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ABSTRACT

In the first part of the study, I developed a model to study the CSC/TIC
population of the A431 cell line based on the capability of these cells to
form spheres in suspension.

Putative A431 CSC/TIC were characterized for ‘stemness’ properties such
as self-renewal and clone forming capability, presence of a SP and ALDH
enzymatic activity, putative stem cell marker expression and in Vvivo
tumorigenicity. The results indicate that the growth of A431 cells, as
spheres, was not sufficient by itself to define a stem like population, but it
was essential for the emergence of a small population of tumour cells with
CSC properties. |

Then, I investigated CSC/TIC in Epithelial Ovarian Cancer (EQC), with a
focus on CD133 and CXCR4 molecules.

In a wide range of primary EOC and ascites the expression of CD133 and
CXCR4 was found restricted within two separate subpopulations of tumour
cells.

Enrichment in mRNA levels of OCT4, NANOG and NESTIN wa;é, obéerved
with good reproducibility in CXCR4 positive cells, whereas it was more
variable in CD133 positive cells. Real Time analyses of ABC transporter
expression showed there was a slight increase in CXCR4 positive cells
while in CD133 positive cells this increase was much more evident,
revealing a clear difference between CXCR4 and CD133 subpopulations in

" term of chemoresistance potential.



Furthermore positive cells isolated from xenograft—derived ascites and
sorted for CXCR4 and CD133 were not characterized by higher tumorigenic
capacity.

In summary, no correlation between CD133 positivity and the ovarian
cancer stemness phenotype was found. However detection of CD133
positive cells may be useful to predict the efficacy of specific cytotoxic
therapy.

On the contrary, CXCR4 positive cells may identify those tumour cells
which maintain a partially un—differentiated state (high levels of stem cell
marker expression) and possibly responsible for tumour invasion and

metastasis.
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CHAPTER 1

INTRODUCTION

Normal and cancer stem cells

“The simplest view appears to me undoubtedly to be that in an
early stage of embryonic development more cells are produced
than are required for building up the part concerned, so that there
remains inappropriate a quantity of cells, it may be very few in
number, which, owing to their embryonic character, are endowed
with a marked capac.ity for proliferation... the real cause of the
subsequent tumour is to be sought in a fault or irregularity of the

embryonic rudiment.”

JULIUS COHNHEIM, 1889



1.1 | Stem cells in the life of an organism.

Embryonal, germinal and somatic stem cells

There are three kinds of stem cells: embryonal, germinal, and somatic or
adult stem cells (6). Embryonal stem cells (ES) derive from the first five or
six divisions of the fertilized egg. The progeny of embryonal stem cells are
the precursors for all of the cells in the adult organs. The unicellular zygote
i1s recognized to be the first stem cell in a human life and is identified as
being totipotent, due to its ability to generate an entire organism (7). After
about four days these totipotent cells begin to specialize, forming a
“structure of cells” called the morula. The first recognized differentiation
event in development occurs at the late morula stage, when the outer cell
layer of the embryo adopts epithelial features and initiates the formation of
blastocysts that contains two cell types: trophectoderm and inner cell mass
(ICM) (8) (FIG. 1.1). The trophectoderm gives rise to the trophoblast, while
the ICM undergoes a second differentiative step to form the epiblast and
the endoderm, thereby progressing toward the blastocyst stage (9). The
epiblast or primitive ectoderm further gives rise to the embryo, while the
primitive endoderm develops into the extraembryonic endoderm, which
provides nutrient and developmental cues to the embryo and contributes,
together with the trophectoderm, to the development of the yolk sack and

placenta.
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Figure 1.1: Differentiation event during embryo development. Figure from (1)

At the blastocyst stage ICM stem cells are no longer totipotént but are
recognized as being pluripotent (10) (1). This partial commitment in
combination with the sirhilarities observed between mouse and human ES
cells suggest that human ES cells are actually equivalent to the early post-
implantation epiblast, rather than its ICM progenitor (11). During further
embryonic development, a gradient of decreased regenerative potential is
produced and distributed in specific stem cell compartments in a developing
embryo. This decrease in regenerative capability leads to a subsequent loss
of totipotency but a concurrent retention of pluripotency by stem cell in the
embryo, in a poorly understood process called determination. The next
recognized landmark during embryonic differentiation is gastrulation, when
the epiblast is transformed into the three germ layers of the embryo
(ectoderm, mesoderm, and endoderm) and the basic body plan of the animal

is established (12). The remaining events of embryogenesis, a major part of
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which is organogenesis, rely of the functioning of localized stem cells that
together are committed to generate specific organs in response to

surrounding microenvironment or niche (13) (14) (15) (16) (FIG. 1.2).
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Figure 1.2* Differentiation of human tissues (Image from www.ncbi.nlm.nih.gov)

The formation of germ cells during embryogenesis is of crucial importance
for the maintenance of every species. Development of germ cells begins
with the specification of the primordial germ cells. Primordial germ cell
(PGC) specification or formation marks the initiation of the life cycle of the
germ cell lineage in all species. The multipotent germ cells, derived from
PGC, have been identified in neonatal gonads, testes, and ovaries in mouse
and human (17) (18).

Germ cells in the male enter into mitotic arrest and are reactivated to

initiate spermatogenesis after birth (6). Spermatogenesis continues during
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adult life in most males, but whether these stem cells self-renew or
differentiate is heavily influenced by surrounding somatic cells, in a
microenvironment often referred to as a stem cell niche. The continuation
of the spermatogenic process throughout life relies on the proper regulation
of self-renewal and differentiation of the spermatogonial stem cells.

After birth, male germline stem cells develop into spermatogonial stem
cells (SSCs). They can self-renew and generate a large number of
differentiated germ cells. These cells could be reprogrammed to embryonic
stem cell-like cells and can spontaneously differentiate into derivates of all
three germ layers in vitro (19). These lines of evidence clearly suggest the
pluripotency of germ cells in all stages of development.

Although males retain germline stem cells (GSCs) for spermatogenesis
throughout adult life, oocytes production in females of most mammalian
species is believed to cease before birth (17) (20). A central dogma of
mammalian reproductive biology is that females are born with a finite, non-
renewing pool of germ cells, all of which are arrested in meiosis I (oocytes)
and are enclosed by somatic cells in structures referred to as follicles (17).
Oocyte numbers decline throughout postnatal life (20) through mechanisms
involving apoptosis (21), eventually leaving the ovaries devoid of germ
cells. In humans, exhaustion of the oocyte reserve occurs around the fifth
decade of life, driving the menopause (22). The process that is believed to
occur in female mammals with respect to germ-cell development differs
from that of several invertebrate organisms, including Drosophila

Melanogaster, in which GSCs maintain oocyte production in adult ovaries
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(23) Interestingly, a new line of research has recently established the
existence of proliferative germ cells that sustain oocyte and follicle
production in the postnatal mammalian ovary (24) (25).

While diversification of cell types is largely complete at or shortly after
birth, many tissues in the adult undergo self renewal and accordingly must
establish a life-long population of relatively pliable stem cells. It is
generally accepted that adult tissues contain tissue—determined stem cells
or somatic stem cells responsible for normal tissue renewal (26) (24) (27).
The effective maintenance of a population of healthy stem cells within a
particular tissue involves the concurrent operation of multiple genetic and
epigenetic factors, along with stringent controls within each niche, that
create perfect harmony among the different cells of various organ system
(28). It has become apparent that adult stem cells not only reside and
function in highly regenerative tissues like the bone marrow, intestine and
epidermis, but are also found in tissues of low cell turnover, such as neural,
liver, prostate and pancreas.

In adult tissues, somatic stem cells function is the maintenance of tissue
homeostasis by replenishing functional tissue cells lost by apoptosis (29)
(30). Following injury, normally quiescent adult stem cells undergo cell
division producing transit amplifying (TA) cells that rapidly proliferate to
repair the lost tissue with sufficient numbers of functional differentiated
cells. In some cases, such as liver and pancreas, fully mature cells have the
capacity to revert to a proliferative phenotype to effect tissue replacement

in a poorly understood process (31). It appears that mature cells may de-
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differentiate into stem-like cells with a concomitant change In
transcriptional profile or fully mature cells have latent stem cell capacities

(32).
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1.2 Possible origins of cancer stem cells

1.2.1 Concept of cancer stem cells

The term cancer stem cells (CSCs) is used to indicate a tumour-—initiating
cell subset that can give rise to a heterogeneous progeny, similar in
composition to the tissue from which it was originally isolated.

Like their normal tissue counterparts, tumours are composed of
heterogeneous populations of cells that vary in their apparent state of
differentiation. This observation suggests that tumours are not a simple
monoclonal expansion of cells, but might be similar to abnormal organs
sustained by a mutated “cancer stem cell” population, which is endowed
with the ability to self-renew and undergo aberrant differentiation (33).
This hypothesis is further emphasized by the fact thét cancer 1s known to
result from the accumulation of multiple genetic mutations in a single target
cell, sometimes over a period of many years (34). Because stem cells are
the only long-lived cells in many organs, they are the natural candidates in
which early transforming mutations may accumulate.

How CSCs arise in tissue and progress to éive rise to a new organ / tumour
is a hot field of investigation. Research over the last decade has tried to
associate cellular mechanisms with mutagenic effects leading to the
emergence of CSCs. The possibilities that emerge include: transformation
of normal stem cells, or transformation of a local pool of early progenitors
that re—acquire self renewal properties or a series of effective mutations

that render committed transient—amplifying (TA) progenitor immortal (de—
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differentiation) (35) and, finally, the possible fusion of circulating bone
marrow defived stem cells with tissue residing cells (36).

The relative abundance of TA progenitor cells makes them likely
candidates for initial transforming events. Several lines of evidence support
the concept that a committed progenitor can be the cancer-initiating cell as
a result of oncogenic transformation (37).

Similarly the preservation of the expression of cell surface markers
between normal and cancer stem cells suggests that normal tissue stem
cells may be the targets of oncogenic transformation (37).

Although no direct experimental evidence is currently available for the cell
fusion origin of CSCs, cell fusion has been shown to be one of the
mechanisms for the apparent cellular plasticity associated with tissue stem
cells (38). Conceptually, cell fusion between stem cells and mutated cells
might lead to regaining of self-renewal capacity to allow further
accumulation of transforming mutations (39).

Future studies are necessary to provide definitive evidence for identifying
the origin of CSCs. It is also important to remember that the possible
origins for CSCs are not mutually exclusive; demonstrating one model for
the formation of CSCs in a given system does not necessarily exclude other

mechanisms (FIG. 1.3).
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Figure 1.3: Possible origin of CSCs

The observations that classically define the existence of a CSC population
are that: 1) only a minority of cancer cells within each tumour are usually
equipped with tumorigenic potential when transplanted into immunodeficient
mice; 2) although tumours originate from a single transformed cell, the
cancer cells within tumours may also display different phenotypes,
somewhat reminiscent of the normal tissue from which they originate (40)
and, finally, 3) tumours derived from tumorigenic cells contain mixed
populations of tumorigenic and non—-tumorigenic cancer cells, recreating the

phenotypic heterogeneity of the parental tumour.

In conclusion, cancer can be thought of as a disease resulting from
abnormal growth and from chronic activation of stem cells, leading to the

long term proIiferation of these cells. The abnormally dividing stem cell

18



could be subject to additional genetic events (repression of tumour
suppressor genes and activation of oncogenes), leading to autonomous
growth, the loss of cell cycle regulation and resistance to apoptosis, all well

understood properties of cancer cells (33) (41) (FIG. 1.3).
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1.2.2 Cancer stem cell theory

Although monoclonal in origin, most tumours appear to contain a
heterogeneous population of cancer cells. This observation is traditionally
explained by postulating variations in tumour microenvironment and
coexistence of multiple genetic subclones, created by progressive and
divergent accumulation of independent somatic mutations.

Two general modéls of heterogeneity in solid cancer cells have been
assumed (FIG. 1.4). The stochastic model supposes that each population of
cells within a heterogeneous tumour has an equal but extremely low
tumorigenic potential (42) (FIG. 1.4a). In this regard, tumour progression is
a constant process based on the positive selection of genetically unstable
clones that guarantees a survival advantage on a tumour within its
surrounding microenvironment. The stochastic model also accounts for the
emergence of drug resistance during chemotherapy through selection of
cells with genotypes that allow survival from the drug insult (43).

The fact that from organ specific stem cells derived all the differentiated
cell of a given organ has led the proposal of a stem cell hierarchical model
for tissue development, maintenance and repair. Deriving from this, is the
hierarchical cancer stem cell model (FIG. 1.4b), which proposes that the
tumorigenic potential of tumours is limited to a very small clonogenic
population of cells, the CSCs (1), whereas the large population of cancer
cells, descendants of CSCs, do not have self renewal capacity and are

organized in the form of hierarchy. This model postulates that not all cells
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In a tumour are equal and the tumorigenic cells are a rare subset with a

distinct phenotype.
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Figure 1.4: image from (2)

It was first fully document;:d for leukaemia and multiple myeloma that only
a small subset of cancer cells is capable of extensive proliferation (44)
(45). It has also been shown for solid cancers that the cancer cells are
phenotypically heterogeneous and that only a small proportion of cells are
clonogenic in culture and in vivo (46) (47) (48).

Existing therapeutic approaches have been mainly based on the stochastic
model, but the failure of these therapies to cure most solid cancers
suggests that the hierarchical CSCs model may be more accurate.

The large number of tumour types with a subpopulation of exclusively
tumorigenic and therapy resistant cells suggests that, despite the
unanswered questions, the CSC hypothesis has a rightful role to play in
tumour biology. At the same time, experimental evidence supporting the

established alternative theory of clonal evolution can be found as well.
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Therefore, a model that describes cancer initiation and progression should

combine elements of clonal evolution and CSC theory.

1.2.3 Rethinking the concept of CSCs

The theories proposed by Campbell and Polyak (49) and Adams and
Strasser (50) have tried to combine the competing models of clonal
evolution and CSCs. According to these, evidence can be found for both
models and their prevalence‘ is probably unique to every tumour and may
essentially change as the tumour progresses. Although CSCs seem to be a
special subset of cancer cells, recent studies show that CSCs themselves
are still a heterogeneous population with different biological properties and
that multiple populations with CSC characteristics can coexist in the same
tumour. Ma et al. investigated hepatocellular carcinoma (HCC) cell lines and
were able to separate subpopulations with different tumorigenic potential
based on CD133 and ALDH expression (51), which however contradicts the
original CSC hypothesis of just one population with tumour forming
capabilities. Herman et al found_that CD133+ CXCR4- and CD133+ CXCR4+
pancreatic cancer cells do not differ in tumorigenicity, but only the
CD133+ CXCR4+ population migrates and metastasizes (52). The CSC
hypothesis explains this heterogeneity with the existence of cancer
progenitor cells, which still possess some residual stem cell traits. Whether
the heterogeneity of the CSC population is caused by clonal evolution or

partial differentiation of the cancer initiating cell is difficult to prove.
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It is also becoming clear that several properties, which we thought were
intrinsic to CSCs, are modulated by the microenvironment of the cancer
cells (53) (54) and such key traits as metastasizing and growth (39) may
depend on the normal stromal cells that interact with the cancer cells (55)

(Table 1.A).
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Table 1.A: Evidences supporting and contradicting the stem Cells and Cancer Stem

hypothesis (adapted (5))

Experimental evidence

Supporting the CSC hypothesis

Contracdicting the CSC hypothesis

Large number of cells are needed for

xenotransplantation of tumours

In congenic transplantations substantially

fewer cells are needed

The required number of putative CSC for
xenotransplantation of tumours is
relatively small

Xenograft tumours can be serially
transplanted, but only with the CSC
subpopulation

NON-CSC populations do not initiate
tumour growth in vivo, or require more

cells than the CSC population to do so

Transplantability of malignancies is not
restricted to one subpopulation in congenic

transplantations

A small fraction of tumour cells are
capable of sustained growth under stem

cell culturing conditions

CSC markers do not identify a pure CSC

population

CSCs have higher clonogenicity in vitro

The CSC population is heterogenous in
itself, with differences in metastatic and

tumorigenic potential

Cultured CSCs can give rise to progeny

with non—-CSC phenotypes

CSCs have intrinsic in vitro and in vivo

therapt resistance
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1.3 Stem cells and cancer stem cell properties:

similarities and variations

To understand the biology of cancer stem cells, we need to define the

unique properties of normal stem cells. Adult stem cells play pivotal roles

in mammalian tissue and are identified through three distinctive properties:
» SELF-RENEWAL: the ability to undergo division and form new cells

with a potential identical to the mother cell (56).

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

differentiated cells (57).

| = HOMEOSTASIS: the ability to regulate and balance differentiation
and self-renewal in the tissue or organ (58).

This unique combination of properties imparts to stem cells a continuing
role during the entire life of an organism and ensures that all developed
tissues harbour stem cells. The regulation of stem cells in an adult is tightly
controlled, to allow for the growth replenishment of tissue and to permit
their repair after damage occurred. The critical balance of self renewal and
differentiation is achieved by specific gene expression programs of stem
cells, which regulate activation and/or inactivation of mechanism allowing

the maintenance of the pluripotent state or permitting differentiation into
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more specialized states. A disruption in such homeostatic plan can lead to
the abnormal state of cancer (59).

In normal tissue three different compartments can be described: 1) a self
renewal compartment with quiescent stem cells. These “reserve” stem
cells are very few in number as most of the cellular renewal is
accomplished by tissue determined transit—amplifying cells. 2) A
proliferative compartment with proliferating TA cells with a limited self-
renewal potential and 3) a terminal compartment with differentiated cells or
apoptotic cells (30).

Diverse poorly—-differentiated adult stem/progenitor cell types, which have
generally a small size relative to the terminally differentiated cells and
express specific stemness markers have recently been identified in the
most mammalian tissues/organs (14) (60) (61) (62). Among the tissues and
organs harboring a very small number of specific multipotent and
undifferentiated adult stem/progenitor cells, there are BM, vascular walls,
adipose tissues, skeletal muscles, heart and brain as well as epithelium of
lung, liver, pancreas, digestive tract, skin, retina, breast, ovaries, prostate
and testis (14) (60) (61) (62). All of the multipotent or bipotent adult
stem/progenitor cell types display a long-term self-renewing capacity and
can give rise to all of mature and specialized cell types of distinct lineages
in the tissues/organs from which they originate. Despite certain adult
stem/progenitor cells found in BM, skin and gastrointestinal tract usually
show a rapid turnover to replenish the cell loss along lifespan, other adult

stem/progenitor cell types remain under a quiescent state and rarely divide
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in normal conditions, and undergo only a sustained proliferation after
intense tissue injuries. Prevailing models assume the existence of a single
quiescent population of stem cells residing in a specialized niche of a given
tissue. Emerging evidence indicates that both quiescent (out of cell cycle
and in a lower metabolic state) and active (in cell cycle and not able to
retain DNA labels) stem cell subpopulations may coexist in several tissues,
in separate yet adjoining locations (63) (64) (65). In the zoned stem cell
model, active stem cells are the primed subpopulation that account for most
of the replenishment of corresponding tissues, whereas quiescent stem
cells function as a backup or reserve subpopulation (65) (66). This reserve
population can be activated either by a stochastic mechanism (65) or by
feedback upon loss of active stem cells or extensive tissue damage (66).
The combination of these reciprocal backup systems would provide a
robust mechanism to ensure a high rate of physiological self-renewal as
well as flexible damage repair, after which the original hierarchy could be

re—established.

1.3.1 Self Renewal

The key properties of stem cells , indefinite self-renewal and multilineage
potential, were first discovered in the bone marrow and described
experimentally in the 1961 (67).

Self-renewal is the process by which a stem cell divides asymmetrically or
symmetrically to generate one or two daughter stem cells that have a

developmental potential similar to the mother cell (68). The ability to self—
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renew is essential for stem cells to expand their numbers during
development, to be maintained within adult tissues, and to restore the stem
cell pool after injury (69) (70) (71). Self-renewal is not the same as
proliferation, although both processes depend on cell division. Proliferation
is a more general term that incorporates all types of stem and progenitor
cell divisions, self-renewing and otherwise. Most stem cells can divide by
either asymmetric or symmetric modes of division, and the balance
between these two processes is controlled by developmental and
environmental signals in order to produce appropriate numbers of stem

cells and differentiated daughters (72) (FIG. 1.5).
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Figure 1.5: image from (3)

Symmetric stem cell division offers a mechanism to increase the stem cell
population mostly during development and body formation, and it was
secondarily important during tissue regeneration, where asymmetric
division is generally preferred. Symmetric stem—cell divisions are common

in developing tissues, but they can also be observed in adults, as
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exemplified by the adult Drosophila ovary. Adult Drosophila germline stem
cells normally divide asymmetrically (73); however, it seems that adult
Drosophila germline stem cells are regulated to divide asymmetrically or
symmetrically, depending on their specific location within the niche (74)
(75).

As in Drosophila, also some mammalian stem cells seem to switch between
symmetric and asymmetric cell divisions. For example, both neural and
epidermal progenitors change from primarily symmetric divisions that
expand stem-cell pools during embryonic development to primarily
asymmetric divisions that increases differentiated cell numbers in mid to
late gestation (76) (77) (78) (79). Experimental evidence indicates that at
least some adult stem cells divide asymmetrically under steady-state
conditions to maintain population size. Nevertheless they also retain the
capacity to divide symmetrically to restore stem-cell pools depleted by
injury or disease, as has been observed in the nervous and haematopoietic
systems (80) (81) (82) (83).

The role of asymmetric cell division in stem—-cell control, coupled with the
mechanisms that regulate this process, is fundamental for generating
diversity in multicellular organisms (84) (85). Two main types of
mechanism govern asymmetric cell divisions. The first, called “intrinsic”,
relies on the asymmetric partitioning of cell components that determine cell
fate; the second, indicated as “extrinsic”, involves the asymmetric

placement of daughter cells relative to external cues (3) (FIG. 1.6). Intrinsic
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mechanisms include regulated assembly of cell polarity factors and

regulated segregation of cell fate determinants.

Basement Membrane

Figure 1.6: image from (3)

A classic example of an asymmetric division that is controlled by an
extrinsic mechanism is provided by the Drosophila germline stem cell,
which divides with a reproducible orientation to generate one daughter that
remains in the stem—celbl niche and retains stem-cell identity, and one
daughter that is placed away from the niche and begins to differentiate (85)
(3) (86) (87) (FIG. 1.4). In conclusion it is important to note that asymmetric
divisions can be governed by both intrinsic partitioning of fate regulators

and asymmetric exposure to extrinsic cues (88) (89) (90) (62) (91).
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1.3.2 Multilineage potential and control of stem cell differentiation

The differentiation potential of a stem cell is defined by all the types of
differentiated progeny it can finally generate. There are different
possibilities explaining how multipotent stem cells can give rise to a
repertoire of progenies; one possibility is that multipotent stem cells might
express a set of transcriptional factors which separately specify different
lineages or combinations of lineages, such as Ikaros for lymphoid lineages
(92). Theoretically, the entire developmental potential of a given
multipotent stem cell could also be determined by a single specific factor,
which generates a regulatory and hierarchical mechanism of differentiation.
An example is the forkhead transcriptional regulator FOXL2, which is
required to prevent trans—differentiation of an adult ovary to a testis (93).
Competence and multilineage potential may also be specified by expression
of signal transduction molecules. In several cases the expression of
specific receptors seems necessary to respond to fate—determining signal,
leading to activation of specific differentiation pathways (94).

The differentiation of stem cells involves both the exit from the
uncommitted state and entry into a particular developmental pathway. It is
not yet discovered whether exit from the stem cell state and initiation of
differentiation are independently controlled in mammals. From one point of
view, differentiation might be an obligatory option executed by a stem cell
after its removal from the niche. On the other extreme, internal and

external signals might promote differentiation and, as consequence, the exit
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from the stem cell state. In the Central Nervous System (CNS) both
mechanisms act separately, depending on the presence or the absence of
basic Fibroblast Growth Factor (bFGF). In vitro, bFGF stimulates self
renewal of CNS stem cells, but its withdrawal rapidly promotes their
differentiation (95).

In mammalian system, there is considerable evidencé that growth factors
and cell-cell interactions can influence the outcome of fate decision by
multipotent progenitors. A single stem cell could be influenced by growth
factors in a selective or instructive manner. In a selective mechanism, the
stem cells differentiate into a particular lineage independently of the growth
factors, which subsequently control the survival and the proliferation of the
progenitors. For example, forced expression of bcl-2 in immortalized
hematopoietic progenitor cells leads to differentiation in the absence of
cytokines, underling that these growth factors are dispensable for their

differentiation. Conversely in the neural crest, the expression of BMP2,
bFGF and TGFR promotes the differentiation toward the three cell types of
the CNS (95).

Understanding the interplay between extracellular and intracellular

regulatory factors in controlling lineage determination remains an important

challenge for the future.

32



1.3.3 Relationship between normal and cancer stem cells: CSC
plasticity as a stem cell dysfunction

CSCs share many characteristics in common with normal stem cells,
including self-renewal and differentiation. With the growing evidence that
cancer stem cells exist in a wide array of tumours, it is becoming
increasingly important to understand the molecular mechanisms that
regulate self-renewal and differentiation because corruption of genes
involved in these pathways likely participates in tumour growth. Studies of
normal and cancer stem cells from the same tissue have shed light on the
ontogeny of tumours. Understanding the biology of cancer stem cells will
contribute to the identification of molecular targets important for future
therapies.

Many observations suggest that analogies between normal stem cells and
cancer cells may be appropriate. Both normal stem cells and tumorigenic
cells have extensive proliferative potential and the ability to give rise to
new normal or abnormal tissues. Both tumours and normal tissues are
composed of heterogeneous combinations of cells, with different
phenotypic characteristics and different proliferative potentials (96).
Because most tumours have a clonal origin (97), tumorigenic cancer cells
must give rise to phenotypically diverse progeny, including cancer cells
with indefinite proliferative potential. Although some of the heterogeneity in
tumours arises as a result of continuing mutagenesis, it is likely that
heterogeneity also arises through the aberrant differentiation of cancer

stem cells. In other words, both normal and tumorigenic stem cells give rise
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to phenotypically heterogeneous cells that exhibit various degrees of
differentiation (62).

In contrast to normal stem cells, it has been proved that CSCS undergo
genomic alterations that allow them to escape cell cycle regulation and
achieve growth factor and anchorage independence proliferation and
resistance to apoptosis, besides contributing to dysregulation of self
renewal and expansion (2). The acquisition of each of these characteristics
is complementary to the others and requires a suitable microenvironment in
which the transformed stem cells are believed to proliferate and
differentiate into an entire tumour (41). The plasticity gained by CSCs is
regulated by a cooperative effect of cell intrinsic (autocrine) factors, which
may either involve changes in DNA sequences of genes or gene silencing
through methylation or altered chromatin architecture (genetic and
epigenetic effects), together with cell extrinsic (paracrine or derived from
tumour microenvironment) factors (98). Plasticity makes also possible for
differentiated cells to acquire cancer stem cell properties in the presence
of the appropriate oncogenic insults. Thereby, proliferating proto-—
oncogenic stem cells appear to require at least one additional permanent
genetic mutation to drive them along a trajectory toward transformation
(99) (100). This could be achieved either through oncogene activation or by
silencing of tumour suppressor genes, which effectively supplements the
perturbed shift toward self renewal; continuing mutagenesis would further

ensure clone amplification and disease progression (91).
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Another common feature of tumour and tissue stem cells is the utilization of
similar signal pathways that normally control cell fate (101) (102). Such
regulatory signal molecules, including components of the Notch, Wnt and
Hedgehog pathways, have been shown to play roles in controlling stem cell
self renewal and in regulating lineage fate in different systems. In
numerous tumours, however, the signalling cascades initiated by these
molecules have recently been demonstrated to be dysregulated. In the skin,
liver, colorectal and pancreatic cancers, for example, Wnt signalling has

been demonstrated to be aberrantly activated (103) (104). In ovarian

cancer, the Wnt signal transducer B-catenin is overexpressed at an

advanced stage of tumour progression (105). The Hedgehog cascade, a
regulator of patterning during embryonic development, has been shown to
be associated with breast (106), ovarian (107) and prostatic cancers (107),
whereas Notch over—stimulation has been strongly implicated in T cell
malignancies (108). An important difference in the signal between normal
and transformed states is that those in normal tissue are transiently
expressed as stem cell activating signals, whereas in cancer these signals
dominate and lead to a state of long term or permanent activation (106)

(107) (Table 1.B).
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Table 1.B: Summary of the common properties between normal and cancer stem

cells

CHARACTERISTICS SHARED BY NORMAL AND CANCER STEM
CELLS

Capacity for asymmetric division (self renewal), which gives rise to a
quiescent stem cells and a committed progenitor and contributes toward
developing a critical mass of cells

Regulation of self renewal by similar signalling pathways (Wnt, Sonic
Hedgehog and Notch) and at the epigenetic level by Polycomb genes
(BMI-1)

Expression of factors such as Oct4, Nanog and Sox2, which maintain a
functional plasticity by promoting pluripotency and immortality

Extend telomeres and telomerase activity that increases the cellular life
span

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

Expression of similar surface receptors (e.g. CXCR4, CD133 CD117,
CD44) that are either identified as stem cell markers or associated with
homing and metastasis.

Predisposition for growth factors independence and stimulation of
angiogenesis through secretion of growth factors, cytokines and
angiopoietic factors.
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1.4 Therapeutic implication of cancer stem cells:

chemoresistance and radioresistance

1.4.1 Genome integrity and cytoprotective strategies

As the longest-lived, mitotically active cells in the body, stem cells are
particularly sensitive to the accumulation of genetic lesions. Preserving
genomic integrity is important for maintaining normal function as well as
preventing carcinogenesis. This is more important in stem cells than in
other cells because stem cells pass mutations on to large numbers of
progeny, amplifying the risk of cancer. Many mechanisms protect stem
cells from endogenous and exogenous mutagens or enhance their capacity
to repair the damage that occurs. In cases where the damage is too
extensive to be repaired, stem cells may undergo apoptosis or senescence.
The long-term self-renewal potential of tissue stem cells depends on
mechanisms that maintain their genomic integrity, such as those involved in

ROS detoxification, DNA damage repair and telomere maintenance.

Reactive oxygen species (ROS) are toxic products of oxidative metabolism.
Although important for certain physiological processes such as intracellular
signal transduction and combating pathogens, excessive levels of ROS
within cells can damage lipids, proteins, RNA, and DNA, thus impairing
cellular function.

Stem cells reside in their niches where the oxygen tension is thought to be

extremely low (1-4%) (109) (110). These hypoxic environments favourably
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support the undifferentiated stem cells to perform anaerobic metabolism. A
metabolic shift from anaerobic glycolysis to mitochondrial respiration, for a
more efficient production of ATP, is required for the higher energy demand
of cells undergoing differentiation. At the same time, the coordinated up-
regulation of antioxidant enzymes ensures a proper redox environment for
differentiating cells to prevent excess ROS and oxidative stress resulting
from the exuberant oxidative phosphorylation.

FoxO family transcription factors are tumour suppressors that protect stem
cells and other cells from oxidative damage, reducing mutagenesis and
extending cellular lifespan (111). FoxO transcription factors increase the
expression of genes required for the detoxification of ROS including
superoxide dismutase and catalase as well as genes that promote
quiescence (112). Orciani and collaborators determined the susceptibility to
oxidative stress of isolated mesenchymal stem cells from human skin (S-
MSCs) in comparison with keratinocytes (113). Human keratinocytes seem
to have much greater antioxidant defence to counteract the oxidative injury
to which they are continuously exposed in the skin. The S-MSCs are
surrounded by a complex microenvironment that protects them from
external insults, and so they do not have a particularly efficient defence
system, and they were generally less responsive to enhanced pro—oxidant
challenge. As a matter of fact, S-MSCs seem particularly prone to apoptotic

events, which might thus represent their primary defence mechanism (113).
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The genomic DNA of normal cells is under continuous assault from intrinsic
insults, such as oxidative stress, and extrinsic insults, such as ultraviolet
(UV) light and ionizing radiation (IR). In dividing cells, the DNA may also
suffer from the introduction of errors during the replication required for
mitosis. Cells have therefore had to evolve mechanisms to maintain
genomic stability. In response to DNA damage, a cell may trigger a
checkpoint response that induces cell-cycle arrest and allows the cell time
to repair the DNA damage before cell-cycle progression is resumed.
Alternatively, if the DNA damage is too severe, the cell becomes senescent
or undergoes apoptosis. A defect in a DNA damage checkpoint response
can result in unchecked mutation and genomic instability.

The consequences of these processes for stem cells can be profound:
diminution in stem cell pools, or an increased chance for stem cell
differentiation or malignant transformation (114) (115). In normal stem
cells, genomic stability is maintained through enhanced DNA damage
recognition and repair, which provide a robust defence for the cell. Studies
of gene expression in stem cell populations have established that a small
number of genes in stem cell populations are consistently over—expressed.
A surprising number of these are DNA repair genes, including those
involved in mismatch repair (MMR) and non-homologous end joining (NHEJ)
repair systems (116) (117).

Little is known about molecular mechanisms implicated in DNA damage
response in somatic stem cells; however, a peculiar response to DNA

damage could be observed in stem cells during the transition from
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pluripotency to lineage commitment. It is likely that the DNA damage
response is different depending on the specific stages along the transition
from multipotent stem cells to terminally differentiated progenies. A more
radical solution, such as elimination of repair defective cells by apoptotic
mechanisms, appears to be adopted by stem cells at earlier stages to
ensure the genomic stability of their progenies (118) (119) (120). Moreover
essential players of the DNA damage-activated responses typical of
proliferating cells, such as ATM, p53, ATR and Chkl, appear involved in
the regulation of DNA damage response in stem cells during renewal and

homeostasis (118).

Mechanisms involved in telomere maintenance are also crucial for genomic
integrity and self renewal potential of stem cells. Mammalian telomeres are
repetitive DNA sequences (thousands of TTAGGG repeats) along with
specialized protein complexes that are located at the ends of -chromosomes
(121). Telomeres are required to protect chromosomes from fusing to each
other, from exonuclease activity, and from the loss of coding sequences
due to the end replication problem (121). In most somatic cells telomere
length shortens with each cell division. In cells with a high capacity of self
renewal, such as stem cells and cancer cells, routine telomere shortening is
prevented by expression of the telomerase complex. In stem cells
telomerase expression is necessary for maintaining self renewal potential,
reducing the rate at which telomeres e_rode and increasing their replicative

capacity (109) (122).
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A general conclusion is that differentiation and apoptosis represent the
major mechanisms adopted by different stem cell types to protect their
genome integrity. If the damage does not impair the stem cell pool and the
consequent mutations do not alter progenitor functions, stem cells lead to
differentiation. In the case of extensive damage, apoptosis and senescence
represent the only mechanisms avoiding the risk of mutated progeny,
leading to cancer. In both cases a direct and extreme consequence of this is

that unrepaired DNA lesions may cause stem cell exhaustion.

Many stem cells have acquired the ability to withstand cytotoxic insults
through either efficient enzyme-based detoxification systems or by the
ability to rapidly export potentially harmful =xenobiotics. The ABC
superfamily of membrane transporters is one of the largest protein classes
known, and is characterized by expression of an ATP-binding cassette
region functioning fo hydrolyse ATP, supporting energy—dependent
substrate exportation across membranes, principally from the intracellular
cytoplasm to the extracellular space (123). The large superfamily of ABC
transporters 1s portioned in smaller sub-families with functional
differences. The ABCA sub—-family members have been mostly related with
lipid trafficking in a wide range of body locations, whereas ABCD, ABCE
and ABCF have roles in very long chain fatty acid transport, initiation of
gene transcription and protein translation, respectively (124) (125). In
humans, the three major types of multidrug resistance (MDR) proteins

include members of the ABCB (ABCB1/MDR1/P-glycoprotein), the ABCC
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(ABCC1/MRP1, ABCC2/MRP2, probably also ABCC3-6, and ABCC10-11),
and the ABCG (ABCG2/MXR/BCRP) subfamily. Although recognized
substrates are mostly hydrophobic compounds, MDR pumps are also
capable of extruding a variety of amphipathic anions and cations. ABCB1
preferentially extrudes large hydrophobic molecules, while ABCC1 and
ABCGZ can transport both hydrophobic drugs and large anionic compounds
(123) (126).

The expression of transport proteins and multidrug resistant proteins
protect stem cells against toxins and are associated with the efflux of
xenobiotic toxins, a low rate of cell division and active DNA repair. ABC
transporters have