical model.

Specifically, the term “CSCs” describes a representative subpopulation of cancer
cells with peculiar molecular aspects that resemble some of those typical of normal
stem cells. In fact, these cells are capable of self-renewal (i.e., replenishing the
repertoire of identical cancer cells), differentiation (i.e., creating heterogeneous
progeny that differentiate into more mature cells), and show extraordinary prolifera-
tive potential (Stricker and Kumar 2010). Importantly, this particular subpopulation of
tumor cells seems to show other similarities to normal stem cell physiology, including
the following:

* They appear to be primarily in a more quiescent or dormant cell-cycle state
* Long-lived cells typically give rise to short-lived, more differentiated cells

R. Scatena (PX<)

Department of Laboratory Medicine, Catholic University,
Largo A. Gemelli 8, 00168 Rome, Italy
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* They are highly influenced by signals from their microenvironment

» They are characterized by specific surface markers and/or signal transduction
pathways that are also important in stem cell biology

* They express high levels of ABC transporters and DNA repair mechanisms,
which, together with their low proliferation index, give these cells a particular
resistance to classical radiotherapeutic and chemotherapeutic protocols (Visvader
2011; Wang and Dick 2008).

On the whole, these peculiar biological properties contribute to the possibility
that CSCs are responsible for cancer recurrence, metastatic dissemination, and
chemoresistance (Zhou et al. 2009). As a result, these intriguing cells seem to play
an important role in the pathophysiology of cancer, with dramatic clinical implica-
tions in terms of prognosis and therapy. In this sense, it may be more appropriate to
call them “tumor-maintaining,” “tumor-sustaining,” or “tumor-propagating” cells.

Interestingly, in the same way, cancer stem-like cells seem to introduce a modi-
fication to the definition of the term “anaplasia,” which derives from the term Greek
dva-tAdccm, meaning to mold, to shape, or to model again. In fact, classically,
it implies a dedifferentiation or, better, a loss of the structural and functional pecu-
liarities of normal cells, which lose the morphological and functional features of the
original cell, either partially or totally (Stricker and Kumar 2010). This peculiar
reversion and/or lack of differentiation are considered hallmarks of malignant
neoplasms (tumors). This term also includes a derangement of the normal cyto-
architecture of the tissue/organ from which the tumor originates and sometimes,
an increased proliferative potential.

Generally, to define anaplasia, a number of morphologic changes are required
(Stricker and Kumar 2010), including the following:

(a) Pleomorphism. The cells and the nuclei characteristically display considerable
variations in size and shape.

(b) Abnormal nuclear morphology. Nuclei are typically hyperchromatic and dis-
proportionately large; nuclear shape is extremely variable, and chromatin is
often coarsely clumped and distributed along the nuclear membrane. Large
nucleoli are usually present.

(c) Mitoses. Anaplastic cells usually show large numbers of mitoses; moreover,
unusual mitotic figures (tripolar, quadripolar, or multipolar spindles) are often
present. These gross perturbations of the mitotic apparatus could also be respon-
sible for the formation of tumor giant cells, some possessing only a single huge
polymorphic nucleus and others having two or more nuclei.

(d) Loss of polarity. In addition to cytological abnormalities, the orientation of ana-
plastic cells is markedly deranged, indicating a complex derangement of cell—
cell and cell-matrix interactions. These alterations cause sheets or large masses
of tumor cells to grow in an anarchic, disorganized fashion.

(e) Stromal alterations. The structural and functional perturbations of cancer cells
derange cell—cell and cell-matrix interactions that could have a causative role
in the classic tumor cell-matrix disorganization. This occurrence, in turn, from
a morphological point of view, may cause large areas of ischemic necrosis in
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tumor masses, while, from a functional standpoint, this architectural disorder
could have a role on the induction of the Warburg effect.

For many years, these morphological features have been associated with a simple
dedifferentiation process, fitting well with the classic, clonal evolution of cancer.

It is now known, however, that cancer may arise from stem cells or progenitor
cells in different tissues. In these tumors, failure of differentiation and/or abnormal
differentiation, rather than dedifferentiation of specialized cells, accounts for the
undifferentiated neoplastic cell. In fact, according to hierarchical model, instead of
a neoplastic cell, it would be more appropriate to discuss about heterogeneous
populations of tumor cells, which consist of both essentially differentiated cells
with no or poor mitotic potential and rarer cells that function as a tumor reservoir by
sustaining malignant growth. This mixed pathogenesis has important biological,
pathological, and thereby clinical implications that push to reevaluate the morpho-
logical criteria of anaplasia.

Background

Are CSCs really progenitor/stem cells and the actual cells of origin in cancer?
The answer is becoming more complex as more data is accumulating.

Virchow first suggested that some tumors could arise from embryonic cells
(1855). Generally, however, the modern concept of cancer cells as cells that show or
acquire some of the fundamental characteristics of normal stem cells (i.e., self-
renewal, multipotency, and proliferation potential) was initially postulated by Pierce
and Speers (1988) and more recently confirmed by Bonnet and Dick (1997), who,
by adopting some clusters of differentiation as CSC biomarkers, elegantly showed
that a single leukemic cell was able to transmit systemic disease when transplanted
into a mouse. A decade following the initial prospective isolation of leukemic stem
cells, Al-Hajj et al. (2003) showed that human breast cancers also seem to adhere to
the hierarchical or CSC model.

Thereafter, similar stem cell-like cells were discovered in various solid tumors,
including melanoma (Quintana et al. 2008), colon (O’Brien et al. 2007), prostate
(Collins et al. 2005), liver (Sell and Leffert 2008), pancreas (Li et al. 2007), and
brain tumors (Singh et al. 2003).

Specifically, Bonnet and Dick (1997), in acute myeloid leukemia, showed that
only a small subset of CD34+CD38- cells harbored serial leukemic transplanta-
tion potential, whereas the bulk of leukemic cells did not show this capability.
Thereby, just a defined subset of leukemic cells is responsible for maintaining the
disease. Other evidence seems to confirm that few, but not all, cancers are orga-
nized in a hierarchical manner (Bonnet and Dick 1997; Reya et al. 2001). Moreover,
a number of caveats of the CSC model were evident early that limited a general
acceptance of the CSC concept and the hierarchical organization of cancer
(Visvader and Lindeman 2008).
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It is essential to appreciate that the field of CSC research is a work in progress.
Specifically, as recently reviewed by Clevers (2011), the meaning of CSC is under-
going a profound re-evaluation in its main postulates. In reality, additional data give
a more mature vision of the CSC concept and, at the same time, mitigate an overly
enthusiastic approach to its potential clinical applications. These new data, moreover,
reply efficaciously to criticism about the existence of CSCs and their pathophysio-
logical role in cancer (Gupta et al. 2009; Maenhaut et al. 2010).

CSC Peculiarities

CSC Plasticity

Importantly, the most intriguing and new evidence about this subpopulation of CSCs
seems to be their plasticity (Rapp et al. 2008; Leder et al. 2010). This term intro-
duces a dynamic concept in the CSC definition, with fundamental biological and
clinical implications.

For example, Roesch et al. (2010) isolated different melanoma subpopulations of
tumor cells, using the H3K4 demethylase JARID1B as a biomarker. Using this tech-
nique, the authors characterized a small subpopulation of slow-cycling melanoma
cells that cycle with doubling times of >4 weeks within the rapidly proliferating main
population. These isolated JARID 1B-positive melanoma cells give rise to highly pro-
liferative progeny. Moreover, knockdown of JARID1B leads to an initial acceleration
of tumor growth followed by exhaustion, which seems to suggest that the JARID1B-
positive subpopulation is essential for maintaining tumor growth. Importantly, the
expression of JARID1B was dynamically regulated and did not follow the typical
hierarchical CSC model because JARID1B-negative cells can become positive, and
even single melanoma cells, irrespective of selection, are tumorigenic. These results
seem to suggest a new understanding of melanoma heterogeneity, with tumor main-
tenance as a dynamic process mediated by a temporarily and dynamically distinct
subpopulation of cancer stem-like cells. These data pushed the authors to conclude
that at least some stem-like cells from solid tumors may actually not be static entities,
but rather tumor cells that may transiently acquire some stemness properties, depending
on the tumor context (microenvironment, physical and chemical milieu). Moreover,
analogous to normal stem cells, the epithelial-mesenchymal transition (EMT) seems
to be a key developmental program that can induce not only the acquisition of
mesenchymal traits but also the expression of functional and phenotypic stem cell
markers, confirming previous studies (Mani et al. 2008).

At this point, it is already evident that the morphological concept of anaplasia is
not static, but now extends to an extremely complex and dynamic, molecular
pathophysiological disorder.

Strong evidence about this new complexity originates from the research of
Anderson et al. (2011) and Notta et al. (2011). These authors, by adopting a Ph*
acute lymphoblastic leukemia (ALL) xenograft model, carried out a combined genetic
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and functional study of the genomic diversity of functionally defined tumor-initiating
cells derived from a diagnostic patient sample. The results clearly showed that multiple
tumor clones coexist in the diagnostic patient sample and that these clones undergo
divergent evolution from the diagnostic clone, supporting a branching model of
tumor progression. Specifically, these genetically diverse subclones seem to be
related through a complex evolutionary process and vary in their xenograft growth
properties and leukemia-initiating cell frequency. Importantly, this intratumoral
heterogeneity seems to promote clonal evolution by increasing the number of selectable
traits under any given stress. This selective pressure could contribute to the genetic
diversification that is probably important for tumor survival and evolution, which
also affects outcomes in terms of clinical aggressiveness.

In practical terms, the evidence that, at diagnosis, genetically distinct subclones
already possess variably aggressive growth properties points to the need to develop
effective therapies to eradicate all intratumoral genetic subclones, to prevent further
evolution and recurrence. In this sense, the ability to segregate even minor sub-
clones in xenografts could be a useful tool for the preclinical development of new
therapeutic strategies, but in reality, this ability will likely significantly complicate
a true radical therapeutic approach.

From a pathophysiological point of view, the isolation of individual genetic sub-
clones in xenografts could provide an opportunity to study the functional genetic
evolution of subclones present in diagnostic samples. Moreover, because gene
silencing and other epigenetic events may contribute to tumor progression, a
genome-wide methylation analysis of individual subclones would be an interesting
undertaking. In fact, this evolution by branching, stressing subclonal complexity,
underscores the importance of gaining a better molecular understanding of each
subclone. Most important, this research has shown that outgrowth of subclones in
serial xenografts can only be sustained by leukemia-initiating cells, establishing that
genetic diversity occurs in this functionally important cell type, as well. Moreover, in
the opinion of the authors, the discoveries that specific genetic events influence
leukemia-initiating cell frequency, and genetically distinct leukemia-initiating cells
evolve through a complex evolutionary process, indicate that a close connection
must exist between genetic and functional heterogeneity.

All that brings together the classical clonal evolution and the hierarchical model
related to CSC. This unifying vision allows consideration of the leukemia stem cell
not as a static entity, but as a cell able to evolve genetically in response to the selective
pressure of tumor microenvironments. As tumors evolve, the frequency of leukemia
stem cells can increase and eventually progress at different grades of differentiation
until they lose the characteristics of a CSC.

From a clinical point of view, the isolation of CSCs should be interpreted with
considerable care in tumors composed of genetically diverse subclones, as fraction-
ation of CSC and non-CSC populations could segregate genetically distinct sub-
clones with variable tumor-initiating cell capacity, different epigenetic/developmental
programs, and possibly different phenotypic peculiarities. Finally, these findings
indicate that more commonalities may exist between clonal evolution and CSC
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models of cancer than previously thought, and in the future, a unification of these
concepts will likely be realized.

Moreover, data from the Anderson and Dick groups confirm a re-evaluation of a
Darwinian model for cancer propagating cells and resultant clonal architecture.
According to this revisitation, cells with self-renewing properties have varying
genotypes that provide the units of selection in the evolutionary diversification and
progression of cancer. Moreover, data have shown that sequential and concurrent
genotypic variation in propagating cells occur in ALL and are likely to do so in
other cancers, providing a rich substrate for disease progression.

Importantly, it is likely that genetic diversity of these new cancer stem-like cells
may be associated with both frequency variation and diversity of functional properties,
for example, differentiation status, niche occupancy, quiescence and drug or irra-
diation sensitivity. This picture may help to explain some of the criticisms related
to the CSC hypothesis (Visvader and Lindeman 2008; Rosen and Jordan 2009;
Greaves 2010).

In summary, plasticity and related genomic diversity in cancer varies in extent
with stage of disease (Park et al. 2010; Anderson et al. 2011) and probably with
time, but this diversity also varies according to space, depending on the local
microenvironments, chemical and physical conditions of each cell, effects of intra-
clonal competition, and intrinsic genetic instability. In fact, in metastasis or recur-
rences, for example, data seem to indicate a continued diversification of propagating
cells with a prevalence of dominant or therapy-resistant subclones (Scatena et al.
2008; Liu et al. 2009).

In this situation, a CSC-targeted therapy, directed at mutant molecules, may have
limited efficacy if the targets themselves are not initiating lesions, but secondary
mutations segregated into subclones. In other terms, this genetic and functional vari-
ation of cancer-propagating cells may represent a significant roadblock to effective,
specific therapy (Scatena et al. 2011). CSCs plasticity thereby seems to reconcile
clonal and hierarchical models, but it significantly complicates the pathophysiology
of CSCs.

An additional new aspect of CSCs that also indirectly confirms to the concept of
plasticity comes from the observation of Visvader (2011), who stressed that the cell
of origin of cancer, i.e., the normal cell that acquires the first cancer-promoting
mutation, is not necessarily related to the CSCs, the cellular subset that uniquely
sustains malignant growth. In other words, the cell-of-origin and CSC concepts
refer to cancer-initiating cells and cancer-propagating cells, which should be
considered distinct.

Thereby, a stem cell might sustain the first oncogenic hit, but subsequent alterations
required for the genesis of a real CSC can occur in descendent cells. For example,
in chronic myeloid leukemia (CML), the hematopoietic stem cell (HMS) is the cell
of origin in the more indolent phase of the disease, but in patients with CML blast
crisis, granulocyte—macrophage progenitors acquire self-renewal capacity through a
[-catenin mutation and emerge as the probable CSCs (Jamieson et al. 2004).

Interestingly, the stemness of CSC was indirectly validated by Janic et al. (2010)
who showed that a number of genes typically involved in germline programming in
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fruit flies were also involved in the formation of glioblastoma. The authors found
that inactivation of these germ cell genes can suppress tumor growth. Importantly,
some of these genes have a related human counterpart known to be abnormally
expressed in certain cancers and not only in glioblastoma.

Further strong evidence of CSC plasticity and/or stemness comes from the obser-
vations of Wang et al. (2010) and Ricci-Vitiani et al. (2010), which show that, in
addition to recruiting vessels from the outside, glioblastomas may induce vessel
formation by differentiating its tumor cells into cancer endothelial-like cells.
Specifically, some cancer cells in the immediate environment of the nascent vessel
are co-opted for this purpose. The co-opted cells are thought to retain most of their
tumor-cell characteristics, while acquiring a limited number of endothelial-cell features.
In fact, both authors showed independently that a subset of endothelial cells lining
tumor vessels carry genetic abnormalities (i.e., monosomy of Cep 10 or polysomy
of Tell19 and LSI22) found in the tumor cells themselves. Moreover, a comparable
proportion of a cell population expressing endothelial cell markers and a population
of neighboring tumor cells harbored three or more copies of either the EGFR gene
or other parts of chromosome 7. Such cell populations also shared a mutated version
of the oncogene p53. Another indicator of the tumor origin of some tumor vessel
endothelial cells is that, as well as expressing characteristic endothelial cell markers,
such as von Willebrand factor and VE-cadherin, they expressed the nonendothelial
tumor marker GFAP. Moreover, the glioblastoma cell population that could differ-
entiate into endothelial cells and form blood vessels in vitro was enriched in cells
expressing the tumor stem cell marker CD133. Further, Wang et al. (2010) showed
that a clone of cells derived from a single tumor cell, which expressed CD133 but
not VE-cadherin, was multipotent in vitro, and these cells may differentiate into both
neural cells and endothelial cells.

Interestingly, Ricci-Vitiani et al. (2010), on the basis of this evidence, hypothe-
sized some clinical applications. In fact, studies examining exposure to the clinical
antiangiogenesis agent bevacizumab (Calabrese et al. 2007) or to a y-secretase
inhibitor (Gilbertson and Rich 2007) utilizing knockdown shRNA have demon-
strated that blocking VEGF or silencing VEGFR?2 inhibits the maturation of tumor
endothelial progenitors into endothelium, but not the differentiation of CD133+
cells into endothelial progenitors, whereas y-secretase inhibition or NOTCH1 silencing
blocks the transition into endothelial progenitors. These data may provide new perspec-
tives on the mechanisms of failure of antiangiogenesis inhibitors currently in use.

In conclusion, such data demonstrate that lineage plasticity and the capacity to
generate tumor vasculature of putative CSCs within glioblastoma are strong findings
that provide new insight into the biology of gliomas and, above all, into the defini-
tion of cancer stemness.

These findings further confirm the pathophysiological role of CSCs in cancer.
In fact, the expression of these multipotency factors, normally limited to early
developmental stages, may inappropriately contribute “to specify and characterize”
CSCs that can divide and differentiate into heterogeneous cell types. Importantly,
from a therapeutic point of view, the direct and/or indirect drug-induced loss or
inhibition of these stem cell program genes might prevent the formation of CSCs
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or lead to their death, thereby facilitating the prevention or cure of cancer. These
observations clearly established that cancer cells, during their evolution, might
acquire some stem cell peculiarities that are fundamental for the resultant course
of disease.

If, on the one hand, this cancer stemness stresses the difference between stem
cells and CSCs, which may better be defined as cancer “stem-like” cells, on the
other hand, it induces the study of the physiology and pathophysiology of stem
cells, allowing a better understanding of the molecular mechanisms that extend
these new functional conditions of cancer cell, with dramatic clinical implications.
Again, intriguingly, the term “anaplasia” does not seem to contain this new arma-
ment of powerful functional capabilities that, until now, have not been characterized
by a peculiar morphological picture.

CSC Biomarkers

The revival of CSCs originated from the possibility to isolate these cells by adopting
hypothetical, somewhat specific markers (i.e., the original research of Dick (2008)
on the CD34+/CD34- fraction from AML). Afterward, other various biomarkers
have been discovered that show the peculiarity to be more present in cancer cells
with stemness properties, such as the following:

(a) Other cell surface proteins (CD 133, IL-3r, EpCAM, CXC chemokine receptor
type 4 (CXCR-4) also known as fusin or CD184)

(b) Peculiar signaling pathways generally related to self-renewal mechanisms
(Hedgehog, Notch, Wnt/B-catenin, BM1, BMI, Pten)

(c) Structural and/or functional components of the stem cell niche

(d) Various detoxifying mechanisms (ABC transporters, aldehyde dehydrogenase
ALDH)

(e) Telomerase and pathways related to cellular senescence

(f) Oncogenes and oncosuppressors (p16INK4 — Rb)

(g) Cell differentiation-inducing pathways

(h) Various microRNAs

Each marker and its pathophysiological implications in cancer will be discussed
in other sections; now it is important to outline that these structural molecules and/
or functional pathways are not specific for CSCs but are present both in normal dif-
ferentiated cells and stem cells. This could partially hamper potential clinical impli-
cations of these markers in diagnosis and, above all, therapy of cancer. In fact,
recently developed drugs capable of modulating some of these functions and utilized
in the preclinical phase have provided interesting results in terms of response to
therapy but showed significant side effects (Von Hoff et al. 2009; Yauch et al. 2009).

As already cited, Dick (2008) adopted CD34+CD38- fractions to identify
leukemic stem cells. Similarly, Al-Hajj et al. (2003) used the marker combination
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CD24—/CD44+ in breast cancer. CD133 has been a widely used CSC marker, despite
criticisms that it is also present in normal cells of different organs. From this original
research, different authors have adopted several differentiation-clustering panels to
characterize CSCs of various origins. However, as previously cited, CSCs may present
other structural and functional characteristics that, at least partially, should permit
identification (ALDH, Hedgehog, Notch, Wnt/B-catenin, BM1, BMI, telomerase
and so on). It is important to reiterate, however, that these characteristics, although
they prevail in CSCs, are not unique to this subpopulation of cancer cells. This
difficulty to identify and isolate CSCs can impair research on the molecular
pathophysiology of CSCs, in particular, and cancer, in general, with significant
implications on the therapeutic index of drugs that could selectively target these
tumor-maintaining cells. In fact, the possibility to recognize and selectively kill
such cells could represent a real revolution in cancer treatment, with beneficial
effects on the frequency of recidivism and metastasis. This therapeutic potential has
caused an upsurge in research on different molecular aspects of this topic, and some
new and old drugs have been rapidly produced to destroy these cells. Some of these
molecules are already in the clinical phase, with conflicting results. In reality, actual
CSC biomarkers are not specific and are present in normal stem cells, as well as in
normal cells from different organs and tissues, a fact that is too often disregarded.

To further complicate the matter, the molecular mechanisms at the basis of CSC
are really complex and above all, not static, but highly dynamic. This means that
phenotypic and functional characteristics of these cells can vary by minimal influ-
ences of microenvironments, rendering their identification and analysis problematic.
Just as an example to better understand the serious, but disregarded, aspect of the
dynamic plasticity of CSCs, the dissimilar biomarker profiles of human colon CSCs
from two different European and American biotechnology companies that produce
various CSCs for research purposes are presented below:

* USA company positive markers of human colon CSCs : Vimentin, Variable
S100, CEA, Galactosyl Transferase II, CK-7, CK-20, Smooth Muscle Actin
(polyp), Bcl2, Ki-67, P504S, Mucin (MUC-1 and MUC-3)

* European company positive markers of human colon CSCs: CD133, CD44,
CD34, CD 10SSEA3/4, Oct4, Tumorigenicity (<1,000 cells), Alkaline Phosp-
hatase, Aldehyde Dehydrogenase, Telomerase, Sox2, cKit, Lin28

It is evident that genetic, proteomic, cellular and functional studies of these two
groups of CSCs could give different results, with serious consequences in terms of
translational research and thereby on pharmacotoxicological implications.

All these facts stress that the present fundamental task, not only from a pharma-
cological point of view, is the accurate identification/targeting of these CSCs. Such
attempts must consider that these cells are tumor stem-like cells with only some
aspects typical of physiological stem cells. This sharing of certain structural and
functional characteristics not only should permit more selective therapeutic targeting
but also may expose normal stem cells to iatrogenic insult, with potentially dangerous
side effects.
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Identification and Isolation of CSCs by Xenograft Assay

Another debated aspect of CSC validation is related to xenograft assay validity.
Xenotransplantation of sorted cancer cells into immunodeficient mice is the choice
method to identify CSCs. The transplanted cancer cell should be able to regenerate
the original neoplasia. The frequency of cells able to regenerate tumor in the host
depends also on the level of mouse immunocompromise, belittling in such a way
the concept of CSCs is rare subpopulation of cancer cells (Quintana et al. 2008).
Moreover, the frequency of CSCs can be dramatically improved if the species barrier
is avoided. On the other hand, in some mouse leukemia models, CSC isolation by
tumor cell transplantation has not been obtained. These data are ambiguous, as these
models significantly limit the pathogenic role of the microenvironment that, in other
different cancer experimental models, seems to have a fundamental importance in
driving tumor progression (LaBarge 2010; Allen and Louise Jones 2011). Further,
isolation by xenotransplantation could significantly impair morph-functional studies
on CSCs because all fundamental niche functions are abruptly modified, with
unavoidable alteration of proteome and genome expression of the original CSCs.
Importantly, xenotransplantation attests that these cancer stem-like cells may survive
and proliferate independently by otherwise fundamental interactions with adhesion
molecule and growth factors. This seems to indicate that potential anticancer drugs
targeting niche interactions would be, or would become, easily ineffective. Thereby,
the interesting experimental results reported by Liu et al. (2011), which show that
enforced expression of miR-34a in bulk or purified CD44(+) prostate cancer stem-like
cells may inhibit clonogenic expansion, tumor regeneration, and metastasis by
directly repressing CD44, should all be validated by in vivo studies. Similarly, the
attractive data of Sodir et al. (2011), which showed that short-term systemic Myc
inhibition in the (SV40)-driven pancreatic islet mouse tumor model is sufficient to
trigger tumor regression by collapse of the tumor microenvironment, with concomitant
death of endothelial cells, attenuation of inflammatory cells, vascular collapse, and
hypoxia, need to be confirmed with more prolonged studies. In fact, it is fundamental
to verify if such plastic and highly adaptable cancer stem-like cells can overcome
this molecular stress signaling.

Existence of Distinctive CSCs Biomarkers?

The defined, so-called peculiarities of CSC, in terms of cluster of differentiations,
signal transduction pathways, ATP-binding cassette transporters (ABC transporters),
and so on, are not specific. It is evident that only one intriguing aspect is truly
distinctive, i.e., its genetic, functional and phenotypic plasticity (Woodward and
Sulman 2008; Scatena et al. 2011). The extreme adaptability of these cells to minimal
variations of the environment recalls, in the opinion of some authors, Darwin’s
evolutionary theory, with its classic branching pattern of evolution that is based
on natural selection. However, considering the high rate of this cellular evolution/
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adaptation, it is probably in some ways more complex because it contains a further
important factor, i.e., the mutator phenotype of cancer cells (Bristow and Hill 2008;
Brégeon and Doetsch 2011).

This definition originates from the well-known observation that malignancies are
characterized by a high rate of mutations. Normal human cells replicate their DNA
with exceptional accuracy. It has been estimated that approximately one error occurs
during DNA replication for each 10°-10' nucleotides polymerized. Typically,
malignant cells exhibit genetic instability, which causes multiple chromosomal
abnormalities and thousands of alterations in the nucleotide sequence of nuclear
DNA that tend to progressively accumulate. Pathogenic mechanisms, which accel-
erate this process, may be favored carcinogenic pathways. Mutator mutations are, in
fact, mutations in genetic stability genes that increase the mutation rate, speeding up
the accumulation of oncogenic mutations. The mutator hypothesis states that mutator
mutations play a critical role in carcinogenesis (Beckman 2010).

Importantly, this mutator phenotype can be not only the starting point for tumor
development but also might promote the emergence of a more aggressively growing
tumor, frequently characterized by the appearance of poorly differentiated cells
with some typical properties of a more embryonic phenotype. Moreover, during
the tumor course, considerable biochemical heterogeneity becomes manifest in the
growing tumor and its metastases.

Thereby, the loss of genetic stability is expected to increase the rate of growth-
promoting or survival-promoting mutations that could drive tumor growth. Impor-
tantly, genetic instability may also increase the rate of deleterious mutations that
could kill cells before they develop into tumors. Understanding how these factors
balance out will ultimately be the key to understanding tumor development via
genome destabilization. Moreover, understanding this balance may also have clinical
implications for cancer diagnosis, prognosis, and therapy. If deleterious, genome-
destabilizing mutations with their phenotypic counterparts are found in the
population of developing cancer cells, these targets may provide opportunities for
more efficacious diagnostic and therapeutic procedures (Barbie et al. 2008).

Specifically, the unscheduled alterations caused by genetic instability may be
either temporary or permanent within the genome. These genetic changes are generally
categorized into two major sites of instability, at the chromosomal level and at the
nucleotide level (Perera and Bapat 2007).

At the chromosomal level, for example, telomere attrition has been correlated
with genome instability. The shortest telomeres, in fact, can cause telomere fusions
and genomic rearrangement. Thus, telomere-related carcinogenesis may involve
induction of senescence by shortened telomeres, followed by primary genomic
instability, leading to acquisition of mutations in cells. Some mutations may provide a
proliferative advantage. The induced cell proliferation may induce further telomere
shortening. Telomeres that are shortened below their stability threshold can induce
breakage-fusion-bridge (BFB) cycles, formation of dicentric or ring chromosomes,
and so on (Raynaud et al. 2008).

Instability at the nucleotide level occurs because of faulty DNA repair pathways,
such as base excision repair and nucleotide excision repair, and includes instability
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of microsatellite repeat sequences (MSI) caused by defects in the mismatch repair
pathway. The second form of instability, chromosomal instability (CIN), defines the
existence of an accelerated rate of chromosomal alterations, which result in gains or
losses of whole chromosomes, as well as inversions, deletions, duplications, and
translocations of large chromosomal segments. Aneuploidy, which refers to an
abnormal karyotype, is a hallmark of many cancer cells and is thought to develop as
a result of CIN. To date, several pathways and processes have been implicated in
CIN including the following: (1) pathways involved in telomere and centromere
stability, (2) cell cycle checkpoint pathways and kinases, (3) pathways regulating
diverse proteins via posttranslational modifications, (4) sister chromatid cohesion
and chromosome segregation, and v. centrosome duplication.

Valeri et al. (2010) and Tili et al. (2011) have proposed a new, fascinating cause
of genetic instability. These authors showed that miR-155 might significantly down-
regulate the core MMR proteins hMSH2, hMSH6, and hMLH1, inducing a mutator
phenotype and MSI. Moreover, Tili et al. (2011) showed that miR-155 enhances the
mutation rate by simultaneously targeting different genes that suppress mutations
and even can reduce the efficiency of DNA safeguard mechanisms by targeting cell-
cycle regulators, such as WEEL. In conclusion, by simultaneously targeting tumor
suppressor genes and inducing a mutator phenotype, miR-155 could allow the selection
of gene alterations required for tumor development and progression.

Genetic instability in cancer may also depend on abnormal protein synthesis
because of the following: (1) lapses in RNA polymerase (RNAP) fidelity, generating
aberrant transcripts that are translated into erroneous proteins; (2) lapses in ribo-
some fidelity, caused by exposure to a genotoxic agent; and (3) modification of
RNA molecules that could induce the production of erroneous proteins during trans-
lation because of their potentially altered codon—anticodon pairing during tRNA
selection. This transcriptional mutagenesis, which alters proteins and possibly
changes the physiology of the cell, could be crucial for cancer stem origin because,
as opposed to the DNA replication-dependent production of erroneous proteins, the
lapses hit quiescent or slowly replicating cells (Brégeon and Doetsch 2011).

For completeness, it could be useful to stress that derangement of cellular metab-
olism could also have a role in genetic instability of cancer cells, in general, and
CSC, in particular. In fact, in an experimental model of radiation-induced genomic
instability (Dayal et al. 2009), mitochondrial dysfunction of complex II caused
increased steady-state levels of hydrogen peroxide, which increased mutation frequency
and induced gene amplification. These results seem to indicate that mitochondrial
ROS could have a role in inducing genetic instability. These data, when applied to
the intriguing metabolism of CSC, open an interesting field of research.

Finally, it is useful to cite the work of Conway et al. (2009), who showed that
CSC generation is associated with the acquisition of nonclonal genomic rearrange-
ments not found in the original population. This study was carried out in a trans-
plantation model of testicular germ cell tumor, created by transplanting murine
embryonic germ cells into the testis of the adult severe combined immunodeficient
mouse model. Interestingly, pretreatment of EGCs with a potent inhibitor of self-
renewal, retinoic acid, prevented tumor formation and the emergence of genetically
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unstable CSCs. Moreover, microarray analysis revealed that EGCs and first- and
second-generation CSCs were highly similar. Further, approximately 1,000 differ-
entially expressed transcripts could be identified that corresponded to alterations in
oncogenes and genes associated with motility and development. In the opinion of
the authors, these data suggest that activation of oncogenic pathways in a cellular
background of genetic instability, coupled with an inherent ability to self-renew, is
involved in the acquisition of metastatic behavior in the CSC population of tumors
derived from pluripotent cells.

Conclusions

The evidence that cancer cells may assume some functional characteristics of stem
cells is substantially modifying cancer research. In fact, CSCs not only have led to
the consideration that cancer is caused by a morphologically heterogeneous population
of malignant cells but also have focused the attention of researchers on a particular
subpopulation of cancer cells with intriguing, yet too often disregarded, functional,
and consequently clinical, implications.

The pathophysiology of these particular malignant cells is progressively becoming
more complex with the advances in the understanding of their various biological
properties, from a simple vision of stem cells that acquire a malignant phenotype,
maintaining some of their typical characteristics (i.e., self-renewal, differentiation,
proliferation potential), to a model of a neoplastic cell with extraordinary genomic
plasticity that permits adaptation, also by assuming some functions of stem cells, to
the minimal modifications of the microenvironment to satisfy their primordial need,
i.e., proliferation.

The original definition of CSC pointed to the research on stem cells, which,
across their long lives, may easily undergo and accumulate mutations that cause
neoplasia. This pathogenesis may perfectly adhere to the hierarchical model of cancer
proliferation. Moreover, this definition of CSC permits the adoption of some typical
biomarkers of stem cells, to selectively target “transformed” stem cells.

This targeting of various subpopulations of isolated CSCs has produced innovative,
but debated, results. Most important, the possibility of targeting the cells responsible
for recidivism and/or metastasis has induced a series of pharmacological studies on
potential anti-CSCs drugs. Considering the peculiarity of these biomarkers (clusters
of differentiation, signal transduction pathways including Hedgehog, WNT, TK),
some preclinical and clinical studies have shown interesting results, but the real
therapeutic index should be evaluated, considering, above all, the partial selectivity
of these biomarkers for CSCs.

It is probably time to update the definition of CSCs. It could be sufficient to
stress, as already adopted from some authors concerning “cancer-maintaining cells”
or “cancer stem-like cells,” the differences between these cells may be not only
phenotypic and functional but also origin. Moreover, the frequently adopted definition
of “tumor-initiating cell,” as recently reviewed by Visvader (2011), should be limited
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to that stem, progenitor, or terminally differentiated cell that presents the first mutative
hit leading to cancer. This cell could be different from, or subsequently become, the
cancer “stem-like” cell.

Finally, it is beyond doubt that CSCs have stimulated attention toward some
aspects of the pathophysiology of cancer, which, until recently, have been neglected,
specifically:

¢ [t is clear that metabolism of these cells, which can be considered dormant or
with a low proliferation index, should be different from that of classical highly
proliferating cancer cells, justifying a re-evaluation of the Warburg effect (Scatena
et al. 2010), which could mean that all cancer cell metabolism should be revisited
according to this functional heterogeneity of cancer cells. Could metabolic drugs,
capable of inhibiting the cancer “stem-like cell” and inducing cell differentiation
toward more specialized and less multipotent cancer cells, be developed?

e What is the role of the epigenome in maintaining the genetic program induced by
selection pressure and/or genetic instability? Could epigenetic drugs, capable of
deranging the mechanisms that permit the cancer cell to acquire its high and
dramatic genetic plasticity, be developed?

e Could it be possible to pharmacologically target the molecular mechanisms at
the basis of this pathogenetically relevant genetic plasticity of cancer “like-stem”
cells?

In conclusion, the advances in knowledge on CSCs are confirming that the clonal
and hierarchical models of cancer growth coexist, at least at some points, during
neoplastic evolution.

Moreover, the complex molecular pathophysiology of the cancer cell, in general,
and the CSC, in particular, should be considered when discussing the anaplastic cell.
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Chapter 2
Stem Cells and Cancer Stem Cells: New Insights

Toru Kondo

Prologue to Cancer Stem Cell Research

Although the concept of the cancer stem cell (CSC) was advocated more than several
decades ahead, it was not accepted widely due to the lack of a direct proof method.
However, recent progresses in the stem cell biology and developmental biology
revealed that cancers contain the hierarchy similar to normal tissues and that only
CSCs in tumors have a strong self-renewal capability and are malignant (Fig. 2.1)
(Reya et al. 2001). It is thought that the existence ratio of CSCs is several percent or
less in tumors and cancer cell lines and the other cells (non-CSCs) are either cancer
precursor cells, which have limited proliferation ability, or nondividing cancer cells.
Together these findings suggest that characterization of CSCs is essential for the
curable cancer therapy.

Definition of CSCs

CSCs were initially defined by their extensive self-renewal capacity, tumorigenicity,
and multipotentiality. As a number of oncogenes, including inhibitor of differentia-
tion (Id), hairy and enhancer of splits (Hes) and Notch, are expressed in CSCs as
well as tissue-specific stem cells (TSCs) and block cell differentiation, it remains
uncertain as to whether CSCs actually give rise to multilineage cells. Further evidence
also exists suggesting that cancer cells co-express a number of lineage-specific
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Fig. 2.1 Similarity between normal tissue and tumor. Tumors as well as normal tissues are likely
to consist of small number of stem cells that have self-renewal capability and multipotentiality,
precursor cells that have limited proliferative potency, and differentiated cells. CSCs are thought to
be transformed from TSCs, precursor cells and/or differentiated cells by genetic/epigenetic muta-
tions. Moreover, CSCs exist in special microenvironment “niche” and seem to keep their resistance
to a variety of anti-cancer treatment methods

markers, each of which is exclusively expressed in normal differentiated cells, such
as neurofilaments in neurons, glial fibrillary acidic protein in astrocytes and galacto-
cerebrocide in oligodendrocytes, raising the question of whether such lineage-
marker positive cells are in fact differentiated cells. Seen against this light then the
obvious definition that can be applied to CSCs might be their unlimited self-renewal,
expression of TSC markers, and tumorigenicity.
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Cell-of-Origin of CSCs

Cancers have traditionally been thought to arise from either differentiated cells or
their proliferating precursor cells, which have acquired oncogenic mutations. Since
stem cells have been discovered in adult tissues, however, it has been suggested that
TSCs might be a principal target of such mutations (Fig. 2.1). This speculation is
supported by a number of different findings: First, it is likely that cancers arise from
epithelia, which are in contact with the external environment and contain a wide
variety of TSCs. Second, many cancers have been immunolabeled for TSC markers
and for differentiation markers. Third, while TSCs survive and continue to proliferate
throughout life, differentiated cells do not, suggesting that TSCs are more suscep-
tible to accumulating oncogenic mutations. Finally, stem cells and precursor cells,
which are transformed with oncogenic genes, have been shown to as developing
cancer in vivo. Together, these findings suggest that either TSCs or amplifying
precursor cells can be seen as the origin of malignant tumors.

Characteristics of CSCs

Resistance to Chemotherapy

A number of anti-cancer drugs have been successful in eliminating cancers; however,
some cancer cells survive and the cancer recurs, indicating that the surviving cells
are not only resistant to such anti-cancer drugs but are also malignant (Gottesman
et al. 2002; Szakacs et al. 2006). It has been shown that glutathione and its related
enzyme apparatus, topoisomerase II, O6-methylguanine-DNA-methyltransferase,
dihydrofolate reductase, metallothioneins, and various ATP-binding cassette (ABC)
transporters, such as the protein encoded by the multidrug resistant gene (MDR),
the multidrug resistant protein (MRP), and the breast cancer resistant protein
(BCRP1), contribute to such drug resistance in cancers. It is crucial to investigate
relationship between CSCs and these factors.

Resistance to Irradiation

Irradiation is one of the most effective therapies for malignant tumors; however, a
small population of cancerous cells tends to survive and cause tumor recurrence,
suggesting that CSCs are radioresistant. Recently, Bao et al. (2006) have revealed
that CD133-positive glioblastoma CSCs are much more resistant to irradiation than
CD133-negative cells.
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Invasion/Metastatic Activity

One characteristic of malignant tumor cells is their ability to invade and disseminate
into normal tissue and to metastasize into other tissues. Some of the infiltrating
cancer cells cannot be removed by surgical operation and causes recurrence, sug-
gesting that CSCs retain high invasion activity. In fact, it has demonstrated that
CD133-positive cancer cells highly express CD44 and chemokine receptor CXCR4,
both of which mediate cell migration (Hermann et al. 2007; Liu et al. 2006).

Niche for CSCs

The number of TSCs is precisely regulated by both intrinsic mechanism and extra-
cellular signals derived from specialized microenvironment “niche.” For example, it
was demonstrated that niche provides a limited number of physical anchoring sites,
including betal-integrin and N-cadherin, for TSCs and secretes both growth factors
and anti-growth factors, including Wnt, FGF, hedgehog (Hh), bone morphogenic
proteins, and Notch (Li and Neaves 2006; Moore and Lemischka 2006). Hypoxia is
also shown to be essential for the maintenance of stemness, tumorigenesis, and
resistance to anti-cancer treatments, chemotherapy and irradiation (Das et al. 2008;
Matsumoto et al. 2009). Moreover, it was shown that the ablation of such niche
results in loss of TSCs. It seems likely that CSCs also need niche for tumorigenesis.
Kaplan and his colleagues have elegantly demonstrated that bone marrow-derived
progenitors form the pre-metastatic niche in the tumor-specific pre-metastatic sites
before cancer cells arrive and that the ablation of the niche prevents tumor metastasis
(Kaplan et al. 2005). However, since transplanted cancer cells form tumors in any
area in vivo, CSCs might be independent of the niche regulation or have a capability to
make a new niche by recruiting bone marrow stem cells and other component cells.

Preparation of CSCs

The following methods are commonly used to prepare CSCs from cancers and can-
cer cell lines using the common characteristics of TSCs, such as cell surface mark-
ers, side population (SP), aldehyde dehydrogenase activity (ALDH), and a floating
sphere formation.

Cell Surface Markers

Dick and colleagues have been able to show that the acute myeloid leukemia (AML)-
initiating cells are found in primitive CD34* and CD38" populations, in which
hematopoietic stem cells are enriched (Bonnet and Dick 1997; Lapidot et al. 1994).
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Al-Hajj et al. have successfully separated tumorigenic breast CSCs from mammary
tumors and breast cancer cell lines as CD44* CD24~"°¥ Lineage™ cells. As few as 100
CD44* CD24~¥ Lineage- cells formed tumors in NOD/SCID mice, while tens of
thousands of other cancer cell populations did not (Al-Hajj et al. 2003; Ponti et al.
2005). Another study by Singh et al. reported their success in separating brain CSCs
from human medulloblastoma and glioblastoma multiforme (GBM) using an anti-
CD133 antibody that recognizes a variety of different stem cells. Here, as few as 100
CD133* GBM cells, although not CD133- cells, formed tumors in NOD/SCID brain
(Singh et al. 2004). It has also revealed that colon CSCs are enriched in a CD133*
population (O’brien et al. 2007; Ricci-Vitiani et al. 2007). This is in addition to prostate
CSCs being found to be enriched in CD44+ Integrin alpha2 betalhi CD133+ (Collins
et al. 2005). Very recent studies have shown that CD135, also known as stage-specific
embryonic antigen 1 (SSEA1) or Lewis X (LeX), is a general CSC marker on
GBM and medulloblastoma (Read et al. 2009; Son et al. 2009; Ward et al. 2009).
It therefore seems likely that cell surface markers, such as CD133, are useful in
separating CSCs from many types of tumors.

Side Population

It was revealed that cancer cells, as well as many kinds of normal stem cells, express
a number of ABC transporters. BCRP1, for example, excludes the fluorescent dye
Hoechst 33342, identifying a SP (Goodell et al. 1996), which is enriched for the
various types of TSCs, although some research has shown that TSCs exist in both
SP and non-SP and that SP cells do not express stem cell markers (Mitsutake et al.
2007; Morita et al. 2006). A number of research groups have found that some estab-
lished cancer cell lines, which have been maintained in culture for decades, and
tumors, such as AML, neuroblastoma, nasopharyngeal carcinoma, and ovarian can-
cer, contain a small SP. These studies have demonstrated that SP cells — but not
non-SP cells — self-renew in culture, are resistant to anti-cancer drugs including
Mitoxantrone, and form tumors when transplanted in vivo (Haraguchi et al. 2006;
Hirschmann-Jax et al. 2004; Kondo et al. 2004; Patrawala et al. 2005; Ponti et al.
2005; Szotek et al. 2006). However, since many cancer cell lines do not contain any
SP fraction and non-SP cells in some cancer cell lines likely generate SP fraction
during culture, it is needed to evaluate whether SP is a general method to prepare
CSCs.

Aldehyde Dehydrogenase Activity

ALDH is another detoxifying enzyme oxidizing intracellular aldehydes to carboxylic
acids and blocking alkylating agents. Since it has been shown that ALDH increases
in TSCs (Jones et al. 1995; Cai et al. 2004), it is now possible to identify and purify
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many types of TSCs, including hematopoietic stem cells and neural stem cells
(NSCs), using fluorescent substrates of this enzyme and flow cytometry. There is
increasing evidence that many types of CSCs strongly express ALDH and can be
purified from tumors and cancer cell lines (Ginestier et al. 2007; Korkaya et al.
2008; Pearce et al. 2005).

Sphere Formation Assay

An increasing evidence points to the fact that CSCs as well as TSCs, such as NSCs
and mammary gland stem cells, can form floating aggregates (tumor spheres) and
be enriched in the spheres when cultured in serum-free medium with proper mitogens,
such as bFGF and EGF (Fig. 2.2¢) (Haraguchi et al. 2006; Hirschmann-Jax et al.
2004; Kondo et al. 2004; Ponti et al. 2005). Although many CSC researchers use
sphere formation methods to concentrate their CSCs in culture, monolayer culture
method might be better used to characterize CSCs as monolayer-cultured CSCs can
be expanded as a homogenous population (Pollard et al. 2009).

Signaling Pathways Involved in CSC Maintenance

Since genetic alterations cause TSCs, amplifying precursors, or differentiated cells
to transform to CSCs, it is important to classify the relationship between genetic
alterations and tumor phenotype and malignancy.

p53 Pathway

It is well known that the loss of p53 function promotes the accelerated cell proliferation
and malignant transformation (Toledo and Wahl 2006). Indeed, it was shown that
over 65% of human glioma contains TP53 gene deletion and mutation (Kleihues
and Ohgaki 1999). Moreover, additional evidences also indicated that other p53
signaling factors, including Murin-double-minute 2 (MDM?2), which binds to,
destabilizes, and inactivates p53, and chromodomain helicase DNA-binding domain
5 (ChdS), which regulates cell proliferation, cellular senescence, apoptosis, and
tumorigenesis, are mutated in malignant glioma (Bagchi et al. 2007; Kleihues and
Ohgaki 1999; Reifenberger et al. 1993; Toledo and Wahl 2006) In total, it was
revealed that about 90% of human GBM have mutations in p53 signaling pathway
(Cancer Genome Atlas Research Network 2008; Parsons et al. 2008). Although the
effector molecule of pS3 pathway is the p21 cyclin-dependent kinase (cdk) inhibitor
that regulates progression of cells through the G1 cell-cycle phase, it has not been
demonstrated that p21 gene itself is an oncogenic target in human cancers.
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Rb Pathway

Retinoblastoma (Rb) is another essential tumor suppressor protein that regulates the
G1 checkpoint (Classon and Harlow 2002). Hypophosphorylated form of Rb
sequesters E2F transcription factor and arrest cells at the G1 checkpoint. Once Rb is
hyperphosphorylated by cyclin D and cdk4/6 complex, phosphorylated Rb releases
E2F, E2F induces the expression of cell cycle regulators, and then the cells enter
S phase. In contrast, p16/Ink4a cdk inhibitor binds to cdk4/6, prevents the complex
formation of cdk4/6 and cyclin D, and maintains Rb hypophosphorylation. Mutations
in Rb pathway have been frequently identified in many types of malignant tumors.
For example, mutations in Rb signaling pathway, including cdk4 amplification and
pl6/Ink4a deletion, was found in about 80% of GBM (Cancer Genome Atlas
Research Network 2008; Parsons et al. 2008; Schmidt et al. 1994).

Activation of Receptor Tyrosine Kinase Pathway

Signaling pathways (Ras/Raf/MAPK and PTEN/AKT pathways) of Receptor
Tyrosine Kinases (RTKs) including PDGFR, EGFR, FGFR, and IGFR, many of which
play a role for the maintenance of TSCs and amplifying precursors, are frequently
mutated in tumors (Schubbert et al. 2007). For instance, activation of RTK pathway
was found in about 90% of GBM (Cancer Genome Atlas Research Network 2008;
Parsons et al. 2008). In particular, it has been shown that small GTP protein
Ras, one of essential oncogenes, and its negative regulator, typel Neurofibromas
gene (NF1), are mutated in many kinds of human cancers and that phosphatase
tensin homolog (PTEN), which inhibits function of phosphoinositol tri-phosphate
kinase (PI3K) that activates Akt, is frequently inactivated in malignant tumors
(Duerr et al. 1998).

Notch Signaling Pathway

Notch receptors are involved in a number of biological functions, including cell
proliferation, differentiation, survival, and tumorigenesis (Radtke and Raj 2003).
There are four known mammalian Notch receptors, Notch 1-4, and five ligands,
Delta-like-ligand (DII) 1, 3, and 4, and Jagged 1 and 2 in mammals. Following the
activation, Notch is cleaved in its extracellular region by metalloproteases and in
its intracellular region by presenilins (PS), releasing the Notch intracellular
domain (NICD) from the plasma membrane. The NICD then translocates into the
nucleus, associates with the CSL transcription factor CBF1/RBP-Jk, and activates
a number of target genes, including the hairy and enhancer-of-split (Hes) genes
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Fig. 2.2 Notch, Wnt, Hh signaling pathways are involved in CSC maintenance. Notch (a), Wnt/
Frz (b), or Hh/Ptc/Smo (c) signaling pathway activates a number of genes, which regulate cell
proliferation and cell fates. The constitutive activation of any of these pathways leads to abnormal
development and tumorigenesis

(Fig. 2.2a). It has been shown that the inactivation of Notch signaling leads to
serious developmental defects: Jaggedl, Notchl, Notch2, and PS1and 2 knock-
out mice are all embryonically or perinatally lethal (Krebs et al. 2000; Swiatek et al.
1994; Xue et al. 1999). There is accumulating evidence that Notch activation not
only maintains the multipotentiality of NSCs but is also involved in tumorige-
nesis. Depletion of Notchl, D111, or Jagged1 by RNAi was shown to block prolife-
ration of glioma cells in vivo and in vitro (Purow et al. 2005). Together, these
findings suggest that Notch signaling is involved in tumorigenesis, as well as in
normal development.

Whnt Signaling Pathway

The Wnt family of secreted proteins coordinates diverse developmental processes,
including cell proliferation and fate decisions (Logan and Nusse 2004; Moon et al.
2004; Reya and Clevers 2005). In mammals, there are 20 Wnt members, 10 Wnt
receptors (called Frizzled, Frz), and 5 soluble forms of Frz, which are natural inhibitors
of Wnt signaling. Once Frz is activated, B-catenin, which is a central player in
canonical Wnt signaling, accumulates in the nucleus and induces the expression of
Whnt target genes, including c-myc and cyclin DI, by associating with LEF/TCF
transcription factors (Fig. 2.2b). The noncanonical Wnt signaling pathway activates
calcium/calmodulin-dependent protein kinase and protein kinase C, although the
molecular details are still uncertain (Logan and Nusse 2004; Moon et al. 2004; Reya
and Clevers 2005).
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Whnt signaling is also crucial for CNS development. Wntl and 3a, Frz5 and
B-catenin, for example, are expressed in the ventricular and subventricular zones
(VZ/SVZ) in the developing brain (Chenn and Walsh 2002; Ikeya et al. 1999; Lee
et al. 2000). Inactivation of Wntl, Wnt3a, or B-catenin causes developmental brain
defects (McMahon and Bradley 1990; Reya and Clevers 2005). Moreover, overex-
pression of a stabilized form of B-catenin in neural precursor cells caused a hyper-
plasia of lateral ventricles (Chenn and Walsh 2002). Some factors in the Wnt
signaling pathway, including B-catenin and axinl (an inhibitor in the pathway),
are mutated in medulloblastomas (Dahmen et al. 2001; Zurawel et al. 1998).
Thus these findings suggest that hyper-activation of Wnt signaling may promote
brain tumorigenesis.

Hedgehog Signaling Pathway

Hh signaling is also involved in proliferation, development, and tumorigenesis
(Pasca di Magliano and Hebrok 2003; Ruiz i Altaba et al. 2002a, b). In mammals,
there are three Hh members, Sonic, Desert, and Indian, all of which are secreted
proteins. When Sonic Hh (Shh), for example, binds to the Patched1 (Ptcl) trans-
membrane receptor, another transmembrane protein, Smoothened (Smo), which is
normally restrained by Ptc, is relieved and activates the zinc-finger transcription
factor Gli. Activated Gli accumulates in the nucleus and induces the expression
of target genes, including wnt, insulin-growth factor 2 (igf2), and pdgf receptor o
(Fig. 2.2c). There are three Gli transcription factors in mammals. Glil and 2 func-
tion as activators of Shh signaling, whereas the cleaved form of either Gli2 or Gli3
antagonizes the Shh-Glil/2 signaling pathway. The Shh signaling pathway is essen-
tial for CNS development: Shh, Ptc, Gli2, or Gli3 knockout mice die before birth
with severe defects in the brain, although Glil knockout mice develop normally
(Ding et al. 1998; Matise et al. 1998; Palma and Ruiz i Altaba 2004; Park et al.
2000). Conditional inactivation of Smo blocks NSC proliferation in vivo and in vitro
(Machold et al. 2003). Together with the finding that Glis, Ptc1, and Smo are all
expressed in the VZ/SVZ, these observations suggest that Shh signaling may be
essential for the maintenance of NSCs.

Ectopic activation of Hh signaling in CNS is likely to lead to brain tumor forma-
tion (Pasca di Magliano and Hebrok 2003; Ruiz i Altaba et al. 2002a, b). For example,
Glil is highly activated in many brain cancers, including medulloblastoma, glio-
blastoma, and primitive neuroectodermal tumors, some of which also have muta-
tions in Ptcl (Goodrich et al. 1997). It was shown that overexpression of Glil in the
developing tadpole CNS gives rise to brain tumors (Dahmane et al. 2001). Moreover,
cyclopamine, which is a specific inhibitor of Smo, blocks the growth of several
primary gliomas, medulloblastomas, and glioma cell lines (Berman et al. 2002;
Dahmane et al. 2001). Taken together, these findings suggest that Hh signaling plays
an important role in brain tumorigenesis.
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CSC Models

In Vivo Models

Using a combination of transgenic mice and a retrovirus system, some groups have
demonstrated that TSCs and differentiating cells form tumors in vivo. For instance,
Holland and his colleagues infected transgenic mice that expressed the avian leukosis
virus (ALV) receptor under the regulation of either a nestin enhancer or a gfap
promoter, with recombinant ALVs encoding oncogenic genes, such as platelet-
derived growth factor (PDGF) receptor beta, or activated Akt, or activated Ras, and
found GBM had developed in the brain (Dai et al. 2001; Uhrbom et al. 2002). De
Pinho and colleagues overexpressed a constitutively active form of epidermal
growth factor (EGF) receptor in either NSCs or astrocytes from Ink4a/Arf~- mice,
transplanted them into the brain, and found that the cells formed high-grade gliomas
(Bachoo et al. 2002). Thus, these findings suggest that NSCs and astrocytes are cells
of origin for brain tumors. However, since tumors would be, in theory, generated
from one transformed cell, these tumor models, in which many transformed cells
are generated or injected at the same time, may not provide an answer to whether
NSCs and astrocytes are bona fide cells of origin for malignant glioma.

In Vitro Models

It still remains controversial whether CSCs arise from TSCs, committed precursor
cells, or differentiated cells. In addition, the relationship between cell of origin for
CSCs and genetic alterations have not yet been elucidated, although a number of
oncogenes and tumor suppressor genes have been well characterized in tumori-
genesis. Using cell lineage markers and new methods including Fluorescence-
activated cell sorting, it is possible to purify the cells. We can then overexpress
oncogenes or knock down tumor-suppressor genes in the cells, examine the relation-
ship between cell of origin for tumors and genetic alterations and find therapeutic
targets (Fig. 2.3). Indeed, it has been demonstrated that overexpression of exogenous
oncogenes can induce hematopoietic stem/progenitor cells to transform into leuke-
mic stem cells (Cozzio et al. 2003; Huntly et al. 2004; Krivtsov et al. 2006). We and
others also succeeded in generating glioma stem cells by overexpressing glioma-
related oncogenes in neural lineage cells and in finding therapeutic targets by com-
paring gene expression profile of induced CSC models with that of human tumor
spheres (Hide et al. 2009; Hide et al. 2011; Ligon et al. 2007). Thus these data sug-
gest that, using similar methods, we might generate any CSCs from TSCs, amplify-
ing precursor cells and/or differentiated cells, characterize them, and identify targets
for curable therapy.



2 Stem Cells and Cancer Stem Cells: New Insights 27

Fig. 2.3 Strategy for
identifying factors specific
to CSCs. Purified TSCs,
committed precursor cells,
and differentiated cells that
are transfected with various
types of oncogenes and/or
siRNA/shRNA for tumor
suppressor genes, transform
into CSCs that are capable
of self-renewal, positive

for TSC markers and show
malignancy. By comparing
gene expression profiles

of such induced CSCs with
that of human CSC-enriched
population (tumor spheres
and TSC marker-positive
cells), novel CSC markers
and therapeutic targets would
be identified
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Conclusion

A number of new stem cell markers and techniques have been utilized to identify
and purify CSCs during last several years. However, it is not yet known whether or
not such CSCs consist of homogenous population, as CD133~ and non-SP cells as
well as CD133* and SP cells contain tumorigenic cells. Therefore it is still essential
to establish experimental strategies, including the single cell analysis, to identify
bona fide CSCs and to characterize them, leading to the discovery of novel thera-
peutic targets and methods.
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Chapter 3
Molecular Biology of Cancer Stem Cells

Oswaldo Keith Okamoto

Introduction

Cancer Stem Cells and Disease Progression

Tumors are comprised by a heterogeneous cell population with subsets of cells
displaying distinct tumorigenic capabilities. In some types of cancer, only a few cells
with stem cell properties have been reported capable of initiating tumors in vivo,
supporting the so-called cancer stem cell (CSC) model of tumor development.

At the molecular level, CSC display distinctive patterns of gene expression that
correlates with poor clinical prognosis. For instance, an increased expression of
genes from the Bcl-2 family and from the ATP-binding cassette (ABC) superfam-
ily has been reported in CSC. Flow cytometry analyses have confirmed increased
resistance to apoptosis and enhanced ability to efflux drugs in neuroblastoma, glio-
blastoma, breast, and lung stem cells (Hirschmann-Jax et al. 2004; Hadnagy et al.
2006; Jgrgensen and Holyoake 2007). Furthermore, functional studies have confirmed
that CSCs are more resistant to treatment with classical chemotherapy agents such
as daunorubicin, temozolomide, carboplatin, and taxol (Costello et al. 2000; Liu
et al. 2006a).

Likewise, recent studies with both CD133+ glioblastoma cells and CD44+/
CD24- breast cancer cells have demonstrated that these cell populations exhibit a
lower sensitivity to radiation than the remainder of the respective tumor cells, most
likely due to the combined effects of an exacerbated expression of antiapoptotic,
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drug resistance, DNA damage checkpoint, and DNA repair genes (Liu et al. 2006b;
Phillips et al. 2006). These mechanisms allowing CSC to become more resistant to
chemotherapy and radiotherapy may explain events of tumor relapse after conven-
tional therapies that are observed in the clinics for some cancer patients.

In addition to the ability of developing new tumors and the enhanced resistance
to radiation and drugs, other intrinsic properties of CSC include infiltration into
surrounding tissues and migration to distant sites, facilitating tumor metastasis.
Therefore, CSC seems to be directly implicated in tumor development, response to
therapy, and disease progression, which makes them interesting targets for new
forms of therapy.

Applied Stem Cell Molecular Biology

Although the genetic and epigenetic events resulting in CSC are not completely
elucidated, there are evidences supporting the involvement of alterations in genes
controlling stem cell pluripotency, self-renewal, and senescence. The identification
of such molecular alterations in CSC seems highly appealing for therapeutic
purposes. Yet, CSCs are still somewhat poorly characterized at the molecular level.
For instance, the identification of specific CSC antigens suitable for therapeutic
purposes is still limited. Most CSC markers reported so far are also expressed in
normal adult stem cells, such as CD34 for myeloid leukemia and lung adenocarci-
noma, CD105 for bone sarcoma, CD133 for brain and colon tumors, CD20 for
metastatic melanomas, and CD44 for breast, pancreatic, and prostate tumors. The
lack of targets restricted to CSC urges molecular profiling studies of CSC and their
normal counterparts aiming at the identification of new biomarkers for diagnosis
and development of smart drugs. The ultimate goal, in terms of therapeutics, would
be to devise ways of specifically targeting CSC while avoiding harming normal cells.

However, since CSC are typically minor cellular constituents of tumors, such
low abundance, in addition to purity issues in cell sorting protocols, poses several
technical challenges for the study of CSC molecular biology. Some studies have
suggested the use of established human tumor cell lines as tools for CSC character-
ization, since some of them have been shown to be comprised by subsets of more
tumorigenic stem-like cells (Qiang et al. 2009).

Alternatively, the search for CSC targets may benefit from the knowledge of
common molecular players regulating stem cell biology and cancer development.
The development of innovative approaches for diagnosis and targeted therapy of
cancer may gain from a deep understanding of the mechanisms controlling critical
stem cell properties such as self-renewal, pluripotency, and longevity, and how
deregulation of these processes may contribute to neoplastic transformation.
Ultimately, this knowledge could be useful for detection of precancerous lesions,
improving prevention and early tumor diagnosis.

Some examples of genes and molecular pathways linking stem cell and cancer
biology are discussed in the next sections.
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“Stemness’’ in Tumor Cells

Ectopic Expression of Genes Determining Pluripotency

According to the CSC model of tumor development, due to a relative long half-life
within the tissues, adult stem cells could suffer prolonged exposure to genotoxic stresses
and therefore accumulate the initial mutations leading to cancer (Lobo et al. 2007).
Indeed, most tumors seem to arise from a single cell until eventually become heteroge-
neous with anomalous cells displaying distinct phenotypes, somewhat resembling
the normal process that originates the cellular constituents of the original tissue.

Transformation of mature cells may also occur due to aberrant expression of
stemness genes, resulting in cell clones with a dedifferentiated phenotype and self-
renewing capacity resembling stem cells. Recent experimental evidence supporting
this proposal has been provided with the induction of adult somatic cells into pluri-
potent stem (iPS) cells through ectopic expression of four genes encoding the
pluripotency factors Oct4 and Sox2, the transcription factor K1f4, and the oncoprotein
c-Myc in mouse or human fibroblasts (Takahashi et al. 2007; Yu et al. 2007).

However, along with pluripotency comes the capability of generating teratomas.
This tumorigenicity could be partly explained by the enforced expression of c-Myc,
a well-known oncogene. However, attempt to suppress tumorigenicity of iPS cells
by retrieving c-Myc expression resulted only in partial reduction of tumor formation
and was not enough to fully block tumorigenesis (Nakagawa et al. 2008). More
recently, ectopic expression of Oct4 alone was reported sufficient to directly repro-
gram mouse neural stem cells to pluripotency, in part due to the fact that these stem
cells already express Sox2, c-Myc, and Klf4 in addition to other factors related to
stem cell activity (Kim et al. 2009). Only after reprogramming were the cells capable
of inducing teratomas in vivo, indicating that pluripotency and tumorigenesis share
a similar gene expression program that is still not so obvious to dissect.

Furthermore, expression of the pluripotency gene Oc#4 is detected in embryonal
carcinomas, seminomas, and also in somatic cancers such as gliomas, lung adenocar-
cinomas, and prostate cancer. Interestingly, increased Oct4 expression is verified in
high-grade gliomas and in prostate cancers with high Gleason scores, suggesting
correlation with tumor malignancy (Du et al. 2009; Ngan et al. 2008; Karoubi et al.
2009; Sotomayor et al. 2009). Re-expression of embryonic stem cell-related genes,
including downstream targets of Nanog, Oct4, and Sox2, is also predominantly
found in aggressive tumors and correlates with poor clinical outcome (Ben-Porath
et al. 2008). Expression of both Oct4 and Nanog pluripotency genes have been
detected in tumor initiating cells isolated from fresh specimens of ovarian and oral
squamous cell carcinomas (Chiou et al. 2008; Zhang et al. 2008). Established cell
lines from glioma (C6), osteosarcoma (3AB-0S), lung carcinoma (3LL), and breast
carcinoma (MCF7) also express Oct4 at high levels (Hu et al. 2008; Di Fiore et al.
2009). Oct4 silencing by RNA interference in rat C6 cells and human MCF7 cells
inhibited proliferation and increased apoptosis, respectively, suggesting a functional
relevance of Oct4 in tumorigenesis.
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Another pluripotency factor, LIN28, is known to be aberrantly expressed in cancer
cells. LIN28 is an RNA-binding protein that, together with OCT4, NANOG, and
SOX2, has been shown to induce pluripotency in mature cells like fibroblasts
(Yu et al. 2007). Interestingly, LIN28 expression is detected in aggressive, poorly
differentiated, tumor cells and is correlated with poor prognosis (Viswanathan
et al. 2009). Some of the mechanisms by which LIN28 is ectopically expressed in
cancer involve interaction with microRNAs, discussed further in this chapter.

Enhanced Self-Renewal Capacity

Under normal conditions, stem cells respond to signals coming from their niche and
activate a complex molecular program in a concerted fashion, which defines their
self-renewal or differentiation into more specialized cells. Along the differentiation
pathway, the proliferation capacity of stem cells tends to decline as their degree of
maturation increases. Mutations in genes comprising the self-renewal program may
disrupt the control of these processes and lead to neoplastic transformation. The
resulting effects of such mutations on stem cells may include increased sensitivity
to self-renewal signals coming from their own niche or autonomous proliferation in
the absence of external growth signals. Alternatively, mutations may turn down the
differentiation of stem cells while sustaining their proliferation capacity.

In agreement with this notion, many genes known to be involved in the regulation
of stem cell self-renewal are proto-oncogenes, tumor suppressors, or genes belonging
to signaling pathways involved in cancer such as MEK/ERK, PI3K/AKT, WNT,
NOTCH, IGF, and TGF, among others. Some of these pathways, for instance, con-
trol the G1-S checkpoint of the cell cycle which intersects with the growth (MEK/
ERK), survival (PI3K/AKT), and death pathways. Mutations in genes belonging to
these pathways are frequently observed in human cancers. For instance, some of the
genes regulating hematopoietic stem cell self-renewal have been found to be aber-
rantly expressed or mutated in patients with hematological malignancies (Toren
et al. 2005). Members of the growth arrest and DNA damage 45 family, GADD45-
beta and GADD45-gamma, have been found down-regulated during quiescence
abrogation of hematopoietic stem cells (Okamoto et al. 2007a). These ubiquitous
nuclear proteins are activated during stress conditions and are involved in mainte-
nance of genomic stability, DNA repair, suppression of cell growth through interaction
with cell cycle proteins, and induction of apoptosis via activation of the JNK and
p38 MAPK pathways. Down-regulation of GADD45-beta and GADD45-gamma
during self-renewal may facilitate accumulation of somatic mutations in stem cells.
Accordingly, transcriptional silencing of GADD45-gamma due to promoter hyper-
methylation has been reported in several tumor cell lines and this epigenetic inacti-
vation correlated withincreased susceptibility to genetic instability and tumorigenesis
(Ying et al. 2005).

The involvement of NOTCH, Sonic Hedgehog (SHH), and WNT pathways in
neurogenesis as well as in development of gliomas, as a result of gene mutations
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affecting these pathways, is another example (de Bont et al. 2008). In glioblastoma
stem cells, an aberrant expression of E2F2, encoding a member of a family of
transcription factors with well-known roles in regulation of cell proliferation and
development, has been reported (Okamoto et al. 2007b). Both frequency and hyper-
expression of E2F2 were found to correlate with the degree of tumor malignancy.
E2F2 regulates the expression of Bmil, MYB, and MELK, which are involved in the
control of stem cell proliferation and malign transformation (Godlewski et al. 2008;
Nakano et al. 2008; Malaterre et al. 2008).

Altogether, these observations strongly support a potential link between deregu-
lation of stem cell self-renewal and neoplastic transformation.

Overcoming Senescence

DNA defense and cell cycle check point systems responsible for minimizing somatic
mutations must be particularly fine-tuned in stem cells to suppress transformation
and prevent dissemination of detrimental mutations to their progeny cells. When
neither defense nor repair systems are sufficient to avoid DNA damage and muta-
genesis, mechanisms of cell senescence are activated suppressing cell cycle and
activating cell death pathways, thus inhibiting cancer development. While the
efficacy of stem cell senescence mechanisms contribute to the aging process through
a decline in self-renewing stem cell pools, its bypass should therefore facilitate
neoplastic transformation.

Under normal culture conditions, primary mesenchymal stem cells (MSC)
become senescent after about 30 population doublings, displaying impaired differ-
entiation capacity in vitro, albeit preserving normal karyotype and inability to form
tumors in vivo (Kim et al. 2008). Spontaneous in vitro transformation of MSC may
occur, however, when cells are forced to grow beyond the senescence phase, after
which only a subset of few transformed cells eventually overcome a crisis growth
phase and dominate the cell culture (Rubio et al. 2008). Genetic alterations favoring
telomere maintenance are likely implicated in this transformation process since
telomerase dysfunction is known to induce replicative senescence and apoptosis
(Ju and Rudolph 2006). Indeed, ectopic expression of hTERT, the catalytic unit of
the enzyme telomerase responsible for telomere elongation, prolong the in vitro life
span of MSC (up to 275 population doublings) while preserving their differentiation
capacity. Cells at such high passages still present normal karyotype and inability to
form tumors in NOD-SCID mice (Huang et al. 2008), indicating that hTERT is an
important determinant of stem cell longevity.

Ionizing radiation is long known to cause DNA damage. When normal MSC are
exposed to ionizing radiation, there is an accelerated telomere shortening and an
increased chromosomal instability, leading to neoplastic transformation evidenced
by tumor formation in SCID mice (Christensen et al. 2008). An increased resistance
to ionizing radiation is also attained by enforced expression of hTERT in MSC
(Serakinci et al. 2007). Interestingly, increased telomerase expression is detected in
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radioresistant CSCs such as those from prostate tumors (Marian and Shay 2009),
supporting the relevance of hTERT to the balance between senescence and longevity
of normal and neoplastic stem cells.

Posttranscriptional Orchestration by MicroRNAs

Many aspects of the biology of stem cells, including maintenance of pluripotency,
self-renewal, and differentiation, are controlled by the phenomenon of RNA inter-
ference involving a variety of small molecules of RNA. The mRNA of a target gene
can be degraded through the action of small interfering RNAs (siRNAs). These
21-25 nucleotide long molecules result from the cleavage of double strand RNAs
by the RNaselll enzyme Dicer. In a similar mechanism, microRNAs (miRNA) are
also produced from precursor RNAs, or pre-miRNA, which have a hairpin structure
recognized and cleaved by the enzymes Drosha and Dicer. Besides degrading
mRNA, miRNA can also silence gene expression by physically blocking the inter-
action of mRNA with ribosomes, preventing its translation.

In the posttranscriptional regulation, both siRNA and miRNA form a large ribo-
nucleoprotein complex known as RISC (RNA-induced silencing complex), in which
the interfering RNA is transformed into a single strand RNA molecule, whose
antisense sequence may be paired with a complementary sequence in the mRNA. In
general, the complementary base pairing produces a new structure of double-
stranded RNA, which is then enzymatically cleaved.

The control of gene expression by RNA interference appears to be powerful and
wide ranging. Over 700 types of miRNA have been identified so far in the human
genome and their respective sequences indicate that each miRNA has the potential
to inhibit hundreds of molecules of mRNA.

The let-7 was one of the first miRNA to have its expression correlated with
inhibition of proliferation and self-renewal of embryonic stem cells. One of the let-7
targets is the transcript of the Hmga2 (high mobility group A2) gene, which encodes
a chromatin protein that increases the activity of certain transcription factors.
In embryonic stem cells, Hmga2 inhibits the expression of p16INK4a and Arf, two
classical inhibitors of the cell cycle involved in senescence. This inhibitory effect of
let-7 on self-renewal can be reversed by the expression of LIN28, a protein highly
expressed in embryonic stem cells that blocks the cleavage of pre-let-7 and the
consequent production of its mature form. LIN28 helps rescue pluripotency and
inhibits neural commitment of stem cells mediated by let-7. During differentiation,
other highly expressed miRNA such as miR-125a and miR-125b inhibit LIN28
translation and its repression effect on let-7. There are many other miRNAs reported
to be involved in the regulation of embryonic stem cell self-renewal (e.g., miR-371,
miR-372, miR-373, miR-200C, miR-368, miR-154) and differentiation (e.g., miR-301,
miR-374, miR-21, miR-29) (Mallanna and Rizzino 2010).

Regulation of stemness genes by microRNAs may involve epigenetic mecha-
nisms. One example is the inhibition of miR-21 by REST (Repressor element 1
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silencing transcription factor), a transcriptional repressor that recruits multiple
chromatin-modifying enzymes. Expression of Nanog, Oct4, and Sox2 genes are
silenced by miR-21, but REST remove this silencing by epigenetically suppressing
miR-21, thus keeping ESC pluripotency. Oct4 expression may also be epigeneti-
cally repressed through the action of DNA methyltransferases such as DNMT].
The miR-290-295 cassette inhibits Oct4 expression by indirectly activating DNMT 1.

Small RNAs are also important in controlling the biology of adult stem cells. The
miR-128 and miR-181 are highly expressed in hematopoietic stem cells, helping to
maintain their undifferentiated state. The miR-221, miR-222, and miR-223 induce
the differentiation of hematopoietic progenitors while blockade of differentiation is
regulated by miR-16, miR-103, and miR-107, among others. Inhibition of stem cell
differentiation may occur indirectly, by silencing genes involved in self-renewal.
This is the case of Bmi-I silencing by miR-128. Another example is the effect of
miR-16, which has the antiapoptotic gene Bcl-2 as one of its targets. The absence of
miR-16 expression due to a deletion in chromosome 13 is found in patients with
chronic lymphocytic leukemia, indicating that the miR-16 has a tumor suppressor
activity (Navarro and Lieberman 2010).

Actually, many of these stem cell-related microRNAs exhibit a differential
expression in cancer cells. Changes in the expression pattern of miRNAs affect stem
cell fate and disruption of this mechanism may have a contribution in the develop-
ment of cancer. The interaction of some miRNAs with other factors regulating stem
cell biology is illustrated in Fig. 3.1. The manipulation of miRNAs has become an
important platform for molecular studies of different pathological processes. In cancer,
miRNAs are being explored as diagnostic markers of malign tumors, as well as
therapeutic tools (Sarkar et al. 2010).

Perspectives

One fundamental issue in cancer therapeutics is the elucidation of the molecular
mechanism of the disease. This knowledge should guide the identification of suitable
molecular targets, a critical step for the therapeutic success of drugs such as those
based on the action of monoclonal antibodies and small molecules. Typically, the
desired characteristics of a therapeutic target include hyper-expression in tumor
cells, low or absent expression in normal cells, functional relevance to cancer, bio-
chemical accessibility, widespread distribution in tumors, and be a molecular trait
representative of a given tumor type or category.

Although not trivial, the search for molecular targets falling into this profile has
been facilitated with the advent of genomic technologies, including further improve-
ments in DNA sequencing. For instance, new generation of DNA sequencing
machines allow faster and affordable sequencing of entire genomes. This technology
is being used to sequence the genome of cancer cells and normal counterparts
from the same individuals in order to identify somatic mutations associated with a
particular malignancy.
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Fig.3.1 A network of genes and microRNAs involved in stem cell and cancer biology. Deregulation
of critical genes and pathways controlling typical stem cell properties may have a cumulative
contribution toward malignant transformation and tumor development from cancer stem cells. Several
genes regulating stem cell pluripotency are overexpressed in tumors. Likewise, classic oncogenes
and tumor supressors have been shown to regulate stem cell self-renewal under nonpathological
conditions. Expression of some of these stemness genes is posttranscriptionally regulated by
microRNAs. Differential expression of these microRNAs has also been reported in human cancers.
Color code: bold black=hyper-expressed in tumors; grey=hypo-expressed in tumors

Another important aspect that deserves attention in therapeutic development is
the cellular bases of cancer. It could help refine drug delivery and enhance the effi-
ciency of a targeting strategy. In theory, the efficacy of a molecular therapy is
expected to be higher if the targeted molecule is present on cells with fundamental
relevance in cancer physiopathology.

The CSC model of tumorigenesis combines these two aspects of cancer biology,
bringing a new paradigm to cancer research and therapeutic development. Current
technologies are allowing detailed genome-wide studies of neoplastic and non-
neoplastic stem cell counterparts aiming at identifying mutations, chromosomal
aberrations, and epigenetic alterations likely involved in CSC properties as well as
possible association with disease progression and clinical outcome. For instance,
cytogenetic screening and epigenetic analysis of highly pure cancer cell populations
should enable the identification of chromosomal aberrations that may contribute to
the tumor-initiation cell phenotype. Exon re-sequencing of key genes displaying
differential expression in cancer is another example of strategy that could be per-
formed in attempt to narrow down the screening of new mutations affecting both
stem cell properties and tumor initiation capacity.
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Based on this knowledge, future development of molecular therapeutic approaches
with selective targeting of CSC can be envisioned and they should be of great value
to cancer management. From the diagnostic perspective, it could devise more sensitive
methods to detect the early formation and spread of tumors, allowing therapeutic
interventions at initial disease stages when the chances of improving clinical outcome
are higher. Likewise, new molecular targeted treatments focusing on CSC eradication
have the potential to restrain tumor growth, invasion, and metastasis more effec-
tively than currently available treatments.

After discussing a few aspects of CSC, it becomes evident that studies about the
molecular biology of CSC are likely to impact both basic and translational cancer
research fields. In addition to academia, such critical studies are of great interest of
the biotechnological and pharmaceutical sectors, where they should catalyze the
development of a new generation of drugs for cancer therapy.
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Chapter 4
Biomarkers of Cancer Stem Cells

Jun Dou and Ning Gu

Introduction

A hypothesis of cancer stem cells (CSCs) originally formulated for hematologic
malignancies and extended to solid tumors is receiving increasing interest in cancer
researchers who now gradually change their classical view on tumors. The hypothesis
of CSCs also called tumor stem cells (TSCs) or tumor-initiating cells (TICs) is a popu-
lation of rare tumor cells bearing stem cell properties and this rare cells are responsible
for the initiating and maintaining the tumor tissues, allowing the tumor cell propa-
gation, colonizing distant sites, having resistant to standard chemotherapeutic drugs,
and the inimical conditions of the tumor microenvironment. Investigation of CSCs has
been conducted using primary patient tumor samples, cancer cell lines, and xenograft
animal models. Each method has its usefulness and limitations; for example, stable
cancer cell lines are simple to identify cancer cell characteristic except have been
selected to grow in culture, whereas patient samples are the gold standard, however,
they are difficult to obtain regularly (Stephen and Antonio 2010).

Recent rapid progress in CSC research has encountered increasing challenges in
which identifying them is hotly debated topics. Additional challenges are presented
by such factors as limited number of CSCs in tumor tissues, technical difficulties in
keeping CSCsin any culture, and their unusually strong drug resistance. Nevertheless,
the existence of CSCs, a subpopulation of tumor cells with stem-like characteristics,
has significant implications in clinical therapy (Al-Hajj et al. 2003; Pannuti et al.
2010). Currently, CSC markers must be clearly defined for each tissue, and clarifying
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cellular and signaling functions of CSCs is key to conduct better identification and
diagnosis based on CSC biomarkers and eventually targeting to CSCs, which will
undoubtedly result in improved prevention and treatment of many types of CSCs
(Stephen and Antonio 2010; Jun and Ning 2010).

Since CSCs possess the potential to give rise to more mature nonstem cell cancer
that present the phenotypically diverse progeny through a process of epigenetic
change, differentiation or partial differentiation and ultimately form functionally
diverse sets of nontumorigenic cancer cells, thus, there are many different types of
cells in a tumor in which some are cancerous and others are infiltrating normal cells
that are thought to support the growth of the cancer cells (Amitava and Jose 2010;
Neethan et al. 2007). A crucial question in CSC hypothesis is which cells can be
transformed to form tumors? To date, it is unclear why some tumor cells are more or
less tumorigenic than others and the scientists have not been able to distinguish the
characteristics of CSCs from the characteristics of stem cells because the CSCs are
similar to normal stem cells, and molecular mechanisms regulating the process of
CSC differentiation are not completely understood (Amitava and Jose 2010). Despite
existence of difficulties and challenges in identification and isolation of CSCs, such
as obtaining CSCs in sufficient quantities and maintaining their undifferentiated
state, accumulating evidence indicates that the existence of CSCs in many different
kinds of malignancies, including leukemia, multiple myeloma, glioblastoma, brain
tumors, pancreatic cancer, gastric cancer, colon cancer, hepatocellular cancer, prostate
cancer, lung cancer, head/neck cancer, melanoma, breast cancer, ovarian cancer, etc.
The questions we should currently resolve are how we can identify and analyze
CSCs? and what agents are being designed to kill this chemotherapy-refractory
CSCs? Thus, the isolation and characterization of CSCs represent a revolutionary
approach in cancer research with considerable therapeutic implications. In the chapter,
we look at how researchers succeeded in identification and isolation of CSCs and
critically discuss the methods for identification of CSCs based on the proposed
biomarkers of CSCs as well as outlook future tasks in the field.

Biomarkers in CSCs

CSC markers are expressed in the different cancers with the different patterns seen
for the different histological types and degrees of differentiation. These markers are
necessary to isolate CSCs and analyze their biological characteristics in order to
use the markers to target them efficiently for therapeutic purposes.

CD Molecules

CD133

CD133 molecule (a transmembrane pentaspan protein) is considered a universal marker
of normal hematopoietic stem cells and organ-specific stem cells (Miraglia et al. 1997),
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and it has been proposed as a surface marker of CSCs in solid primary tumors such
as medulloblastomas and glioblastomas (Kusumbe et al. 2009) and subsequently of
CSCs in a growing number of cancers of epithelial tissues. Other cancers had simi-
lar observations [epithelial ovarian CSCs (Suetsugu et al. 2006), hepatocellular car-
cinoma (HCC) (Baba et al. 2009; Yao et al. 2009), pancreatic cancer (Hermann et al.
2007; Moriyama et al. 2010), gastric cancer (Ishigami et al. 2010), human cutane-
ous melanoma (Sharma et al. 2010), mouse melanoma (Dou et al. 2007), and colon
CSCs (O’Brien et al. 2007)]. In particular, O’Brien et al. showed that human colon
CSCs within the CD133* population were able to maintain themselves, to differenti-
ate, and to re-establish tumor heterogeneity upon a serial transplantation in non-
obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. In their
study, subcutaneous injection of colon cancer CD133* cells readily reproduced the
original tumor in NOD/SCID mice (Ricci-Vitiani et al. 2007; Mizrak et al. 2008).
The similar reports showed that the isolated primary tumor cells from 13 surgically
resected colon tumor specimens were cultured in serum-free CSC-selective condi-
tions and showed that the CD133* tumor cells gave rise to long-term tumor spheroid
that were CD133" cells and were able to self-renew and differentiate into adherent
epithelial lineages and recapitulate the phenotype of the original tumor. The spher-
oid cells were more resistant to the chemotherapeutic irinotecan than that of the
differentiated progeny (Fang et al. 2010). Also, the CD133 expression in colorectal
cancer is associated with some features attributable to stemness including enhanced
colony formation and cell motility, and there is plasticity of CD133 expression
(Elsaba et al. 2010).

However, CD133 is controversially discussed as putative marker for CSCs in
epithelial tumors including colorectal carcinomas, and the precise contribution
of CD133* CSCs in mediating colon cancer metastasis has remained controversial.
In generated knockin lacZ reporter mouse (CD133lacZ/+), the expression of lacZ
was driven by the endogenous CD133 promoters. Using this model and immunos-
taining, researchers discovered that CD133 expression in the colon is not restricted
to stem cells; on the contrary, CD133 was ubiquitously expressed on differentiated
colonic epithelium in both adult mice and humans. Both CD133* and CD133™ meta-
static tumor subpopulations formed colonosphere in vitro cultures and were capable
of long-term tumorigenesis in a NOD/SCID serial xenotransplantation model
(Shmelkov et al. 2008; Dittfeld et al. 2010). Furthermore, CD133 expressive varia-
tion in stem cells and CSCs were not limited to colon tissues. HSC, neural stem
cells, glioblastoma, and their corresponding CSCs also have been reported with
conflicting findings in the literature. For instance, the neural stem cell marker
CD133* is proposed as identifying cells within glioblastoma that can initiate neuro-
sphere growth and tumor formation; nevertheless, instances of CD133- cells exhibit
similar properties. Some PTEN-deficient glioblastoma tumors generate a series of
CD133* and CD133" self-renewing CSC types and show that both CD133* and
CD133- cells could constitute a lineage hierarchy, and that the capacities for
self-renewal and tumor initiation in glioblastoma need not be restricted to CD133*
population (Chen et al. 2010a).

The function and the mechanisms regulating CD133 expression remain unknown.
In light of this inconsistency in the research findings, one explanation may be hidden
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in the potential difference between the presence of mRNA and the CD133 protein
in epithelial cells or CD133 expression on stem cells may vary between species
(mouse vs. humans). Alternatively, this inconsistency may be due to the antibody
affinity and different glycosylation and/or splice variants of CD133. The half-life of
the beta-galactosidase relative to CD133 may also affect the readout in the knock in
situation. The utilization of destabilized forms of lacZ or GFP is to more accurately
determine expression patterns (Mark et al. 2008). In addition, in the previous studies,
the detection of CD133 was done using commercially available antibodies, which
may not recognize the full gamut of CD133 expression pattern. The antibody from
the different commercial companies may also identify the different epitopes. The
use of such commercial antibodies whose epitope and specificity have never been
thoroughly investigated could be one of reasons that inconsistent findings were
yielded in those experiments of the previous studies.

Nonetheless, there is increasing evidence that has indicated that the CD133
molecule is a specific marker (uniquely or in part) in isolation of CSCs that include
prostate cancer (CD44+/oc2[31hi/CD133+) (Kasper 2005), murine melanoma (CD133*/
CD44+/CD24*) (Dean et al. 2005; Kimberly et al. 2009), childhood acute lympho-
blastic leukemia (CD133*/CD19/CD38") (Cox et al. 2009), ameloblastic tumors
(CD133*/Bmi-1/ABCG2) (Kumamoto and Ohki 2010), HCC (CD133*/CD44+)
(Zhu et al. 2010), ovarian cancer (Curley et al. 2009), lung carcinoma (Eramo et al.
2008), etc. If CD133 expression is elevated, it may serve as a predictive marker of a
distant recurrence and a poor survival after preoperative chemoradiotherapy in the
residual rectal cancer (Yasuda et al. 2009). These data suggest that the CSCs are
heterogeneous in their CD133 expression and considerable overlap exists between
different organ stem cells and CSCs in their repertoire of gene expression (Goodell
et al. 1996). Thus, the identification of CD133" cells may thus be a potentially powerful
tool for investigating the tumorigenic process. Caution, however, should be exercised
when using the expression of CD133 as the primary means to identify CSCs.
This is due to the fact that the CD133 molecule may change during a culture process
and in any particular organ, such as the brain in which only CSCs express CD133
(Zhou et al. 2009).

Ch44

CD44 is a multifunctional protein involved in cell adhesion, motility, proliferation,
drug resistance, and cell survival (Marhaba and Zoller 2004; Afify et al. 2009) and
has been implicated in lymphocyte homing, wound healing, and cell migration, as
well as cancer cell growth and metastasis (Ponta et al. 2003; Ishimoto et al. 2009). It
is a primary receptor for hyaluronan (HA), a major component of the extracellular
matrix (ECM) where their interactions play a critical role in cell signaling in cancer.
The standard CD44 (CD44s) molecule is an 85- to 90-kDa transmembrane glycopro-
tein containing 10 standard exons, whereas tissue-specific splice variants (CD44v1-
10) contain the standard set and combinations of the 10 variable exons. HA has been
shown to be enriched in the stem cell niche and is also likely to play an integral role
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in the behavior of CD44 in CSCs (Stephen and Antonio 2010). Recently, CD44 has
been detected as a cell surface marker in CSCs of several solid tumors (Miletti-
Gonzdlez et al. 2005) including prostate cancer (Hao et al. 2010), head and neck
cancer (Prince et al. 2007), glioblastoma (Xu et al. 2010), and gastric cancer (Takaishi
et al. 2009). The CD44+* gastric cancer cells showed increased resistance for chemo-
therapy- or radiation-induced cell death. The data support the existence of gastric
CSCs that represent a possible therapeutic target for the tumor and the underlying
mechanisms for the emergence of CD44* CSCs during tumorigenesis. The CSC tum-
origenesis may involved in CD44* slow-cycling tumor cell expansion that is trig-
gered by cooperative actions of Wnt and prostaglandin E2 in gastric cancer (Takaishi
et al. 2009). CD44 molecule may also be detected as one of CSC markers such as
breast cancer (CD44*/CD24-"/Lin) (Al-Hajj et al. 2003), colon carcinoma
(EpCAM"/CD44+) (Dalerba et al. 2007), colorectal cancer (CD44+/CD24*) (Yeung
et al. 2010), prostate cancer CD44*a, 3 " CD133* (Collins et al. 2005), pancreas
cancer (CD44+/CD24*/ESA*) (Li et al. 2010), murine melanoma (CD133+/CD44+/
CD24*) (Dou et al. 2007), HCC (CD133*/CD44*) (Kumamoto and Ohki 2010), gas-
trointestinal stromal tumors (CD44+/CD24* Kit"") (Bardsley et al. 2010), ovarian can-
cer (CD44*/CD117* or CD133*/CD117*) (Zhang et al. 2008; Liu et al. 2010b), etc.
To validate the existence of CSCs, 100 dissociated nonadherent spheroid cells, which
were derived from disaggregated ovarian serous adenocarcinomas and cultured in
serum-free growth conditions, were injected into female athymic BALB/c nude mice
and the cells generated full recapitulation of the original tumor, whereas >10° unse-
lected cells (cultured in common growth conditions) remained nontumorigenic in
mice. To identify the CSC cell surface phenotype, spheroid immunostaining showed
significant up-regulation of the HA receptor CD44 and stem cell factor receptor
CD117 (c-kit), a tyrosine kinase oncoprotein. Similar to sphere-forming CSCs, inoc-
ulation of only 100 CD44*CD117* cells could also serially propagate their original
tumors, whereas 10° CD44-CD117- cells remained nontumorigenic in athymic
BALB/c nude mice. These findings provide a rational explanation for the observation
that epithelial ovarian cancers derive from a subpopulation of CD44*CD117* cells
representing an ovarian cancers development, progression, metastasis, and recur-
rence (Liu et al. 2010). The invasive CD44* prostate cells had increased expression
of Nanog, BMII1, and SHH, as well as a genetic signature similar to stem cells.
Interactions between CD44 and the ECM glycosaminoglycan HA have been tied to
pathways closely related to epithelial-to-mesenchymal transition (EMT), cancer, and
“stemness’ in head and neck, breast, and ovarian cancer cells (Klarmann et al. 2009).
The EMT is involved in a differentiation process crucial to normal development
and has been implicated in conferring metastatic ability on carcinomas. For
instance, following induction of EMT in human breast cancer and related cell lines,
these cells display the CD44®ieh/CD24%" phenotype and increase the ability of cells
to form mammospheres (Turner and Kohandel 2010). Consistent with this observa-
tion, CD44 promotes tumor cell resistance to reactive oxygen species-induced and
cytotoxic agent-induced stress by attenuating activation of the Hippo signaling path-
way and CD44 antagonists potently inhibit glioma growth in preclinical mouse models
(Xu et al. 2010). An another report, however, has indicated that the positivity of
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CD44 staining in 25 HCC specimens was significantly lower than in viral hepatitis
specimens but the positive rate of CD133 in HCC was similar to viral hepatitis speci-
mens (Lingala et al. 2010). Combined, these data demonstrate that the CD44 mole-
cule is at least one characteristic of CSCs across tissues and that CD44 target therapy
could be effective in CSCs.

CD24

CD24 is a small (27 amino acid single-chain protein), highly glycosylated cell surface
molecule that is linked to the membrane through a glycosylphosphatidylinositol
(GPI) anchor. Expression of CD24 in adult nonmalignant tissue is limited to B cells,
granulocytes, and the stratum corneum. Early results show that the increased prolife-
ration, cell adhesion, and migration when CD24- cell lines are made to express the
CD24 protein (Aigner et al. 1997). CD24 is overexpressed in many human carcino-
mas and its expression is linked to bad prognosis, such as tumor migration and
invasion. Recently, CD24 has been implicated in playing a part downstream of the
developmental hedgehog pathway that is often active in CSCs (Pirruccello and
Lebien 1986). In the ovarian study, a series of cancer cell clones were isolated from
ovarian tumor specimens of a patient and identified a subpopulation enriched for
ovarian CSCs defined by CD24 phenotype. These CD24* cell clones were heteroge-
neous in growth rate, cell cycle distribution, and expression profile of genes and
proteins. The experiments in vitro demonstrated CD24* cell clones possessed stem
cell-like characteristics of remaining quiescence and more chemoresistant compared
with CD24- cells, as well as a specific capacity for self-renewal and differentiation.
Injection of 5x10° CD24* cells was able to form tumor xenografts in nude mice,
whereas equal number of CD24~ cells remained nontumorigenic. CD24* cells
expressed higher mRNA levels of some “stemness” genes, including Nestin,
B-catenin, Bmi-1, Oct4, Oct3/4, Notchl, and Notch4. These data suggest human
ovarian tumor cells are organized as a hierarchy and CD24 demarcates an ovarian
cancer-initiating cell population (Gao et al. 2010). Liu and his colleagues detected
the side population (SP) fraction in BxPc-3, CFPAC-1, MIA PaCa-2, PANC-1, and
SW1990 pancreatic cancer cell lines by fluorescence activated cell sorting (FACS)
analysis and showed that the SP cells contained more CD44*, CD24*, and CD133*
cells than the non-SP cells. Since SP cells exhibited increased tumorigenetic ability
in BALB/C nude mice and increased chemoresistance following in vitro exposure
to gemcitabine. These data suggest that SP cells in the pancreatic cancer cell lines
possess the property of CSCs that higher expressions of CD44, CD24, and CD133
molecules and that the CD24 molecule may be one of biomarkers in CSCs (Yao
etal. 2010). Similar reports in CSCs include CD44+/CD24* colorectal cancer (Yeung
et al. 2010), CD44*/CD24*/ESA* pancreas cancer (Li et al. 2010), CD133*/CD44"/
CD24* murine melanoma (Dou et al. 2007), CD44*/CD24* Kit ¥ gastrointestinal
stromal tumors (Zhang et al. 2008), CD173*/CD174*/CD44* breast carcinomas (Lin
et al. 2010), etc.
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However, lack or low expression of CD24 was also used to identify CSCs resulting
in conflicting data on the usefulness of this marker (Kristiansen et al. 2010). Cancer
cells expressing the cell surface marker CD44 but not CD24 (CD44+/CD24-"°%)
were the first described breast cancer CSCs (Al-Hajj et al. 2003). CD44+/CD24-°¥
cells are generally enriched in basal subtype breast cancers as well as in cell lines
that have undergone EMT. In contrast, luminal type breast cancers that express
estrogen receptor-alpha (ERa) contain less than 1% CD44+*/CD24-"" cells. The
study demonstrate enrichment of CD44+/CD24- cells upon fractionated radiation of
ERa* breast cancer cell lines MCF-7 and T47-D (Nakshatri 2010). In addition,
CD44+/CD24" prostate CSCs cells that were able to migrate through matrigel had
suppressed CD24 expression. It is thus evident that these findings suggest that the
presence or absence of CD24 on the cell surface has been used as a marker for
putative CSCs.

CD138

Multiple myeloma (MM) is the leading cause of death in hematologic malignancies.
Most patients eventually relapse and die as a consequence of their disease despite
several novel agents improving therapeutic responses. Tumor regrowth following
initial reductions in disease burden suggests that tumor cells capable of clonogenic
growth are relatively drug resistant, and in several human cancers these functional
properties have been attributed to CSCs (Matsui et al. 2004). CD 138 (syndecan-1)
is expressed by MM cells from the majority of MM cell lines and patient specimens,
but the self-renewing cells responsible for tumor initiation in immunodeficient mice
phenotypically resemble memory B cells and are CD138~. The human MM cell
lines RPMI 8226 and NCI-H929 contain approximately 2-5% of total cells. These
small subpopulations that lack CD138 expression have greater clonogenic potential
in vitro than putative CD138* plasma cells. The D138~ cells derived from clinical
MM samples are similarly clonogenic both in vitro and in nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mice, whereas CD138* cells are not.
Thus, CSCs in MM have been well defined as CD138~ B cells with the ability to
replicate and subsequently differentiate into malignant CD138* plasma cells (Matsui
et al. 2004).

Other CD Molecules

In addition to CD133, CD44, CD24, and CD138, CSCs have been defined popula-
tions in prostate cancer (CD147*) (Hao et al. 2010), non-Hodgkin lymphoma
(CD47*) (Chao et al. 2010), HCC (CD90*) (Lingala et al. 2010a), osteosarcoma
(CD117*) (Adhikari et al. 2010), acute myeloid leukemia [CD32* or CD25* or both
(Saito et al. 2010) or CD34* CD38~ (Natasha and Markus 2009)], MM (CD138~
CD20*/CD27*) (Matsui et al. 2008), CD20* (classic Hodgkin lymphoma) (Oki and
Younes 2010), etc. Stuelten and his colleagues hypothesized that the NCI60 tumor
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cell line panel that includes cell lines derived from hematopoietic malignancies and
solid tumors including brain tumor, small- and non-small-cell lung cancer, central
nervous system, colon, breast, ovarian, melanoma, and prostate cancer contains
CSCs expressing putative CSC markers (CD15, CD24, CD44, CD133, CD166,
CD326). The investigative results showed that the expression levels of individual
markers varied widely across the 60 cell lines, and neither single marker expression
nor simple combinations nor co-expression patterns correlated with the colony-
formation capacity of cell lines and all investigated markers were expressed in cell
lines of the NCI60 panel. These tumor cell lines display CSC markers in a complex
pattern that relates to the tumor type (Stuelten et al. 2010). Clearly, more work is
required to determine the complexity and tumor type specificity of marker in CSCs.
Researchers will meet with more challenges for the application of cell sorting and
other approaches to isolation of putative CSCs and whether these CD molecules are
tissue dependent and a viable marker for identification and isolation.

ATP-Binding Cassette Transporters

Many putative stem cells have acquired the ability to withstand cytotoxic insults
through either efficient enzyme-based detoxification systems or with their ability to
rapidly export potentially harmful xenobiotics. The resistant tumor cells often over-
express one of several ATP-binding cassette (ABC) transporters. To date, about
50 human ABC transporters have been identified in a variety of mammalian cells,
which include multidrug resistance 1 (MDR1) (ABCBI1 or P-glycoprotein), MRP1
(the multidrug resistance protein 1, ABCC1), ABCBS, and ABCG2/BCRPI (breast
cancer resistance protein 1), etc. These protein expressions are associated with
MDR (Kim et al. 2002; Schinkel and Jonker 2003; Patrawala et al. 2005; Henriksen
et al. 2005). Technically, ABC transporters act to enable a cancer to escape the
cytotoxic effects of chemotherapy that kills most cells in a tumor but CSCs are
believed to leave behind, which might be an important mechanism of resistance.
Thus, the ABC drug transporters have been shown to protect CSCs from chemo-
therapeutic agents (Dean et al. 2005).

ABCG2

ABCG?2 is a half-transporter, requiring dimerization to become functionally active.
Unlike other ABC half-transporters, which are usually expressed in cellular mem-
branes, ABCG2 localizes predominantly to the plasma membrane (Rocchi et al.
2000). The chemotherapy agents and natural substrates can be transported by
ABCG?2 transporters that are widely distributed in normal tissues and are highly
expressed in a subpopulation of stem cells. Given that the ABCG2* subset of tumor
cells is often enriched with cancer stem-like cell phenotypes, it is proposed
that ABCG2 activity may enable cancer cells to regenerate postchemotherapy
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(Schinkel and Jonker 2003). Because the SP cell phenotype both in human and
mouse has also often been correlated with ABC expression, ABCG?2 is responsible
for Hoechst 33342 dye efflux pattern. Therefore, ABCG2 has been suggested as
one of CSC markers, and the expression of ABCG2 has been analyzed in various
cancer stem-like cells (Frank et al. 2005). For example, breast cancer SP cells that
have been recently isolated from the MCF-7 and Cal-51 cell lines are found to
possess ABCG2 transporter properties and may represent stem cell-like cancer
cells. The level of ABCG2 mRNA and protein was also reported to be increased in
purified MCF7 SP cells relative to non-SP cells, and the purified MCF7 SP cells had
an increased ability to colonize the mouse mammary gland (Diah et al. 2001). The
study from Christgen et al. indicated that the genuine nature of Cal-51 SP cells was
unambiguously verified by showing the 30-fold increased ABCG2-expression in
isolated Cal-51 SP cells, and by showing that Cal-51 SP cells generated heterolo-
gous non-SP cells, and the ABCG2~ expression declined dramatically. In contrast,
non-SP cells failed to sustain proliferation (Christgen et al. 2007). A serial reports
indicated that an elevated expression of ABCG2 has been observed in a number of
putative CSCs from retinoblastoma (Seigel et al. 2005), lung cancer (Ho et al. 2007),
human HCC cell lines (Zen et al. 2007), and pancreas cancer (Wang et al. 2009).
Additionally, CD133*/ABCG?2*, the widely identified CSC marker are co-expressed
in melanoma and pancreatic carcinoma cell lines (Monzani et al. 2007; Olempska
et al. 2007; Ding et al. 2010).

However, Patrawala’s study demonstrated that the highly purified ABCG2*
cancer had very similar tumorigenicity to the ABCG2- cancer cells, and that ABCG2~
cancer cells can also generate ABCG2* cells. Furthermore, the ABCG2™ population
preferentially expressed several “stemness” genes (Graf et al. 2002; Gou et al.
2007). A study by Zhang also reported that the ABCG2* cells did not exhibit its
obvious tumorigenic capability compared with the ABCG2- cells in Balb/c null
mice. On the proliferative capacity and clonal formative capacity in vitro, the
ABCG?2* cells and the ABCG?2~ cells shared similar characteristics, but a few of the
SP cells with high expression of ABCG2 molecule had CSC-like characteristics in
human ovarian A2780 cell line and in A549 lung cancer cells (Zhang et al. 2009;
Su et al. 2010a). Together, these findings suggest that ABCG2 expression is a con-
served feature of stem cells or cancer stem-like cells from a wide variety of sources.
ABCQG?2 is an attractive candidate marker useful for identifying and isolating stem
cells and CSCs.

ABCBS5

ABCBS is a chemoresistance mediator first identified and characterized in human
skin and human malignant melanoma. Recently, the studies of Frank and Schatton
indicated that ABCBS was a novel molecular marker for a distinct subset of
chemoresistant, stem cell phenotype-expressing tumor cells among melanoma bulk
populations (Stuelten et al. 2010; Su et al. 2010a). In serial human-to-mouse xeno-
transplantation experiments, ABCB5* melanoma cells were found to possess greater
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tumorigenic capacity than ABCBS5™ bulk populations and re-establish clinical tumor
heterogeneity. In vivo genetic lineage tracking demonstrated a specific capacity of
ABCBS5* subpopulations for self-renewal and differentiation, because ABCB5* can-
cer cells were able to generate both ABCB5* and ABCBS5~ progeny, whereas
ABCBS5™ tumor populations could only, exclusively to ABCB5~ cells and at lower
rates. Recently, the studies indicated that a significant overexpression of ABCBS5
was noted in tissues from lymph node and distant metastases compared with benign
nevi from patients with melanoma, whereas none of the benign nevi of nonmela-
noma patients demonstrated expression of ABCBS5 (Schatton et al. 2008), and that
ABCBS blockade significantly reversed resistance of G3361 melanoma cells to
doxorubicin. Therefore, ABCB5 is a novel molecular marker for a distinct subset of
chemoresistant, stem cell phenotype-expressing tumor cells among melanoma bulk
populations (Sharma et al. 2010). Together, ABCBS, including both ABCB 5a and
ABCB 58, is potentially a robust CSC biomarker in melanoma (Frank et al. 2005).
More experiments, however, are still needed to verify these findings because the malig-
nant CD34* CD38" stem cells were shown to express higher levels of ABC transporter
genes, including ABCB1, ABCB4, and ABCBS5 (Natasha and Markus 2009).

EpCAM

The epithelial cell adhesion molecule (EpCAM/CD326) was described 30 years ago
as a dominant antigen in human colon carcinoma tissue (Chen et al. 2005). EpCAM
is a homophilic, Ca**-independent adhesion molecule with an apparent molecular
weight of EpCAM is a glycosylated, 30- to 40-kDa type I membrane protein of 314
amino acids, which is comprised of an extracellular domain with epidermal growth
factor (EGF)- and thyroglobulin repeat-like domains, a single transmembrane
domain, and a short 26-amino acid intracellular domain. EpCAM is expressed in a
variety of human epithelial tissues, cancers, and progenitor and stem cells (Herlyn
et al. 1979), thus it is one of the markers that identifies tumor cells with high tumori-
genicity. Recent studies provide the evidence that the HCC growth and invasiveness
was dictated by a subset of EpCAM* cells (Miinz et al. 2005). For instance, the
sorted EpCAM* subpopulation from HCC cell lines or HCC specimens identified
(Kimura et al. 2010) by the fluorescence-activated cell sorting showed a greater
colony formation rate than the sorted EpCAM™ subpopulation from the same cell
lines or HCC specimens, and displayed hepatic CSC-like traits. Moreover, a smaller
number of EpCAM?* cells (minimum 100) than EpCAM- cells were capable of ini-
tiating highly invasive HCC in NOD/SCID mice. The bifurcated differentiation of
EpCAM" cell clones into both EpCAM* and EpCAM- cells was obvious both
in vitro and in vivo, but EpCAM- clones sustained their phenotype (Miinz et al.
2005). More interestingly, the introduction of exogenous EpCAM into EpCAM*
clones, but not into EpCAM- clones, markedly enhanced their tumor-forming
ability. Therefore, these results suggest that the EpCAM?* cells are biologically quite
different from the EpCAM- cells in HCC cell lines or HCC specimens, and
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preferentially contains a highly tumorigenic cell population with the characteristics
of CSCs. The study of Wang et al. indicated that the established characterization of a
novel cell line (CSQT-2) with high metastatic activity derived from portal vein tumor
thrombus of HCC also showed varied expression of CSC markers such as CD133,
CD90, and EpCAM (Yamashita et al. 2009). Moreover, human embryo kidney (HEK)
293 cells expressing full-length EpCAM generated large tumors in 100% of ani-
mals, whereas only one out of eight injected mice developed a small tumor with
control transfected HEK293 cells (Wang et al. 2010). The murine homolog of
EpCAM, however, led to decreased growth, colony formation, and invasiveness of
murine colorectal carcinoma cells, whereas overexpressed human EpCAM solely
impaired invasiveness (Basak et al. 1998; Maetzel et al. 2009). Hence, there are
marked differences between the species in the oncogenic potential and effects on
invasiveness of EpCAM, which may depend on the different experimental system
(Lugli et al. 2010). Although expression of human EpCAM is evidently associated
with increased proliferation of CSCs, the effects of EpCAM expression on CSC
metastatic activity and invasiveness seem to be more complex.

ALDHI

A high activity of aldehyde dehydrogenase-1 (ALDH1), the enzyme responsible for
the oxidation of intracellular aldehydes, has been shown to be a marker for normal
stem cells and CSCs in MM and leukemia patients with high capability of engraft-
ment into NOD-SCID mice (Osta et al. 2004). In breast cancer, CSCs are identified
by the cell-surface markers CD44+/CD24-/EpCAM* and/or possess ALDH1 enzyme
activity. ALDH1-positive CSCs mediate metastasis and poor clinical outcome in
inflammatory breast cancer (IBC). Charafe-Jauffret et al. showed that CSCs were
isolated from SUM149 and MARY-X, an IBC cell line and primary xenograft and
ALDHI activity was analyzed, and invasion and metastasis of CSC populations
were assessed by in vitro and mouse xenograft assays. The results indicated that
both in vitro and xenograft assays, invasion and metastasis in IBC are mediated by
a cellular component that displays ALDHI activity. ALDH1 expression in IBC or
breast cancer was an independent predictive factor for early metastasis and decreased
survival in this patient population. The metastatic, aggressive behavior of IBC may
be mediated by a CSC component that displays ALDH enzymatic activity (Ginestier
et al. 2007; Charafe-Jauffret et al. 2010). Su and his colleagues investigated the stem
cell-related function and clinical significance of the ALDH1AT in bladder urothelial
cell carcinoma. Stem cell or stem-like cancer cell characteristics of the ALDHIA1" cells
were assessed by in vitro and in vivo approaches. They used immunohistochemistry
assay to evaluate ALDH1A1 expression on 22 normal bladder tissues and 216 bladder
tumor specimens of different stage and grade. The results indicated that ALDH1A1*
cancer cells displayed higher in vitro tumorigenicity and generated xenograft tumors
that resembled the histopathologic characteristics and heterogeneity of the parental cells,
whereas isogenic ALDH1A1- cells did not have the effect in the same experiments.
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Moreover, the ALDH1AT1 expression was inversely associated with cancer-specific
and overall survival of the patients. Therefore, ALDH1A1 may serve as a useful
marker for identifying CSCs in bladder cancer patients and monitoring the progres-
sion of bladder tumor (Kawasaki et al. 2010). Furthermore, clusters of CD133*/
ALDHP"z" cells were identified in HCC specimens and dysplastic tissues as well (Su
et al. 2010a, b). ALDH1 positive CSCs may also be a source of rapidly dividing
progeny cells having a biological aggressive phenotype in breast cancer, head and
neck squamous cell cancer, neuroblastomas, and colorectal cancer cell lines
(Ginestier et al. 2009; Lingala et al. 2010; Lugli et al. 2010; Chen et al. 2010b).
Besides, only the presence of ALDH1 positive cells is associated with poor clinical
outcome in breast cancer (Wesbuer et al. 2010) or with malignant transformation in
ovarian cancer (Penumatsa et al. 2010).

CXCR4

The human chemokine system is currently known to include more than 40 chemok-
ines and 18 chemokine receptors. Chemokine receptors are a family of seven trans-
membrane G protein-coupled cell surface receptors (GPCR) that are classified into
four groups (CXC, CC, C, and CX3C) based on the position of the first two cysteines
(Emmanuelle et al. 2000). CXCR4 is one of the best studied chemokine receptors
and is a 352-amino acid rhodopsin-like GPCR that selectively binds the CXC
chemokine stromal cell-derived factor 1 (SDF-1), also known as CXCL12 (Zlotnik
and Yoshie 2000). CXCR4 is expressed on normal stem cells of various organs and
tissues. Interestingly, when CXCR4 is expressed in a variety of cancers, its expres-
sion in adjacent normal tissue is minimal or absent, which may explain why some
tumor cells express CXCR4 and why many researchers suggest that malignant cells
may be derived from CXCR4-expressing normal stem cells (Fredriksson et al.
2003). A growing body of evidence now shows that CXCR4 has a role not only in
cancer metastasis but also in regulating CSCs (Muller et al. 2001). A study of
Chauchereau et al. showed that by culturing human prostate primary tumor cells
onto human epithelial ECM, they successfully selected a new prostate cancer cell
line, IGR-CaP1 cells, which harbor a tetraploid karyotype, high telomerase activity
and mutated TP53, rapidly induced subcutaneous xenografts in nude mice. Moreover,
IGR-CaP1 clones exhibit the original features of both basal prostate tissue and
CSCs, which are reported to be prostate CSC markers that express high levels of
CD44, CD133, and CXCR4 (Furusato et al. 2010). Since the interactions between
the SDF-1-CXCR4 is a master regulator of trafficking of both normal stem cells and
CSCs, CXCR4 is expressed on the surface of CSCs, as a result, the SDF-1-CXCR4
axis is also involved in directing their trafficking/metastasis to organs (e.g., lymph
nodes, lungs, liver, and bones) that highly express SDF-1. If the metastasis of CSCs
involve similar mechanisms, strategies aimed at modulating the SDF-1-CXCR4
axis could have important clinical applications in clinical hematology/oncology to
inhibit metastasis of CSCs. Supporting this is experimental evidence that serum-free
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media in the presence of SDF-1 protected the breast cancer cells from apoptosis and
CXCR4-low-expressing MCF-7 formed small tumor at inoculated site in SCID
mice 8-9 weeks after inoculation while completely failed to metastasis into various
organs, whereas CXCR4-high-expressing MDA-231 cells were most efficient in the
formation of a large tumor and organ-metastasis within 3 weeks in SCID mice
(Chauchereau et al. 2011). Up to date, CXCR4-expressing CSCs have been identified
in breast cancer (Hwang-Verslues et al. 2009), HCC (Dewan et al. 2006), prostate
cancer (Tomuleasa et al. 2010), melanoma (Hirbe et al. 2010), pancreatic cancer
(Kucerova et al. 2010), acute myeloid leukemia (Mueller et al. 2010), neuroblas-
toma (113), etc. From a basic science perspective, a great deal remains to be learned
about CXCR4 and its association with CSCs, and the role of CXCR4 in various
CSCs has yet to gain widespread investigation.

Telomerase

Telomerase is expressed during early development and remains fully active in specific
germline cells, but is undetectable in most normal somatic cells. High level of telom-
erase activity is detected in almost 90% of human tumors and immortalized cell
lines. The telomere and telomerase system is critical for the biology of normal HSCs.
Genetic instability associated with telomere dysfunction (i.e., short telomeres) is an
early event in carcinogenesis, resulting in increased risk of myelodysplastic syn-
drome (MDS) and acute myeloid leukemia (AML). The length of telomeres can
serve as a genetic damage marker and could be a potential clinical marker of neoplasia
and CSCs (Konoplev et al. 2007; Gancarcikova et al. 2010; Brennan et al. 2010 and
Wesbuer et al. 2010). Brennan and his colleagues demonstrated that clonotypic B
cells can engraft and recapitulate disease in SCID mice, suggested that these cells
serve as the MM CSCs that share functional features with normal stem cells such as
drug resistance and self-renewal potential. Since telomerase activity is required for
the maintenance of normal adult stem cells and is a common feature of nearly all
human cancers, they examined the activity of the telomerase inhibitor imetelstat
against MM CSC. Human MM CSC were isolated from cell lines and primary clini-
cal specimens and treated with imetelstat that is a specific inhibitor of the reverse
transcriptase activity of telomerase and resulted in a significant reduction in telomere
length and the inhibition of clonogenic MM growth both in vitro and in vivo. The data
suggest that telomerase activity serves as not only a novel biomarker in MM CSCs
but also regulates the clonogenic growth of MM CSCs (Gancarc¢ikovd et al. 2010). In
neuroblastoma cell lines CHLA-90 and SK-N-SH or prostate cancer cell line IGR-
CaP1, high telomerase activity is one distinct CSC feature and in combination with
stem cell markers like CD133, ALDH-1 and SP cells, which may be useable to
investigate the impact of telomerase activity on CSC survival under therapy (Brennan
et al. 2010). Therefore, an understanding of telomere dynamics and telomerase activ-
ity in normal and CSCs may provide additional insights into how tumors are initi-
ated, and how they should be monitored and treated (Wesbuer et al. 2010).
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SP Cells

SP cells usually represent only a small fraction of the whole cell population that is
identified by efflux of Hoechst dye and are present in virtually all normal and malig-
nant tissues (Shay and Wright 2010). SP cell properties have shown to possess some
stem cell characteristics. The studies of the hematopoietic origin and some solid
tumors have provided evidence that SP cells not only have been identified in cancer
cell lines (e.g., neuroblastoma, Goodell et al. 1996), melanoma (Hirschmann-Jax
et al. 2004), ovarian (Grichnik et al. 2006), and nasopharyngeal cancer cell lines
(Szotek et al. 2006), but also have been used for identification of CSCs [e.g., hepato-
cellular cancer (Wang et al. 2007), glioma (Kondo et al. 2004; Chiba et al. 2006),
myeloma (Dou et al. 2009a), melanoma (Dou et al. 2009b), prostate cancer (Collins
et al. 2005a), murine mantle cell lymphoma (Vega et al. 2010), small-cell lung cancer
(Salcido et al. 2010), and breast cancer (Nakanishi et al. 2010)]. Noteworthy, there
has also been a heightened controversy over the expression of SP markers in tumor
tissue samples compared with cell lines. Burker et al. demonstrated that the SP pheno-
type as a universal marker for stem cells should not be applied to gastrointestinal
cancer cell lines (Burkert et al. 2008). They tested four gastrointestinal cancer cell
lines (HT29, HGT101, Caco2, and HRA19al.1) for detailed phenotypic and behavioral
analyses of stem cell characteristics. Sorted SP and non-SP cells were similarly
clonogenic in vitro and tumorigenic in vivo, and both displayed similar multipotential
differentiation potential in vitro and in vivo. The similar result was acquired in the
aggressive brain tumor glioblastoma multiforme (GBM) (Broadley et al. 2010).

Besides, Hoechst 33342 dye itself induces SP cell apoptosis and the SP cells
isolated by such method have limited uses. For accurate assessment, SP cells must
be isolated without Hoechst 33342 (Burkert et al. 2008).

Despite some limitations, 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 wi