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Summary

Understanding the molecular mechanisms behind cancer cell proliferation and regulation is the
key to discovering potential future successful therapies for cancer. The World Health
Organisation estimates that 7.6 million people died from cancer in 2005 with that number
expected to reach 9 million in 2015 and 11.5 million in 2030. The concept of a cancer stem
cell as the core cancer initiating agent within a tumour has come to the forefront of tumour
biology with a cancer stem cell population identified in many different tumour types including
prostate, breast, skin, colon and ovarian cancer. Cancer stem cells and normal stem cells share
two fundamental properties, namely the ability to self-renew and the ability to differentiate.
The characterisation of the molecular mechanisms underlying these two processes will be vital
to the understanding of the regulation of cancer cell proliferation and progression. The specific
targeting of cancer stem cells within a tumour as a treatment modality may provide more
effective cancer treatment in the future as many current treatments are not eliminating the
small but significant population of cancer stem cells that result in metastasis and recurrence.
Teratocarcinomas are malignant germ cell tumours that occur in the testes and ovary and are
considered to be the classical stem cell tumour being composed of an undifferentiated
population of embryonal carcinoma cells and mature differentiated tissues. This tumour’s
ability to differentiate as well as being inherently malignant makes teratoma tumourigenesis an
ideal model to study the concept of cancer stemness and thus identify stem cell markers and
targets that may be useful in the assessment and treatment of cancer stem cells in many other

tumours.

This study sets out to investigate the similarities and differences between mouse embryonic
stem cells and their malignant equivalent, embryonal carcinoma cells in an attempt to outline
the fundamental molecular properties of self-renewal and differentiation within stem cells and
cancer stem cells. Obtaining a transcriptome profile of the cancer stem cell or cancer stemness
should provide new insight into the molecular mechanisms governing the cancer stem cell as

well as highlighting new targets for future cancer therapies and for further study.



A mouse cell culture model of teratoma tumourigenesis was established using mouse
embryonic stem cells, mouse pluripotent and nullipotent teratocarcinoma cells. Samples were
harvested from each cell line in the undifferentiated state at day 0 and day 3 together with
samples from day 3 post spontaneous differentiation. A similar human model was also
constructed using human pluri- and nullipotent teratocarcinoma cells without the use of human
embryonic stem cells, and therefore data was compared with that published in the literature.
Gene expression profiles were generated using whole genome cDNA array analysis from
Applied Biosystems and subsequent statistical analysis. A selection of gene targets was

validated by quantitative real-time PCR.

Data obtained in this thesis from the comparison of benign and malignant stem cells has
confirmed some of the current findings in the literature as well as highlighting many novel
genes and their related pathways in the cancer stem cell. In particular, the importance of the
extracellular matrix and stem cell niche has been reinforced by the data with a number of
novel genes found to be differentially regulated in stem cells that could potentially
revolutionise future cancer management strategies. Oxidative stress was revealed as an
extremely significant pathway in stem cells with a unique group of genes encoding for dual
specificity phosphatases (DUSPs) being significantly differentially regulated in cancer stem
cells. Further transcriptome profiles of differentiation in the benign group (mES cells) and the
malignant group (pluri- and nullipotent EC cells) were obtained allowing the determination of
genes unique to the normal stem cell and the cancer stem cell. As a significant risk in the
successful elimination of cancer stem cells is the coincidental eradication of normal stem cells,
determining properties exclusive to the cancer stem cell is of vital importance to future cancer

treatments.

This thesis offers a unique transcriptome profile of the cancer stem cell as well as a unique
profile of those genes solely involved in cancer stem cell differentiation using both a mouse
and human model of teratoma tumourigenesis. Multiple novel gene targets and signalling

pathways have been identified meriting further study and analysis.
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CHAPTER 1 INTRODUCTION



1.1 Overview

The World Health Organisation (WHO) estimates that 7.6 million people died from cancer in
2005 with that number expected to increase to 9 million in 2015 and 11.5 million in 2030
(Organisation, 2007). A complete and comprehensive understanding of the molecular basis of
the carcinogenic process is required to ultimately allow the successful prevention and
treatment of cancer. While cancers in different organs and within organs may differ
immensely, they also share a number of fundamental characteristics referred to by Hanahan

and Weinberg, 2000 as the hallmarks of cancer (Hanahan et al., 2000):

1. Self sufficiency in growth signals

Insensitivity to growth inhibitory (anti-growth) signals
Evasions of programmed cell death (apoptosis)
Limitless replicative potential

Sustained angiogenesis

il S

Tissue invasion and metastasis

The stem cell theory of cancer is a relatively old hypothesis but has been ignored by the
prevailing assumption in the cancer field which assumes the stochastic model of
carcinogenesis where transformation results from random mutations and subsequent clonal
selection (Trosko et al., 2005; Tan et al., 2006). The concept of the existence of a ‘malignant
stem cell’ as the cell of origin of tumours was initially proposed by Pierce as far back as 1974
(Pierce, 1974). The similarities between stem cells and cancer cells are striking and have been
extensively documented in the literature. The defining features of a stem cell are its inherent
abilities to both self renew and differentiate, features also present in cancer cells albeit in a
less controlled manner. Cancer stem cells have been isolated in many tumours and most work
has been done with haematological malignancies. Since then cancer stem cells have been
demonstrated in prostate cancer (Collins et al., 2005; Collins et al., 2006), breast cancer (Al-
Hajj et al., 2003), brain tumours (Singh et al., 2003), gastric cancer (Radtke et al., 2005),
malignant melanoma (Klein et al., 2007), osteosarcoma (Gibbs et al., 2005), ovarian
carcinoma (Bapat et al., 2005), lung cancer (Eramo et al., 2008) as well as many others.

Conventional chemo and radiotherapies may fail due to the persistence of these cancer stem
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cells post treatment thus resulting in local recurrence or metastasis. A recent study has
identified a subset of embryonic stem (ES) cell-associated transcription regulators that are
highly expressed in poorly differentiated tumours which have a poor clinical outcome (Ben-
Porath et al., 2008). Applying our knowledge of the principles of stem cell biology could lead
to a more extensive understanding of the regulation of cancer cell proliferation and
progression and produce new targets for more effective cancer therapies. Successful
elimination of the cancer stem cell, otherwise known as the cancer initiating cell, would be at
the core of future treatments. In summary, the adoption of the cancer stem model of
carcinogenesis will have a significant impact on the future management of cancer including its

early detection, successful treatment as well as having important prognostic properties.

Breakdown in the regulation of self-renewal is thought likely to be the key event in the
development of cancer (Clarke, 2005). Aberrant control of differentiation is another
interpretation of what lies at the core of oncogenesis (Andrews et al., 2005). The
understanding and elucidation of the pathways that control these stem cell properties is vital to

the future of medical oncology.

1.2 Stem cells

The definition of a stem cell is a cell with the ability to differentiate into one or more
specialised cell types, and the capacity for long-term self-renewal without senescence
(Rippon, 2004). Stem cells can be totipotent, pluripotent or multipotent. Totipotent cells are
cells capable of differentiating into every cell type including both embryonic and
extraembryonic tissue, however, totipotency has proven difficult to achieve in vitro (Pan et al.,
2002). The first critical step or decision in mammalian embryogenesis is the division of the
embryo into two major lineages: the pluripotent inner cell mass (which generates all three
germ cell layers) and the trophoblast (which supports embryonic growth). ES cells represent

pluripotent stem cells and are derived from the inner cell mass of the blastocyst.



1.2.1 Pluripotent stem cells

A pluripotent stem cell is defined as a stem cell that has the potential to differentiate into
tissues from the three germ cell layers, namely mesoderm, ectoderm and endoderm i.e. can
produce all cell types except extraembryonic tissue (Ulloa-Montoya et al., 2005). Examples of
pluripotent stem cells are ES and embryonal carcinoma (EC) cells. Indeed, much of our
knowledge on pluripotent stem cells has come from research studies on non-human primate

embryonic stem cells and embryonal carcinoma cells (Pal et al., 2006).

The pluripotent state is thought to be maintained in vitro by a number of transcription factors,
the key factors being Oct4, Nanog and Sox2, all of which are expressed in the inner cell mass
of the blastocyst and in undifferentiated ES cells (Yamanaka et al., 2008). Oct4 and Nanog are
homeodomain proteins and Sox2 belongs to a group of SRY (sex determining region Y)-

related HMG (high mobility group)-box (Sox)-containing proteins.

Integnn

Nuclear

@N@

Trophectodam ES Primitive andodam

Figure 1.1: Roles of Oct4, Sox2 and Nanog in the signalling pathways involved in
maintaining pluripotency in ES cells (Boiani et al., 2005). Cell-surface receptors initiate
signals that are communicated to the nucleus and affect the key transcription regulators,
namely Oct4, Sox2 and Nanog. The question mark refers the current lack of information

regarding the surface receptors and transducers involved in the regulation of Nanog.



Oct4 is a transcription factor that belongs to the POU transcription factor family. The acronym
POU is derived from the names of three mammalian transcription factors, namely the
pituitary-specific Pit-1, the octamer transcription factor proteins (Octl and Oct2) and the
neural Unc-86 transcription factor from Caenorhabditis elegans. Its expression is restricted to
pluripotent cells and it is essential for the initial development of pluripotentiality in the inner
cell mass. Mouse embryos with mutated Oct4 do not survive implantation. The precise level of
Oct4 is important for determining ES cell fates — too much results in differentiation into
mesoderm and primitive endoderm whereas too little induces the formation of trophoectoderm
and thus a loss of pluripotency. Forced constitutive expression of Oct4 cannot prevent
differentiation of ES cells and a less than 2 fold increase in expression actually causes
differentiation into primitive endoderm and mesoderm. Thus a critical amount of Oct4 is
required to sustain stem cell self-renewal but is not sufficient to prevent differentiation
(Palmgquvist et al., 2005). Oct4 is thought to work in conjunction with another transcription
factor, namely Nanog, to modulate transcription programmes necessary for the determination

of ES cell fate (Liang et al., 2008).

Nanog is another transcription factor and homeodomain protein also being a key regulator of
pluripotentiality. It was named after Tir Na nOg, the mythological Celtic land of the ‘ever
young’ (Boiani et al., 2005). While it is found in ES cells, it is largely absent from
differentiated cells. The levels of Nanog expression do not appear to be as critical as those of
Oct4 with elevated levels of Nanog conferring constitutive self-renewal of mouse ES (mES)
cells and allowing them to grow in the absence of additional factors such as leukaemia
inhibitory factor (LIF). A similar finding has been demonstrated with human ES (hES) cells,
with over expression of Nanog enabling cells to grow without feeder cells (Darr et al., 2006).
It belongs to the homeobox set of genes and is undetectable in most normal human tissues but

highly expressed in ES cells.

Sox transcription factors, of which there are 20 identified in the mouse, are crucial for
embryonic development and play critical roles in cell fate determination, differentiation and
proliferation. Human Sox2 shows 98% homology with mouse Sox2 and it is highly conserved
between vertebrates. Sox2 is an essential factor in the maintenance of pluripotency and it has
been shown that Sox2 is necessary to regulate multiple transcription factors that affect Oct4

expression (Masui et al., 2007). Sox2 forms a ternary complex with Oct4 enabling it to
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participate in the regulation of the inner cell mass and its derivative cells. A reduction of Sox2
expression will induce mES cells to differentiate into trophoectoderm. The role of Sox2 in
gastric carcinogenesis has been a subject of a recent study by Otsubo et al, 2008, who found
that Sox2 expression was reduced in gastric carcinomas compared with normal gastric
epithelial cells. They suggest that Sox2 may control the gastric epithelial cells differentiating
into mature cells and that its disruption may cause continual dividing, thus eventually leading

to gastric cancer (Otsubo et al., 2008).

Signal transducer and activator of transcription-3 (Stat3) and the glycoprotein-130 (gp130)
receptor-mediated pathway via the LIF signal cascade plays an important role in mES cell
self-renewal and differentiation. LIF exerts its effect by binding to the LIF receptor-gp130
heterodimer receptor on the cell membrane and activates Stat3 as shown in Figure 1.1. Six key
Stats (1-6) have been identified. On activation, Stat3 becomes phosphorylated and translocates
to the nucleus where it acts as a transcription factor. In addition, nonreceptor tyrosine kinase
Janus (JAK) and the antiphosphotyrosine immunoreactive kinase (TIK) are recruited thus
activating other pathways. The intracellular second messengers, PI3K (phosphoinositide 3-
kinase) products, have also been shown to be activated by the gp130 component of the LIF
receptor playing a role in the regulation of self-renewal of mES cells (Paling et al., 2004). The
LIF-STATS3 signalling pathway has been shown to support the self-renewal of mES cells
while in hES cells it does not appear to prevent differentiation (Sato et al., 2004).

Transforming growth factor (TGF)-B and TGF-B related proteins, such as the bone
morphogenetic proteins (BMPs), are yet another group of signalling molecules important in
stem cell biology. They act in maintaining the undifferentiated state as well as in the selection
of a differentiation lineage and progression of differentiation along an individual lineage.
When TGF-f signalling is disrupted, cancer may ensue due to impaired differentiation. The
TGF-B family consists of about 30 structurally related growth and differentiation factors
including TGF-s, activins, nodal and BMPs (Mishra et al., 2005). These factors employ
transmembrane receptor serine-threonine kinases to activate Smad (Similar to mothers against
decapentaplegic homologue) transcription factors resulting in their nuclear relocation and
subsequent activation or repression of gene expression. Smads are transcription factors that are
utilised by a number of signalling pathways including Wnt (Wingless type) and Hedgehog
signalling pathways.



1.2.1.1 Embryonic stem cell

Embryonic stem cells are derived from the inner cell mass (ICM) of mammalian blastocysts
and maintain pluripotency, an ability to differentiate into all types of somatic and germ cells as
illustrated in Figure 1.2. Only the cells present in the fertilised egg or in the zygote until the 8
cell stage retain the capacity to generate an entire organism with the required embryonic and
extraembryonic tissues and thus are the only true totipotent cells. Cells from the inner cell
mass are considered pluripotent as they retain the ability to develop only into cells found in the

embryo proper.

Inner Cell Mass
(ICM, Octd positive)

division
= L=
Irophoblast
Zygote Morula (Octd negative)
(Oc14 positive) (Octd positive)

Blastocyst
extraction
*—
)JV\} < "= <
‘/ ICM cells
@ (Oct4 positive)

Differentiated cells Cultured ES cells
(Oct4 negative) (Octd positive)

Figure 1.2: Origin of ES cells (Pan et al., 2002). The isolation and differentiation of ES
cells in vitro are illustrated schematically in this diagram starting with the fertilisation of
an egg by a sperm to form a zygote. At the blastocyst stage, the inner cell mass (ICM)
becomes visible and this is the source of ES cells. These ES cells can then be cultured to
produce various cell types. The presence or absence of Oct4 expression at each stage is

also noted.

The derivation of mES cell lines was reported for the first time in 1981 by Martin and Evans et
al and have proven very useful in the study of mammalian development (Evans et al., 1981;

Martin, 1981). Indeed, they heralded a major breakthrough for development biology as they



provided the means to study early embryonic development as well as cellular differentiation
(Martin et al., 1975). Over the past 20 years, they have played a major part in shaping the
future of medicine providing information on drug development, directed differentiation as a
method to treat disease, nuclear transfer protocols in cloning and also in the establishment of
methodologies for the isolation of non-rodent ES cells (Downing et al., 2004). A widely
studied example of directed differentiation is in the development of a potential treatment for
Parkinson’s disease in which the formation of dopaminergic and serotonergic neurons from
mES cells may provide the required information for the practical use of cell replacement
therapy in Parkinson’s disease (Sasai, 2002). Mouse ES cells can be maintained in culture
indefinitely without loss of their broad pluripotent capacity as determined by their ability to

differentiate and give rise to all three germ cell layers both in vitro and in vivo.

Pluripotency of ES cells has been demonstrated by the following three properties (Itskovitz-
Eldor et al., 2000):

1. ES cells injected into blastocysts of pregnant mice contribute to all cell types in the
chimeric progeny mice, including the germ layer.

2. ES cells injected subcutaneously into syngeneic mice induce teratoma formation (these
tumours may include cells from endodermal, mesodermal and ectodermal origin).

3. In vitro aggregation of ES cells results in formation of embryoid bodies with regional

differentiation into embryonically distinct cell types.

Human ES cell lines were successfully generated almost twenty years later in 1998 by
Thomson et al thus giving rise to hope in the field of regenerative medicine and tissue
engineering and a real possibility of significant advances in the treatment of human disease
(Thomson et al., 1998). They isolated five cell lines originating from five separate embryos
using similar methods described for non human primate ES cells with the pluripotent
properties of ES cells as outlined above. Their work was later replicated and confirmed by
other groups (Reubinoff et al., 2000). Human ES cell lines were found to express cell surface
markers that also characterise undifferentiated non human primate ES and human EC cells,
including stage-specific embryonic antigen (SSEA)-3, SSEA-4, TRA-1-60, TRA-1-81, and
alkaline phosphatase (Badcock et al., 1999). In comparison, mES cells express SSEA-1 and
not SSEA-3 or SSEA-4.



The use of hES cells for research purposes creates a major ethical dilemma and in many
countries including Ireland, their use in experimental research is not permitted. Therefore,
research using mES cells remains a vital source of results in the field of stem cell biology. The

following is a summary of some of the uses and functions of ES cells:

e To identify new genes involved in promoting and inhibiting differentiation.

e As cellular biological models of disease.

e Used to introduce subtle modifications to the nuclear genome in gene targeting
experiments.

e Used in directed differentiation methodologies for specific diseases.

1.2.1.2 Embryonal carcinoma cells

The first pluripotent cell lines to be established were embryonal carcinoma (EC) cell lines
which were derived from the undifferentiated compartment of murine germ cell tumours in
1967 by Finch et al and again in 1975 by Martin et al (Finch et al., 1967; Martin et al., 1975).
Indeed, the development of these cell lines preceded the development of ES cells and much of
the initial work in cell differentiation and development was performed on these. EC cell lines
provided a practical in vitro model of differentiation and produced a vast quantity of

information on cell differentiation and early embryogenesis.



Table 1.1: Key cell lines used in mES cell line work over the last 20 years (*refers to

embryonal carcinoma cell lines).

~Cellline s, Year established

Fo* | Birk 1973 '
P19* 1982
CCE 1981
D3 1985
E14 lines 1987
AB lines 1990
1 1992
R1 1993

EC cells represent the stem cells of teratocarcinoma (Astigiano et al., 2005) and are widely
considered to be the malignant equivalent of ES stem cells whether human or mouse
(Andrews, 2002; Andrews et al., 2005; Pal et al., 2006). Figure 1.3 illustrates the relationship
between ES and EC cells.

Fertilization

Figure 1 Origin of human pluripotent stem cells.
Embryonic stem (ES) cells are derived from the
inner cell mass of the pre-implantation embryo.
Embryonic germ (EG) cells are derived from
primordial germ cels (PGCs) isolated from the
embryonic gonad. Embryonal carcinoma (EC) cells
are derived from PGCs in the embryonic gonad but
usually are detected as components of testicular
tumours in the adult. All of the three pluripotent
stem celltypes are usually derived by culture on
layers of mitotically inactive fibroblasts, termed
feeder layers.

Figure 1.3: Illustration of the different types of pluripotent stem cells, namely embryonic

stem cells and embryonal carcinoma cells (Donovan et al., 2001).
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As many of the molecular pathways that underlie tumourigenesis are also involved in normal
embryogenesis, the study of EC cells should provide an excellent model to study the
mechanisms involved in tumour growth. Currently, they are widely used as a model system in
the laboratory in the study of embryonic development and differentiation. Given the
limitations in use of hES cells, human EC cells remain a useful and viable alternative to
further our knowledge and understanding of pluripotency, cell differentiation as well as early
embryogenesis. However, being cancer-derived and usually aneuploid, EC cells are not always

useful for clinical application (Rippon, 2004).

Nullipotent EC cell lines have also been developed for both mouse and human. Nullipotent
refers to the inability of the EC cells to differentiate into other cell types as their pluripotent
counterpart does. A comparison of the two tumour types showed that the injection of
pluripotent EC cells into nude mice produced teratomas while the injection of nullipotent EC
cells produced a pure embryonal carcinoma (Duran et al., 2001). Nullipotent EC cell lines are

easy to maintain and strongly resistant to differentiation stimuli.

1.2.2 Other types of stem cells

Somatic stem cell: Somatic stem cells are responsible for normal tissue renewal (Gudjonsson
et al., 2005). They are thought to be multipotent while ES cells are pluripotent. Multipotent
refers to their limited ability to differentiate as multipotent cells only differentiate into cells
that make up the given organ they are associated with unlike pluripotent cells which are
capable of differentiating into cells of the mesoderm, ectoderm and endoderm. Haemopoietic
stem cells, epithelial stem cells in the lining of the digestive tract and skin stem cells are
examples. Alternatively, they can be referred to as adult stem cells. They have been identified
in many organs and tissues and reside in a specific area of each tissue where they remain

quiescent until required following tissue injury or disease.

However, more recently, some adult stem cells have been shown to have some pluripotent
properties. Mesenchymal stem cells found in the bone marrow are adult stem cells and were

found to be capable of differentiating into lung epithelial cells as well as their usual role in
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producing cells within the bone marrow (Wang et al., 2005a). Another study has shown the
production of gastrointestinal epithelial cells from bone marrow derived cells (Matsumoto et

al., 2005).

1.2.3 Differentiation and self-renewal in stem cells

Differentiation and self-renewal are the defining features of stem cells. The cancer stem cell
theory suggests that aberrant control of differentiation or self-renewal lies at the core of
oncogenesis (Andrews et al., 2005). EC cells from teratocarcinomas and ES cells from
embryos are regarded as different points along the same spectrum and offer a unique model to
both study and explore differentiation and self-renewal in stem cells and potentially the

mechanisms of carcinogenesis.

Studies using mES cells show that a set of transcription factors is important for the
maintenance of self-renewal and the inhibition of differentiation with Oct4, Nanog and Sox2
as described previously in section 1.2.1 being the main players. A number of other factors
have been shown to be involved in differentiation including fibroblast growth factors (FGFs)
and BMPs which appear to work in conjunction with each other and other transcription factors
in the differentiation pathway (O'Shea, 2004). Nodal and Wnt signalling are thought to have
roles in the early embryo development and their activation is required together for the
formation of primitive streak like cells in ES cell differentiation cultures (Gadue et al., 2006).
The primitive streak is a structure that forms during the early stages of mammalian embryo
development. Within different areas of the primitive streak, meso, endo and ectoderm
formation are induced, i.e. the formation of the three germ cell layers. Other signalling
pathways important for and involved in self-renewal and differentiation are sonic hedgehog
(SHH), BMI1, Notch and Phosphatase and tensin homologue deleted from chromosome 10
(PTEN) signalling pathways (Park et al., 2004).

ES cells grown in vitro form small aggregates of cells surrounded by an outer layer of visceral
endoderm and these aggregates have been termed embryoid bodies (EBs) (Keller, 1995).
These EBs are an important source of information on differentiation and gene expression in

early development. This pattern of ES development as EBs parallels that of the early embryo.
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As EBs grow and differentiate, they recapitulate the normal embryo and contain differentiated

tissues with pulsating cardiomyocytes and neurons some of the first cells to develop.

1.2.4 Cancer stem cells (CSC)

The existence and concept of cancer stem cells are disputed by many despite their existence
being first proposed over 40 years ago. The best evidence supporting their existence comes
from the study of haematological malignancies in which a small subset of cells is thought to be
responsible for the neoplasm (Lapidot et al., 1994; Bonnet et al., 1997; Wang et al., 2005b).
Within the haematological malignancies, chronic myeloid leukaemia (CML) and acute
myeloid leukaemia (AML) have served as important model diseases in the discussion of

cancer stem cells.

Stem cell capabilities ‘

l A Cancer stem cell

Capacity to self-

renew and
‘ ? tumourigenic

Fully differentiated
cells
Not tumourigenic

Differentiation grade

Figure 1.4: Illustration of the CSC model with the CSC on the top of the hierarchy (red)
with the ability to self-renew, i.e. generating more CSCs, and to produce more

differentiated cells (grey) (Vermeulen et al., 2008).
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To date, their existence has also been shown in breast tumours (Al-Hajj et al., 2003), brain
tumours (Singh et al., 2003; Singh et al., 2004), osteosarcomas (Gibbs et al., 2005), malignant
melanoma and prostate tumours (Collins et al., 2005), gastric tumours, ovarian tumours (Bapat
et al., 2005), lung cancer (Eramo et al., 2008), to name but a few. A German group found the
expression of stem cell markers in soft tissue sarcomas to be a poor prognostic factor thus
suggesting that a tumour with a stem cell signature will have significantly poorer prognosis
(Taubert et al., 2007)

A number of definitions for a cancer stem cell have been offered by various authors. Smith,
2006 stated that a cancer stem cell could be defined as a ‘self-renewing cell responsible for
sustaining a cancer and for producing differentiated progeny that form the bulk of the cancer’
(Smith, 2006). He also went on to say that ‘cancer stem cells identified in leukaemias and
certain solid tumours are critical therapeutic targets’. Bjerkvig et al, 2005 refer to a cancer
stem cell being an operational term and define a cancer stem cell as ‘a cancer cell that has the
ability to self renew; dividing to give rise to another malignant stem cell and a cell that gives
rise to the phenotypically diverse tumour cell population’ (Bjerkvig et al., 2005). Some
authors view cancer as a stem cell disease (Gudjonsson et al., 2005). Essentially, cancer stem
cells can be referred to as a subset of cancer cells capable of self-renewal to generate
additional cancer stem cells and also possessing the ability to differentiate into a diverse
population of differentiated cancer cells with limited proliferative ability and are sometimes

referred to as cancer initiating cells.

The hypothesis is that malignant tumours are comprised of both cancer stem cells, which have
great proliferative potential, as well as more differentiated cancer cells with limited
proliferative potential which form the bulk of the tumour. Thus, these two types of tumour
cells would be phenotypically different and respond differently to chemotherapies. This is
demonstrated in the haematological malignancy, CML, which possesses a defining cytogenetic
abnormality known as the Philadelphia chromosome. The chromosomal abnormality is a
translocation between chromosomes 9 and 22 resulting in a BCR-ABL fusion protein. This has
lead to the production of a specific BCR-ABL inhibitor, imatinib, which targets the bulk of the
tumour or differentiated component. Resistance to imatinib is thought to be a result of the

presence residual tumour cells or cancer stem cells which are resistant to imatinib thus
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providing further evidence of the existence of the cancer stem cell (Wang et al., 2005b;
Mauro, 2006; Melo et al., 2007; Savona et al., 2008). The biology of teratocarcinomas,
malignant tumours that occur in the ovary and testes of humans composed of undifferentiated
embryonal carcinoma cells and a differentiated teratomatous component, are thought to reflect

this model.

1.2.4.1 Cellular origin of cancer stem cells

The cellular origin of cancer stem cells has not been definitively determined. The focus of
much cancer research is to determine the cell from which the tumour originates thus gaining
insight into the first steps of the neoplastic process. Some consider the cancer stem cell as the
biologically distinct cell within a neoplastic clone that is capable of initiating and sustaining
tumour growth, i.e. the cancer-initiating cell, with the cell of origin referring to the normal cell
in which the initial transforming event occurs thus making the concept of a cancer stem cell a
more functional rather than absolute term. Therefore, a cancer stem cell is not necessarily
derived from a normal tissue stem cell, i.e. the genetic cancer causing mutation does not
always occur in the normal stem cell (Tan et al., 2006; Vermeulen et al., 2008). Thus,

regardless of the cell of origin, the cancer stem cell is defined by its stem cell-like properties.

The principal current theories for the origin of the cancer stem cell include:

e Mutational transformation of normal stem cells.

o Due to their longevity and specific self-renewing properties, it is believed they
have a greater propensity to accumulate carcinogenic mutations compared with
short-lived, differentiated cells and thus are an ideal target of the carcinogenic
process (Gudjonsson et al., 2005).

o Within AML, the number of similarities between the leukaemic stem cells and
the haematopoietic stem cells suggests that the initial carcinogenic event is
occurring in the stem cell rather than in the committed cell progenitors (Wang
et al., 2005b).

e Cell fusion.

e Horizontal gene transfer processes.



e Imbalance between symmetric and asymmetric cell division.

1.2.4.2 Pathways involved in cancer stem cells

Mutations in the pathways that regulate self-renewal in normal stem cells have been found in
cancer cells. For example, mutations and dysregulation of the Wnt signalling pathway, a
pathway known to be involved in the regulation of self-renewal in normal stem cells, have
been found in colorectal cancers and leukaemias. In fact, many authors believe that
dysregulation of self-renewal is the key event in carcinogenesis (Wicha et al., 2006). The
pathways involved in the regulation of normal stem cells such as Wnt, Notch and Hedgehog

have been shown to be dysregulated in many cancers, illustrated in Figure 1.5.

Stem/progenitor cell self-renewal Tumorigenesis
Haematopoietic Epidermal Gut
Colon
Q @ carcinoma
@ > : Epidermal
tumours
Haematopoietic
@ Medulloblastoma
@ Basal cell
carcinoma
Haematopoietic
Leukaemia
@ Q Mammary
tumours

Figure 1.5: This figure shows examples of pathways involved in self-renewal regulation

and then in various tumours (Reya et al., 2001).
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Table 1.2: Signalling pathways, stem cells and cancer (Pardal et al., 2003).

Pathway Stem Cell Cancer

Wnt Haematopoietic stem cells Lymphoblastic leukaemia
Intestinal stem cells Colorectal cancer
Keratinocyte stem cells Pilomatricoma
Cerebellar granule-cell Medulloblastoma

progenitors

CNS stem cells

SHH Hair-follicle progenitors Basal cell carcinoma
Cerebellar granule-cell Medulloblastoma
progenitors Gliomas

CNS stem cells

BMI1 Haematopoietic stem cells B cell lymphomas
AML
Notch Haematopoietic stem cell Lymphoblastic leukaemia
Mammary epithelial stem cells Breast cancer
PTEN Neural stem cells Gliomas

The differences between signalling pathways in normal and cancer stem cells have yet to be
definitively elucidated (Zhang et al., 2006). The eventual goal of such knowledge will be to
design new therapeutic targets with the eventual purpose of eliminating any residual tumour

cells and thus preventing recurrence.

The Wnt signalling pathway along with other signalling pathways was thought to be the major
molecular mechanism behind embryonic development, playing a major role in the
maintenance of the self-renewal state in both mES and hES cells. Now many of the genes in
the Wnt pathway are also thought to act as oncogenes and tumour suppressor genes when
deregulated in cancer (Klaus et al., 2008). Some of the components of the Wnt signalling
pathway include the Wnt proteins (19 Wnt genes in the human genome), Frizzled receptors,
LRPS5 and 6 co-receptors as well as Frizzled-related proteins (SFRPs), Dickkoptfs (DKKs) and
Wnt inhibitory factor 1 (WIF1). The protooncogene, MYC, was identified as a direct
transcriptional target of the Wnt-B-catenin signalling pathway thus highlighting the
involvement of the Wnt signalling pathway in cancer development. Since the inappropriate

activation of the Wnt pathway was first linked to human cancer, researchers and
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biotechnology companies have been interested in developing Wnt pathway inhibitors. Wnt
signalling has also been shown to have an important role in the stem cell compartments of
various tissues and appears to join forces with Notch signalling. Wnt-B-catenin signalling has
been shown to have an essential function in the maintenance of the mammary gland and skin
cancer stem cells giving rise to the possibility of exploitation for therapy with Wnt inhibiting
drugs thus targeting the putative cancer stem cells which are often resistant to other forms of
treatment (Malanchi et al., 2008). The Wnt-B-catenin signalling pathway has also been shown
to be activated further in the late stages of tumour progression in colonic tumours, therefore,
Wnt inhibiting drugs may also interfere with metastasis formation and maintenance (Stein et

al., 2006).

1.2.4.3 Identifying cancer stem cells

As cancer stem cells may only account for < 0.1% of a given tumour, it can be very difficult to
isolate these cells for further study. Research in this area has been hindered by a lack of
methods to isolate subpopulations of cells from tissue samples. Efforts to rectify this are under
way with the development of marker profiles and identification of cell surface markers. Cell
surface markers such as CD133 and CD44 have been shown to be expressed in small subsets
of cells in brain (Singh et al., 2004), prostate (Richardson et al., 2004; Collins et al., 2005) and
breast (Al-Hajj et al., 2003) tumours which appear to account for all the in vitro proliferative
activity and further tumour production. Thus, it is proposed that such markers may be used to
prospectively identify cancer stem cells. Many groups are using these markers to successfully
isolate the cancer stem population with some interesting results. The cancer stem cell isolate in
prostate cancer has been found to be androgen resistant thus explaining its resistance to
androgen prostate cancer treatments resulting in treatment failure. Bonnet and Dick
demonstrated a CD34 positive cell population within AML which were the leukaemia-
initiating cells and produced AML in nude mice (Bonnet et al., 1997). However, further
characterisation of cancer stem cells may uncover more straightforward and efficient methods

of identification.
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1.2.4.4 Cancer stem cells and potential therapies

Targeting cancer stem cells represents a potentially effective means of inhibiting tumour
progression and disease recurrence, but this approach does require the ability to block the self-
renewal capability of a small population of cancer stem cells without toxicity to the normal
stem cell population (Samuel et al., 2005). A variety of stem cells have been shown to express
drug-resistance proteins which would make them more resistant to treatment with
conventional chemotherapeutic agents. They are known to be slow cell cyclers and express
high levels of drug transporters conferring drug resistant properties to the cancer stem cells
(Lou et al., 2007). Novel gene expression profiling experiments have shown the existence of
androgen resistant genes in a population of cancer stem cells isolated from prostate tumours
(Collins et al., 2005). This has been proposed to offer an explanation for the failure of
chemotherapeutic regimes which may only shrink the tumour rather than also eliminating the
cancer stem cells. Thus these cells would remain to continue the process of tumour growth and
differentiation. One group found that within glioblastoma, a lethal primary brain tumour with
a very poor prognosis due to radioresistance, a population of CD133 positive tumour cells was
responsible for conferring glioma radioresistance and thus may be the source of tumour

recurrence following radiation treatment (Bao et al., 2006).

The identification of agents that would specifically target the cancer stem cell population in

any given tumours would greatly enhance the success of a given treatment.
1. Specific targeting of cancer stem cells:
Uncovering the essential differences between the normal stem cell and the cancer stem cell

may reveal new targets for future treatments in an attempt to eliminate the offending cancer

stem cell and thus prevent tumour recurrence and metastasis as illustrated in Figure 1.6.
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Figure 1.6: Treatment of the cancer stem cell (Reya et al., 2001). Conventional therapies
may shrink the tumour, killing cells with limited proliferative potential with the cancer
stem cells remaining viable. On the other hand, targeted cancer stem cell therapies might
more effectively kill the cancer stem cells, rendering the tumours unable to maintain

themselves or grow.

One example has been identified in colon cancer where it was found that interleukin (IL)-4
conferred survival advantages to colon carcinoma stem cells thus allowing them to resist
standard chemotherapies (Todaro et al., 2007). The authors also found that neutralisation of
IL-4 targeted this stem cell population achieving the successful elimination of the cancer
initiating cells, and suggest the use of anti-IL-4 may be a very promising finding in the search

for successful cancer treatments.

The question of therapies directed towards cancer stem cells affecting normal stem cells as the
same pathways involved in the survival and neoplastic proliferation of cancer stem cells also
maintain normal stem cell populations may arise. It appears that cancer stem cells are likely to
be more dependent on some pathways than normal stem cells thus therapies targeting

particular pathways may be more useful. In other cases, it may be possible to do without the
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normal stem cell (Pardal et al., 2003). For example, in breast cancer, the elimination of
mammary epithelial stem cells may be acceptable as it is also lost in patients who undergo a
mastectomy. However, ultimately, it is an important consideration in the development of new

stem cell targeted therapies.

2. Therapies to induce differentiation of stem cells or even transiently inhibit the

maintenance of the stem cell state:

This group of therapies should lead to the exhaustion of the pool of cancer stem cells and to
the conversion of malignant cancers into benign tumours. For example, transient inactivation
of MYC leads to the differentiation of sarcoma cells into osteocytes and a loss of neoplastic
phenotype that cannot be restored even by reactivation of MYC. This raises the possibility that
MYC is required for maintenance of identity of sarcoma stem cells, such that in its absence the
cells differentiate to benign osteocytes (Gibbs et al., 2005). Another example is the model of
embryonal carcinoma used in this study, where despite the aggressive nature of embryonal
carcinoma cells, they can be induced to differentiate and subsequently lose their tumourigenic
potential (Astigiano et al., 2005). Interestingly, embryonal carcinoma cells injected into a
mouse blastocyst have been shown to become incorporated into the developing embryo

indicating that there are external microenviromental factors involved (Astigiano et al., 2005).
3. Targeting the stem cell niche:

The microenvironment of stem cells or the so called ‘stem cell niche’ contains many cellular

and non cellular components including extracellular matrix proteins that may be potential

sources of therapies (see section 1.2.4.5 for a detailed discussion).

Figure 1.7 illustrates an overview of the cancer stem cell model and the effect of clinical

interventions on cancer stem cells.
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Figure 1.7: Clinical implications of the cancer stem cell model (Wicha et al., 2006). It has

important implications for clinical intervention as illustrated.

Interestingly, Wicha et al suggest that the cancer stem cell hypothesis indicates that molecular
profiling of tumours may not be as useful as expected in predicting sensitivity to therapy as
these treatments would target the differentiated population of cells accounting for the bulk of
the tumour and not the cancer stem cells. Therefore, specific profiling of the cancer stem cells

would be the most beneficial way of determining new effective therapies.

1.2.4.5 Microenvironment of stem cells/Stem cell niche

It is generally well recognised that the microenvironment of stem cells provides a fundamental
role in their growth and development. The concept of the stem cell niche was developed by
Schofield in 1978 who proposed that stem cells reside within a fixed compartment or niche
designed to maintain stem cells (Schofield, 1978). Secreted and cell surface molecules are
released into this defined anatomical compartment and control the rate of stem cell

proliferation, determine the fate of stem cells and protect stem cells from death. Many of these
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molecules are Wnt molecules, BMPs, FGFs, and Notch which are all known to play roles in
controlling stem cell self-renewal as well as regulating lineage fate in different systems (Li et
al., 2006). Subsequent studies have provided evidence to support Schofield’s hypothesis with

much of the work being performed on haemopoietic stem cells (Rizo et al., 2006).

The components of the stem cell niche are as follows:

1. The stem cell itself.
Stromal support cells.
Extracellular matrix proteins.

Blood vessels.

il R

Neural inputs.

The features of stem cell niches as outlined by a number of groups are as follows (Angstreich

et al., 2005; Jones et al., 2008):

1. Signals produced by the niche regulated stem cell self-renewal, survival and
maintenance.

2. The spatial relationship between stem cells and support cells can polarise stem cells
within the niche to promote asymmetric stem cell divisions.

3. Adhesion between stem cells and supporting stromal cells and/or the extracellular
matrix (ECM) anchors stem cells within the niche in close proximity to self-renewal

and survival signals.

Within the field of tumourigenesis where cancers are being considered as diseases of self-
renewing cancer stem cells, the microenvironment or niche may play a vital role in the
development of a tumour. Various suggestions have been made regarding how the
microenvironment contributes with some suggesting an independence from niche
requirements and others suggesting that the niche may be involved directly in either tumour
initiation and/or tumour maintenance. Sneddon et al, 2006, performed ¢cDNA microarray
analysis on stromal cells from basal cell carcinomas (BCC) and non tumour skin and found

that BMP antagonists secreted by stromal cells in BCC allowed continued proliferation and
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self-renewal of cancer cells, thus providing evidence that the tumour microenvironment plays

a role in tumour development (Sneddon et al., 2006).

Another interesting example of the effect of the microenvironment is provided in a study
performed by Astigiano et al., 2005, in which they showed that the post-implantation mouse
embryo microenvironment retained an ability to control cancer growth by allowing embryonal
carcinoma cells to be incorporated into normal embryogenesis if transplanted early and
forming tumours if transplanted later in development (Astigiano et al., 2005). The mechanisms
involved have not yet been identified but the authors suggest that epigenetic mechanisms and

external signals are involved rather than any genetic changes.

The presence of a stem cell niche and tumour cell niche provides a possible target for the
development of new cancer treatments as well as being of significance in other stem cell areas
such as regenerative medicine and stem cell transplants. One study demonstrated the
pharmacologic use of parathyroid hormone increased the number of haemopoietic stem cells
mobilised into the blood for stem cell harvests, protected stem cells from repeated exposure to
cytotoxic chemotherapy and expanded stem cells for transplant recipients (Adams et al.,
2007). Thus, the stem cell niche may provide a useful and attractive target for drug based stem
cell therapeutics. For tumours, directly targeting the tumour cell niche or preventing the
tumour cell access to the niche may reverse or delay tumour progression. Jin et al 2006 found
that targeting CD44, a molecule that mediates adhesive cell to cell and cell to extracellular
matrix interactions eradicated human AML leukaemic stem cells (LSC) (Jin et al., 2006).
These results provide evidence that the tumour cell niche or microenvironment may be a

valuable source of future cancer therapies.

1.2.5 Current research on stem cells

A seminal article by Ramalho-Santos et al was published in Science in 2002 on stem cells and
introduced the concept of ‘stemness’ (Ramalho-Santos et al., 2002). They compared the
transcriptional profiles of mouse embryonic, neural, and haematopoietic stem cells as well as
differentiated cells from lateral ventricles and the bone marrow to define a genetic program for

stem cells. Subsequent gene lists were compared with each other to determine an overlapping
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set of genes. This analysis resulted in a list of 216 genes which were enriched in each of the
stem cell types, i.e. mouse embryonic, neural and haematopoietic stem cells. Based on their

findings, they proposed that the essential attributes of stemness included:

1. Active JAK/STAT (Janus kinase/signal transducers and activators of transcription),
TGF-B, Yes (Yamaguchi sarcoma) kinase and Notch signalling.

Capacity to sense growth hormone and thrombin.

Interaction with the extracellular matrix via integrin alpha6/Betal, Adam9 and bystin.

Engagement in the cell cycle, either arrested in G1 or cycling.

Mg e 9

High resistance to stress with upregulated DNA repair, protein folding, ubiquitin
system and detoxifier system.

6. A remodelled chromatin acted upon by DNA helicases, DNA methylases and histone
deacetylases.

7. Translation regulated by RNA helicases of the Vasa type.

1.3 Embryonal carcinoma, teratocarcinoma and teratomas

1.3.1 Germ cell tumours

Testes: Testicular neoplasms account for 1% of tumours in males and are classified according

to the WHO as follows (Eble et al., 2004):

- Germ cell tumours (94 — 96%)).

i. Seminomatous tumours.
1. Seminoma, classic type (40-50%).
2. Spermatocytic seminoma.

ii. Non seminomatous germ cell tumours (NSGT).
1. Embryonal carcinoma (5%).
2. Choriocarcinoma (5%).
3. Teratoma, mature and immature (5-10%).
4

. Yolk sac tumour.
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5. Mixed NSGT.
- Sex cord stromal tumours (4 — 6%).
i. Leydig cell.
ii. Sertoli cell.
iii. Granulosa cell.
iv. Other.
- Other tumour types (<1%).

Non seminomatous germ cell tumours

Non seminomatous germ cell tumours are thought to recapitulate embryogenesis with their
pattern of differentiation being directed toward the formation of one or more of the
components of the embryo and/or related structures. The specific direction this differentiation

takes will determine the tumour’s morphologic appearance thus its name.

1. Embryonal carcinoma: It is composed of primitive carcinoma-like cells with minimal
or no signs of differentiation.

2. Mature and immature teratoma (5-10% of all testicular neoplasms): Differentiation is
toward structures of the embryo proper, usually a combination of endodermic,
mesodermic, and ectodermic tissues.

3. Choriocarcinoma (5% of all testicular neoplasms): This tumour is characterised by the
formation of well developed trophoblastic elements. It is associated with a poor
prognosis compared with other tumour types.

4. Yolk sac (endodermal sinus) tumour: Differentiation is directed toward the formation
of extraembryonic endoderm and mesoderm. It is a tumour of infants and young

children.

As differentiation may proceed in a number of directions within the same lesion or there may
be only partial differentiation of the components, non seminomatous tumours of the testes are
usually mixed tumours with the amount of each component recorded by the pathologist. One
of the most common mixtures is embryonal carcinoma and teratoma and this was referred to

as a teratocarcinoma.
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Ovary: Germ cell tumours also occur in the ovary and have a similar classification to testicular

tumours as illustrated in Figure 1.8.
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Figure 1.8: Pathological classification of ovarian tumours.

1.3.2 Embryonal carcinoma

Embryonal carcinoma is a malignant germ cell neoplasm that can occur in the testes or ovary.
Within the testis, it occurs most commonly as a component of a mixed non seminomatous
germ cell tumour of the testis and is present as a component in more than 80% of mixed germ
cell tumours (Bahrami et al., 2007). Pure embryonal carcinoma accounts for only 5% of

testicular germ cell neoplasms with an age range at diagnosis of 25 — 35. The presence of
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embryonal carcinoma accounting for more than 80% of total tumour volume is reported to be

an adverse prognostic factor.

Figure 1.9: Microscopic appearance of embryonal carcinoma with a tubular and solid
growth pattern of large cells with prominent vesicular nuclei and abundant granular
cytoplasm. (Taken from Webpath Internet Pathology Laboratory, University of Utah
http://library.med.utah.edu/WebPath/webpath.html).

Embryonal carcinomas in the ovary are rare and occur almost exclusively in children and

young adults. They have a similar morphology to embryonal carcinoma of the testis.

1.3.3 Teratocarcinomas

Teratocarcinomas are often referred to as the classical stem cell tumours (Andrews, 2002).
These tumours contain undifferentiated embryonal carcinoma cells which are the resident
cancer stem cells in addition to differentiated cells that represent cells from all three germ
layers. Teratocarcinomas present a caricature of embryogenesis and have been subject to
investigation for decades (Gudjonsson et al., 2005). The differentiation potential of the
teratocarcinoma cells is dramatic; in these tumours one can find the presence of fully

differentiated bone, cartilage, brain tissue and cartilage within the tumour mass.
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Figure 1.10: A) Macroscopic appearance of a teratocarcinoma of the testis. The normal
testicular parenchyma has a tan brown appearance with a central tumour present, white
in colour. B) Microscopic appearance with embryonal carcinoma component and
cartilage demonstrating the combination of embryonal carcinoma and teratomatous
elements seen in a teratocarcinoma. (Taken from Webpath Internet Pathology

Laboratory, University of Utah http://library.med.utah.edu/WebPath/webpath.html)

The term teratocarcinoma is no longer in widespread clinical use and is a more historical term
(Young, 2008). They are now referred to as embryonal carcinomas with teratomatous elements
and are as stated previously a common combination within the non seminomatous germ cell

tumour category according to the WHO classification of testicular tumours (Eble et al., 2004).

1.3.4 Teratomas

Teratomas are germ cell tumours composed of various tissues representing endodermic,
mesodermic and ectodermic differentiation. They occur in both the testis and ovary, but are
more common in the ovary where they account for the majority of ovarian germ cell
neoplasms. The word ‘terato’ comes from the Greek word ‘teras’ meaning monster and as a
prefix describes an abnormal or monstrous growth. Mature teratomas are composed of entirely

mature well — differentiated components as shown in Figure 1.11.



Figure 1.11: A) Macroscopic appearance of an ovarian teratoma with hair, teeth and
skin evident. B) Microscopic appearance showing keratinising squamous epithelium and

underlying sebaceous glands reminiscent of fully mature skin.

Immature teratomas contain embryonic or foetal-like tissues but often accompanied by mature
elements. However, the presence of immature elements puts these tumours in the malignant

category.

1.4 Microarray technology

Microarray technology was introduced in the mid 1990s and offers a tremendous capability for
global parallel gene expression monitoring making an ideal starting point for target discovery.
The goal of a great majority of current molecular research is the identification of pathways,
genes or proteins specific to particular physiological processes and specific disease
aetiologies. Great advances have been made in the molecular biology of cancer with the
application of microarray technology and the study of differential gene expression profiles of
individual tumours. Indeed, it is thought that microarray technology will revolutionise
medicine with the provision of treatments and cures for every human disease (Michiels et al.,
2007). Enabling personalised cancer treatments is also expected to be possible with the advent
of microarray technology and expression profile analysis of tumours (van't Veer et al., 2008).
In recent years, it has become apparent that no one gene or protein completely defines the
phenotype of a tumour cell; most malignant cells demonstrate disarray of a number of cellular

pathways, all of which combine to give the tumour cell its specific characteristics. A summary
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of the expression levels within a tumour of all genes involved in these various pathways
constitutes the molecular signature of that tumour. Studying molecular signatures rather than
specific molecules can give much greater insight into the pathogenesis of tumour development
and progression. This has been shown in diffuse large B cell lymphoma (DLBCL), a
malignant neoplasm of white blood cells, where the transcription profile of the tumour sub-
classified it into two major molecular subtypes, namely the germinal centre B-cell-like (GCB)
type of DLBCL and the activated B-cell-like type (ABC) (Leich et al., 2007). These are
thought to be two distinct subtypes with different pathogenetic and oncogenic features with
the GCB subtype shown to have an improved overall survival compared with the ABC
subtype. Breast cancers have also been sub classified using microarray technology into four
main groups: a) luminal cell-like (express oestrogen receptor); b) basal cell-like (hormone
receptor negative); ¢c) HER-2 positive tumours; and d) normal breast-like group. A comparison
of the prognosis between tumour groups was done, the basal-like and HER-2 positive tumours
(Sorlie et al., 2001, Reis-Filho et al., 2006).

Functional expression of a gene may be assessed by measuring levels of messenger RNA
(mRNA) for that gene. Northern blotting is an effective but labour-intensive and low
throughput technique for detecting a single specific mRNA, based on the principle of
hybridisation; two nucleic acids strands will hybridise and bind if they are complementary to
each other. In Northern blotting, an mRNA sample is run through a gel. A radio-labelled
oligonucleotide probe complementary to the desired mRNA target is applied to the gel. If the
target mRNA is present, the probe will bind to its location in the gel. The amount of radiation
captured on a photographic film is proportional to the amount of target mRNA in the sample
(Knudsen, 2004).

DNA microarray analysis is a high-throughput technique analogous to a massively parallel
version of Northern blotting. Like Northern blotting, DNA microarrays operate on the basis of
probe:RNA hybridisation; however, DNA microarrays utilise tens of thousands of
oligonucleotide probes for RNA. They allow rapid comparison of mRNA levels for thousands
of genes in multiple biologic samples (Lobenhofer et al., 2001). Thus, instead of running a
couple of Northern blots in a day, one can analyse tens of thousands of genes in a dozen or so
specimens in a single experiment. This allows simultaneous observation of genes that act in a

coordinated fashion, either within the same pathway or in related pathways and genes that
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regulate expression of other genes. Thus within the cancer research field, pathways that are
consistently dysregulated within a specific tumour type can be identified as well as the genes
within each pathway that show altered expression within the tumour allowing insight into the
origin of pathway dysregulation and possibly tumour pathogenesis. The end result would be to
provide a gene expression profile or gene signature of each different tumour type, a new

molecular genetic test in the diagnosis of cancer.

1.4.1 Expression microarray technology

Microarrays are created by synthesizing or transferring cDNA (500 — 2000 bases) or
oligonucleotide (20 — 70 bases) probes onto a membrane or glass slide. Arrays can have as few
as 10 probes up to 2 million depending on the requirements of the researcher. Thousands of
probes, each complimentary to a different target sequence, can be attached onto a very small
area, often a few cm’. The RNA sample of interest is labelled (typically using fluorescent or
chemiluminescent tags) and hybridised to the array. After washing away unhybridised
material, the array is excited by a laser and the resultant image scanned. The amount of light
emitted from each probe is dependent on the amount of hybridised material; thus the amount
of each of the target sequences present in the sample can be quantified from the image

generated from the array.

1.4.2 Expression microarray studies

Since their inception in 1995, DNA microarrays have revolutionised genome-wide expression
profiling of tumours and other tissues (Schena et al., 1995). There has been an exponential rise

in the number of microarray papers published since 1995 (Figure 1.12).
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Figure 1.12: Number of DNA microarray papers published per year (Knudsen, 2004).

Microarrays have a number of applications in cancer research (Lobenhofer et al., 2001):

1. Determination of differences between malignant cells and benign cells.

Refining tumour classification to increase effectiveness of tumour therapies.

Identification of genes implicated in tumour formation or progression.

g e e

Development of personalized cancer treatments depending on individual tumour gene

expression profiles.

1.4.3 Applied Biosystems Expression Array System

The Applied Biosystems expression array system is an expression profiling system that
combines highly sensitive chemiluminescence detection chemistries with a fully curated
transcript data set with comprehensive coverage of the total mouse and human genomes. The
Applied Biosystems array platform employs single 60-mer oligonucleotides and uses a single-
colour chemiluminescence detection technology. The Applied Biosystems Mouse Genome
Survey Microarray contains probes representing a complete, annotated, and fully curated set of
approximately 32,000 mouse genes from the public and Celera databases. The Applied
Biosystems Human Genome Survey Microarray provides 31,700 probes for interrogation of

27,868 genes. The system includes a complete searchable database containing Celera
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Discovery System™ and public database annotations for transcript sequences represented on
the array. Each array offers extensive data reproducibility and quality control measured by
chemiluminescent and fluorescent internal controls. The system integrates seamlessly with
TagMan® Gene Expression Assays and TagMan® Low Density Custom Arrays for individual

target validation.

1.5 Objectives of this study

Embryonic stem cells have been a subject of much interest given their capacity for self-
renewal and for differentiation into desired cell types, particularly in the field of regenerative
medicine where they provide hope for new cell replacement therapies. Embryonic stem cells
have another significant property — their similarities with cancer cells and in particular cancer
stem cells. The study and analysis of their similarities and differences offers a vast minefield
of targets that may be of potential use in future cancer therapies. Ultimately, the identification
of a target and or treatment that would eliminate cancer stem cells would constitute a major
advance in the treatment of cancer and prevention of recurrence or metastasis of tumours.
Much research is being currently undertaken to investigate the properties of stem cells, cancer

stem cells and their role in carcinogenesis.

This study sets out to investigate the similarities and differences between embryonic stem cells
and their malignant equivalent, embryonal carcinoma cells (cancer stem cells) based on the
model of teratoma tumourigenesis in mouse and human. This study also sets out to obtain
transcriptome profiles of the fundamental properties of stem cells, i.e. self-renewal and
differentiation, with the ultimate aim of providing a transcriptome profile of the cancer stem
cell and highlighting potential targets for future cancer therapies. As disordered differentiation
and dysregulation of self-renewal are considered to be the basis of carcinogenesis, this study
focuses on an early differentiation time point (day 3), unlike other studies involving much

later time points, in an attempt to isolate the earliest neoplastic genetic event.

To achieve these aims, a cell culture model and differentiation time course was designed and

extensively tested using mES and mouse EC cells (both pluripotent and nullipotent forms).
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Cells were grown for 3 days in their undifferentiated and differentiated states, a significantly
earlier time point than most studies currently in the literature, and RNA was harvested.
Subsequent expression array analysis was performed using Applied Biosystems technology, a
technology platform not widely published on in the area of stem cell biology. An equivalent
human model was also established using nulli- and pluripotent human EC cell lines, again

using the early differentiation time point of 3 days.
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CHAPTER 2 MATERIALS AND METHODS
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2.1 Mouse Cell lines

2.1.1 Mouse nullipotent teratocarcinoma cells, Nulli-SCC1, ATCC number: CRL 1566

Figure 2.1:  A) Nulli-SCC1, Phase contrast. B) Nulli-SCC1, Day 3, T75 flask, 5x, phase

contrast.

This cell line from ATCC (American Type Culture Collection (www.atcc.org)) was deposited
by Gail Martin and derived from a murine testicular teratocarcinoma. These cells do not
differentiate, but can be made to form aggregates and can serve as control for pluripotent
teratocarcinoma cell lines such as SCC-PSAL1 (see below). These cells grow best on gelatine
coated plates and form flattened colonies. Medium required for growth is Dulbecco’s modified
Eagle’s medium (DMEM) made up as shown in Table 2.1. All cells were grown in a 37°C
incubator with 5% CO; and appropriate humidity.

Table 2.1: Culture medium components (All Gibco cell cu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>