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ROLE OF STEM-LIKE CELLS IN BREAST CANCER
By Pardis Arvinrad

Breast cancer is a leading cause of mortality in women worldwide, with a high incidence
of tumour recurrence and metastasis, predominantly due to chemoresistance, key
obstacles in the treatment of any cancer. Studies are emerging in support of the “cancer
stem cells theory”, which postulates that a small subset of cancer cells is exclusively
responsible for the initiation and malignant behaviour of a cancer that are highly
tumorigenic, resistant to therapeutic regimes, and responsible for treatment failure and
disease relapse. The emergence of cancer is also accompanied by specific metabolic
alterations; in particular, enhanced aerobic glycolytic activity which leads to rapid
tumour progression. Our current conventional therapies are based on eliminating
differentiated tumours, whereas identification of the factors that lead to cancer stem-like
cells (CSLCs) maintenance in the tumour population, could lead to the development of
more effective therapeutics. Therefore, this thesis aimed to investigate the effect of
modulating tumour cell metabolism, using a variety of metabolic inhibitors, on the
maintenance of the stem cell population of breast cancer cells, to stop or slow down
CSLCs growth. Additionally, this thesis aimed to study the expression levels of the main
stem cell markers SOX2, OCT4, and its most homologous pseudogene (OCT4 PG1), in
breast cancer following metabolic treatments and to investigate the effect of reducing the
expression of these markers on the mammosphere forming ability of MCF-7 cells.

We developed a cell line model of glycolytic vs. glycolysis restricted cells by adapting
cells to fructose in the absence of glucose so that cells could grow at normal rates
without being glycolytic. We then proceeded to characterise the stem cell population of
breast cancer cells using the mammosphere assay. Strikingly, this study demonstrated
that MCF-7 cells are able to adapt to fructose conditions, proliferate in a programmed
manner as glucose adapted cells, and significantly form more mammospheres than more
glycolytic cells. This indicates that the CSLCs do not require a high rate of glycolysis to
survive as long as they have sufficient substrate to grow. Moreover, it was found that
SOX2 is more highly expressed in glycolysis restricted conditions and OCT4A is not
present in breast cancer cell lines. OCT4 PG1 was expressed in some breast cancer cell
lines (MCF-7), implying a possible role in carcinogenesis. Additionally, targeting
different metabolic pathways found that the use of oxamate to inhibit glycolysis showed
that glycolysis is not a critical metabolic pathway for CSLC activity in fructose adapted
cells. In conclusion this work shows important links between glycolytic metabolism and
pluripotency, and pluripotency related genes in breast cancer.
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Chapter 1

Introduction
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1.1 Cancer

One in two people will be diagnosed with cancer at some point in their life-time (1). Even
though the five-year survival rate has improved, there is still an increase in the incidence of
cancer in the entire population. Cancer is a broad term for a class of diseases characterised
by uncontrolled cell growth and proliferation. Mutations can deregulate cell growth and
differentiation in somatic cells, altering the properties of healthy cells such as cell-cell
interaction, adhesion, specialisation, and controlled cell death, eventually leading to the
formation of neoplasms (1) (2). To maintain cellular integrity, cells undergo apoptosis
(programmed cell death). However, on some occasions in cancer cells, apoptosis is unable
to be activated; cells accumulate and instead build up into a mass of cells or tissues
commonly referred to as a tumour (3). Neoplasms are classified into three main groups
according to the World Health Organisation (WHO): benign neoplasms, malignant
neoplasms (cancers), and neoplasms of unknown source. The majority of lumps are benign
(not generally cancerous) and not aggressive towards surrounding tissues. Benign tumours
are less mobile and have lower proliferation rates. Malignant tumours in contrast,
proliferate at high rates, move rapidly, and interfere with different organs of the body
through either the blood or lymphatic system, invade the adjacent healthy tissues, and can

become metastatic (4) (5).

1.1.1 Cancer initiation

Cancers are primarily considered as a disease of the DNA (6). In non-cancerous cells,
DNA damage-repair enzymes, repair the errors introduced during DNA replication.
However, when normal repair processes fail, and when cellular apoptosis does not occur,
the damage to the DNA is not recoverable and mutation occurs (7). On such occasions
cells may not function as originally intended. Two main gene categories that are affected
by these changes consist of oncogenes and tumour suppressor genes. Tumour suppressor
genes represent the oppose cell growth; they discourage cell proliferation and tumour
development by repairing damaged DNA and regulating apoptosis. In certain
circumstances oncogenes, such as BRCAL1 and P53, may promote the malignant phenotype
and cause cancer (7). Oncogenes are often over-expressed or mutated in cancers.
Inappropriate alterations, such as those seen in cancer, promote genetic changes that affect
the proper functioning of tumour suppressor genes. This may alter cell division, survival,

or other properties of cancer cells. Typically, it has been proposed that for a cell to become
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cancerous it must undergo mutations in genes regulating the cell cycle and differentiation
(8).

1.1.2 Cancer development and metastasis
1.1.2.1 Cancer development

There are at least three main factors causing or triggering cancer progression:

DNA alteration

Metabolic alteration

Cancer stem-like cells (CSLCs)

A change in DNA replication and metabolic alteration are both required for cancer
development. An increased rate of glycolytic metabolism, despite the presence of oxygen
for mitochondrial respiration (the Warburg effect), is characteristic of various cancer cells,
including those from breast tumours. The most widely accepted view on carcinogenesis
claims DNA alteration as the main cause of tumorigenesis. Mutations might occur in genes

at many levels during mitosis and cause abnormalities which may lead to cancer (9).

An alternative view considers an association between DNA alteration and metabolic
alteration, two essential factors for cancer initiation and progression (10). The latter
(metabolic alteration of cancer cells) is not essentially induced by mutations in oncogenes
and tumour suppressor genes, and provides the majority of the building blocks required for
cell division (9). The excessive proliferation rate in cancer cells leads to an enhanced
nutrient uptake from the blood for the purpose of forming new cells. To this end, the
stimulation of glycolysis is necessary for cancer cells to provide most of the energy
required for the synthesis of cellular components for cell proliferation (9). During early
stages, a tumour gains its bulk mass through cellular proliferation. However, when
becoming more mobile, instead of proliferation, metabolic energy is the main source of

movement and invasion.

The most recent view highlights the critical role of a small population of cancer cells
referred to as CSLCs in the initiation and development of cancer. Research in the field of
stem cell biology is lending insight into where cancer originates from and will eventually
yield new approaches to fight this disease. Therefore, this project emphasises the two latter
key areas of research by focusing on targeting breast cancer stem-like cells (bCSLCs)

through reprogramming metabolic pathways in this population.
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1.1.2.2 Metastasis

Development of cancer is usually associated with metastasis which refers to an advanced
stage of cancer where the tumour spreads to different part of the body from its origin site
and accounts for the majority of cancer related deaths including breast (11) (12).
Metastasis initiates with the local invasion of surrounding host tissues. During metastasis,
cancer cells initially escape from the primary tumour (intravasation), then circulate into the
bloodstream or lymphatic system (dissemination), and migrate to the secondary site
(extravasation) in the body (13). At this stage, tumour cells continue to multiply and

reproduce more metastatic forming tumours (Figure 1.1) (14).

Primary tumour

Intravasation

dissemination

“ Extravasation

M

Metastatic lesion

Figure 1.1 A schematic representation of metastasis. Metastatic cells initially break free from the primary
tumour by losing adhesion to neighbouring cells and migrate into the bloodstream. They will then attach to
the wall of the blood vessels, exit the blood stream to the second site, and become metastatic.

In the specific case of breast cancer, if a primary tumour is not treated, cancer progresses
from a primary tumour to a secondary metastatic lesion mainly in the bone, brain, liver or
lung (15). Several steps are needed for initiation of metastasis; gaining the ability to break
away from their origin, attaching to the blood or lymph vessels wall, entering and settling
into a new organ or tissue in a new environment. Moreover, while in the secondary site,
cancer cells need to continue growing and avoiding the reactions from the immune system.
Gaining these abilities gives them new characteristics different from those in the primary

tumours which therefore make them more difficult to target and treat (15).
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1.1.3 Epithelial-mesenchymal-transition (EMT) involvement in cancer
progression

The metastatic spread of cancer cells requires high levels of flexibility in the adhesive
properties of tumour cells and their interacting cells (15). To gain metastatic ability, cells
often undergo the development of mesenchymal characteristics, such as a reduction in cell-
cell adhesion. Epithelial to mesenchymal transition, EMT, is a reversible multi-step
morphogenic process during which epithelial cancer cells lose adhesions with
neighbouring cells, undergo remodeling and replacement of cytoskeletal components and
turn from a well-differentiated adherent phenotype to invasive migratory mesenchymal
cells (Figure 1.2) (16). EMT, most likely the first step in the metastatic cascade, is closely
tied to cancer progression and metastasis. EMT rises with the loss of cellular polarity, the
onset of cell migration (16). It drives cancer cells with a more motile and invasive
phenotype which is important at the primary phase of the metastatic cascade when invasion
occurs into the surrounding tissue and blood vessels through the basement membrane (17).
The cellular process of EMT is important throughout embryonic development for
organogenesis and resembles the development from a normal to transformed cell

phenotype during cancer progression (18).

Moreover, cancer progression is associated with the cross-linking of proteins lying on the
extracellular matrix (ECM). This leads to an increase in ECM density and cell-matrix
adhesions creating an imbalance between cell-matrix and cell-cell adhesions (19). Such
alterations in the density of ECM could trigger EMT and lead to metastasis (12).
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5 Cancer cell
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Figure 1.2 A schematic representation of EMT. Epithelial cells contain cancer cells that gain the ability to
migrate freely, undergo EMT and transfer to mesenchyme cells.

Cell adhesion is mainly governed by the cadherin protein family. The cadherin family is
known to play important roles in mediating cell-cell adhesion and breast cancer
progression (15). E-cadherin (CDH1) maintains cell-cell adhesion, which retains the
homeostasis and architecture of epithelial tissues. Therefore down-regulation of E-cadherin
expression, well documented as a hallmark of EMT, results in the loss of cell-cell
junctions, cell-matrix adhesion, and a change in cell polarity; this in turn assists the
invasiveness of epithelial cells during tumorigenesis (EMT) and is a determinant in the
outgrowth of metastatic breast cancer cells (20). Downregulation of E-cadherin is induced
by transforming growth factor-p (TGF-p) followed by other molecular changes such as

facilitating B1 integrin expression, a fundamental factor in metastasis (21).

According to the latest breast cancer studies, the plasticity of cancer cells allows the
transformation of well-differentiated breast cancer cells to cancer stem-like phenotype
(22). More recent data also revealed that EMT indicates an increased plasticity linked to
cellular stemness and the ability to generate tumours (16). On the contrary, according to
Dykxhoorn et al. the formation of some tumours at a secondary site could be related to and
enhanced by the reverse process to that of EMT, called mesenchymal to epithelial
transition (MET). This could therefore support the idea that a secondary tumour or a
metastatic lesion may represent a similar phenotype (epithelial) to that of the primary

tumour it originally initiated from (23).
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1.1.4 Breast origins and anatomy

The breast is situated within the superficial fascia of the anterior thoracic wall between the
clavicle and the sixth to eight ribs and develops from the mammary ridge in the embryo.
Each breast or mammary gland consists of lobes that are formed from the tubuloalveolar
type surrounded by fibrous connective tissue (24) (25). Each lobe branches into smaller
lobules (milk-producing glands) which then divides into ducts that carry milk to the
nipples (26) (Figure 1.4).

Stem cells have the ability to regenerate themselves and develop into a large range of
tissues. Multipotent adult mammary/breast stem cells reside in the mammary gland and
undergo self-renewal. They can differentiate into all specialised mammary epithelial cells.
During asymmetric division, a stem cell or a progenitor cell undergoes mitosis and turns
into two daughter cells (luminal progenitor cells and myoepithelial progenitor cells), one of
which remains a stem/progenitor cell (luminal or basal-like cells), while the other becomes

a more specialised cell such as milk-producing cells (Figure 1.3).

Breast stem cell
Lurninal progenitor cells Myoepithelial progenitor cells

l l l

Luminal-like cells  milk-producing cells Basal-like cells

Figure 1.3 A schematic representation of breast cancer origin. During asymmetric division two daughter
cells become either a stem/progenitor cell while the other becomes a more specialized cell.
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Human breast tissues maintain their structure over time through a tightly regulated process
sustained by a minority of tissue stem cells. During embryogenesis, the morphogenesis of
mammary glands occurs from a thickening in the ventral skin. Subsequently, mammary
ducts develop during the early pubertal period (27). The inner luminal and outer
myoepithelium cell layers form the mammary epithelium. The identification of the luminal
and myoepithelial stem/progenitor cells in each layer of the mammary epithelium provides
the possibility of the involvement of distinct stem/progenitor cells in the initial

development, homeostasis, and remodeling of the mammary epithelium (28) (Figure 1.4).

Myoepithelial cells

Luminal cells

A

P Milk duct

X
"
-~ > Lobules

T Connective tissue

Mammary stromal

Figure 1.4 A schematic representation of breast anatomy (mammary gland and mammary epithelial
cell structure). Breast is made of connective tissue and contains a complex network of ducts and lobules
made of two layers of cells, epithelial cells and myoepithelial cells. Luminal epithelial cells surrounded by
loose myoepithelial layer on basement membrane.

1.1.5 Breast cancer

Normal healthy cells can transform into a neoplasm in nearly any part of the body. When
breast cells are diverted from the regular arrangement, a malignant neoplasm develops and
breast cancer occurs (4). On such occasions, breast cells lose certain abilities, such as their
adhesion properties, enabling them to escape from the primary site they have initiated from
(breast). The breast cells can then easily spread throughout the body into distant tissues by
traveling through blood or lymph vessels and establish secondary areas of growth i.e., they

can metastasise (2) (29).
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According to the WHO, breast cancer is one of the leading causes of cancer related-death
worldwide (declining since about 1990, due to early detection and improvements in
treatment). Breast cancer is the most common malignancy amongst women (30), claiming
the lives of hundreds of thousands of patients each year mainly due to metastasis (31) (32).
It is highly treatable when diagnosed at an early stage. However, it is an inherently
challenging disease to treat due to its biological complexity and intra- and inter- tumour
heterogeneity. Breast cancer could be a serious threat and result in death due to relapse and
metastasis (31). Thus, in the battle against cancer, one of the main goals is to stop tumour

cells from spreading to distant parts of the body from their tissue of origin.

1.1.5.1 Classification of breast cancer

Human breast cancer is a group of heterogeneous diseases at both the pathological and
molecular level meaning that breast tumours can show distinct morphological and
phenotypic profiles, including gene expression, metabolism, motility, proliferation, and
metastatic potential (26). The classification of breast cancer relates to the differentiation
state of cancer cells in tumour progression (33). Breast cancer is classified into different
groups according to histopathology, grading and staging of tumour, receptor status, and
protein and gene expression (34). Histological appearance of breast tissue in the tumour is
most commonly used as the primary classification of breast cancer (4). Although breast
cancer varies in histological type, transformation of epithelial cells lining the milk ducts or

lobules most commonly develops into this disease (35).

Sarcomas are tumours that are generated from connective tissues whereas those originating
from epithelial tissues are referred to as carcinomas (31). If the breast carcinoma emerges
from the ducts and remains at the original site without evidence of invading through the
basement membrane, it is called ductal carcinoma in situ (DCIS), whereas tumours
spreading through the cells of the ducts and invading distant tissue are called invasive
ductal carcinoma (IDC). Tumours arising from lobules and restricted to the milk producing
glands or lobules are known as lobular carcinoma in situ (LCIS) and when spreading out of
the lobules are called invasive lobular carcinoma (ILC) (34) (31) (35). IDC, DCIS, and
ILC and LCIS account for 55%, 13%, and 5% of breast cancer cases respectively (36).
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1.1.5.1.2 Breast cancer stage and grading

Breast cancer staging is based on the TNM system and describes the size of the tumour (T)
and takes into account the extent that cancer has spread from the tumour primary location;
such as adjacent lymph nodes (N) or to the distant part of the body when it has
metastasized (M) (31) (37). Grading compares the appearance (differentiation) of breast
cancer cells to that of normal breast tissue. It is an indicator of how fast a tumour is likely
to grow and spread. If cancer cells look more like normal cells and tend to grow and spread
more slowly than poorly differentiated or undifferentiated cancer cells, this results in a
grading of cancer as “well differentiated” (low grade or grade 1). As tissue appears less
differentiated and dissimilar to normal tissue, it is classified as moderately differentiated

(intermediate grade or grade 2) and poorly differentiated (high grade or grade 3) (38).

1.1.5.1.3 Molecular profiling of breast cancer

In addition to the tumour staging and grading, molecular profiling of breast cancer, which
IS based on the variation of gene expression also determines, different subtypes of this

disease. Breast cancer comprises at least two main biological types.

Luminal types: The luminal types are estrogen receptor (ER)-positive. The gene
expression patterns of these cancers are similar to non-cancerous cells that line the breast
ducts and glands. Luminal A tumours are ER positive, have high levels of the progesterone
receptor (PR), and are HER2 (human epidermal growth factor) negative. They are low
grade, tend to grow slowly, and have the best prognosis. Luminal B tumours are less
common, ER positive, show different HER2 cluster expression, and have a higher
expression of proliferation related genes (39). They grow faster than Luminal A and are
often high grade with a worse prognosis. The two luminal subtypes (A and B) contain most
ER-positive breast cancers and are characterized by a high expression of ER-related genes.
The major biological difference between the two luminal types is an increased expression
of proliferation genes, detected by proliferation markers such as Ki67 in luminal B subtype
(40).

Basal types: In contrast with the luminal type, basal-like tumours tend to be negative for
all three receptors (triple-negative) and express proliferation genes at higher levels (41).
The terms basal-like and triple negative are not identical, however, they are often used
interchangeably (40). Basal-like breast cancer is strongly associated with cancers arising in
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the mutated breast cancer gene BRCAL which has the worst prognosis among all types
(33).

1.1.5.1.4 Receptor status of breast cancer

As well as molecular profiling, receptor status of breast cancer is another possible way to
characterise this disease. Breast cancers display different subtypes according to their
receptor status with different clinical outcomes (42). The origin of bCSLCs also differs
according to the tumour subtypes (43). Comprehensive gene expression profiling revealed

three main receptors in breast cancer: ER, PR, and HER2/neu.
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1.2 Stem cells

Stem cells are a small population of cells accounting for <1% of cells in the body. They are
undifferentiated unspecialised cells possessing two unique properties: self-renewal and
differentiation (pluripotency). Stem cells are commonly defined as cells with a potentially
unlimited capacity for self-renewal without senescence. They retain the ability to renew
themselves through either symmetric (producing two identical stem cells) or asymmetric
(producing one stem cell and one progenitor cell) division, preserving the stem cell pool
(44). Stem cells can give rise and differentiate into a diverse range of specialised cell types
found in mature tissues (45).

1.2.1 Potency

Cells with the most differentiation potential are termed totipotent. Pluripotency,
multipotency, oligopotency, and finally unipotency show decreasing differentiation
potential. Cell potency is the ability of a cell to differentiate into other cell types (46).
Totipotency describes a cell with the ability to differentiate into all possible cell types in
the body (e.g. Zygote). A pluripotent cell has the ability to differentiate into all
derivatives of the three primary germ layers: endoderm, ectoderm, and mesoderm (e.g.
embryonic stem cells) (46). Multipotent cells have the potential to differentiate into
multiple, but limited cell types (e.g. haematopoietic cells).

1.2.2 Self-renewal

The most significant property of stem cells is the ability to self-renew (47). There are some
similarities shared between stem cells and cancer cells through this self-renewal property:
The source of origin: tumours may regularly arise from the transformation of normal stem

cells.

Signaling pathways: self-renewal may be regulated by similar signaling pathways in stem

cells and cancer cells.

Cancer stem-like cells (CSLCs): cancer cells may consist of rare cells with an unlimited
self-renewal ability that drives tumorigenesis (47).

CSLCs (will be discussed in more depth later in section 1.2.5) divide into proliferative

progenitor cells through asymmetric division. Unlike normal progenitor cells which lose

their ability to differentiate after certain number of divisions, cancer progenitor cells
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maintain this ability to higher levels which give rise to heterogeneous lineages of the

cancer cells with enhanced tumorigenicity (48) (49) (Figure 1.5).
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Figure 1.5 A schematic representation defining stem cell self-renewal (symmetric and asymmetric
division). There is a subpopulation of stem cells known as cancer stem like cells (CSLCs) which possess the
chemoresistance and an enhanced tumorigenicity by being involved in cancer initiation and development
through the stem cell processes of self-renewal and differentiation.

1.2.3 Different types of stem cells

There are three main types of stem cells currently known; embryonic and adult stem cells
(e.g. somatic stem cells) (50) and induced pluripotent (iPS) cells. iPS cells are a type of
pluripotent stem cell that are produced in the lab by genetic reprogramming to create an
embryonic stem cell (ES)-like state to express ES characteristics. The iPS cell technology
was first announced by Takahashi et al. in 2006 showing that mature cells can be
reprogrammed to pluripotent cells (51). Stem cells have unique biological properties such
as potency that make them important for clinical research trials and a great future hope for
modern medicine. During the past few years, there have been a number of novel
innovations in stem cell research and regenerative medicine. Therefore, stem cell research
has evolved into a rapidly developing research area which holds great promise for treating

and perhaps curing certain diseases such as cancer.

33



1.2.3.1 Embryonic and adult stem cells

1.2.3.1.1 Embryonic stem (ES) cells

In 1981, Martin Evans and Matthew Kaufman first isolated ES cells from mouse embryos
(52). In 1998, human ES cells (hESCs) were isolated by Thomson et al. from the inner cell
mass of a blastocyst, the final stage of preimplantation embryo development (53). ES cells
are capable of undergoing an unlimited number of symmetrical divisions without
differentiating (long-term self-renewal) and are capable of differentiating into all cell types
of the body (pluripotent) (50). The pluripotency of ES cells are governed by three main
factors, OCT4, SOX2, and NANOG (Figure 1.6).

1.2.3.1.2 Adult stem cells

Adult or somatic stem cells are found throughout the body following embryonic
development and can develop into a limited number of different tissue types (50). Potency
distinguishes embryonic and adult stem cells (52). Unlike ES cells, adult stem cells are

multipotent.
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Figure 1.6 A schematic representation of embryonic stem cell origin and differentiation through
controlled expression of key pluripotency markers.
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1.2.4 Pluripotency/transcription factors

The unique feature of pluripotency in ES cells are that they display characteristics such as
the ability to retain a non-differentiating state during in vitro culture by expressing specific
pluripotency markers OCT4, SOX2, and NANOG (50). The individual loss of each results
in the differentiation of ES cells, supporting the idea that these pluripotency markers are

key factors in maintaining stem cell identity.

It was revealed in 2007 that iPS cells could be generated by the expression of a set of
transcription factors, OCT4, SOX2, and NANOG, which regulate differentiation and
pluripotency in their population (51) (54). Different expression levels of each have
distinctive effects on differentiation in ES cells which makes them core regulators of
pluripotency. Each of which induces its own expression and that of the two other genes
(55). These set of transcription factors are able to change from the differentiated state into
pluripotent cells without the need of an embryo, which may be useful for cell replacement
therapies. Furthermore, expression of these markers is well documented to be critical for
development of different human malignancies (54) (56). Mounting evidence demonstrated
that OCT4 and SOX2 are highly expressed in different cancers and their expression could
stimulate tumour development and promote anti-apoptotic and metastatic phenotype in
vitro and in vivo emphasising their role in carcinogenesis (57). Recent evidence revealed
that the expression of these transcription factors are strongly associated with CSLCs
suggesting that downregulation of these genes could reduce tumour sphere formation and
inhibit tumour initiation in xenograft tumour models (58). Moreover, interesting findings
show that overexpression of SOX2, OCT4, and NANOG were significantly associated
with high expression of N-cadherin promoting the induction of EMT (EMT is
characterized by a switch from E-cadherin to N-cadherin expression) (59) (60) (61). It is
noteworthy that SOX2 does not promote EMT. NANOG (pron. nanOg) is a homeobox
domain transcription factor involved with self-renewal of undifferentiated ESCs in concert
with other factors such as OCT4 and SOX2. It is known as a critical regulator of
embryonic development and cellular reprogramming, which has been reported to be largely
expressed in different human cancer types and is encoded by the NANOG gene. NANOG
triggers tumorigenesis through the regulation of different aspects of cancer development,
such as tumour cell proliferation, self-renewal, motility, EMT, immune evasion, and drug-
resistance, which are all distinct features for CSLCs (237) (238). Therefore, NANOG

could represent a novel therapeutic target for the diagnosis, prognosis, and treatment
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outcome of cancer (238). According to different studies, NANOG could define CSLCs in
different types of solid tumours, such as colorectal cancer. NANOG activity could
determine cell fate in both embryonic and CSLCs in a time depending manner;
inappropriate timing in activation of NANOG would result in CSLCs rather than normal
pluripotent stem cells or differentiated somatic cells. Moreover, overexpression of

NANOG in different cancers is associated with poor survival outcome of patients (237).

1.2.4.1 OCT4 (POUS5F1) and its expression in cancer

Octamer-binding transcription factor 4 (POU5F1), OCT4, belongs to the octamer class of
transcription factors and was the very first master gene discovered 25 years ago. OCT4, a
member of the POU family of homeodomain transcription factors, interacts through two
DNA binding-proteins and is the key regulator critical for the initial formation of a
pluripotent cell in the mammalian embryo and aids the maintenance of the pluripotency
and self-renewal of ES cells at its intermediate level of expression (62) (63) (64). The POU
family of proteins binds to the octamer motif ATGCAAAT within their promoter or
enhancer regions and regulates the expression of target genes (65). OCT4, also known as
Oct-3, Oct-3/4, Otf3 or NF-A3, plays an important role in the reprogramming of
differentiated cells into iPS cells (66) (63). OCT4 is known to be an essential factor for the
stemness properties of ES cells and for the reprogramming of somatic cells (63). Due to the
high expression of OCT4 in stem cells through development and a large number of
tumours, it has become the most widely studied octamer-binding protein (67). With
varying expression levels, OCT4 is able to have various functions including promoting the
expression of genes involved in the maintenance of pluripotency in complex with several
partners (SOX family, SOX2) depending on its post-translational modifications (63). The
OCT4 gene consists of five exons and is located on the chromosome six in humans (68).

OCT4 encodes for two spliced variants through alternative splicing, OCT4A and OCT4B.
In addition to the two main isoforms of OCT4, OCT4A and OCT4B, there is another
known isoform OCT4B1 that its function is still unclear. OCT4B1 has been considered as
a putative marker of stemness (69). These two isoforms (OCT4A and OCT4B) can be
distinguished by their distinct subcellular localisation (70). Alternative splicing is a post-
transcriptional regulatory process during gene expression in which introns are removed,

remaining exons are spliced and translated into different protein isoforms that may affect
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biological functions (71). There is evidence of OCT4 alternative splicing in ES cells,
where OCT4A is more specifically expressed (72). OCT4A expression is restricted to ES
and embryonal carcinoma (EC) cells, whereas OCT4B could be detected in different non-
pluripotent cell types (70). OCT4A, the most common transcript of OCT4, is known to be
a key pluripotency marker and has been confirmed as a transcription factor responsible for
the stem-ness properties of the cells. OCT4A is activated during transactivation and
translated into a full-length protein located in the nucleus and includes an N- and C-
terminal transactivation domain. These two isoforms (OCT4A and OCT4B) can be
distinguished by their distinct subcellular localisation (70). Among all OCT4 isoforms,
OCTA4A is the only one including exon 1 which makes this exon a good indicator of
pluripotency (66). Alternatively, OCT4B contains the same downstream sequence as
OCT4A with a shorter N-terminal domain due to its lack of exon 1 and extended exon 2.
OCT4B is mainly located in the cytoplasm of the cells which therefore brings its function
as a transcription factor into question. Moreover, OCT4B, contrary to OCT4A, lacks the
ability to maintain the self-renewal capacity of ES cells and is more involved in the cellular
stress response (62) (Figure 1.7).
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Figure 1.7 A schematic representation of the human OCT4 spliced variants showing OCT4A and
OCT4B isoforms.
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It has been proposed that OCT4 expression is required for CSLC survival (73); however,
contradictory evidence has suggested that OCT4 is not expressed in somatic cancers
comprising CSLCs (73). Moreover, other studies failed to confirm the latter observation
and revealed the expression of OCT4 in different human cancers and pluripotent germ cell
tumours, suggesting the role of OCT4 in tumorigenesis (74). Cancer cells with OCT4
expression are also likely to display characteristics of CSLCs. However, the heterogeneous
nature of tumour tissues (presence of cells at different stages of maturation) may result in
the misdetection of OCT4 in both Western blotting and immunochemistry in different
cancer cell types (62). Therefore further interpretation of OCT4 gene transcription was
required. This will lead to new insights into the pattern of OCT4 splice variants and their
expression in different cell types. Recent contradictory reports on OCT4 expression in
different tumour cells and tissues created the necessity to discriminate the expression of

OCTA4A from other variants as well as OCT4 pseudogenes.
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1.2.4.1.1 OCT4 pseudogenes

Lack of distinction of OCT4 isoforms could lead to confusion and disagreements on the
role of OCT4 in different tissues and cells. Many studies argued that detection of OCT4 in
somatic cells due to false-positive signals from pseudogene transcripts and DNA
contamination (75). Pseudogenes are defined as copies of genes lacking the ability of
producing a full-length functional protein chain. They are distinguishable from disruptions
to their apparent coding sequence. Pseudogenes are genomic DNA sequences similar to
normal genes, lacking introns and a 5 promoter (75). Since pseudogenes are structurally
lacking the intervening sequences that exist in the functional counterparts, they are
described as intron-less genes. Pseudogenes are generally located on a different
chromosome to their functional counterpart and were primarily considered as non-
functional genes lacking the ability to translate into functional proteins. By definition,
pseudogenes lack a functioning gene product (76). However, they are now known to be

functional and encode for functional proteins (77).

Pseudogenes are classified into two main groups: processed or retrotransposed
pseudogenes (produced by reverse transcription from an mRNA) and non-processed or
duplicated pseudogenes (76). In the retrotransposition process, a part of the mRNA
transcript of a gene is naturally reverse transcribed back into DNA and added into
chromosomal DNA. Processed pseudogenes generally create copies of themselves.
However, it has been shown in an in vitro system that they can also create retrotransposed
copies of random genes (78). These pseudogenes normally include a poly-A tail and have
had their introns spliced out. Processed pseudogenes lack the upstream promoters of
normal genes due to originating from a mature mRNA and becoming non-functional
pseudogenes instantly following the retrotransposition process (79). An important process
in the evolution of genomes is gene duplication. Gene duplication may result in a copy of a
functional gene which might consequently undergo mutation. This may eventually lead to
the formation of a nonfunctional gene. The loss of function usually does not severely
impact the fate of organism due to the existence of a complete functional copy of the gene
(80).

The OCT4 protein is related to multiple pseudogenes. There are several pseudogenes of
OCT4 in human somatic tumours which could possibly cause uncertainty in the accuracy

of OCT4 expression and functions in tumorigenesis (62). The OCT4 protein is related to
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multiple pseudogenes. There are several pseudogenes of OCT4 in human somatic tumours,
which could possibly cause uncertainty in the accuracy of OCT4 expression and functions
in tumorigenesis (62).

To this point, seven pseudogenes have been discovered for the human OCT4 gene by
bioinformatics and experimental analyses and shown to be processed and transcribed in
different cancer cell lines and tissues (198). POU domain class 5 transcription factor 1B
(POUSF1B), pseudogene 1, pseudogene 3 and pseudogene 4 have very similar exon
structures to OCT4A, and therefore could mistakenly be detected as OCT4A (62). OCT4
pseudogene 3 and OCT4 pseudogene 4, were found to be expressed in human solid
tumours, glioma, and breast carcinoma from which CSLCs had been isolated (62). OCT4
pseudogene 4, is irregularly activated in hepatocellular carcinoma (HCC). Its expression
level is positively correlated with that of OCT4 gene. Additionally OCT4 pseudogene 4 has
been shown to promote growth and tumorigenicity of HCC cells, hence taking on an
oncogenic role in hepatocarcinogenesis. Moreover, high levels of OCT4 pseudogene 4 is
significantly correlated with poor prognosis of HCC patients (62). Although the transcripts
from pseudogene 1, pseudogene 3 and pseudogene 4 can translate into protein products, no
transcript of OCT4 pseudogene 3 was detected in MCF7 breast cancer cells. Moreover,
OCT4 pseudogene 3 was mainly localised in the cytoplasm and therefore does not possess
stemness activity.

Consequently, among the above three pseudogenes, OCT4 pseudogene 1 was chosen as a

better model in this thesis.
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1.2.4.1.1.1 OCT4 pseudogene 1 (POU5SF1B)

POU domain class 5 transcription factor 1B (POU5F1B), pseudogene 1, and pseudogene 5
are thought to be associated with OCT4 gene regulation and involvement in carcinogenesis
(62). POU5F1B is highly homologous to OCT4A and was recently shown to be transcribed
in cancer cells. However, its clinical application and biological function is not yet entirely
clear (81). The DNA copy number and mRNA abundance of OCT4 pseudogene 1 has
shown that this pseudogene (not OCT4 gene) is regularly amplified in gastric cancer cell
lines and clinical specimens. There is evidence that overexpression of OCT4 pseudogene 1
in gastric cancer cells induced colony formation in vitro as well as tumour growth in vivo.
Additionally, silencing the expression of OCT4 pseudogene 1 further confirmed the
involvement of OCT4 pseudogene 1 in the promotion of cancer cell growth in vitro and
tumour growth in vivo (81). Therefore, the study of OCT4 pseudogenes and their role in

carcinogenesis is of no less importance than the study of the OCT4 gene.

1.2.4.2 SOX2 and its contribution in cancer
SOX2 gene (sex determining region Y (SRY)-related box 2) is a member of the SOX

family and encodes for a transcription factor associated with different stages of mammalian
development which was discovered and characterized in humans in 1994 (82). SOX2
contains a high mobility group (HMG) which permits highly specific DNA recognition and
binding. It encodes for a protein consisting of 317 amino acids (82). SOX2 is located on
chromosome 3q26.3—q27 and is a fundamental ES cell gene critical for induced cellular
reprogramming and functions as a regulator of gene transcription (82). SOX2 plays a
critical role in the pluripotency of undifferentiated ES cells and maintaining their self-
renewal capability (67). SOX2 is one of the two factors (SOX2 and OCT4) sufficient for

generation of iPS cells from human blood cells (83).

A focus on SOX2 has been recently switched from its role in developmental and stem cell
biology to the involvement in disease via its association and amplification in numerous
types of cancer (84). SOX2, in some cases, has been referred to as an oncogene, and a
factor that controls cancer cell physiology via promoting oncogenic signaling and in many
cases maintaining CSLCs (82). SOX2 has been shown to be overexpressed in human breast
cancer tissue and cell lines and the level of its expression is strongly allied with tumour
grade, implying that SOX2 is highly expressed in invasive carcinoma (82). SOX2

amplification has been documented to be strongly associated with the following cancer
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hallmarks: enhanced cell proliferation, evading apoptotic signals, colony formation, and
metastasis in breast cancer. There are factors that suggest SOX2 is a key transcription
factor in various cancers: SOX2 promotes cancer phenotypes by regulating (suppressing or
activating) certain target genes, such as genes promoting EMT by binding to the promoter
regions of SNAIL, SLUG and TWIST (transcription factors that regulate the expression of

tumour suppressors such as E-cadherin) (82).

Moreover, deregulation of transcription factors including irregular functioning of SOX2
could cause defects in cell proliferation and therefore contribute to proliferation of breast
cancer cells and lead to many other cancers (84). Sussman et al. revealed the importance of
ubiquitin-specific protease 22 (USP22) in regulating the cellular transition from stemness
towards differentiation. They also discovered that USP22 limits the ability of SOX2
promoter to control the ES cell transition from self-renewal to differentiation. Taken
together, SOX2 is an essential stem cell marker and a critical factor for cellular
differentiation and cancer progression. Thus, it is worth investigating its role in the stem

cell population of breast cancer (85).

1.2.4.3 OCT4, SOX2, and their involvement in tumorigenicity

Recent studies revealed that OCT4 and SOX2 overexpression, individually or in
collaboration, could lead to tumour initiation, progression, and metastasis in various cancer
types (86). There is much evidence to suggest that OCT4 and SOX2 are highly
overexpressed in less-differentiated cells and their expression levels lessen upon
differentiation (63). Of interest, OCT4 is known to bind in partnership with SOX2 (59).
Moreover, there are studies highlighting a link between these two markers showing that
high expression of both was allied with higher histological grade or TNM stage (p <0.001
for both factors). This therefore demonstrates a link between OCT4 and SOX2 and their
involvement in tumour dedifferentiation. Additionally, high levels of SOX2 expression

correlate with poor patient survival outcome (p <0.001) (87).

The key role of OCT4 in the survival of prostate and breast cancer stem like cells
(bCSLCs) was reported in different studies (88) (89). As previously mentioned, tumour
recurrence and metastasis were reported to be highly dependent on the role of OCT4 in
maintaining CSLCs. Moreover, it was shown that OCT4 expression increased the invasion

and metastatic potential of breast cancer cell line MCF-7 (88) (89).
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An in depth knowledge of stem cells is required to understand the mechanisms which
regulate cellular transformation leading to cancer. This could be useful to develop a
solution to prevent tumour initiation. Therefore it would be useful to further examine the
expression levels of OCT4 and SOX2 in the CSLC population to see whether the formation
of tumour initiating cells is the result of uncontrolled reprogramming of OCT4 and SOX2

genes regulating stemness.

1.2.5 Cancer stem cells (CSCs)/Cancer stem-like cells (CSLCs)

According to the classic models of carcinogenesis, cancer arises via a series of mutations
such that any type of cell within an organ is able to initiate tumours containing similar
malignant properties (90). However, recent novel investigations in the identification of
CSLCs from several human cancers, including breast, support a different model for
defining cancer initiation, maintenance, and progression according to the CSLC model (91)
(92).

CSLCs possess both stem and cancer properties (phenotypically and functionally). This
cell population has the capacity to self-renew, generate progeny with identical tumorigenic
potential, and to differentiate into the bulk of cancer cells. CSLCs are known to be resistant
to different therapeutic regimes and are therefore responsible for tumour recurrence,
relapse, and ultimately metastasis (93). They can be identified by the expression of specific
pluripotency markers, SOX2 and OCT4, and stem cell surface markers such as CD44 and
CD24 (see section 1.2.5.1). CSLCs are also thought to display altered metabolic activity
(94) (95). Investigating the accuracy of this allegation could be beneficial to prevent the

initiation and progression of CSLCs (Figure 1.8).
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Figure 1.8 A schematic representation of CSLCs characteristics and role in tumorigenicity.

To explain how CSLCs could be responsible for tumour progression and recurrence,
scientists proposed two models as follows:

- Cancer stem cell model is also known as hierarchical model of cancer stem cells
suggesting that a rare subset of tumour cells with stem cell-like properties, called “cancer
stem cells” (also referred to as tumour-initiating cells). They are critical for neoplastic
progression and metastatic spread. Due to the quiescent properties of stem cells, they
escape from different therapeutic methods and generate new tumours (tumour recurrence)
(32).

- Clonal evolution model which is applicable to different solid tumours including breast,
suggests that every single cell within a tumour is potentially capable of undergoing
mutations. The most adaptive phenotype to the new situation will give rise to new tumours
and lead to recurrence (32). This specific property of CSLCs is through the stem cell
processes of self-renewal and differentiation through similar molecular mechanisms

governing cellular reprogramming (96).
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1.2.5.1 Identification and characterisation of breast cancer stem-like cells

(bCSLCs) and their resistance to chemotherapy
1.2.5.1.1 Cell surface markers

An effective way to single out this minor subpopulation for better understanding is
required. Breast cancer stem cells can be identified based on the expression levels of
various markers. Two of the many markers to define stemness in breast cancer cells are the
Hyaluronic acid receptor (CD44) and “cellular adhesion molecule, heat stable antigen”
(CD24). CD447/CD24 phenotype demonstrates tumorigenicity by presenting in the CSLC
population (97).

1.2.5.1.2 Aldehyde dehydrogenase (ALDH) activity

CSLCs have also been characterised based on their expression of aldehyde dehydrogenase
(ALDH) activity. Overexpression of ALDH1, known as a functional marker of cancer stem
and progenitor cells has also been reported in breast cancer cells (93). Ginestier et al.
revealed ALDH1 as a marker of normal and malignant human mammary stem cells
representing a poor clinical outcome (98). There is a higher rate of tumorigenicity in breast
tumour cells positive for ALDH1 activity in NOD/SCID mice with phenotypic
characteristics similar to the parental tumour (93). Breast stem cells express high levels of
CD44 and ALDH1 and low levels of CD24 showing that tumorigenicity is at its highest
level in breast cancer cells carrying the CD44%/CD24-/ALDH" phenotype (99) (49). This
observation suggests that the ALDH* population consist of CSLCs (93). ALDH1 activity
has been used as a tool to isolate populations with a high tumour-initiating ability and/or

stem-like properties in normal mammary tissue in tumour transformation.

Additionally, human breast tumours and normal breast stem cells are characterized by high
“gpithelial surface antigen” (ESA). A specific antigenic phenotype ESA*/CD44*/CD24
has been identified as tumorigenic in primary tumours of breast cancer patients (100).
These cells are highly enriched for CSLCs compared with the other cancer cells within the
same tumours that only carry the CD44/CD24" phenotype (49). Taken together, these data
demonstrate that a group of cells within breast tumours are more tumorigenic than the
other cells and express stem cell markers, supporting the hypothesis that the presence of

CSLCs could be associated with aggressiveness breast cancer (101).
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1.2.5.1.3 Self-renewal pathways

One of the features shared by normal stem cells and CSLCs is the ability to self-renew.
Deregulation of self-renewal pathways implicated in breast carcinogenesis such as Notch,
Whnt, and Hedgehog might result in the transformation of stem and/or progenitor cells
(102). This therefore suggests that targeting self-renewal pathways might provide a

promising approach to eliminate CSLCs.

1.2.5.1.4 Tumorigenicity

The first experimental clues about the existence of CSLCs came from the observation that
only a very small proportion of large numbers of tumour initiating cells (10°-10°) will go
on to form metastatic cells (103). The hypothesis of the existence of CSLCs became a new
era of research in the 1990s when their presence was proved experimentally. In 1994
Lapidot et al. first reported that hematopoietic stem cells of acute myeloid leukaemia
(AML) could form tumours when transplanted into the mammary fat pad of NOD/SCID
(non-obese diabetic/severe combined immunodeficient) mice (104). This observation was
followed by more validations in solid cancers including breast. Only a small proportion of
these so-called bCSLCs can fulfill two crucial criteria defining CSLCs - self-renewal and
ability to form heterogeneous tumour cell population, and are able to grow tumours in
breast (49). This population of cells were then used to classify breast cancer cells with a
high rate of tumorigenicity (49). Accordingly, many tumours are thought to originate from
a single cell (probably derived from normal stem cells or progenitor cells) that undergoes
malignant transformation into a cancer-initiating cell (an alternative name for CSLC) with

the capacity to proliferate and form tumours in vivo (105) (106) (Figure 1.9).
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Figure 1.9 A schematic representation of tumorigenicity of cancer stem-like cells (CSLCs) when
injected into NOD/SCID mice. Tumours originate from a single cell and undergo malignant transformation
into a cancer-initiating cell to proliferate and form tumours in vivo.

46



Following the identification of stemness specific markers in hematopoietic tumours
(AML), Al-Hajj et al. 2003 revealed the presence of a cell subpopulation in solid tissues
and in pleural effusions of patients with advanced-stage metastatic breast cancer (97). This
rare cell population displayed stem cell properties and were characterised by the cell
surface marker profile CD44%/CD24" with the enhanced ability to form tumours when
xenotransplanted into NOD/SCID mice (49). This observation was further proof for the

existence of CSLCs in the tumour population.

1.2.5.1.4.1 Common features between CSLCs and EMT

Tissue-specific stem cells retain their stemness in a certain microenvironment, called the
stem cell niche (107). Likewise, different studies proposed specific microenvironments for
the maintenance of CSLCs (107). CSLCs and ES cells are regulated by interactions of the
components in their niche. Mesenchymal stem cells also follow the same rule and are
considered to be resistant to apoptosis, therapeutic regimes, and associated with tumour
progression, relapse, and metastasis via EMT (94) (108) (109). EMT is an important factor
in the acquisition and maintenance of stem-like characteristics. Likewise, CSLCs often
take up a mesenchymal phenotype and display EMT properties (109). These findings
together underscore a tight link between EMT and CSLCs which might have several
implications in tumour development that could be fundamental for cancer therapy (92).
Hence, several studies have focused on discovering a link between EMT and CSLC and
the existence of common molecules among these populations (110) (111, 112). Therefore,
the challenge is to target factors that are involved in EMT initiation and identify CSLC

properties to enable the development of new pathways to prevent metastatic spread.
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1.2.6 Stem like-cell properties in sphere floating cells (mammospheres)

1.2.6.1 Two-dimensional (2D) vs. three-dimensional (3D) cell culture systems

There are different model systems for cancer investigation which have provided important
information towards the advancement of cancer biology. However, some still have major
problems to deal with. As convenient and valuable as the 2D culture models are for
biological assays such as maintaining cells, they lack realistic complexity. 2D culture
systems do not reflect the situation in vivo and their drawbacks are increasingly recognised
as imposing unnatural geometric and mechanical limitations (113). According to Van der
Worp et al. there were about 90% of preclinical drugs with successful results when applied
in 2D tissue culture but failed to have promising outcomes in human trials. This could
mislead investigators which is wasteful in terms of time and money (114). In addition to
2D cell culture models, there are animal models that rarely reflect human tumour biology.
They also come with their own practical, financial, and ethical issues (115) (114).
Therefore scientists have been artificially developing 3D tissue culture models, which
provide a more accurate morphological representation of tumour development and the
physiological environment to bridge the gap between in vitro (used for discovery and
screening) and in vivo experiments (used for efficacy and safety assessment) before
proceeding to clinical trials. The following paragraphs compare the advantages of 3D over

2D culture.

In vivo-like environment: Studies indicate that research in the field of cell biology in just
a 2D system has substantial limitations which may cause a misinterpretation in important
biological experimental outcomes. This system mainly generates adherent 2D monolayer
cells in the majority of cell-based assays cultured on flat plastic substrates (113) (91). As
opposed to 2D culture, cells developing in 3D systems more closely mimic native in vivo
biological systems in terms of cellular communication and more precisely mimic the actual
microenvironment that cells encounter in tissues (91). Therefore, 3D culture is a more

practical approach to bridge this gap (116) (117).

Proliferation rates: Another drawback of 2D culture is that the majority of cells in 2D
culture are proliferating cells, while in 3D cultures there is combination of cells at different
stages including more invasive migratory cells (the main focus of tumour biology) which

are easily detached from the surface during medium change. Therefore more invasive cells
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are not always accessible for experimental studies in 2D culture, whereas 3D model
systems provided the optimum culture conditions for this purpose (118). In 2D monolayer
culture, the flat surface provides an unnatural state for cells to grow and spread than they
would in vivo giving them the ability to proliferate at a relatively similar rate across the
surface. In contrast, 3D culture systems enable cells to proliferate at similar rates to those
seen in vivo (119). Settings in 2D culture cause irregular interactions between cells and
proteins and other cells in the culture. Such interactions allow cells to receive an equal

amount of nutrients and growth factors from the medium during growth.

Cell-cell interaction: Cells in 3D culture undergo complex mechanical and biochemical
interplay; they are permitted to interact with each other as well as to the cells in the
surrounding environment and ECM in all three dimensions. ECM contains various proteins
(collagen, elastin, integrins, and laminin) that provide cells with mechanical properties and
assist the communication between surrounding cells in the matrix. By exerting forces on
one another, cells in 3D culture attach together and migrate as they would in vivo. These
connections and cell-cell signalling increases communication among cells, which is
important for cell function. Through these natural cell-cell interactions, cells are able to

communicate with each other similar to the pathological conditions seen in cancer (91).

Treatment: Another advantage of 3D culture to 2D is in the case of treatments, different
doses of chemotherapeutic drugs may Kkill cancer cells in 2D culture system. The same
dose of the same drug might have no effect on cancer cells grown in 3D just as has been
found in the body (120). Cells in such environments (3D) gain enhanced resistance to
chemotherapy compared with the same cells developed in monolayers possibly because
cells growing in 3D form multi-layers of cells which makes the accessibility of drugs
difficult to the cells on the inside of the spheroid structures (120). This cell structure
mimics natural obstacles to drugs such as having to diffuse through multi-layers of cells to
reach the inner target cells, which is more realistic compared with 2D cultures. Therefore,
3D culture is more valid for discovering and validating different drugs for specific types of

cancer.

Stemness properties: Although there is no ultimate decisive proof of the presence of
CSLCs in tumour population, recent observations have increased the possibility that in
vitro 3D models could create a stem-like population similar to that of in vivo, which may
be responsible for drug resistance (117).
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To sum up, as 2D cultured cells may not behave as they would in vivo, there will be
misleading data from the 2D cell culture system and non-predictive data for in vivo
responses (117). Generally, replacing a standard 2D model system with 3D could be time
saving by generating more significantly realistic results. Cancer treatment is moving
toward targeted therapy and 3D cultures could be promising in finding new targets which

were not available in the traditional 2D culture systems.

1.2.6.2 Mammosphere formation assay for isolation of stem cell population

Improvements in cell culture techniques have been a key factor in the identification and
study of bCSLCs. Studies suggest that the majority of breast epithelial tumours are
initiated and maintained by only a small percentage, (10%—-25%), of breast tumour cells
(bCSLCs) that undergo a total transition and may be the main source of cancer recurrence
and actively metastatic cells (121) (122) (123). It is therefore important to identify an assay
to classify this small population of cells to gain a better understanding of their properties
and role in carcinogenesis from tumour initiation to a metastatic state; and eventually
ceasing their growth rate (108). Eliminating this minor cell population could be the target
to aim for to enable successful treatments. Thus, to isolate a mammary cell population that
represent stem-like properties and to mimic in-vivo conditions, a non-adherent
undifferentiated state (3D model system) was required to allow bCSLCs to grow with
undifferentiated properties, while the rest of the population remain differentiated (116)
(100). This 3D model system will allow cancer scientists to isolate CSLCs and investigate
the mechanisms underlying cancer development together with responses to therapeutic

agents in an environment that best mimics in-vivo conditions (122).

For the development of mammary epithelial cells the most widely used in vitro assay for
enrichment, isolation, or identification of tumorigenic bCSLCs and their activity within
tumour is the mammosphere assay. These cells are enriched in the stem cell phenotype
CD44high/CD24low (124) (49) (125). Mammary epithelial stem and progenitor cells are
capable of proliferating in a non-adherent manner (polyhema coated wells which provide a
neutral charge and are highly hydrophobic, avoiding cell attachment) and form floating
spherical colonies referred to as mammospheres (100). The dimension of mammospheres
varies from 40 to 110 um. However, the dimension of their initiator cells (stem/progenitor
cells) may vary from 2 to 15 pum. With regard to the size of spheres, it is generally believed

that larger spheres (=50 pum) could possibly be generated by stem cells which are the main
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focus of this particular research project, while the origin of smaller spheres (<50 pm)
might be progenitor cells which lose self-renewal ability (126). Therefore, in respect to
dimension and structure, mammospheres could represent the cellular heterogeneity and

thus display different cellular properties and mimic a more realistic tumour model (44).

One of the key objectives in mammosphere generation is to evaluate the gene expression
analysis of pluripotent transcription factors (OCT4 and SOX2) in this population to
investigate whether the expression levels of these stem cell markers play a role in the
elimination of CSLCs and development of carcinogenesis (88) (100).
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1.3 Cell metabolism

1.3.1 Cell metabolism in non-cancerous (normal) cells

Cellular metabolism is a set of controlled biochemical reactions (metabolic pathways)
within the cells of living organisms, involved in maintaining the living state of the cell. It is
required for energy production to run cellular processes or is utilized for macromolecular
synthesis (127). There are two major types of metabolic pathways: glycolysis and
mitochondrial oxidative phosphorylation (OXPHOS). In normal conditions, both pathways
contribute to generating energy and are required to maintain cellular energetic balance
(128). In most cells, 70% of the energy is provided by OXPHQOS, while glycolysis supplies
the rest of the energy by metabolizing the glucose in the cytoplasm (129).

1.3.1.1 Glycolysis (in the anaerobic metabolic pathway)

Glycolysis occurs in the cytoplasm of cells where sugars such as glucose and fructose are
metabolised. Glucose initially enters the cytosol by passing through any glucose
transporters (GLUTs) and phosphorylated into an intermediate product, glucose-6-
phosphate (G6P) by hexokinase enzymes (HKII). HKII catalyses the first irreversible step
of glycolysis. This reaction requires energy and therefore results in the hydrolysis of
adenosine triphosphate (ATP) to adenosine diphosphate (ADP) (130). G6P lies at the start
of two metabolic pathways; it can either exit glycolysis to enter the pentose phosphate
pathway (PPP), an alternative route for glucose breakdown, or be metabolized via
glycolysis. The cytoplasmic concentration of NADP* plays a key role in determining

which pathway G6P goes through.

When Oxygen (O2) is limited (hypoxia), cells sustain their viability through glycolysis
(131). G6P targeted for glycolysis undergoes isomerisation by phosphoglucose isomerase
to fructose-6-phosphate (F6P), which is then converted to fructose-1,6-bisphosphate by
phosphofructokinase 1 (PFK1). PFK1 is converted into two intermediary molecules of
pyruvic acid (pyruvate). Lactate dehydrogenase (LDH) catalyses the conversion of
pyruvate to lactic acid (lactate) and back, as it converts nicotinamide adenine dinucleotide
(NAD") to NADH. The energy released in glycolysis is used to produce two ATP and two
NADH molecules (Figure 1.10) (103) (127). In an attempt to compensate for the
deficiency of ATP generation through glycolysis (2 ATP), cancer cells upregulate GLUTs

and take more glucose into the cells. Inefficient ATP production only causes a problem
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when there is not enough energy source for cells; this is not the case for proliferating cells
such as cancers which have a constant supply of blood sugar and nutrients (130). Cancer
cells need ATP for their maintenance rather than proliferation. Therefore, the ATP formed
through glycolysis is sufficient for this purpose (132).

Going through the PPP, G6P is converted into ribose-5-phosphate while producing two
molecules of NADPH for nucleotide synthesis (130). The accumulation of glycolysis
intermediates promotes PPP which helps the biosynthesis of lipids and nucleic acids,
providing benefit to cancer cells (132).

Glycolysis is regulated by multiple genes including oncogenes; RAS, c-Myc, and HKs
(133). In addition to oncogenes, tumour suppressor genes such as P53 also regulate
glycolysis. P53 inhibits GLUT1 and GLUT4 and therefore reduces glucose uptake into the
cells (133).

Moreover, signaling kinases including AMP, AKT, and PAK1 are also involved in
glycolytic pathways by upregulating glucose transporters such as GLUT1 (133). Aerobic
glycolysis is mainly regulated by phosphoinositol 3 kinase (PI3K) signaling pathway
(134). PI3K is a major activator of metabolism which is activated by growth factors
resulting in activation of AKT and mTOR signaling pathways (135). Activation of
PIBK/AKT pathway results in the upregulation of HKs and PFK1, leading to enhanced
glycolytic flux (133).

1.3.1.2 Tricarboxylic acid (TCA) cycle and OXPHOS

During oxidative phosphorylation (a more efficient pathway compared with the
cytoplasmic glycolysis), glucose is oxidised to carbon in the presence of O, (136). The
free electrons are transferred from electron donors to electron acceptors such as O,
in redox reactions (136). In non-cancerous cells, the majority of the pyruvate is
transported into the mitochondria to be further metabolised by pyruvate dehydrogenase
(PDH). It is then transformed into acetyl coenzyme A (acetyl-CoA) and carbon dioxide
(CO2), and fed into the Krebs’ cycle, now known as TCA cycle. Acetyl-CoA is then
converted to malonyl coenzyme A (malonyl-CoA) by acetyl-CoA carboxylase, and they
are both used by fatty acid synthase (FAS) for the synthesis and elongation of fatty acid
chains (127). PDH is one of the major regulators of mitochondrial function which plays
a critical role in controlling the irreversible conversion of pyruvate to acetyl-CoA, COg,

and NADH. The majority of NADH resulting from glycolysis, fatty acid oxidation
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(FAO), and the TCA cycle is used to provide the energy for ATP synthesis via
OXPHOS (127). The complete aerobic oxidation of glucose is coupled to the generation
of up to 36 molecules of ATP mainly through the complete catabolism via the TCA
cycle and OXPHOS (Figure 1.10) (137) (103).
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Figure 1.10 A schematic view of metabolic differences between oxidative phosphorylation under
normoxia and anaerobic glycolysis under hypoxic conditions. Differentiated cells favour (A) oxidative
phosphorylation in the presence of O, and (B) anaerobic glycolysis in the absence of O,. Normal cells
initially metabolize glucose to pyruvate for growth and survival followed by completing the process of
oxidizing pyruvate to CO; through the TCA cycle and the OXPHOS in the mitochondria generation of 36
ATPs (A). When O3 is limited in anaerobic condition, pyruvate is metabolised to lactate, resulting in the
generation of 2 ATPs (B).
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1.3.2 Cancer cell metabolism (aerobic glycolysis)

Throughout the transition from “normal” to cancerous cells, one of the key features
affected is the cellular energy metabolism which could be the main cause of uncontrolled
cell proliferation and cell death if dysregulated. As previously mentioned, enhanced
proliferative activity is one of the major hallmarks of cancers and is critical for cancer cells
to resist oxidative stress and adapt to hypoxic conditions (138) (139). This increase in
glucose metabolism by cancer cells has now been confirmed by positron emission
tomography (PET) imaging (136). PET analyses also confirmed that tumour invasion in
cancer cell lines correlates with higher glycolytic rates. For instance, non-invasive MCF-7
breast cancer cells consume much less glucose in comparison with invasive MDA-MB-231
breast cancer cell line (134). Undergoing rapid proliferation, every cancer type including
breast, adjust their metabolic pathways and use aerobic glycolysis over OXPHOS to fuel
macromolecules for the synthesis of nucleotides, fatty acids, and amino acids (127) (133)
(140).

In more differentiated cells, the energy metabolism shifts from glycolysis to OXPHQOS,
whereas, in cancer cells and throughout reprogramming to pluripotency, the metabolic shift
is towards glycolysis (141). This reversed metabolic pathway is known as the Warburg
effect and was first introduced by Nobel Prize winning biochemist Otto Warburg (The
metabolism of tumours in the body). The Warburg effect is described as the exclusive

conversion of glucose to lactic acid even in the presence of Oz (Figure 1.11) (140).
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Figure 1.11 A schematic view of cancer metabolism, an aerobic glycolysis in the presence of oxygen
(Warburg effect). Even in the presence of sufficient oxygen, cancer cells convert most glucose to lactate in
the cytosol to accelerate cell proliferation by generating ~4 ATP per glucose. On the contrary, cancer cells
convert glucose to lactate (Warburg effect) generating only two ATPs per glucose.
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A metabolic shift to enhanced glycolysis occurs at early stages during tumorigenesis. As in
cancer cells, ES cells also favour an alternative metabolic pathway, that is, they share a
common metabolic shift towards a high glycolytic phenotype with a reduced use of the
TCA cycle (133). In glycolytic metabolism of cancer cells, PDH activity is blocked by the
hypoxia-driven enzyme, pyruvate dehydrogenase kinase (PDKI), and glucose-derived
pyruvate is predominantly synthesised into lactate by LDH rather than being transported
into mitochondria (Figure 1.11) (134). Lactate levels indicate the prevalence of the
glycolytic phenotype (142). Lactate enters and exits the cell through lactate transporters,
monocarboxylate (MCTs), which are overexpressed in most tumours (142). The
accumulation of lactate contributes to an acidic extracellular pH and further alterations in
gene expression. This damages the adjacent population of cells and as lactate aggregates in
the microenvironment of the tumour increases in acidity occur which degrades the ECM of
the cells (143). This upregulation of lactate within the tumour microenvironment is
associated with tumour recurrence and thus, promotes angiogenesis and invasion leading to
metastasis. Contrary to normal cells, cancer cells adapt to acidity and survive by inhibiting
DNA repair system and resisting apoptosis (142).
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1.3.3 Metabolic manipulation as a target for cancer treatment

Recent therapeutic efforts have focused on the development of new therapies to treat
cancers. Despite this, cancer still remains as one of the leading causes of mortality in
patients. Recently, metabolic modulation therapy was introduced to cancer therapy (144).
Metabolic balance is an important factor in cell survival. There is mounting evidence that
alterations in cellular metabolism are among the most consistent emerging hallmarks of
cancer (144) (145). Metabolic properties of cancer cells are considerably different from
those of normal cells (144). Tumour cells exhibit enhanced metabolic independence
compared with normal cells, taking up nutrients and metabolizing them in pathways that
support high growth rates and proliferation (146). This metabolic shift has been observed
comprehensively during carcinogenesis and has always been considered a reliable
biomarker for malignant transformation. Breast cancer is metabolically a heterogeneous
disease which can be classified into different metabolic phenotypes (147). As well as
glycolysis, cancer cells share other metabolic characteristics such as increased fatty acid
synthesis and high rates of glutamine metabolism (144). These common characteristics in

cancer cells are linked to therapeutic resistance in cancer treatment.

Aiming to target pathways involved in cancer metabolism may lead to promising
treatments for an extensive range of human cancers (132) (148). Modulation of cancer
metabolism through the targeting of different metabolic enzymes such as hexokinase,
lactate dehydrogenase, pyruvate dehydrogenase Kkinase, fatty acid synthase, and
glutaminase could possibly improve outcome by reducing the growth rate of CSLCs and

therefore lessening the probability of cancer initiation (149).
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1.3.3.1 Inhibiting glycolysis, a central energy source for cells

Glucose metabolism counts as a major energy source for cells and more specifically highly
proliferating cells such as cancer cells. There are several enzymes such as LDH and HK
contributing to the series of reactions which are critical for the breakdown of glucose in
glycolysis. Targeting and inhibiting these enzymes could be used as an anticancer strategy
to trap glycolysis and therefore suppress the main source of energy for cancer cells and
stem cells.

The inhibition of the two main enzymes, HK and LDH, in the glycolytic pathways is

discussed below.

1.3.3.1.1 Targeting HK

2-Deoxy-D-glucose (2DG), a compound known to inhibit the first step of glycolysis:
One possible way to target glycolysis is through the enzyme HKII which is highly
expressed in tumours and facilitates high rates of glucose catabolism (150). HK inhibitors
such as 2DG have been used in pre-clinical trials. It is therefore important to assess the
impact of this inhibitor on cancer cell survival and stem cell populations by analysing the
growth rate of bCSLCs (mammaosphere assay) (149). 2DG is a glucose analog; it enters the
cytosol through the same transporters as glucose (GLUTS) and is phosphorylated by HK to
2DG-6-phosphate (Figure 1.12). Due to the low levels of intracellular phosphatase, 2DG-6-
phosphate is stored and trapped in the cytoplasm and is incapable of being further
metabolized. This in turn leads to suppression of HK activity and therefore inhibition of
glucose metabolism, impairing PPP and nucleotide synthesis (151).
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Figure 1.12 A schematic representation of glycolysis inhibition by 2-deoxy-D-glucose (2DG). 2DG is
phosphorylated by HK and accumulates in the cytoplasm. It is then unable to undergo further metabolism.
This reduces HK activity and inhibits glucose metabolism. HK suppression leads to reduced glucose-6-
phosphate production which in turn results in impaired PPP and nucleotide synthesis.
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1.3.3.1.2 Targeting LDH

Sodium oxamate, a compound known to inhibit the last phase of glycolysis:

One of the other approaches to inhibit glycolysis is to reduce the LDH activity which is
known as an efficient antitumour strategy (152). LDH is known as an essential factor in
facilitating tumour maintenance. Breast cancer cells are well documented to be sensitive to
glucose deprivation as well as increased LDH activity (152). Reducing LDH activity in
tumour cells reduces lactate production. Reduced lactate levels leads to increased oxygen
consumption, enhanced mitochondrial respiration, and eventually reduced glycolysis (152).
Thus, using LDH inhibitors such as sodium oxamate could be an efficient step towards
limiting CSLC activity and suppressing tumorigenicity. Sodium oxamate is a structural
analog of pyruvate, a classic inhibitor of LDH and glycolysis. Oxamate disrupts the entire

gluconeogenic pathway and is well-known as an anticancer compound (153) (Figure 1.13).
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Figure 1.13 A schematic representation of glycolysis inhibition by sodium oxamate. Sodium oxamate
inhibits LDH activity and catalyses the final step of glycolytic pathway that converts pyruvate into lactate.
This results in the inhibition of glycolysis.
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1.3.3.2 Glutamine starvation

Sugars and amino acids are essential substrates for cellular homeostasis. Together with
glucose, the critical role of glutamine, the most abundant amino acid, is well documented
in cell growth and energy metabolism (OXPHOS) (154) (155) (131). Glutamine supplies
carbon (in the form of mitochondrial oxaloacetate), nitrogen (protein and nucleic acid
production), and free energy to maintain citrate production in the mitochondria and
supports cell growth and division. In order for a cell to engage in replicative division and
macromolecular biosynthesis, extracellular nutrients such as glucose and glutamine are
required (127) (130). Cancer cells take up glutamine at high rates through the glutamine
transporter where it is partially metabolized via glutaminolysis (130). Glutaminolysis
consists of two steps: Firstly, the catalysis of glutamate from glutamine through the
enzyme glutaminase (GLS) for the maintenance of the TCA cycle. Secondly, the
conversion of glutamate to a-ketoglutarate (a key intermediate in the TCA cycle) by
glutamate dehydrogenase (GDH) (149). The majority of cancer cells survive and grow via
aerobic glycolysis while some cancers prefer glutamine even though it is not an essential
amino acid. According to metabolic flux analysis, cancer cells that display Warburg-like
metabolism rely on glutamine as the main source of carbon to use in TCA cycle (146).
Glutamine is capable of providing energy through the first step of the TCA cycle
independently of glucose. Consequently, in the event of glutamine deprivation, the TCA
cycle would be impaired and result in reduced energy production. Glutamine is catabolised
in considerable amounts and is mainly used to maintain the membrane potential in the
mitochondria in cancer cells along with regulating NADH production for fatty acids and
macromolecule synthesis (156). Furthermore, glutamine regulates the activity of several
genes involved in the metabolism, cell proliferation, and cell repair (157). Among those
genes, the c-Myc oncogene has been observed in tumours which are more sensitive to
glutamine withdrawal. Genes involved in glutamine metabolism are directly or indirectly
under the transcriptional control of Myc proteins (130). Glutamine withdrawal from Myc
transformed cells suffer extensive loss of TCA cycle which results in cell death (130). In
glutamine starvation, glutaminolysis will not take place and the lack of glutamate in the
mitochondria reduces amino acid formation and gluconeogenesis (less glucose formation)
(Figure 14). Moreover, cancer cells cannot proliferate properly in culture without

glutamine. Instead, the accessibility of glutamine to cancer cells results in enhanced

62



production of byproducts necessary for rapidly proliferating cells, such as stem cells and
cancer cells (148).

In addition to TCA cycle impairment, limiting glutamine synthesis has an extreme impact
on cancer cell proliferation reducing the growth rate in tumours, both in vitro and in vivo
(135). Hence, the glutamine balance must be maintained to retain the metabolic

equilibrium in cells.
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Figure 1.14 A schematic representation of the effect of glutamine starvation on mitochondrial function.
In many cancer cells glutamine maintains the TCA cycle via glutaminolysis through the GA enzyme which
converts glutamine to glutamate. Glutamate is then converted to a-ketoglutarate via GDH, a key TCA cycle
intermediate. In the incidence of glutamine starvation, the TCA cycle is impaired which results in reduced
fatty acid oxidation. In the absence of glutamine, glutaminolysis will not take place and therefore there will
be no glutamate in the mitochondria to be used for amino acid formation and gluconeogenesis (less glucose
formation).
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1.3.3.3 Mitochondrial respiration, a more effective pathway for energy

production
1.3.3.3.1 Targeting pyruvate dehydrogenase kinase (PDK):

One of the key factors leading to altered energy metabolism is the activity of HIF-a factor
(HIF-1a). HIF target genes strongly correlate with those associated with dysregulated
tumour metabolism. HIF-1 transcription factor is induced by low levels of O within the
tumour (158). As well as stimulating glycolysis, HIF-1 also actively suppresses
mitochondrial function (OXPHOS) by transactivating the PDK1 (159). PDK1
phosphorylates PDH and inhibits it from using pyruvate to fuel the mitochondrial TCA
cycle. This results in disconnection of the TCA cycle from glycolysis and reduces the
mitochondrial O, consumption causing an increase in intracellular O tension (159). This
reduction is partly facilitated through the induction of PDKs (HIF-1 dependent) within the
tumour cells and a reduction in pyruvate oxidation within the mitochondria (158). In
cancers, mitochondrial glucose oxidation is suppressed and cytoplasmic glycolysis
compensates in terms of energy production. Therefore, reactivating mitochondrial

metabolism could delay cancer cells switching to glycolysis (149).

Inhibiting mitochondrial function is as important as enhanced glycolysis in promoting the
Warburg effect. Targeting PDH controls the entry of carbons derived from carbohydrates
into the mitochondria and therefore creates a glycolytic shift in glucose metabolism. This
reaction has a major impact on the regulation of mitochondrial energy-producing pathways
(TCA and OXPHOS) and has an important role in the generation of biosynthetic
intermediates (154). Dichloroacetate (DCA), a small molecule drug, stimulates
mitochondrial function by inactivating PDK, leading to enhanced PDH activity and a
metabolic switch from glycolysis to mitochondrial respiration. This leads to increased TCA
cycle and glucose oxidative metabolism by promoting the influx of acetyl-CoA into the
mitochondria and the TCA cycle. This therefore increases the NADH supply to complex |
of the electron transport chain (149). By blocking PDK, DCA induces cancer cells into
aerobic metabolism (glucose oxidation) in the mitochondria, resulting in glycolysis
suppression. The increase in glucose oxidation following DCA use could also be obtained
by inhibiting mitochondrial FAO levels (160). Cancer cells naturally have a poor supply of
O. compared with normal tissues so if aerobic metabolism in tumours is delayed, the lack

of O2 may lead to apoptosis (Figure 1.15). The preclinical trials on DCA have shown its
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effects via the induction of apoptosis in different cancer tissues such as lung, breast, and
glioblastoma by shifting cellular metabolism from aerobic glycolysis to glucose oxidation

(161).
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Figure 1.15 A schematic representation of cellular consequences of DCA action. In the last step of
glycolysis, pyruvate is transported to the mitochondria and converted into Acetyl-CoA through PDH. Acetyl-
CoA then enters into the TCA cycle for ATP production. In the incidence of cancer, where mitochondrial
oxidation is limited, DCA inhibits PDK and triggers PDH activity which induces cancer cells to utilise
aerobic metabolism in the mitochondria. This compensates for the TCA cycle by increasing the influx of
acetyl-CoA into the mitochondria and therefore NADH is supplied to complex | of the electron transport
chain.
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1.3.3.3.2 Blocking mitochondrial respiration:

Metformin is found to be one of the most effective therapeutic agents in the treatment of
diabetes. There is great interest to use metformin for cancer prevention or treatment (106).
Metformin inhibits metabolism from different aspects. It was evident in studies that
metformin treated cells that became energetically inefficient, for instance when displaying
increased aerobic glycolysis and reduced glucose oxidation in the mitochondria (106). The
inhibitory role of metformin on glucose metabolism is an outcome of a combination of
effects on glycolysis, FAO, and signalling pathways. One aspect is that metformin impairs
glycolysis by inhibiting the enzymatic activity of HKII, resulting in less pyruvate
production (162).

In addition, metformin could directly target cancer cells by reducing the energy supply
from the mitochondria. Studies have demonstrated that cancer cells with mitochondrial
dysfunction such as complex | (the first component of the mitochondrial electron transport
chain) mutations displayed more sensitivity to the action of metformin (163) (164).
Metformin enters the cell through the organic cation transporter 1 (OCT1) and enters the
mitochondria where it inhibits complex |, resulting in decreased NADH oxidation,
impaired TCA cycle, and less mitochondrial ATP synthesis. These actions result in
decreased gluconeogenesis (less glucose formation from pyruvate) and increased
glycolysis (more pyruvate formation from glucose) (Figure 1.16) (162). The effects of
metformin depend on glucose availability to cells. Metformin reduces the cell division in
cancer cells in the presence of abundant amounts of glucose, leading to reduced tumour
growth (106).
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Figure 1.16 A schematic representation of metformin on cellular metabolism. Metformin enters the cell
via the OCT1 transporter. Metformin directly and indirectly reduces HKII activity and mitochondrial
interaction. Metformin inhibits complex | of the electron transport chain and reduces TCA activity. These
actions decrease gluconeogenesis and stimulate glycolysis.
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1.3.3.4 Inhibition of fatty acid oxidation (FAO)

Fatty acids flow across the cell membrane by passing through malonyl-CoA and fatty acid
protein transporters located on the cell surface (165). Malonyl-CoA regulates FAO by
controlling the uptake of fatty acids into the mitochondria through the inhibition of
Carnitine palmitoyl transferase 1 (CPT1). A CoA group is added to fatty acids and forms a
long-chain acyl-CoA. The CPTL1 site on the outer mitochondria membrane allows the
transportation of acyl-CoA into the mitochondrial membrane and fatty acid p-oxidation
pathway, resulting in the production of one acetyl-CoA. Acetyl-CoA enters the TCA cycle
and is used in fatty acid -oxidation. The electron transport chain utilizes the energy
produced by fatty acid B-oxidation and the TCA cycle to produce ATP (165).

A reasonable approach to reduce energy sources for cancer cells is to inhibit FAO.
Etomoxir acts as a strong inhibitor of mitochondrial CPT1 on the outer face of the inner
mitochondrial membrane. Inhibition of CPT1 reduces the ratio of fatty acid flux into the
mitochondria and inhibits FAO (131). This step is essential to the production of ATP from
FAO. Therefore, using direct inhibitors for FAO, such as etomoxir, could prove promising

in reducing cancer growth (Figure 1.17).
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Figure 1.17 A schematic representative of etomoxir in fatty acid oxidation. Long chain fatty acids enter
mitochondria through the CPT1 proteins and are then transformed into acetyl-CoA to take part in the TCA
cycle and fatty acid oxidation.
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In summary, altering glucose metabolism and FAO in cancer cells opens new insights to
cancer treatment. The potential of targeting the CSLC population by metabolic modulation

therapy to promote glucose oxidation rates, reducing FAO, or inhibiting glycolysis is a

promising avenue for cancer biology.
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1.3.4 The role of C-terminal binding proteins (CtBP1/2) in cancer

The CtBP1/2 proteins are a dimeric family of proteins that in mammals consist of two
members; CtBP1 and CtBP2. CtBP1 is encoded by genes located on chromosome 4 and
CtBP2 on chromosome 10. According to genetic studies in Drosophila and mice, both
members are highly expressed throughout development (166). CtBP1 was discovered as a
cellular protein that interacted with the C-terminus of adenovirus E1A proteins (167).
CtBPs are well-characterised transcriptional co-repressors with important roles in
tumorigenesis (168). Co-repressors are capable of combining with a specific repressor
molecule and activating it, thus blocking gene transcription. CtBPs have been associated
with various biological processes including development, proliferation, differentiation, and
transformation through their association with a wide range of transcription factors. CtBPs
directly and indirectly supress the expression levels of a range of tumour suppressor and
EMT-related genes such as E-cadherin (167) (169) (170). Loss of E-cadherin is associated
with promoting mesenchymal (stem-like) features, which leads to a more metastatic
phenotype (171) (Figure 1.18).

1.3.4.1 CtBP, an NADH dependent transcriptional factor

CtBPs have a unique redox-sensing ability capable of sensing the NAD*/NADH ratio and
detecting enhanced levels of free nuclear NADH in cancer cells based on the metabolic
environment of cells (hypoxia). The enhanced levels of NADH stimulate CtBP
dimerization promoting CtBP recruitment to the E-cadherin promoter (167) (172). Hypoxia
inhibits the expression of E-cadherin, leading to enhanced tumour migration (Figure 18)
(166). Pyruvate, the product of glycolysis, could prevent this action by inhibiting the
NADH increase and therefore CtBP function (167). In total, CtBPs are well documented as

key regulators of metabolic states in cancer cells.
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Figure 1.18 CtBP triggers tumorigenicity by inhibiting EMT-related genes (E-cadherin) and
promoting metastasis.
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1.3.4.2 Regulation of CtBP by glucose and glutamine

Carbon sources in glucose and glutamine are essential for ATP generation and biosynthesis
in cancer cells (139). Many cancer cells including MCF-7 breast cancer cells rely on
glutamine for their growth. In general, tumour cells primarily rely on glycolysis for their
energy metabolism, which is often incomplete resulting in the accumulation of acidic
metabolites such as pyruvate and lactate within the cytosol (173). To lessen intracellular
acidification and stabilise pH levels, cancer cells rely on ammonia, the product of
glutaminolysis, which plays an important role in resisting the cytoplasmic acidification
caused by glycolysis (173). CtBPs have shown to be critical in stimulating glutaminolysis
by repressing SIRT4 (a glutaminolysis inhibitor). By stimulating glutaminolysis, CtBPs

promote tumorigenicity in breast cancer patients (173).

1.3.4.3 4-methylthio-2-oxobutyric acid (MTOB), a CtBP inhibitor

Loss of CtBP results, in intracellular acidification, leading to the induction of apoptosis in
breast cancer cells (173). Inhibition of CtBP family proteins reduces the growth and self-
renewal of CSLCs, whereas overexpression of CtBPs has increases CSLC population (174)
(172). Therefore, targeting CtBPs and inhibiting their activity may present a promising
therapeutic approach in breast cancer treatment. Straza et al. showed a compound in the
methionine salvage pathway (MTOB) that strongly inhibited spheroid growth and self-
renewal in a dose dependent manner (172). MTOB is a CtBP dehydrogenase substrate,
proven as a direct inhibitor of repressive function of CtBP at high concentrations, resulting
in cancer cell death and inhibition of engrafted tumour growth (171). CtBP targets pro-
apoptotic factors such as Bik. MTOB competes with CtBP for binding to the Bik promoter,
leading to cell apoptosis and decreased cell survival through displacement of CtBP2 from
the Bik promoter (172) (Figure 1.19).

MTOB
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Figure 1.19 MTOB facilitates Bik expression by inhibiting the CtBP regulation leading to cell
apoptosis.
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Further studies have proposed that MTOB application to breast cancer MCF-7 cells
enhanced the acidification of culture medium and cytoplasm. This highlights the
capability of MTOB disrupt the pH homeostasis of cancer cells (173). In addition,
MTOB application showed antitumour effects in xenograft models and apoptosis in
vitro, but only at high concentrations. This suggests that MTOB might selectively target
CSLCs in the tumour population. This is in agreement with the observation that MTOB
was more effective at the inhibition of spheroid formation than at killing cells in
monolayer cultures (174). Therefore, such molecules (MTOB) may be beneficial in

cancer therapy (172).

Taken together, extensive profiles of CtBP-target genes in breast cancer regulate stem
cell related genes, EMT, and cancer cell metabolism, suggesting that CtBPs could be

potential therapeutic targets for breast cancer treatment (171).
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1.5 Aims

This thesis aims to exploit the 3D mammosphere assay to address key current questions
regarding the role of CSLCs in breast cancer. Based on evidence from hESC, it is
hypothesized that changes in glycolytic metabolism will affect stem cell characteristics.
Furthermore, it is assumed that pluripotency factors such as OCT4 and SOX2 might be

involved in this observation.

The specific aims of this thesis are:

e To investigate the role of key transcription factors OCT4 and SOX2 in
tumorigenicity of breast cancer.

e To characterise the expression of OCT4 pseudogene 1 in breast cancer cells and
its role in tumorigenicity.

e To examine whether glycolysis restriction would impact on cell proliferation and
CSLC populations in breast cancer cells.

e To investigate whether modulation of tumour cell metabolism using different
metabolic inhibitors in stem-like population of breast cancer cell lines stop or
slow down CSLCs growth.

e To characterise the effect of CtBP inhibition in CSLC population of breast
cancer cells in different metabolic conditions using CtBP siRNA and the CtBP
inhibitor, MTOB.
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Chapter 2

Material and Methods
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2.1 Cell culture procedures

All steps of cell culture were performed in sterilised laminar flow hoods cleaned with
70% ethanol. Reagents were warmed to 37°C in a water bath and cleaned with ethanol

prior to use in the hood.

2.1.1 Cell lines

The carcinoma cell lines listed in Table 2.1 were cultured in the growth medium,
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% foetal calf
serum (FCS), 1% Penicillin/Streptomycin, and 2 mM L-Glutamine. Cell lines were
maintained as a monolayer in sterile T75 cell culture flasks in humidified incubators
with 10% CO; at 37°C.

Table 2.1 Description of cell lines

Cell lines Origin Description

MDA-MB-231 ATCC®HTB-26™ Mammary gland, breast, derived from metastatic site:
pleural effusion

MCF-7 ATCC®HTB-22™ Mammary gland, breast, derived from metastatic site:
pleural effusion

SkBr-3 ATCC®HTB-30™ Mammary gland, breast, derived from metastatic site:
pleural effusion

Ntera-2 ATCC®CRL-1973™ Testis, derived from metastatic site: lung

T-47D ATCC® HTB-133™ Mammary gland, breast, derived from metastatic site:
pleural effusion

BT-474 ATCC® HTB-20™ Mammary gland, breast, derived from solid, invasive
ductal carcinoma of the breast

2.1.2 Passaging cells

To subculture cells, the spent culture media was aspirated from the cell culture vessels
and cells were washed with Hank's Balanced Salt Solution (HBSS) to remove any traces
of growth factors and serum. HBSS was then aspirated and 1-2 ml per 25 cm? of 0.05%
trypsin/5 mM EDTA solution (PAA) was added to the cells for three to five minutes in
the incubator to be detached. Detached cells were then re-suspended in 9 ml fresh media.

Cells were passaged at different ratios depending on the growth rate of each cell line.
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2.1.3 Cell counting

A haemocytometer was used in order to determine the number of cells. The surface and
the coverslip were cleaned with ethanol and the coverslip placed over the counting
surface prior to the addition of the cell suspension. Following trypsinisation, the cells
were collected in 15 ml falcon tubes and centrifuged at 1300 rpm for three minutes at
room temperature. The supernatant was removed and the pellet was re-suspended in
fresh media. A total of 15 pl of the cell suspension was transferred to a chamber on the
haemocytometer. Cell counting was repeated three times using three different squares of
the haemocytometer.

2.1.4 Maintenance of cell stocks

2.1.4.1 Freezing

To maintain stocks, cells were seeded in culture flasks and fed one day before
confluency. 24 hours after changing the media, cells were washed with HBSS,
trypsinised, re-suspended in media, transferred to a sterile centrifuge tube, and
centrifuged at 200 g at 4°C for three minutes. The supernatant was then removed and
cell pellets were quickly re-suspended in 10ml media/freezing media (5 ml media, 1 ml
dimethyl sulfoxide [DMSO] and 4 ml FCS per cryovial). DMSO prevents ice crystal
formation upon freezing, and hence avoids cell rupture. The vials were transferred to a
cell freezing container, stored at -80°C overnight for gradual cooling, and were
transferred to a liquid nitrogen tank for long-term storage.

2.1.4.2 Thawing

Cryovials were removed from the liquid nitrogen tank and thawed rapidly at 37°C. The
cells were re-suspended into a 15 ml falcon tube in 10 ml fresh medium. The suspension
was centrifuged at 1300 rpm for three minutes at room temperature. The supernatant was
aspirated off and the cell pellet re-suspended in 10 ml fresh media. The cells suspension
was transferred into a T75 tissue culture flask and placed in a 10% CO2 humidified
incubator at 37°C.
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2.2 In vitro cell culture assays

2.2.1 Protein knockdown with small interfering RNA (siRNA)

Cells were seeded in 60 mm dishes at a concentration of 250,000 per 3 ml growth
medium and allowed to adhere overnight. The cells were transfected the following day:
OPTIMEM reduced-serum medium (GIBCO), 25 nM siRNA, and INTERFERin™ (Cat
No 409-10), were mixed and incubated for 10 minutes at room temperature. A total of
400 pl of media was aspirated off each dish and replaced with the sSiRNA mixture. The
cells then incubated at 37°C for 4 hours. The transfection procedure was stopped by
replacing the spent media with 3 ml fresh media and transfected cells were transferred to
humidified incubator at 37°C for 72 hours. Details of all SIRNA sequences are stated in
the Table 2.2.
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Table 2.2 Description of siRNA reagents and sequences

Protein target Sequence (5 2 3) Source Reference
ACGACUUCACCGUCAAGCATT

CtBP1 UGCUUGACGGUGAAGUCGUTT QIAGEN
GCGCCUUGGUCAGUAAUAGTT

CtBP2 QIAGEN
CUAUUACUGACCAAGGCGCTT
GGGAGGACCUGAGAAGUUUTT .

Applied

CtBP1/2 Biosystems
AACUUCUCCAGGUCCUCCCTT y

Control SiRNA NA Applied

Biosystems

Hs POUSF1 2 TGGGATTAAGTTCTTCATTCA QIAGEN S100690382

Hs_POUS5SF1_10 AGGGAAGGTGAAGTTCAATGA QIAGEN S104153835
CAGUAUUUAUCGAGAUAAATT ThermoFisher

SOX2 4392420
UUUAUCUCGAUAAAUACUGTA Scientific
GUCCGAGUGUGGUUCUGUATT ThermoFisher

OCT4 full length 4392420
UACAGAACCACACUCGGACCA Scientific
GGGUUUUUGGGAUUAAGUUTT ThermoFisher

OCT4 AB AM16708
AACUUAAUCCCAAAAACCCTG Scientific
GCCCGAAACCCACACUGCAGAUCAG 10620318

POUSF1B Invitrogen
CUGAUCUGCAGUGUGGGUUUCGGGC 10620319
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2.2.2 Protein analysis
2.2.2.1 Western blotting

Urea whole cell lysis: Cells were washed with ice-cold phosphate-buffered saline (PBS)
followed by the addition of 1 ml ice-cold PBS and cells were collected with a cell
scraper into a 1 ml microcentrifuge tube and centrifuged at 900 g for five minutes at
4°C. PBS was removed and cells were lysed in two volumes ice-cold Urea lysis buffer
(Table 2.4) for 15 minutes on ice. The pellet was then vortexed to break it up. The cell
lysates were centrifuged at 10500 g at 4°C for 10 minutes to pellet cell debris. The
protein suspension was transferred to a 0.5 ml microfuge tube, snap frozen in liquid

nitrogen, and stored at -20°C.

Protein quantification: The protein concentration was analysed using the Bradford
Assay from Biorad (Cat No. 500-0006). The quantification was performed as per the
instructions. Briefly, a 1:5 dilution of the stock Bradford reagent (BIO-RAD) was made
up in distilled water. Cell lysate (1 ul) was added to 1 ml diluted reagent and mixed in
disposable plastic cuvettes. The absorbance was read at 595 nm wusing a

spectrophotometer.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE): A 10%
polyacrylamide resolving gel was prepared (see recipe in Table 2.3) and poured to a
depth of 3.2 ml in-between a glass and a spacer plate (0.75 mm). The top of the gel was
overlaid with distilled water in order to obtain a straight edge. The gel was then allowed
to polymerise for 45 minutes at room temperature. The water was replaced with 2 ml of
stacking gel (see recipe in Table 2.3). A well-comb was inserted between the two glass
plates and the stacking gel allowed to polymerise. After casting, the gel was placed in an
electrophoresis tank filled with running buffer and the comb was removed carefully. A
total of 20 ug of protein from cell lysates (detailed in Table 2.4) were diluted in SDS-
loading buffer heated for two minutes at 95°C in a heat block. Proteins were loaded into
each well of the gel and separated at 150 V for approximately 1 hour. Empty wells were
loaded with SDS-sample buffer (Figure 2.1).

80



SDs —N—

Protein
Protein ladder U UProtein Sample

Figure 2.1 Gel Electrophoresis Process. Protein samples were resolved on a 10% polyacrylamide gel
alongside the protein ladder. Proteins with negative and positive charges travel together through the gel
towards the positively charged electrode. Proteins with less mass travel more quickly.

Hybond C (Amersham) and Whatman filter paper was cut to the size of the gel and
rinsed in PBST (PBS with 0.1% Tween). After running, the gel was removed from the
glass plates, placed on the membrane, and sandwiched between two stacks of Whatman
filter paper. All bubbles were removed and the membrane was assembled in a clamp
apparatus and transferred overnight at 20 mA in transfer buffer. The following day the
membranes were removed from the apparatus and kept wet in 0.1% PBST. In order to
verify the efficiency of transfer, membranes were stained with 1:1000 Indian Ink/ 0.1%
PBST for 10 minutes on a roller (until bands were visible) and rinsed with 0.1% PBST
until the stain was clear. Blots were blocked in 5% non-fat dried milk diluted in 0.1%
PBST for 1 hour on a roller at room temperature. Blots and were probed with primary
antibody (detailed in Table 2.5), diluted in blocking solution (3% non-fat dried milk,
0.1% 20/PBST) overnight at 4°C. After three washes with 0.1% PBST, each for ten
minutes, the blots were incubated in HRP-conjugated secondary antibodies in blocking
solution (detailed in Table 2.6) for one hour at room temperature. Blots were subjected
to three washes, each for 10 minutes with 0.1% PBST prior developing. Blots were
developed in supersignal solution (1:1 luminol enhancer and peroxide) which is part of
the supersignal west pico chemilluminescent substrate reagent and were visualised using
BioRad FluoroS Multimager. SuperSignal West Femto Substrate was used to enable
detection of low concentration proteins which were not visible with typical enhanced

chemiluminescence (ECL) substrates.
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Table 2.3 The concentration of resolving and stacking gels used for running proteins

Resolving gel

Stacking gel

40% Acrylamide-Bis

40% Acrylamide-Bis

Water

Water

1.5M Tris pH 8.8

0.5M Tris pH 6.8

10% SDS

10% SDS

10% Ammonium Persulphate (APS)

10% Ammonium Persulphate (APS)

TEMED

TEMED

Table 2.4 Description of Urea Lysis Buffer

Urea Lysis Buffer Final concentration
Urea ™™

Triton x-100 0.05%

NacCl 25 mM

HEPES pH 7.6 20 mM

DTT 100 mM
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Table 2.5 Description of Primary Antibodies

Primary Antibodies Application/Final concentration Source
OCT4 (Sc-5279) IF (1:100), 2 pg/ml — WB (1:500), 0.4 pg/puml Santa Cruz
OCT4A/B (Ab19857) IF (1:100), 0.05 pg/ml — WB (1:500), 0.002 pg/ml Abcam
SOX2 (Ab5603) IF (1:700) — WB (1:1500) (2 pug/ml) Milliopore
CtBP1-E12 (sc-17759) IF (1:250), 0.8 pg/ml Santa Cruz

CtBP2 (612044)

IF (1:200), 1.25 pug/ml

BD biosciences

B-actin (A5060)

WB (1:10000), 1.4 pg/mi

Sigma

OCT4 (MAB1759)

IF (1:500), — WB (1:2000)

R&D systems

E-cadherin (610181) WB 250 pg/ml BD biosciences

SOX2 (MAB2018) WB (1:1500) R&D systems
Table 2.6 Description of Secondary Antibodies

Secondary Antibodies Application/Final concentration Source

Goat Anti-Rabbit, 1gG, A11008

IF (1:700), 2.85 pg/ml

LifeTechnologies

Goat Anti-Mouse, 1gG, A11029

IF (1:250), 8 pug/ml

Invitrogen

Sheep Anti-Mouse, 1gG, NA931

WB (1:2000), 0.265 pg/ml

GE Healthcare

Goat Anti-Rabbit, 1gG, P0449 WB (1:2000) DAKO
Rabbit Anti-Rat, 1gG, P0450 WB (1:2000) DAKO
Goat Anti-Rat, 1gG, A11081 IF (1:250), 8 pg/mi Invitrogen
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2.2.2.2 Immunofluorescence

Round glass coverslips (13 mm diameter) were sterilised in 70% ethanol prior to use. To
maintain consistency, cells were fed the day before any experiment. Cells were plated
onto coverslips for approximately 48 hours prior to experiments. Coverslips were
transferred into 12 well plates and rinsed once with PBS. Cells were fixed with 4%
paraformaldehyde (PFA) in PBS for 15 minutes at room temperature. After one wash
with PBS, cells were incubated with 10 mM glycine in PBS to quench any remaining
formaldehyde. Cells were permeabilised in 0.2% Triton X-100 in PBS for 10 minutes.
To avoid non-specific binding, cells were blocked in 10% FCS in PBS for 30 minutes.
Samples were then incubated with primary antibodies (listed in Table 5) in 0.6% bovine
serum albumin (BSA) (fraction V, protease free, catalogue No 700-10-1P) in PBS, kept
in a humidified container in the dark at room temperature for 90 minutes. After two
washes with PBS, cells were incubated with fluorophore-conjugated secondary antibody
(listed in table 2.6), in 0.6% BSA in PBS, with 1 pg/ml DAPI counterstain (4°,6’-
diamidino-2-phenylindole) in a humidified container in the dark for 60 minutes. Cells
were washed twice with PBS and once with distilled water. Coverslips were mounted on
a glass slide using fluorescent mounting medium (DAKO) and were kept in the dark
overnight. Cells were visualised using an Olympus 1X81 microscope and images were

taken using an Orca-ER digital camera. All steps were performed at room temperature.

2.2.3 DNA-RNA analysis

2.2.3.1 Semi-quantitative reverse transcriptase polymerase chain reaction
(RT-PCR)

RNA extraction: Total RNA was extracted using an RNase mini Kit (QIAGEN,
catalogue No 74104) according to the manufacturer’s instructions. DNasel was added to
the total RNA to eradicate contaminating genomic DNA. The nucleic acid concentration

was measured using a thermo scientific-nanodrop-1000 and labtech software V3.6.0.

cDNA synthesis: Once the mRNA was isolated, complementary DNA (cDNA) was
synthesized using the Reverse Transcription System (Promega) to reverse transcribe
RNA into cDNA (Table 2.7). Deoxynucleotides (dANTPs), oligo dT primers, and reverse
transcriptase (a DNA polymerase) was added to mRNA and allowed the polymerase to
make cDNA. The mRNA was removed and the second strand of DNA was synthesised.
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Table 2.7 Composition of cDNA master-mix

Reagents Final Concentration (40 ul)
5% RT Buffer (mmlv) 1x

Oligo dT 0.5 ug

dATP 0.25 mM

dTTP 0.25 mM

dCTP 0.25 mM

dGTP 0.25 mM

MMLV RT 150 unit

PCR procedure: A master-mix containing all components except for DNA template

and GoTaq polymerase was prepared in 0.5 ml PCR tubes for the reaction (Table 2.8).

GoTaq polymerase was added during the initial denaturation step to minimise primer

dimer formation. The necessary amount of cDNA was added to the mix to reach the

final reaction volume. PCR conditions were; an initial denaturation of 94°C (180

seconds) followed by 35 cycles of denaturation at 94°C (30 seconds), annealing at 60°C

(30 seconds), and extension at 72°C for 1 minute. The final extension was set at 72°C
for 1 cycle (120 seconds). The PCR products were held at 4°C (Table 2.10). Different

PCR primer sets and conditions are described in table 2.9 and 2.10 respectively.
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Table 2.8 Description of PCR master-mix

Reagents Final Concentration (50 pl)
5% Go Taq Buffer 1x
MgCl: 1.5 mM
dATP 0.2 mM
dTTP 0.2 mM
dCTP 0.2 mM
dGTP 0.2 mM
Forward Primer 0.4 mM
Reverse Primer 0.4 mM
DNA template 25ng
GoTaq DNA Polymerase 0.5 unit

Nuclease- free water
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Table 2.9 List of PCR primer sets used in RT-PCR

RNA target

Sequence 5> 3

OCT4 full length

CATGGCGGGACACCTGGCT

CCTCAGTTTGAATGCATGGGAG

OCT4A
Discriminate between isoforms A and B

CTTCTCGCCCCCTCCAGGT

AAATAGAACCCCCAGGGTGAGC

OCT4-PG1 (POU5F1B)

AGGCCGATGTGGGGCTCAT

CCAGAGTGATGACGGAGACT

SOX2 ACCTACATGAACGGCTCGC
ACCTACATGAACGGCTCGC

OAZ1 GGCGAGGGAATAGTCAGAGG
GGACTGGACGTTGAGAATCC

B-actin CTCAGGAGGAGCAATGATCTTG

CTGGGCATGGAGTCCTGTGG
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PCR programmes:

Table 2.10 PCR program for the housekeeping gene B-actin, OAZL, and genes of interest OCT4,
OCT4-PG1, and SOX2

PCR program for g-actin

Steps Temperature (°C) Time (sec) Cycles
Initial denaturation 94 180 x1
Denaturation 94 30

Annealing 64 30 x25
Extension 72 60

Final extension 72 120 x1
Hold 4 o0 x1

PCR program for OAZ1

Temperature (°C) Time (sec) Cycles

Initial denaturation 94 180 x1
Denaturation 94 60

Annealing 58 60 %30
Extension 72 60

Final extension 72 600

Hold 4 ©
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PCR program for OCT4, OCT4-PG1, and SOX2

Temperature (°C)

Cycles

Time (sec)
Initial denaturation 94 180 x1
Denaturation 94 30
Annealing 60 30 %35
Extension 72 60
Final extension 72 120
Hold 4 0
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Agarose gel electrophoresis: A 2% agarose gel was prepared by heating 2 grams
agarose powder in 100 ml Tris base, acetic acid and EDTA (1x TAE) buffer in the
microwave. Red safe DNA stain (cat No 21141; 2.5 ul) was added to the solution to bind
and visualise the DNA (with 302 nm UV light). The melted agarose solution was poured
into the assembled casting tray with a well-comb added to the solution, and allowed to
cool until solid. The gel was placed in the electrophoresis chamber, covered with TAE
buffer and the comb was removed. Upon the completion of PCR run, 20 ul of each
sample was added to 5 ul orange G and was run alongside a DNA ladder (10 pl of 100
and/or 1000 bp according to the PCR product size). PCR products were run for
approximately one hour at 100 V. Amplicons of PCR reactions were separated on the
2% agarose gel according to their weight. The DNA was visualized and imaged using
Gel Doc software (Bio Rad).

2.2.3.2 TagMan® Real-Time polymerase chain reaction (QPCR)

To perform the gPCR reaction, total RNA was obtained from desired cell lines using the
RNase mini Kit (QIAGEN) following the manufacturer’s instructions. Extracted RNA
was used for synthesizing cDNA as explained previously in section 2.2.3.1. For the
housekeeping gene B-actin, a reaction mix consisting of TagMan® Universal Master
PCR Mix, 20x predesigned validated TagMan B-actin probes (including forward and
reverse primers), and nuclease- free water was added in duplicate to a 96-well PCR plate
followed by 5 pl of cDNA (5 ng/ul) to reach the final reaction volume of 20 pl (Table
2.11). To prepare the reaction mix for the gene of interest, a universal master-mix
containing a universal probe library set (04683633001 Roche), forward and reverse
primer set (designed using Roche software), and nuclease- free water was added in
duplicates to a 96-well PCR plate followed by 5 pl of cDNA (5 ng/ul) to reach the final
reaction volume of 20 ul (Table 2.11). The plate was sealed to avoid contamination and
was centrifuged at 3000 rpm for 1 minute at 4°C to remove any air bubbles. The 96-well
plate was placed into a 7900 HT fast real time PCR system. As the PCR progresses, the
number of cycles and detected fluorescence increases until the reporter dye signal is
sufficiently high to cross a threshold value and is visible above the background, known
as the cycle threshold (Ct) value (linear part of the curve). To acquire the relative
expression of the target gene in different samples, the abundance of the mRNA of
interest was normalized relative to the B-actin housekeeping gene (Applied Biosystems
4326315E-1307025) and was calculated using the AACt method as follows.
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ACt =X Ct (gene of interest) - & Ct (housekeeping gene)

AACt = ACt sample 1 — ACt calibrator (a sample that all other samples are compared to)

Table 2.11 Description of reaction mix for g°PCR

Housekeeping Gene (p-actin)

Gene of interest (SOX2)

Reagent

Reagent

Universal gPCR mix (2x)

Universal master-mix

Probe (20x)

Probe (10 uM)

cDNA (5 ng)

cDNA (5 ng)

Nuclease- free water

Reverse Primer (10 uM)

Forward Primer (10 puM)

Nuclease- free water
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2.2.4 Mammosphere formation assay

All breast cancer cell lines were cultured in DMEM which was used for routine cell
culture, supplemented with 25 mM glucose and/or 10 mM fructose. These

concentrations were used for the following reasons:

Since cancer cells prevalently consume more glucose, culturing cancer cells in vitro
within physiological glucose levels (i.e. around 4-5 mM) would result in severely low
glucose conditions and an associated energy crisis. Consequently, culturing in 25 mM
glucose provides cancer cells with adequate glucose to proliferate and survive in the
laboratory system without requiring a frequent change of media. To develop a glucose
restricted condition, fructose was chosen as a favourable substrate to replace glucose as
it is utilised almost 100 times slower than glucose, and hence specifically lowers the
glycolytic pathway. 10 mM fructose approximately provides a physiological equivalent
of low glucose conditions where cells maintain proliferation and growth, yet without

much dependency on glucose.

To provide non-adherent plates, 12 well-plates were coated with 350 pl of 12 mg/ml
polyhema (2-hydroxyethyl methacrylate) per well for 48 hours at 40°C in a dry
incubator. Cells were trypsinised and detached at 70-80% confluency and were
centrifuged at 900 g for five minutes. Supernatant was removed and cells were re-
suspended in 2 ml cold HBSS. Single cell suspensions were cultured in conditioned
medium at a density of 5000 cells per well on a 12 well-plate dish coated with polyhema
in triplicate and were induced to form spheres. Media from the 2D culture, to a
confluence of 70-80%, was used as conditioned media for mammosphere formation
(media was changed one day prior to collection). Plates were placed in a humidified
incubator at 37°C in 10% CO: for five days without being disturbed and changing
media. Cells which were able to survive and proliferate in such conditions and formed
distinct clusters of cells termed mammospheres. After the culture period, the number of
mammospheres >50 pum in diameter were counted at 20X magnification using an
Olympus 1X81 microscope fitted with a graticule (G23 Thompson 24 mm, order number
01A24056). The eyepiece graticule allowed the size of a mammosphere to be measured
more accurately. Images were taken using an Orca-ER digital camera (Figure 2.2).

Mammosphere forming efficiency (MFE%) was calculated using the following

equation:
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MFE (%) = (Number of mammospheres per well + number of cells seeded per well) x 100

250,000 cells 5000 cells
2008 300

(2D culture)
72hr treatment

Cancer
stem-like cells

70-80 % confluent cells

2ml conditioned media/Polyhema coated wells

i (3D culture)

5 days incubation

Mammospheres
Scale bar 50um

Condition media

Figure 2.2 Mammosphere formation assay. MCF-7 cells have been cultured in 2D culture for a period of
time suitable for cells to reach to a confluence of 70-80%. The media was collected to be used as
mammosphere media which was proven to be an effective nutrition to enrich cancer stem-like cells. For this
assay, to provide a non-adherent condition (3D), 12 well-plates were coated with Polyhema. 5000 cells were
cultured in conditioned media for 5 days to form mammospheres. Mammospheres >50 um was counted
under the microscope and MFE was evaluated in the population as the number of counted spheres divided by
the original number of single cells seeded and was expressed as a percentage. In the matter of treatments,
cells were seeded at a density of 250,000 cells per 60 mm dish and left for 72 hours prior plating for
mammosphere formation.

2.3 Statistical analysis

Unless it stated otherwise, all data were obtained from three biological repeat
experiments, each consisting of technical triplicates and were shown as means + SEM.
Two-tailed Student’s t-test was used to assess the difference between two groups.
p<0.05 was considered to be statistically significant. Statistical analysis was performed

using GraphPad Prism software by one-way analysis of variance (ANOVA).
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Chapter 3

Mammospheres, as a model system
for identification of human breast

cancer stem-like cells
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3.1 Introduction

The cancer stem cell model is supported by the hypothesis that only a specific subset of
cancer cells within the tumour hold stem-like properties such as self-renewal and
tumorigenicity suggesting their involvement in carcinogenesis from tumour initiation to
a metastatic state (175). Current conventional therapies are based on eliminating more
differentiated cancer cells, while development of more effective therapeutics may
actually entail targeting CSLCs with specific metabolic phenotypes (176). An optimum
method to investigate human cancer in vitro is essentially reliant on the use of
established culture environments that resemble in vivo-like growth conditions. Studying
cell biology in 2D systems has substantial limitations. The plastic surface of 2D cell
culture provides an unnatural state for cells to grow and spread which in turn causes
irregular cell attachments to proteins and other cells in the culture (91). To reduce the
drawbacks of 2D culture, development of new cell culture environments was required to

closely simulate the multicellular tumour microenvironment.

3D construction profits from certain properties that distinguish mammospheres from 2D
culture. Due to the cellular heterogeneity of cells developing in 3D, they better resemble
tumours and more closely mimic native in vivo biological properties (91). The stem-like
cells of the 2D cell population are able to form multi-layers of cells when cultured under
3D conditions (177). The most widely used in vitro assay for mammary cells to enrich
and identify CSLCs is the mammosphere assay (125). The non-adherent 3D spherical
clusters of the breast cancer cells or mammary cells are known as mammospheres.
Mammospheres express different markers presenting tumorigenic phenotypes. Taking
this into account, the mammosphere assay was chosen as a suitable tool to measure the

proportion of cells in a 2D culture that have stem-like characteristics.

3.1.1 The effects of reprogramming metabolism on breast cancer stem cells

In healthy cells glucose contributes to energy metabolism through glycolysis by
converting to pyruvate and then lactate. Pyruvate enters mitochondria to be further
metabolized in TCA and OXPHOS; whereas in cancer cells glucose predominantly
participates in lactate production through a high rate of glycolysis (135). It has been
shown that in addition to cancer cells, stem cells also rely on glycolysis (135). Similar to
normal stem cells, CSLCs also exhibit glycolytic phenotypes with an overexpression of

most glycolytic enzymes. The glucose transporters, LDH, and oncogene c-Myc are
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upregulated in hypoxia, and regularly overexpressed in CSLCs which divert glucose
from oxidative metabolism to glycolysis showing the high glycolytic activity of CSLCs
(135). High glycolytic cancer cells are more affected in conditions with reduced or no
glucose available. To examine the role of glycolysis in bCSLCs and to measure the
ability of mammosphere formation in different growth conditions, a model system was
required where glycolysis could be stably manipulated; a cell line model of glycolytic
vs. less-glycolytic states was developed. It was hypothesised that removing glucose form
the media could affect the cell survival and reduce the mammosphere formation.
Moreover, it was predicted that addition of glucose to the fructose media might increase
glucose uptake by cells and lead them to revert to a higher glycolytic state from being
less glycolytic. Therefore, to assess the capability of breast cancer cells to re-adapt to
glucose, glucose was added to the media containing fructose and cells were adapted to

this condition prior to experiments.

3.1.2 Aims

The specific aims of this chapter are:
e To isolate small number of cells that can recapitulate breast tumour and to assess
the ability of breast cancer cells to form mammospheres for the purpose of

isolating mammary stem cells.

e To evaluate the ability of breast cancer cells to grow in low glycolytic

conditions, and to see whether they are capable of re-adapting to glucose

e To investigate the effect of restricted glycolysis in breast cancer stem cell
population

3.1.3 Experimental outline

It is possible that not all subtypes of breast cancer behave equally; therefore, multiple
breast cancer cell lines representative of various subtypes were used in this experimental
model; MDA-MB-231 (ER"), SkBr-3 (ER’), MCF-7 (ER"), and T-47D (ER"). MCF-7
cell line was used throughout the thesis due to its high ability to form robust and

structured mammospheres.

In the cell line model of glycolytic vs. less-glycolytic, glucose was removed from the

media and fructose was used as an alternative substrate. Fructose was used as it is taken
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up slowly, before entering glycolysis (178). Glucose-containing media was chosen as a
standard control condition (corresponding control). For adaptation, MCF-7 cells were
cultured and adapted in DMEM supplemented with 10 mM fructose in the absence of
glucose and cells treated with media containing 25 mM glucose were used as a control.
Approximately three weeks were required for cells to develop fructose adaption. During
the initial adaptation, fructose adapted cells were proliferating at a lower rate compared
with the corresponding control cells (Figure 3.4). However, the rate of proliferation
became more similar for both groups as fructose adaption developed.

Following adaptation, cells were detached, counted and diluted in conditioned medium
before plating. According to established methods, single cell suspensions were then
seeded at a cellular density of 5000 cells per well in polyhema-coated 12-well plates and
allowed to form mammospheres. Spheres >50 um were counted on day five (125). The
non-adherent conditions prevent cells from attaching to the surface and differentiating;
therefore, allowing the stem or progenitor cells to self-renew, whilst the bulk population
die by anoikis. Media from the 2D cultures (being kept for long enough to be suitable
for cells to reach a confluence of 70-80%) was proven to be an effective condition to
enrich CSLCs (125). Hence, it was used in this experimental model as conditioned
media. This work focused on optimising a 3D culture protocol with a well-known breast

cancer cell line (MCF-7 cells).
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3.1.4 Results

3.1.4.1 Morphology of breast cancer cell lines

In order to confirm whether different subtypes of breast cancer display distinctive
morphological features, various breast cancer cell lines were cultured and phase contrast
images taken (Figure 3.1). Epithelial cell lines like MCF-7 maintained spherical cell
morphology and tightly cohesive structures displaying robust cell-cell adhesions (Figure
3.1, A) similar to that of T-47D (Figure 3.1, B). More aggressive basal-like breast cancer
cell lines such as SkBr-3 had a rounded structure (Figure 3.1, C) while MDA-MB-231
displayed elongated and spindly appearance; more like fibroblast structure (Figure 3.1,
D). The morphology of different subtypes were similar to those previously reported
(179).

Figure 3.1 Representative phase contrast images of various subtypes of breast cancer cell lines. Cells
were plated at sub-confluent density allowed to grow for 48 hours prior to imaging. (A) MCF-7. (B) T-47D.
(C) SkBr-3. (D) MDA-MB-231. Scale bar shows 100 pm.
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3.1.4.2 Optimisation of mammosphere cultures of human breast cancer cell

lines

To determine the growth ability of breast carcinoma cells in non-adherent conditions and
to measure the proportion of cells in the 2D cultures with stem-like properties, the
mammosphere assay was performed as previously described. There were morphological
differences and variations in the size and shape of mammospheres generated from
various breast cancer subtypes. Therefore, four human breast cancer cell lines were
selected to represent the major molecular subtypes of breast cancer. MCF-7 (Figure
3.2A) and T-47D (Figure 3.2B) formed more solid, rounded and defined spheroid shapes
with tightly cohesive phenotype. SkBr-3 formed loose bunch of grape-like clumps of
cells (Figure 3.2C) and MDA-MB-231 presented small structures (<50 pm) (white
arrow) and single cells (black arrow) (Figure 3.2D). Since determining the number of
mammospheres >50 um was the main objective of this part of the project, luminal cell
lines MCF-7 and T-47D, which displayed a better structural shape, were chosen as a

model for our experiments.

Figure 3.2 Representative images of human breast cancer cell lines mammaospheres in 3D culture. 5000
cells were plated in polyhema-coated 12-well plates and then imaged on day 5. (A) MCF-7. (B) T-47D. (C)
SkBr-3. (D) MDA-MB-231. White arrows represent small structures and black arrows show single cells.
Scale bar shows 100 pm.
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3.1.4.2.1 Optimisation of factors to consider for mammosphere assay

It is critical to establish consistency within methods to ensure mammosphere forming
efficiency (MFE) remains constant between experiments. Therefore the following

factors must be considered to ensure assay consistency.

3.1.4.2.1.1 Cell number

In order to determine the appropriate cell number for the mammosphere assay, MCF-7
cells were seeded at different densities; 5000, 10,000, 25,000, and 100,000 cells per 6-
well plates under mammosphere culture conditions and the MFE was calculated. In this
experiment 5000 cells gave 0.99% MFE; 10,000 cells 1.2% MFE; 25,000 cells resulted
in 0.19% MFE, and 100,000 cells gave 0.31% MFE (Table 3.1).

Table 3.1 Mammosphere forming efficiency (MFE) depends on number of cells plated in 6 well plate

Cells seeded in 3D culture MFE (%) in 3D culture
5000 0.99

10,000 1.2

25,000 0.19

100,000 0.31

As the results show, multiplying the number of cells by a factor did not increase the
MFE by the same ratio. The number of cells seeded did not determine the number of
mammospheres obtained. Moreover, with higher cell densities, more mammosphere
congestion was observed which caused difficulty in counting (Figure 3.3). According to
the obtained results, the optimum density will be one which is high enough to generate
an adequate number of mammaospheres, yet not so high as to result in aggregation. Out
of different cell numbers, mammaospheres generated from approximately 5000 to 10,000

cells presented the best possible proportion and spherical structures.
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Figure 3.3 Representative image of MCF-7 mammosphere. 100,000 cells were plated in polyhema-coated

12-well plates and then imaged on day five. Scale bar shows 100 pum.

3.1.4.2.1.2 Cell culture plates

It is important to select the appropriate culture plates for mammosphere assays; for this
reason, wells with the same diameter as the microscope field of view were considered
ideal. This minimises the visual error when counting the mammospheres in the field.
Therefore, 12-well plates were selected as the best option for this assay. Based on the
results from Table 3.1, 5000 was chosen as the optimum cell number.

3.1.4.2.1.3 Eyepiece graticule

The main factor that needed to be considered in the assay was evaluating the number of
spheres >50 um in diameter. Therefore, another objective to consider was to calibrate an
appropriate eyepiece graticule for the microscope to allow the accurate measurement of

the diameter of mammospheres.

Taking everything into account, 5000 cells and 12-well plates coated with polyhema
were taken together with a G23 Thompson 24 mm graticule as optimal for the

mammosphere assay throughout the entire experiments.
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3.1.4.2.2 Fructose adaption of breast cancer cell lines

3.1.4.2.2.1 Impact of fructose adaption on the growth rate of MCF-7 cells

To investigate whether fructose was an adequate nutrient for MCF-7 cells to grow in the
absence of glucose, cells were cultured in separate conditions: standard medium
including glucose, or medium containing fructose independent of glucose. Under both
conditions, MCF-7 cells appeared morphologically similar (Figure 3.4). Moreover,
observation of the cultures suggested a slower growth rate under fructose conditions
during adaptation (Figure 3.4). Therefore, the growth rate was quantified formally using

cell counts (Figure 3.5).

Figure 3.4 Representative phase contrast images of MCF-7. MCF-7 cells were exposed to either 25 mM
glucose (A) or in the absence of glucose and the presence of 10 mM fructose (B), approximately for 2-3
weeks for adaptation. Scale bar shows 20 pum.

Having adapted the cells to either glucose or fructose for approximately 2-3 weeks,
further experiments were done on the adapted cultures. Adapted cultures were frozen

down into the multiple vials and used as stocks for future experiments.

To compare the proliferation rate under fructose and glucose conditions, MCF-7 cells
were seeded at an initial density of 50,000 cells per well in 6-well plates in duplicate,
two and five weeks after thawing. Cells were counted daily, using a haemocytometer for

four consecutive days. Fresh media was added to the cells on day three.
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Two weeks adaptation: during the first two days of the assay, fructose adapted cells
maintained a lower growth rate compared with cells under glucose conditions which
aligned with the initial hypothesis that cancer cells struggle in conditions with reduced
or low glucose availability. Surprisingly by day three, the growth rate had risen
considerably under fructose conditions; (could possibly be due to high ability of cancer
cells to adapt to unusual conditions) while under glucose conditions, the growth rate

raised steadily during the four days (Figure 3.5A).

Five weeks adaptation: Under both conditions (fructose and glucose), the growth rates
followed a similar pattern (cancer cells in glycolytic restriction condition, were already
adapted to the new condition and adjusted their growth rate similar to that of glycolytic
cells) and had risen gradually until the fourth day where the increase was the greatest for
the fructose adapted cells (Figure 3.5B).

Results demonstrating that following fructose adaptation, MCF-7 cells were not

dependent on glucose to grow as long as they had sufficient sugar (fructose).
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Figure 3.5 Representative graph of MCF-7 growth rate following fructose adaptation. MCF-7 cells
adapted to grow in either 25 mM glucose or 10 mM fructose for two weeks (A) and ~ five weeks prior to
starting the assay (B). Cells were counted on each day for four consecutive days. Results are presented as
mean + standard error of the mean (SEM).
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3.1.4.2.2.2 Optimisation of MFE in MCF-7 cells following fructose

adaptation

To investigate the effect of reducing glycolysis (replacing glucose with fructose in the

media) on the mammosphere forming ability, previously adapted MCF-7 cells were

cultured in media containing either fructose or glucose. Conditioned media were taken

from both sets of cultures and put back on the cells in 3D culture relevant to the

designed conditions (Table 3.2, conditions 1 and 2).

Table 3.2 Representative conditions of MCF-7 cell in 2D and 3D conditions

Condition Media in the 2D culture Media in the 3D culture
1 25 mM Glucose 25 mM Glucose
2 10 mM Fructose 10 mM Fructose
3 10 mM Fructose 25 mM Glucose

4 (Figure 3.8 only)

Fructose + Glucose

Fructose + Glucose
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Mammospheres formed under both conditions and displayed similar morphology
regardless of their culture adaptations. However, compared with mammospheres in

glucose culture, under fructose conditions, mammospheres appeared larger (Figure 3.6).

A)

Figure 3.6 Representative images of MCF-7 mammospheres in 3D culture. 5000 cells were plated in
polyhema-coated plates and then imaged on day five. (A) Glucose adapted MCF-7 cells in glucose
conditioned medium. (B) Fructose adapted MCF-7 cells in fructose conditioned medium. Scale bar shows
100 pm.

Since the main aim of performing the mammosphere assay was to measure the number
of stem cells in 2D population, it was important to keep the culture conditions of the
mammospheres the same between 2D and 3D cultures. Therefore, the third condition
used was mammospheres forming from fructose adapted cells grown in the same media

as the corresponding control (Table 3.2, conditions 1 and 3).

3.5% MFE was obtained under standard glucose conditions (condition 1). Surprisingly,
under fructose conditions (condition 2) MFE significantly increased by ~1.6 fold to 6%.
This significant increase under fructose conditions was consistent through all

experiments over the entire duration of thesis (Figure 3.7).

Under glucose conditions in 3D culture (condition 3), fructose adapted cells formed ~1.4
fold more mammospheres with a MFE of ~5% compared with glycolytic cells and no
significant difference was observed between conditions 2 and 3. Results confirmed that
the presence of fructose in the conditioned media was not the reason behind this

significant increase in MFE. Therefore, it was necessary to have the 3™ condition
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(condition 3). Results confirmed that the difference was caused by the fructose in the 2D
culture where cells were adapted. Having shown that both fructose adaptation conditions
(Table 3.2, conditions 2 and 3) represented higher MFE than the corresponding control
(Table 3.2, condition 1) the third condition was considered unnecessary in the future

experiments (Figure 3.7).
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Figure 3.7 Representative graph of MFE (%) of MCF-7 cells adapted in different conditions. 25 mM
glucose was replaced with 10 mM fructose in the media and MCF-7 cells were adapted for 30 days to this
condition prior to mammosphere formation. MCF-7 cells were plated at an initial density of 5000 cells per
well in non-adherent culture for 5 days to form mammospheres. Spheres >50 um were counted. The graph
shows a combination of three independent experiments, each of which was performed in triplicate. Results
are presented as mean + standard error of the mean (SEM). *** P <(.001. n=3

To investigate whether adding glucose to fructose cultured cells could reverse the
growth rate back to the more glycolytic state; initially, MCF-7 cells were counted and
plated at a same initial plating density. Subsequently, glucose was added to the media
containing fructose in the 2D culture and cells were adapted to all three conditions for
approximately two weeks. Phase contrast images were taken on day sixteen of
adaptation (Figure 3.8, A, B, and C).

Following two weeks adaptation, cells were seeded at the same initial plating density of
250,000 cells per 60 mm dishes and left for 48 hours prior counting. Fructose adapted
cells that were re-adapted to fructose and glucose (Figure 3.8C) appeared
morphologically similar to the other two conditions (Figure 3.8, A and B). Under
fructose conditions, cells displayed a slower growth rate during the initial phase of

adaptation compared with glucose adapted cells (Figure 3.8D). However, adding glucose
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to the media containing fructose, the growth rate displayed an increased trend which can
be possibly explained by the fact that fructose and glucose together could provide a

better energy source and increase the growth rate.

2D Adaptation Glucose Fructose Fructose
Conditioned medium Glucose Fructose Glucose

Figure 3.8 Representative phase contrast images and 2D cell count of MCF-7 cells under different
culture conditions. MCF-7 cells adapted to grow in either 25 mM glucose (A) or 10 mM fructose (B) as
previously shown in Figure 4. Under 2D conditions, 25 mM glucose was added to the fructose media and
cells were allowed to adapt to this condition for two weeks (C). Following two weeks adaptation, cells were
seeded at same initial plating density of 250,000 cells per 60 mm dishes and left for 48 hours prior counting.
The graph shows a combination of three independent experiments (D). Results are presented as mean + SEM.

Scale bar shows 20 um.
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Following adaptation to all three conditions in 2D culture, MCF-7 cells were seeded at a
density of 5000 cells per 12-well in polyhema-coated plates and were allowed to form
mammospheres. Following five days under mammosphere culture conditions, MFE was
calculated. Consistent with the previous data (Figure 3.7), MFE was significantly higher
under fructose conditions compared with the corresponding control by ~1.2 fold increase
(Figure 3.9, middle bar). Contrary to the hypothesis that the addition of glucose back to
the media including fructose (Table 3.2, condition 4) may increase the glycolytic state of
fructose adapted cells, findings showed that not only did this alteration not reduce the
MFE to the same level as that of glucose adapted cells, it also significantly increased it
(~1.3 fold) with respect to the corresponding control group (Figure 3.9, right bar). The
increase in MFE following the addition of glucose was not significant between the two

groups (Figure 3.9, middle and right bar).
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Figure 3.9 Representative graph of MFE (%) from MCF-7 cells under different culture conditions.
MCF-7 cells adapted to grow in either 25 mM glucose or 10 mM fructose. Under 2D conditions, 25 mM
glucose was added to the fructose media and cells were allowed to adapt to this condition for two weeks.
MCEF-7 cells were counted and seeded at density of 5000 cells per well in polyhema-coated 12-well plates for
five days. Spheres >50 pm were counted. The graph shows a combined of three independent experiments,
each of which was performed in triplicates. Results are presented as mean = SEM. * P < 0.05, ** P < 0.01.
n=3
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3.1.4.2.2.3 Optimisation of fructose adaptation in T-47D cells

The unexpected increase in MFE in MCF-7 cells under fructose conditions was
intriguing. To further investigate whether the fructose response was common among
other breast cancer cell lines. T-47D cells were adapted to either 25 mM glucose or 10
mM fructose as previously described. Following adaptation, cells were plated at a same
initial plating density of 250,000 cells per 60 mm dishes and counted after 48 hours. The
growth rate was calculated in both conditions. Unlike MCF-7 cells, T-47D cells did not
adapt to fructose conditions by not reaching to the similar growth rate of glucose
adapted cells. When glucose was eliminated from the medium, cell proliferation slowed
significantly compared with the control group. T-47D cells proliferated at higher rates

under glucose conditions compared with fructose adapted cells (Figure 3.10).
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Figure 3.10 Representative of 2D cell count of T-47D cells in different conditions. T-47D cells adapted to
grow in either 25 mM glucose or 10 mM fructose for three weeks. Following three weeks adaptation, cells
were seeded at same initial plating density of 250,000 cells per 60 mm dishes and left for 48 hours prior
counting. The graph shows a combined of three independent experiments. Results are presented as mean +
SEM. *** P<(.001. n=3
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Previously adapted T-47D cells were plated in non-adherent cultures (5000 cells per
well) and allowed to form mammospheres. Results from counting mammospheres after
five days showed no significant difference in MFE between glucose and fructose
adapted cells. Although MCF-7 cells favoured fructose over glucose in forming larger
and more mammospheres (Figure 3.6 and 3.7) in T-47D cells, MFE was not affected by

fructose adaptation in this cell population (Figure 3.11).
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Figure 3.11 Representative graph of MFE (%) from T-47D cells under fructose conditions. T-47D cells
adapted to grow in either 25 mM glucose or 10 mM fructose approximately for three weeks prior to
mammosphere formation. T-47D cells were plated at an initial density of 5000 cells per well in polyhema-
coated 12-well plates for 5 days to form mammospheres. Spheres >50 um was counted at day five. The graph
shows a combination of three independent experiments, each of which was performed in triplicate. Results
are presented as mean + SEM.
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3.1.5 Discussion

Metabolism is fundamental in cellular homeostasis. Our knowledge about cancer cells
displaying the glycolytic phenotype is growing day by day. Cancer scientists have long
known that tumours participate in an altered metabolism. Similar to cancer cells, ES
cells express the aerobic glycolytic phenotype (135). In accordance with published data,
this high glycolytic phenotype is shared between several immortalized cells including
cancer cells (135).

Cancer cells alter their metabolism and increase their uptake of glucose which facilitates
rapid tumour growth. They also use glucose to fight against programmed cell death
(apoptosis) (180). Therefore, a glucose restricted condition is an attractive approach for
cancer treatment, aiming to inhibit proliferation and eliminate tumours. The truth is not
quite this simple as cancer cells can utilise alternative energy sources. Furthermore, a
rare population of cells within tumour, CSLCs, display phenotypical and functional
features of stem-like cells with tumour initiating and mammosphere forming abilities. It
was therefore important to investigate whether glucose starvation could impact the

growth efficiency of this small population.

Fructose and glucose are two similar monosaccharaides contributing evenly to aerobic
glycolysis and TCA cycle. However, according to Haibo et al. (181) cancer cells
metabolise fructose and glucose through different metabolic pathways. They also
reported that fructose makes a bigger contribution to nucleic acid synthesis than glucose
and that cancer cells favour fructose over glucose to facilitate increased proliferative
capacity, well known as a hallmark of cancer (181). Results from Haibo et al. (181) led
us to study glycolytic vs. low-glycolytic (glucose restricted condition) environments for
breast cancer cells by adapting them to fructose in the absence of glucose. Introducing
fructose to the growth medium surprisingly increased the growth rate in MCF-7 breast
cancer cells and enabled them to proliferate more efficiently in the absence of glucose.
The fructose-containing medium proved to be preferred over glucose in MCF-7 cells.
Subsequent experiments were performed to optimise the mammosphere forming ability

under both glycolytic conditions.

With the growing evidence that cells holding stem-like properties are involved in tumour
recurrence and metastasis of breast cancer (182), it was important to this project to use
methodological approaches to specifically enrich for cancer stem cells. It was shown by
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Dontu et al. (100) that cancer cells with stem-like characteristics are greatly enriched in
mammospheres. Mammaospheres have been shown to express OCT4 and display a high
tumorigenic capacity in NOD/SCID mice. However, it may be that the mammosphere
assay might not detect all quiescent stem cells (123). Though, in agreement with the
principles described in this project (125), the mammsophere assay is still considered a
valuable tool for the quantification of breast stem cells and therefore was used in this

project as a reporter of cancer stem cell activity.

Mammospheres with different morphologies could be formed from various subtypes of
breast cancer cell lines MCF-7, T-47D, MDA-MB-231, and SkBr-3. MCF-7 and T-47D
cells formed more robust rounded mammospheres compared with those in basal-like
cells which was consistent with the literature (124) (125) (183). Surprisingly, fructose
cultured MCF-7 cells formed a higher number of larger mammospheres compared with
those adapted to glucose conditions, suggesting that MCF-7 cells were more likely to
display stemness properties in the presence of fructose. Here, a question arises regarding
fructose adapted cells being able to revert to a glycolytic state in terms of mammosphere
forming ability by adding glucose back into their growth media. Despite what was
hypothesised, MCF-7 cells that were adapted to fructose were not able to use glucose
and re-adapt in the presence of fructose. This observation was supported by the MFE
obtained from MCEF-7 cells under different conditions (Figure 3.9). The addition of
glucose to the fructose-containing media may underlie the increase in MFE levels. This
may have been due to better growth conditions as more sugar was present for metabolic
consumption by cancer stem cells. In a different cell line (T-47D) which formed tightly
rounded mammospheres in both glycolytic conditions, fructose presence did not equate
to a higher MFE than their corresponding control group. It is worth mentioning that T-
47D cells were not able to adapt to fructose conditions in the 2D culture as well as in the

3D culture (Figure 3.10) which may explain the mammaosphere result (Figure 3.11).
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Chapter 4

Expression of pluripotency-associated

genes in breast cancer cell lines

115



4.1 Introduction

OCT4 and SOX2 are two critical transcription factors that are expressed in both CSLCs
and ES cells. These transcription factors have important roles in maintaining the
pluripotency and self-renewal of both groups (184) (185). Considering the many
similarities shared by cancer cells and early embryonic cells, there is increasing interest
to study the implication of embryonic genes in human cancer, specifically OCT4 and
SOX2. Importantly, OCT4 and SOX2 are promising factors for clinical applications due
to their expression levels in cancers that may induce tumour growth and development. In
fact, together these transcription factors could prove useful predictors of the presence of

different carcinomas in clinical settings.

The human OCT4 gene is now well documented as a master regulator for the
pluripotency and self-renewal of ES cells with three known isoforms: OCT4A, OCT4B,
and OCT4BL1 (69) (70). There is a possibility that OCT4 has different transcript variants,
protein isoforms, and pseudogenes. Therefore, a more in depth analysis would be
required for a better understanding of the functional role of OCT4 in human cancer
(186). OCT4 is expressed by CSLCs and its expression is associated with tumour
progression (187). OCT4 expression increases CSLC characteristics in a mouse model
of breast cancer (188). Additionally, false-positive signals from OCT4 in different breast
cancer cell lines led to the investigation of the role of different OCT4 isoforms. Recent
studies revealed the expression of OCT4 in various cell types and somatic tumours such
as breast (189). However, at the time, the possibility of the transcription of OCT4
pseudogenes was not taken into account. Moreover, other studies reported that it is still
unclear as to whether OCT4 is expressed in cancer cells (190) (62). Hence, investigating
the role of OCT4 and its PGs is of importance in carcinogenesis as they may play a role

in regulating OCT4 gene activity.

Different pseudogenes are suggested to regulate their genes of origin with OCT4 PG1
having the highest homology to OCT4A. This high homology led to the hypothesis that
OCT4 PG1 may possess stemness potential. However, there was evidence against this
hypothesis: compared with OCT4A, OCT4 PGl was found to have a lower
transcriptional activity, overexpression of OCT4 PG1 did not confer a stem-like
phenotype in sphere assays and nor did it enhance the expression of stem cell markers
(81). The amplification of OCT4 PG1 was, for the first time, reported to be associated
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with an increased abundance of the corresponding mRNA and said to confer a malignant
phenotype in cancer cells. Moreover, the same study showed that overexpression of
OCT4 PG1 induced cell growth in vitro and increased tumour growth in vivo (81).
Therefore, this project aimed to test and identify the role of OCT4 PG1 in a breast

cancer stem cell population.

In addition to the aberrant expression of OCT4 in breast tumours and its activation in
breast cancer stem cells, the induction of SOX2 expression has been reported in normal
mammary stem cells, which is then lost as the cells differentiate and tumours progress
towards advanced stages in vivo (191) (58). Further experiments would be needed to
clarify the role of SOX2 in the generation of CSLCs and its contribution to
mammosphere formation. Moreover, we previously found (chapter 3) that depriving
glucose from the growing medium in 2D culture created a better condition for the stem
cell population to form as mammospheres. This may explain relationship between
metabolism and stem cells in breast cancer. Therefore, it was felt important to compare

the expression levels of OCT4 and SOX2 in both glycolytic conditions.

This chapter summarises the role of two main pluripotency markers in breast; OCT4 and
SOX2. However, the role of NANOG was not considered in this thesis at this point, due

to the lack of information on its role in breast cancer.

4.2 Aims

Work in this chapter aimed to:
1 Investigate the expression levels of the pluripotency markers OCT4 and SOX2 in
breast cancer cell lines. In addition to OCT4A, the expression levels of OCT4B

and pseudogene 1 and their role in tumorigenisis were also investigated.

1 Assess the impact of different expression levels of OCT4 and SOX2 on the stem
cell population of breast cancer cells under different metabolic conditions via the

mammosphere formation assay.
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4.3 Results

4.3.1 Expression levels of SOX2 in breast cancer cell lines

The role of SOX2 in stemness is worth mentioning. SOX2 along with OCT4 and c-
MYC transcription factors are thought to induce pluripotency (192). Moreover, various
studies have revealed an aberrant expression of SOX2 in breast tumours and its
activation in breast cancer stem cells. Accordingly, SOX2 expression levels were
investigated in breast cancer lines. The expression of SOX2 mRNA was assessed by RT-
PCR. The mRNA expression of SOX2 was detected at ~197 bp in all cell lines including
MCF-7, SkBr-3, and MDA-MB-231 at different levels. Higher levels of SOX2 mRNA
were evident in the epithelial MCF-7 cells. SOX2 mRNA appeared weaker in basal-like
breast cell lines, MDA-MB-231 and SkBr-3. The human embryonic teratocarcinoma cell
line NT2 which has similar properties to ES cells was used as a positive control

throughout the experiments (Figure 4.1).
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Figure 4.1 The expression levels of SOX2 in human breast cancer cell lines. The PCR image shows the
SOX2 mRNA expression in NT2 cells (positive control) and three breast cancer cell lines SkBr-3, MCF-7,
and MDA-MB-231detected using a SOX2 primer set. The extent of mMRNA expression was normalised to f3-
actin, used as an internal control. PCR products separated on a 2% agarose gel and run at 36 cycles. 100-bp
DNA ladder was used as size marker.
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The expression levels of SOX2 were further examined by gPCR in different breast
cancer lines. Data were normalized to the expression level of Bactin, the housekeeping
gene. The positive control NT2 was set equal to 1 to obtain a relative SOX2 expression.
There was a two fold decrease in mMRNA abundance in MCF-7 cells compared with NT2
cells. The graph indicates a decrease in the mRNA abundance of SOX2 in basal-like
breast cancer cell lines in comparison with epithelial MCF-7 and T47D cells (Figure

4.2).

SOX2

mRNA abundance

Figure 4.2 SOX2 mRNA abundance in breast cancer lines. SOX2 mRNA expression levels were assessed
by gPCR in several breast cancer cell lines. The Ct obtained for each cell line was normalised against the
housekeeping gene B-actin. Relative mRNA abundance was calculated by normalising to factin. n=1
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Genomic DNA contamination is a problem during RNA purification that may cause
non-specific amplification and unusual results in RT-gPCR. RT-gPCR assays for single-
exon genes, such as SOX2, will readily amplify contaminating genomic DNA.
Moreover, it was practically difficult to entirely eliminate genomic DNA from SOX2
RNA preparations due to low levels of genomic DNA contamination. Therefore, it was
essential to include general methods of controlling and correcting for gDNA
contamination, such as a no reverse transcriptase (RT) control, (No-RT control), in the
experiments for accurate measurements of gene expression. A No-RT control involves
carrying out the reverse transcription step of a RT-gPCR experiment in the absence of
reverse transcriptase. This control evaluates the amount of DNA contamination present
in an RNA preparation. In this technique, all the RT-PCR reagents were present except
for the reverse transcriptase enzyme. Therefore, any detected products were due to the
presence of contaminating DNA, and it should be assumed that the same amount of
genomic DNA is also present in the experimental samples. Thus, a No-RT experiment
was designed to verify the accuracy of the detected mRNA. The Ct values were obtained
at similar levels when SOX2 was measured in samples (with and without RT). However,
the Ct values in the No-RT condition were higher compared to the control group when
measuring actin. Most importantly, there was a clear difference in the Ct values for
SOX2 under fructose conditions with and without RT (Figure 4.3).
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Figure 4.3 The evaluation of Ct value in SOX2 including a No-RT Control in MCF-7 cells. The Ct value

was compared in glucose and fructose cultured cells with and without RT. n

=3
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The expression of the SOX2 protein was further assessed by immunocytochemistry in
breast cancer cell lines. Individual cells were fixed, permeabilised, and blocked using
4% paraformaldehyde, 0.2% Triton X-100, and 10% FCS respectively. Samples were
incubated with polyclonal SOX2 primary antibody overnight followed by the secondary
antibody. The subcellular localisation of SOX2 revealed both nuclear and cytoplasmic
staining in NT2 and all tested breast cancer cell lines. Together with mRNA expression,
immuno-staining data confirmed a higher nuclear expression of SOX2 in the MCF-7
epithelial breast cancer cell line (Figure 4.4B) compared with the more aggressive
MDA-MB-231 and SkBr-3 cells (Figure 4.4, C, D).
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Figure 4.4 Characterisation of the intracellular localisation of SOX2 in several breast cancer cell lines.
Immunofluorescence images showing the expression of SOX2 protein (green) in NT2 cells (A) and staining
in three breast cancer cell lines, MCF-7, MA-MB-231, and SkBr-3 (B-D), detected using a polyclonal anti-
SOX2 antibody. Nuclear and cytoplasmic expression of SOX2 was detected in all cells lines. Nuclei of cells
were stained with DAPI, presented in blue. The negative control was secondary antibody only. Scale bar
represents 20 pm.
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Additionally, Western blot analysis was also performed to measure the protein
expression of SOX2 in MCF-7 cells. MCF-7 and NT2 cells were transfected with SOX2
specific sSiIRNA for 48 hours and subsequently probed with SOX2 polyclonal antibody
over-night at 4°C. Blots were exposed using BioRad Multimager and protein expression
was evaluated. SOX2 protein was highly expressed in NT2 and untransfected cells.

Weaker signals in SOX2 siRNA transfected cells confirmed the accuracy of the siRNA
transfection.

Moreover, OCT4 was silenced using OCT4 specific SiRNA and transfected cells were
probed with SOX2 antibody in order to evaluate the relationship between OCT4 and
SOX2. SOX2 expression appeared weaker in NT2 cells silenced with OCT4 siRNA. A
positive correlation was detected between OCT4 knockdown and SOX2 expression in
NT2 cells (Figure 4.5A). However, this reduction in SOX2 expression following OCT4
SiRNA transfection was less obvious in MCF-7 cells (Figure 4.5B).
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Figure 4.5 Characterisation of SOX2 protein expression in NT2 (A) and MCF-7 cells (B) by Western
blot analysis. SOX2 was detected using a SOX2 antibody. -actin was used as a loading control. Blots were
exposed using BioRad FluoroS Multimager. The experiment is representative of three separate experiments.
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4.3.1.2 The effect of glucose restricted conditions in the expression levels of
pluripotency markers SOX2 and OCT4 in MCF-7 cells

Glucose is known to be a key metabolic substrate on which cancer cells thrive and fuel
their growth. Moreover, recent studies revealed the high affinity of stem cells for
glucose in energy production. Therefore, to investigate whether glucose has an impact
on the expression levels of SOX2 and OCT4, the expression levels of these two stem
cell markers were assessed in both groups (glucose vs. fructose adapted cells). To that
end, 25 mM glucose was replaced with 10 mM fructose in the medium to starve cells of

glucose.

4.3.1.2.1 Detection of SOX2 in MCF-7 breast cancer cell line under different

glycolytic conditions (glucose and fructose):

To investigate differences in the expression levels of SOX2 in both metabolic groups,
MCF-7 cells were cultured and adapted in DMEM supplemented with 10 mM fructose
in the absence of glucose and cells treated with medium containing 25 mM glucose were
used as a control as previously detailed in chapter 3. Following adaptation, SOX2

expression was assessed both at the mRNA and protein levels.
Immunostaining:

As Figures show, SOX2 protein (green) was more visible in the nuclei of fructose
adapted cells (Figure 4.6B). Lower levels of SOX2 expression were visible in the nuclei
of MCF-7 under glucose conditions (Figure 4.6B) (A). The negative control consists of a
secondary antibody only where cells incubated in 0.6% BSA only (Figure 4.6).
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Figure 4.6 Characterisation of different expression levels of SOX2 under fructose and glucose
conditions. Immunofluorescence images showing the nuclear and cytoplasmic expression of SOX2 protein
(green) in MCF-7 cells under either glucose (A) or fructose (B) conditions, detected using a polyclonal anti-
SOX2 antibody. Nuclei of cells were stained with DAPI, presented in blue. The negative control was

secondary antibody only. Scale bar represents 20 pm.
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Western blot analysis:

The expression of SOX2 under fructose and glucose conditions was determined in MCF-
7 cells by Western blot analysis. B-actin served as loading control. From the blot it
appears that the SOX2 protein was more highly expressed in MCF-7 cells under fructose
conditions (Figure 4.7 C and D) (Figure 4.7).
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Figure 4.7 Characterisation of SOX2 protein expression in MCF-7 by Western blot analysis. SOX2 was
detected in MCF-7 cells adapted in either glucose (A, B) or fructose (C, D), using SOX2 specific polyclonal
antibody. B-actin was used as a loading control. Blots were exposed using BioRad FluoroS Multimager. The
experiment is representative of three separate experiments.
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gPCR analysis:
gPCR was performed as an efficient and more reliable sensitive technique for gene

expression to determine absolute levels of SOX2 mRNA in MCF-7 cells in both
metabolic groups. Results show that SOX2 mRNA abundance was significantly higher
by ~1.5 fold under fructose conditions compared with glucose (** P < 0.01) (Figure

4.8).
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Figure 4.8 gPCR analysis of SOX2 mRNA abundance in MCF-7 breast cancer cell line under fructose
and glucose conditions. The Ct obtained for each cell line was normalised against the housekeeping gene
Bactin. Relative mMRNA abundance was calculated by normalising to B-actin. Results are presented as mean +
SEM. **P <0.01 n=4
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To investigate differences in the expression levels of SOX2 under fructose and glucose
conditions, SOX2 mRNA abundance was compared in MCF-7 cells adapted in both
glycolytic groups and NT2 cells as a positive control cell line. SOX2 was silenced in all
samples and the mRNA expression level of SOX2 was evaluated accordingly. The
SOX2 mRNA abundance was higher in non-transfected cells and in the positive control
cell line, NT2, compared with fructose adapted MCF-7 cells. Silencing SOX2 reduced
SOX2 mRNA expression in all samples compared with relative control SiRNA.
Moreover, data confirmed higher abundance of SOX2 mRNA in MCF-7 control samples

under fructose adaptation (Figure 4.9).
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Figure 4.9 gPCR analysis of SOX2 mRNA abundance in MCF-7 breast cancer cell line under fructose
and glucose conditions after selective knockdown of SOX2. The positive control NT2 (control sSiRNA)
was set equal to 1 to obtain a relative SOX2 expression. The Ct obtained for each cell line was normalised
against the housekeeping gene Bactin. Relative mMRNA abundance was calculated by normalising to B-actin.
Each value represents the mean of £ SEM of three independent experiments.
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4.3.2 The expression of OCT4 in breast cancer cell lines

The identified OCT4-positive cells in cancers are likely to represent CSLCs (184).
However, there is ample evidence suggesting that OCT4 is not expressed in somatic
cancers. According to the cancer stem cell concept, the expression of such genes may be
associated with tumorigenesis. Several tumour cells possess stem-like properties and
OCT4 is considered as a marker of stem-like cells in cancer. Thus, the potential
expression of OCT4 in the cancer stem cell population of breast cancer cells was

investigated in this part of the study.

The presence of OCT4 splice variants and highly homologous transcribed pseudogenes
has confused breast cancer research. The OCT4A isoform contributes to the stem-ness
properties of cells and OCT4 PG1 encodes a putative protein similar to OCT4A. Taking
this into consideration, this project more specifically looked at the expression levels of
OCT4A and OCT4 PG1 in breast cancer cell lines and how they might play a role in

tumorigenicity.

Initially the expression of full length OCT4 was investigated at RNA and protein levels
in different breast cancer lines, MCF-7, and more invasive SkBr-3, and MDA-MB-231.

The NT2 cell line was used as a positive control for OCT4 expression.

OCT4 full-length primers were designed to amplify the entire coding sequence of the
OCT4 gene including transcripts of OCT4A, POU5F1B, POU5F1P3, and POU5SF1P4.
Using OCT4 full-length primers, the predicted 1086 bp PCR products were detected in
NT2 positive cell line and breast cancers of various subtypes (MDA-MB-231, SkBr-3,
and MCF-7). The PCR data revealed an increased abundance of OCT4 mRNA in the
NT2 cell line compared with those in breast cancer lines (Figure 4.10). The OAZ1
primers were designed to cross an intron and were used to identify DNA contamination.
The expected size (with only cDNA and no DNA contamination) would be a single band
product of 122 bp long. In the case of genomic DNA contamination, a band at 373 bp
was expected to be detected.
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Figure 4.10 Expression levels of OCT4 full length in human breast cancer cell lines. OCT4 mRNA was
detected in NT2 and breast cancer cell lines using a full length OCT4 primer set. The housekeeping gene
OAZ1 was used as a loading control to identify genomic contamination. The bands were visualized at 122 bp
indicating that samples were purely cDNA. The extent of mMRNA expression was normalized to Bactin, used
as an internal control. PCR products separated on a 2% agarose gel. 100-bp DNA ladder used as size marker.
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As explained in experiment 4.3, it was essential to include general methods of
controlling and correcting for gDNA contamination, such as a No-RT control in the
experiments for accurate measurements of gene expression. For the detection of OCT4 it
IS necessary to ensure that the detected signals are not false positive results. Thus, a No-
RT experiment was designed to verify the accuracy of the detected mMRNA. The Ct
values for OCT4 PG1 obtained were similar between with and without RT in both
glycolytic conditions. However, the Ct values for actin were higher in the No-RT

condition compared with the control groups (4.11).
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Figure 4.11 The evaluation of Ct value in (POU5F1B) OCT4 PG1 including a No-RT Control in MCF-
7 cells. The Ct value was compared in glucose and fructose cultured cells with and without RT.
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To qualitatively detect OCT4A expression at the mRNA level in breast cancer cells, an
OCTA4A specific primer set was used for RT-PCR (detailed in the methods section). This
primer set specifically amplifies a fragment of the OCT4A transcript and is not able to
amplify OCT4B and OCT4 PG1. OCT4A mRNA was not detected in breast cancer cell
lines. The predicted 495 bp PCR product (OCT4A) was only detected in NT2 cells
which was included as a positive control. factin was used as an internal control (Figure
4.12).
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Figure 4.12 The expression levels of OCT4A in human breast cancer cell lines. The extent of mMRNA
expression was normalized to Pactin used as an internal control. PCR products separated on a 2% agarose
gel. 100-bp DNA ladder used as size marker.
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To confirm the RT-PCR data, the expression of OCT4A was further examined at the
protein level by Western blot and immunocytochemistry analysis using a Mouse
monoclonal antibody (Sc-5279) raised against the N-terminal domain of OCT4 to
recognise only the OCT4A isoform. Data revealed that OCT4A was only expressed in
the nuclei of the positive control NT2 cells (Figure 4.13A) and was not expressed in

breast cancer cell lines (Figure 4.13, B-C-D).
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Figure 4.13 Characterisation of the intracellular localisation of OCT4A in several breast cancer cell
lines. Immunofluorescence images showing the expression of OCT4A protein (green) in an embryonic
carcinoma cell line NT2 (positive control) (A) and in three breast cancer cell lines, MCF-7, MDA-MB-231
and SkBr-3, (B, C, and D) detected using a monoclonal anti-OCT4 antibody (Sc-5279) directed against the
N-terminus recognizing only OCT4A. Nuclei of cells were stained with DAPI, presented in blue. The
negative control was with secondary antibody only. Merge represents merge images of DAPI and FITC
(green). Scale bar represents 20 um. The experiment is representative of three separate experiments.
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As previously described, total protein lysates were prepared from siRNA transfected
cells and Western blot analysis was performed to assess protein expression of OCT4A in
breast cancer cell lines. As is shown in Figure 4.14, Western blot data further confirmed
that the OCT4A specific antibody (Sc-5279) reacted exclusively with a single band of
approximately 43 kDa in the positive control NT2 cell line; this band was absent from

breast cancer cell lines (Figure 4.14).

OCT4A sc5279

40 kDa - -
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Figure 4.14 Characterisation of OCT4A protein expression in NT2 and MCF-7 cells by Western blot
analysis. NT2 is served as positive control for OCT4 expression. f-actin was used as a loading control. Blots
were exposed using BioRad FluoroS Multimager. The experiment is representative of three separate
experiments.

Following the confirmation of the absence of OCT4A in breast cancer cells, the
expression of the OCT4B isoform in breast cancer was assessed by Western blot and
immunocytochemistry using a Rabbit polyclonal antibody (Ab19857), generated against
the C-terminal part of the human OCT4, common to both OCT4A and OCT4B.
OCT4AB is localised not only in the nucleus but also in the cytoplasm.
Immunocytochemistry results showed a strong nuclear signal of OCT4 in NT2 cells
using OCT4 (Ab19857) antibody which was comparable with the staining seen with Sc-
5279 antibody recognising only OCT4A. Additionally, very weak staining was visible in
the cytoplasm of NT2 cells (Figure 4.15A). In the invasive breast cancer cell lines,
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SkBr-3 and MDA-MB-231, in addition to the slightly weaker nuclear staining, a strong
staining was visible in the cytoplasm (Figure 4.15, C and D); whereas MCF-7 cells
demonstrated only cytoplasmic staining with the Ab19857 antibody (Figure 4.15B).
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Figure 4.15 Characterisation of the intracellular localisation of OCT4 in breast cancer cell lines.
Immunofluorescence images showing the nuclei expression of OCT4 protein (green) in NT2 cells (positive
control) and cytoplasmic staining in three breast cancer cell lines, MCF-7, MDA-MB-231 and SkBr-3,
detected using a polyclonal anti-OCT4 antibody (Ab-19857) directed against the C-terminus recognising
OCT4A and OCT4B. Nuclei of cells were stained with DAPI, presented in blue. The negative control was

with secondary antibody only. Merge represents merge images of DAPI and FITC (green). Scale bar
represents 20 pm.
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Total protein lysates were prepared form NT2, MCF-7, and MDA-MB-231 cells and
Western blotting was performed to identify different OCT4 isoforms, using specific
OCT4 antibodies, (Sc-5279) and (Ab19857). As it was also proved previously, OCT4A
protein was only detected in NT2 cell line at about 43 kDa protein size (Figure 4.16A).
The thicker band (43-45 kDa) detected in NT2 cells, using OCT4 (Ab19857) antibody is
larger than OCT4B and therefore it cannot be assigned to this protein and it is thought to
be related to OCT4A (Figure 4.16B).

There are bands detected in all samples which appeared larger than OCT4A in NT2 cells
(~48 kDa). These bands appeared with higher intensity in breast cancer cell lines MCF-7
and MDA-MB-231compared with the signal in NT2 positive control which was only
weak. The OCT4 (Ab19857) antibody also showed an additional band at ~50 kDa in
NT2 cells (Figure 4.16B).
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Figure 4.16 Characterisation of OCT4 protein expression in NT2 and MCF-7 cells by Western blot
analysis. Immunoblotting was performed from three different cell lines: NT2, MCF-7, and MDA-MB-231.
Blots were probed with appropriate antibodies; OCT4 sc5279 (A) and OCT4 Ab19857 (B). B-actin was used
as a loading control (C). Blots were exposed using BioRad FluoroS Multimager. The experiment is
representative of three separate experiments. Blots A and C are the same as Figure 3.23.
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Findings from Western blot analysis using the OCT4 (Ab19857) antibody required
further analysis to identify the additional observed bands. Therefore, to investigate
which OCT4 isoform was expressed in MCF-7 cells and which in NT2, two different
SIRNAs targeting OCT4A and OCT4 PG1 was used to silence OCT4. The blot was
separately probed with OCT4 (Ab19857) and OCT4 (MAB1759) antibody. The OCT4
(MAB1759) antibody was raised against full length OCT4.

In NT2 cells, where the blot was probed with the OCT4 (MAB1759) and OCT4
(Ab19857) antibody, protein expression did not change using either sSiRNAs, OCT4-2 or
OCT4-10 columns (Figure 4.17 A and B).

In MCF-7 cells, OCT4-10 siRNA reduced the OCT4 protein level when probed with
OCT4 (MAB1759) antibody, last column (Figure 4.17B). However, bands in MCF-7
cells remained unaffected using OCT4 (Ab19857) antibody (Figure 4.17A).

No loading control is provided for these gels, as the blotting failed.
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Figure 4.17 Characterisation of OCT4 protein expression in NT2 and MCF-7 cells by Western blot
analysis. Cells were transfected with OCT4 siRNAs 2 and 10 (targeting OCT4A and OCT4 PG1) detected
using polyclonal OCT4 Ab-19857 antibody (A) and polyclonal OCT4 MAB1759 antibody (B). Blots were
exposed using BioRad FluoroS Multimager.
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To further assess the OCT4 PG1 expression in breast cancer cell lines, initially, the
MRNA expression of OCT4 PG1 was examined using a specific PCR primer set. Results
indicated a higher expression of OCT4 PG1 in breast cancer cell lines and lower

expression in NT2 cell line (Figure 4.18).
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Figure 4.18 The expression levels of OCT4 PG1 mRNA in human breast cancer cell lines. PCR data
show the OCT4 PG1 mRNA expression in NT2 and three breast cancer cell lines; SkBr-3, MCF-7, and
MDA-MB-231, detected using an OCT4 PGL1 specific primer pair. The control line represents control siRNA.
The extent of MRNA expression was normalized to Pactin, used as an internal control. PCR products
separated on a 2% agarose gel. 100-bp DNA ladder used as a size marker.
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4.3.2.1 The effect of glucose restricted conditions on the expression of OCT4
in MCF-7 cells

It was concluded that the expression of SOX2 increased upon fructose adaptation
(Figure 4.8). To determine whether fructose had a similar impact on OCT4 expression,
the expression level of OCT4 was investigated under fructose conditions (glucose
restriction) and was compared with glucose adapted cells. Total RNA was extracted
from cells and mRNA transcripts were analysed by RT-PCR using an OCT4 PCR
primer set (targets the whole gene). The mRNA expression levels of OCT4 were
stronger in NT2 cells compared with MCF-7 cells. Results showed no particular
reduction upon OCT4 and OCT4 PG1 silencing in NT2 cells; however, consistent with
previous data from PCR and Western blot analysis, a reverse correlation was detected
between SOX2 knockdown and OCT4 expression showing a higher expression of OCT4
MRNA upon SOX2 knockdown in NT2 cells (Figure 4.19). Under glucose conditions in
MCEF-7 cells, OCT4 mRNA was reduced in OCT4 siRNA transfected cells, while this
reduction was more obvious upon SOX2 and OCT4 PGl siRNA transfection.
Comparing the expression level of OCT4 under either glucose or fructose adaptation, an
OCT4-related mRNA was more highly expressed under glucose conditions in MCF-7
cells (Figure 4.19).
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Figure 4.19 The expression levels of OCT4 mRNA in MCF-7 cells. PCR data show the OCT4 mRNA
expression in NT2 cells (positive control) and MCF-7cells under either glucose or fructose conditions,
detected using a primer set targeting the whole OCT4 gene. The control line represents control siRNA and
the None line represents no SiRNA. The extent of mRNA expression was normalized to Pactin used as
internal control. PCR products separated on a 2% agarose gel. 100-bp DNA ladder used as a size marker.

139



Consistent with the previous results, both at MRNA and protein levels, OCT4A was only
detected in NT2 cell line (Figure 4.20). OCT4A mRNA levels were reduced using
SIRNA against OCT4 in NT2 cells while this level appeared higher in SOX2 siRNA
transfected cells. Western blot and RT-PCR analysis once again proved that OCT4A
MRNA (Figure 4.20A) and protein (Figure 4.20B) were not expressed in MCF-7 cells

under either metabolic conditions.
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Figure 4.20 Characterisation of OCT4 expression in NT2 and MCF-7 cells by RT-PCR (A) and
Western blot analysis (B). The extent of mMRNA expression was normalized to B-actin, used as an internal
control. The control line represents control siRNA and the None line represents no siRNA. PCR products
separated on a 2% agarose gel. 100-bp DNA ladder used as a size marker. The Western blot experiment is
representative of three separate experiments. B-actin was used as a loading control. Blots were exposed using
BioRad FluoroS Multimager.
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To understand which isoform/pseudogene was responsible for the signals in the previous
RT-PCR result (Figure 4.18), the mRNA expression of OCT4 PGl was further
investigated in NT2 and MCF-7 cells. Cells were separately transfected with SOX2 and
OCT4 siRNA (targets the full OCT4 gene and pseudogenes), and cDNA was
synthesized for PCR analysis. RT-PCR was performed using OCT4 PG1 specific

primers. Blast analysis confirmed the primers specificity for OCT4 PG1.

Consistent with the previous PCR data, OCT4 PG1 mRNA was less expressed in NT2
cells compared with glucose adapted MCF-7 cells, detected using an OCT4 PG1 specific
primer set. The expression level of OCT4 PG1 mRNA was reduced following OCT4
siRNA transfection in NT2 cells, whereas the level of OCT4 PG1 mRNA was increased
in SOX2 siRNA transfected cells.

The OCT4 PG1 mRNA was more highly expressed in MCF-7 cells under glucose
conditions compared with those adapted to fructose. Following OCT4 siRNA
transfection in MCF-7 cells, the expression level of OCT4 PG1 mRNA remained
unaffected. However, the expression level of OCT4 PG1 mRNA was reduced following
SOX2 siRNA transfection in MCF-7 cells only under glucose condition. Conversely,
following SOX2 siRNA transfection in fructose adapted cells, the expression level of
OCT4 PG1 mRNA remained unaffected. Bactin was used as a loading control (Figure
4.21).
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Figure 4.21 The expression levels of POU5SF1B (OCT4 PG1) mRNA in human breast cancer cell lines.
The extent of mRNA expression was normalized to B-actin used as an internal control. The control line
represents control siRNA and the None line represents no siRNA. PCR products separated on a 2% agarose
gel. 100-bp DNA ladder used as a size marker. n=3
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To investigate the OCT4 isoforms and/or pseudogenes in MCF-7 breast cancer cells, and
to determine the effect of glycolysis restriction, the expression levels of OCT4 were
further assessed in MCF-7 cells under glucose and fructose conditions. Cells were
initially fixed, permeabilised, and incubated independently with OCT4 MAB1759
(raised against the full length OCT4) and OCT4A Sc-5279 (specific to OCT4A) for
immunocytochemistry analysis as described before. Individual cells were visualized
using an Olympus IX81 microscope and images were taken using an Orca-ER digital
camera. The cell nuclei were stained using DAPI.

Nuclear expression of OCT4 was detected in both cell lines (NT2 and MCF-7). A
nuclear localisation of OCT4 was clearly determined in MCF-7 cells for the first time.
However, the intensity of staining appeared stronger in the nuclei of NT2 cells. There
was a higher intensity of perinuclear protein visible in fructose adapted cells. OCT4
protein was more highly expressed in fructose adapted MCF-7 cells (Figure 4.22).
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Figure 4.22 Characterisation of the intracellular localisation of OCT4 in fructose and glucose adapted
MCF-7 cells. Immunofluorescence images showing expression of OCT4 protein (red) in NT2 cells (positive
control) (A) and MCF-7 breast cancer cell line under glucose (B) or fructose conditions (C), detected using a
monoclonal anti-OCT4 antibody raising against the full length OCT4. Nuclei of cells were stained with
DAPI, presented in blue. The negative control was with secondary antibody only. Scale bar represents 20 pum.
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To further confirm the absence of OCT4A in the MCF-7 breast cancer cell line and to
better understand which OCT4 isoform was expressed in MCF-7 cells, OCT4 was
silenced using two different siRNAs targeting the full length OCT4 and OCT4 PGl
separately. Cells were stained separately for OCT4A (Sc-5279) and OCT4 (MAB1759)
antibody. OCT4A was expressed in the nuclei of NT2 cells (Figure 4.23, A-a). OCT4A
was not detected in NT2 cells following silencing the full length OCT4, using OCT4
specific antibody (Figure 4.23, A-b). However, following OCT4 PGl siRNA
transfection, OCT4 was detected with the same intensity as appeared in controls (Figure
4.23, A-c). Consistent with the previous data, results demonstrating that OCT4A isoform

was not expressed under either conditions in MCF-7 cell line (Figure 4.23 B, a-b-c).
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Figure 4.23 Characterisation of the intracellular localisation of OCT4 in NT2 and MCF-7 cell lines.
OCT4 was silenced using two different sSiRNAs. One siRNA targeted against regions of the full length target
mRNA of OCT4 (A-B, b), the other targeted the POU5F1B (OCT4 PG1) (A-B, c). Immunofluorescence
images showing the nuclear expression of OCT4 protein (green) in the nuclei of NT2 cells when used as a
control (A-a) and transfected with OCT4 PG1 siRNA (A-c), detected using a monoclonal anti-OCT4
antibody (OCT4A specific). Nuclei of cells were stained with DAPI, presented in blue. The negative control
was with secondary antibody only. Scale bar represents 20 pm.
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The OCT4 protein was detected using OCT4 (MAB1759) antibody in the nuclei of NT2
cells (Figure 4.24, A-a). A large percentage of cells were silenced using the siRNA
targeted against the full gene, detected using OCT4 (MAB1759) antibody compared
with the corresponding controls and OCT4 PG1 siRNA transfected cells (Figure 4.24,
A-b). By applying OCT4 PG1 specific SIRNA, OCT4 was detected in almost the entire
cell population using OCT4 (MAB1759) antibody, suggesting that OCT4 PGL1 is poorly
expressed in NT2 cells (Figure 4.24, A-c).

Compared with the strong nuclear expression of OCT4 in NT2 cells, MCF-7 cells
displayed a much weaker nuclear expression, using OCT4 (MABL1759) antibody. A
similar pattern of cell membrane staining was observed in the MCF-7 control group
(Figure 4.24 B, a). In MCF-7 cells, the OCT4 protein was silenced with a similar ratio
following transfection with either siRNAs, using OCT4 (MAB1759) antibody (Figure
4.24 B, b and c).
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Figure 4.24 Characterisation of the intracellular localisation of OCT4 in MCF-7 cell line. OCT4 was
silenced using two different SiIRNAs. One siRNA targeted against regions of the full length target mRNA of
OCT4 and OCT4 PG1,; the other targeted only the OCT4 PG1. Immunofluorescence images showing the
expression of OCT4 protein (Red) in NT2 (A) and MCF-7 cells (B) detected using a polyclonal anti-OCT4
antibody targeting the full length OCT4 and OCT4 PG1. Nuclei of cells were stained with DAPI, presented
in blue. The negative control was with secondary antibody only. Scale bar represents 20 um.
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To better clarify the identity of the detected OCT4 protein in MCF-7 cells, cells were
separately transfected with OCT4 (target full length and OCT4 PG1) and OCT4 PG1
SIRNA. 48 hour post siRNA transfection, cells were lysed for protein extraction. Equal
concentrations of protein samples were loaded into wells and analysed by SDS-PAGE as
previously described. Blots were probed with OCT4 (MAB1759) antibody (raised
against all isoforms and pseudogenes) overnight and one hour with the secondary

antibody.

An OCT4-related protein at about 48-50 kDa was detected for the first time in MCF-7
breast cancer cell line. A clean protein knockdown was observed following OCT4
SiRNA transfection in NT2 cells when probing with OCT4 (MAB1759) antibody.
However, the protein remained unaffected in NT2 cells when silenced with OCT4 PG1
SIRNA (Figure 4.25A). OCT4 protein was silenced following OCT4 siRNA transfection
against the full length OCT4 and OCT4 PG1 in MCF-7 cells under glucose and fructose
conditions, detected using OCT4 (MABL1759) antibody. Additionally, under fructose
conditions, OCT4 was silenced following OCT4 PG1 siRNA transfection, whereas in

glucose adapted cells protein was remained unaffected (Figure 4.25, B and C).

It is clear that the additional bands (OCT4B variant) were only detected in MCF-7 cells
at approximately 23 kDa, probing with OCT4 (MAB1759) antibody (Figure 4.25C).
Similar silencing pattern to the series of bands at ~48-50 kDa was observed at about 23
kDa (Figure 4.25, B and C).
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Figure 4.25 Characterisation of OCT4 protein expression in NT2 and MCF-7 cells by Western blot
analysis. OCT4 protein was detected using a polyclonal OCT4 (MAB1759) antibody in NT2 (A) and MCF-7
cells (B, C). OCT4 protein was silenced using an siRNA against the full length OCT4 and OCT4 PG1,
detected using OCT4 (MAB1759) antibody. B-actin was used as a loading control. Blots were exposed using
BioRad FluoroS Multimager. Blot B and C are representative of two separate experiments.
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To precisely target the specific OCT4 isoforms, an additional sSiRNA was used targeting
against OCT4A and OCT4B in MCF-7 cells. Following siRNA transfection, different
OCT4 antibodies were used to better investigate which isoforms were expressed in the
population. Probing with OCT4 (MAB1759) antibody, a strong perinuclear staining was
observed in the population of MCF-7 cells under both metabolic conditions (Figure
4.26).

Glucose adaptation — OCT4 MAB1759 antibody (targets OCT4A, OCT4B, and
OCT4 PGL):

In the control group using control siRNA, a weak nuclear staining was observed in the
population, with proportionally higher expression in some cells. Perinuclear staining was
also detected as previously shown. In the group which was silenced with an siRNA
against OCT4A and OCT4B, a similar expression pattern to that in control group was
observed. In the other group, OCT4 was silenced using an siRNA against full length
OCT4 including OCT4 PG1. Almost half of the cells showed that protein was silenced
in the population. When OCT4 PG1 was silenced, an obvious difference was observed
in the intensity of the protein expression. Almost all the cells in the population displayed
a good knockdown following silencing with OCT4 PG1 specific siRNA, detected using
OCT4 full antibody (Figure 4.26).

Fructose adaptation — OCT4 MAB1759 antibody (targets OCT4A, OCT4B, and
OCT4 PG1):

In the control group, cells appeared larger under fructose conditions. Moreover, the
intensity of the staining detected was higher under fructose conditions than in glucose
adapted cells. Following OCT4A/B siRNA transfection, the protein expression was
detected at higher levels compared with those in control population under fructose
conditions. Moreover, the intensity of staining detected was higher in fructose adapted
cells. Comparing the nuclear staining in the control group, siRNA transfected cells
displayed weaker nuclear expression. Consistent with the results from glucose adapted
cells, protein expression appeared weaker in MCF-7 cells transfected with PG1 siRNA
(Figure 4.26).
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Figure 4.26 Characterisation of the intracellular localisation of OCT4 in MCF-7 cell line under glucose
(A, B, C, and D) and fructose E, F, G, and H) conditions following transfection with different OCT4
SiRNAs. OCT4 was silenced using three different siRNAs. One siRNA targeted against regions of the full
length target mMRNA of OCT4 and OCT4 PG1; the other targeted only the OCT4 PGL1, and the last one target
OCT4A and OCT4B only. Immunofluorescence images showing the expression of OCT4 protein (Red)
detected using a polyclonal anti-OCT4 antibody targeting the full length OCT4 and OCT4 PG1 (OCT4
MAB1759). Nuclei of cells were stained with DAPI, presented in blue. The negative control was with
secondary antibody only. Scale bar represent 20 pum.
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4.3.3 The effect of OCT4 and SOX2 in mammosphere formation

4.3.3.1 SOX2 is not essential to represent stem-like properties and

differentiation abilities

Knowing that OCT4 and SOX2 expression is relevant to pluripotency maintenance and
may therefore affect the stemness potential, their role in the presence of CSLCs was
investigated. Hence, a mammosphere formation assay was developed as an in vitro
culture assay for tumour formation and the role of OCT4 and SOX2 expression in this
population was investigated. SOX2 has been shown to be important in breast carcinoma

and more notably in metastasis.

To study the role of SOX2 in mammosphere forming ability, SOX2 was silenced in
MCF-7 cells adapted to either glucose or fructose conditions for 48 hours. siRNA
transfected cells were plated to form mammospheres for five days. Spheres >50 were
counted to measure the effect of SOX2 in CSLC. Consistent with previous data, MFE
was significantly higher by about two fold under fructose conditions. Data revealed that
SOX2 knockdown did not significantly reduce MFE in MCF-7 cells in both groups
suggesting that SOX2 is not essential for stemness properties (Figure 4.27).
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Figure 4.27 The evaluation of MFE following SOX2 silencing in MCF-7 cell line. MCF-7 cells were
transfected with SOX2 specific siRNA for 48 hours. 5000 single cells were seeded to form mammospheres,
cultured for five days under mammosphere conditions. Each experiment was repeated three times and
performed in triplicate. Results were presented as mean + SEM. Statistical analysis was performed using
GraphPad Prism. ** P <0.01. n=3
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4.3.3.2 OCTA4 is essential for retention of stemness in MCF-7 cells

The effect of OCT4 as a marker of CSLCs was examined in mammosphere formation in
MCEF-7 cells in different metabolic conditions, fructose and glucose. OCT4 was silenced

using different sSiRNAs targeting against different variants.

4.3.3.2.1 Effect of silencing full length OCT4 in mammosphere formation

To investigate how OCT4 affects the stem cell population of MCF-7 cells, OCT4 was
silenced using an siRNA targeting against the full length gene and OCT4 PG1. MFE
was evaluated upon this siRNA transfection. The absence of OCT4 significantly reduced
the number of stem cells in the population by a similar ratio in both glycolytic groups
(Figure 4.28).
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Figure 4.28 The evaluation of MFE following OCT4 silencing in MCF-7 cell line. MCF-7 cells were
transfected with OCT4 full length siRNA for 48 hours. 5000 single cells were seeded to form
mammospheres, cultured for five days under mammosphere conditions. Each experiment was repeated three
times and performed in triplicate. Results were presented as mean + SEM. Statistical analysis was performed
using GraphPad Prism. *** P <0.001. n=3
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4.3.3.2.2 Effect of silencing OCT4A and OCT4B (OCT4A/B) in

mammosphere formation

To further investigate whether the attenuation of MFE following OCT4 knockdown was
related to OCT4 isoforms, OCT4 was silenced using a specific SIRNA targeting against
the C-terminus of the gene to target both isoforms, A and B. Results show that the
absence of these OCT4 isoforms significantly reduced the MFE in fructose adapted cells
by ~5 folds. However, the reduction in MFE was not significant under glucose

conditions (Figure 4.29).
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Figure 4.29 The evaluation of MFE following OCT4 silencing in MCF-7 cell line. MCF-7 cells were
transfected with OCT4 specific sSiRNA targeting two main isoforms A and B for 48 hours. 5000 single cells
were seeded to form mammospheres, cultured for five days under mammosphere conditions. Each
experiment was repeated 3 times and performed in triplicate. Results were presented as mean + SEM.
Statistical analysis was performed using GraphPad Prism. *** P < 0.001. n=3
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4.3.3.2.3 Effect of silencing OCT4 PG1 in mammosphere formation

Detection of OCT4 and its efficacy as a marker of pluripotency in breast cancer cell
lines has been challenged recently but could be due to artefacts generated by pseudogene
transcripts. OCT4 PGL1 is known to be transcribed in cancer cell lines and is absent or
expressed at lower levels in embryonic carcinoma cells. This is consistent with our
previous data shown by RT-PCR and Western blot analysis. Therefore the role of OCT4
PG1 in tumorigenicity was investigated in the stem cell population of MCF-7 breast
cancer cell line via mammosphere assay. Results revealed that knocking down OCT4
PG1 using specific siRNA significantly attenuated mammosphere formation in MCF-7

cells in both groups (Figure 4.30).
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Figure 4.30 The evaluation of MFE following OCT4 PG1 silencing in MCF-7 cell line. MCF-7 cells were
transfected with OCT4 PG1 specific siRNA for 48 hours. 5000 single cells were seeded to form
mammospheres, cultured for five days under mammosphere culture. Each experiment was repeated three
times and performed in triplicate. Results were presented as mean + SEM. Statistical analysis was performed
using GraphPad Prism. *** P <0.001. n=3

To sum up, this result chapter points out some important highlights regarding the role of
stem cell markers in breast cancer. Most importantly, we have shown that OCT4A is not
expressed in breast cancer cells line, while evidence indicated the presence of an
isoform/pseudogene of OCT4 in MCF-7 cells, which is also involved in the formation of
tumour initiating cells and, therefore, are important in stemness maintenance. Moreover,
another highlight of this chapter was the higher expression of OCT4 and SOX2 in

glycolytic restriction which is also beneficial to the CSLC population.
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4.4 Discussion

Different in vitro studies have been carried out in this project to investigate the role of
stem cell factors SOX2 and OCT4 in breast cancer cell lines and the breast CSL

population.

Like other studies, a standard RT-PCR technique was initially applied to assess the
MRNA expression of OCT4 and SOX2 in different breast cancer cell lines, using
specific primer sets. Consistent with the results from Ling et al. 2012 (193), we have
shown both at the protein and mRNA levels that SOX2 is expressed in breast cancer cell
lines. A greater intensity of expression was seen in less aggressive luminal-like MCF-7
and T-47D as opposed to basal-like MDA-MB-231 and SkBr-3 cells (Figure 4.1).
However, this finding was contradicted by others, indicating that SOX2 was
preferentially expressed in tumours with basal-like phenotype and also was significantly
and more frequently detected in basal-like breast carcinomas (194) (195). This
contradiction may be due to the use of primary tissues in these studies, rather than cell

lines.

The investigation of SOX2 expression levels in different glycolytic conditions showed
that in restricted glycolytic conditions (fructose conditions), MCF-7 cells expressed
higher levels of SOX2 by about three fold. As SOX2 is well known as a key stem cell
marker, these results could therefore suggest that contrary to the literature, fructose
could provide a better energy source (compared to glucose) for stem cells. In the No-RT
experiment, the Ct values obtained for SOX2 were sufficiently different between the
“with RT” (Ct ~30) and “without RT” (Ct ~35) in fructose cultured cells, suggesting that

the increase in SOX2 mRNA in fructose cultured cells is true.

Using an OCT4 full length primer set, OCT4 mRNA was found to be more highly
expressed in NT2 cells (positive control for OCT4) compared with breast cancer cells.
Importantly we have shown that OCT4A was not present in somatic MCF-7 cells both at
protein and mRNA levels which aligns with the data obtained in other studies (196)
(190). Conversely, OCT4B was detected at very low levels in MCF-7 cells (196) (190),
confirming observations in other studies. Additionally, the OCT4 PG1 transcript can
produce a protein similar to OCT4A, containing N, C- terminal and POU domain.
Therefore, the mouse anti-OCT3/4 (Sc-5279) monoclonal antibody (raised against

amino acids 1-134 of OCT-3/4 of human origin) could experimentally detect the protein
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expression of OCT4 PG1. However, OCT4 PGL1 could be discriminated from OCT4A
according to the size differences in Western blot analysis. Accordingly, using an OCT4
(Ab19857) antibody against OCT4A and OCT4B, a protein was detected in breast
cancer cells at ~48 kDa. The detected band appeared larger than OCT4A in NT2 cells,
suggesting that the identified protein did not belong to OCT4A as was proved
previously. Moreover, OCT4B has a lower molecular weight (~35 kDa) compared to
that of OCT4A. Therefore, the identified protein could not belong to OCT4B either. The
higher density of the bands in MCF-7 and MDA-MB-231 cell lines and the weaker
signal in NT2 cells were comparable with Warthemann et al. observation (66). This
band is thought to belong to an OCT4-related protein (OCT4 PG1) that is likely to have
higher expression in breast cancer cell lines (Figure 4.14B). An additional band at ~50
kDa was detected using the OCT4 (Ab19857) antibody in NT2 cells which was also in
concordance with the results obtained by Warthemann et al. (66) and Bhartiya et al.
(197). Alternative forms of protein variation in OCT4 (OCT4B, OCT4 pseudogenes,
could be the possible reasons behind the size shifts on western blot.)

To further decipher the expression of OCT4, a different antibody targeting the full
length OCT4 was used to assess whether any isoforms/pseudogenes of OCT4 was
expressed in breast cancer cell lines. Hu et al. (89) showed that OCT4 was expressed at
high levels in human breast cancer MCF-7 cells. Moreover, they reported a successful
reduction in OCT4 expression levels, using an siRNA which eventually resulted in cell
apoptosis (89). To discover which OCT4 isoforms were expressed in MCF-7 cells, cells
were transfected with an siRNA, targeting OCT4A and OCT4 PG1, and an OCT4
(MAB1759) antibody was used to detect the full length OCT4. Neither siRNAs silenced
OCT4 in NT2 cells when probing with OCT4 (MAB1759) antibody. However, SIRNA2
showed that the protein was silenced in NT2 cells when OCT4 (Ab19857; raised against
OCTA4A and OCT4B) was used, suggesting that the silenced protein in the lower band in
NT2 cells (~43 kDa) was related to the OCT4A isoform due to its molecular weight. The
upper unaffected band might be associated with an OCT4 related protein which was not
targeted with siRNA2 (Figure 4.15B). Moreover, as was previously concluded, the
OCT4 PGL1 expression appeared weaker in NT2 cells than in MCF-7, suggesting that the
targeted MRNA in NT2 cells was more likely to be related to OCT4A than OCT4 PG1.
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In MCF-7 cells, the intensity of OCT4 band was reduced following application of
SiRNA10, using both OCT4 antibodies. Although it was not possible to distinguish the
OCTA4A protein from the OCT4 PG1, based on the predicted molecular masses and
previous results showing that OCT4A was not expressed in breast cancer cell lines, the
silenced protein is thought to be related to OCT4 PG1 (Figure 4.17B). Moreover, the
unaffected bands in MCF-7 cells could be related to a protein that was not silenced and
targeted by OCT4 (Abl19857) antibody, indicating the potential expression of
alternatively transcribed OCT4 isoforms (OCT4 B1) and translated pseudogenes in
MCF-7 cells (Figure 4.17).

In addition to the two main OCT4 isoforms, the expression and transcription of OCT4
pseudogenes in different cancers was detected by Suo et al. (198). Different studies also
reported the same observations (70) (198). A year later in 2006, de Jong and Looijenga
announced that highly homologous pseudogenes and other OCT4-related genes may
have been the cause of false positive artefacts arising in RT-PCR analysis (73).
According to Zhao et al. OCT4 PGs can produce protein products; all may be localized
to the nucleus. OCT4 PG3 can also be localized in the cytoplasm. The positive staining
of OCT4 using an anti-OCT4 antibody (Ab18976) also indicated the expression of
OCT4 PGs in tumour cell lines and tumour tissues (62). Due to high levels of homology
between OCT4A and OCT4 PGL1, it was intriguing to further investigate the expression
of OCT4 PG1 in breast cancer cell lines. Moreover, since it was practically difficult to
entirely eliminate genomic DNA from RNA preparations, the No-RT method was
included in the experiments. Since many of the papers that claim to show OCT4 PG1
expression did not include such controls, the inclusion of such controls was important to
test OCT4 PGL1 expression in this study. The RT-PCR results (including the RT enzyme)
showed a higher expression of OCT4 PGL1 in breast cancer cell lines compared with NT2
cells. However, in the No-RT experiment, the Ct values for OCT4 PG1 were obtained at
similar levels between with and without RT in both glycolytic conditions, while this
value was clearly different for actin. This indicated that the detected products could
possibly be due to the contaminating DNA.
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Metabolic adaptation is considered one of the hallmarks of cancer cells. Moreover,
cancer cells are believed to be highly reliant on glycolysis for energy production.
Therefore, the potential changes following alteration in metabolic state of cells was
assessed in MCF-7 proliferation and the expression levels of OCT4 were evaluated
following this change. At the protein level, nuclear and perinuclear staining from OCT4
was detected in MCF-7 cells using an OCT4 full-length antibody. The perinuclear
staining was detected with higher intensity under fructose conditions, suggesting that
less glycolytic cells have enhanced expression of OCT4 in their population. This
provides possible evidence that OCT4 is regulated similarly to SOX2 by glycolysis in
breast cancer cells. Further, it was clear that OCT4A was not expressed in breast cancer
cell lines. However, the nuclear staining of OCT4 was intriguing so investigation of the
role of other isoforms/pseudogenes in MCF-7 cells was performed. OCT4 protein was
detected with the same intensity to those in control groups following OCT4 PG1 siRNA
transfection (Figure 4.26). Furthermore, when probing with the OCT4 full-length
antibody, a large portion of NT2 cells had been silenced using an siRNA targeting the
full length OCT4, while almost all of the cells were detectable with the same intensity to
those in control groups following OCT4 PG1 siRNA transfection. In MCF-7 cells,
almost all OCT4 and OCT4 PGL1 siRNA transfected cells displayed no expression of
OCT4-related protein when probing with the full-length antibody. This suggests that an
isoform/pseudogene with high homology to OCT4A, likely OCT4 PG1, is absent in NT2
cells. Together with the previous finding, this suggests that in NT2 cells the silenced
protein could be related to OCT4A and that the expressed protein in MCF-7 cells is
likely to be OCT4-related. Similar results were obtained with Western blot analysis in
NT2 cells when probing with the OCT4 full-length antibody following OCT4 and OCT4
PG1 siRNA transfection. The OCT4 protein was silenced only in the population
transfected with OCT4 siRNA targeting the full-length OCT4. Consistent with the
previous data, OCT4 was silenced in MCF-7 cells using an siRNA against the full length
OCT4 and OCT4 PG1, using an OCT4 (MAB1759) antibody. However, it was only
under fructose conditions that OCT4 was silenced (no expression of protien was
detected) using an OCT4 PG1 specific SIRNA. The OCT4B variant was only detected in
MCF-7 cells at about 23 kDa when probed with the OCT4 (MAB1759) antibody.
Similar silencing pattern at about 23 kDa was seen as at 48 kDa indicating that less

OCT4 protein was expressed following OCT4 siRNA transfection compared with OCT4
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PG1 siRNA transfection when probing with OCT4 (MAB1759) antibody. It can be
concluded that the detected protein at about 48 kDa in MCF-7 cells was more likely to
be OCT4-related.

To determine the identification of the expressed protein and to clarify the protein is not
OCTA4A or OCT4B related, an additional siRNA targeting against the two main OCT4
isoforms were used and the expression levels of OCT4 assessed subsequently in glucose

and fructose conditions.

Glucose condition: knowing that OCT4A was not expressed in MCF-7 cells, and
OCT4B was cytoplasmically localised, a similar expression pattern to those of control
cells following OCT4A/B silencing suggest that the expressed protein could be either
non-OCT4 related or related to a new isoform/pseudogene. Moreover, it was shown that
when OCT4 PG1 was silenced, almost all the cells in the population displayed very low
or no protein expression when probing with OCT4 full length antibody. This suggests
that the expressed protein could be likely related to OCT4 PG1.

Fructose condition: the OCT4-related protein was more highly expressed under
fructose conditions using all three siRNAs which was similar to the observation with

SOX2, that fructose improved the conditions for stem cell population.

It is noteworthy to mention again that the CSLC population of MCF-7 cells preferred
fructose conditions as confirmed by MFE. Leis et al. reported that not only did SOX2
overexpression lead to enhanced ability of sphere formation, its expression seemed to
induce stem-like features in MCF-7 cells (58). They also reported that silencing SOX2
reduced the tumour size and delayed tumour formation in a mouse xenograft model (58).
In contrast, results here indicated that SOX2 did not significantly affect mammosphere
formation in MCF-7 cells, suggesting that although SOX2 is a stem cell marker, it was

not an essential factor in inducing CSLC growth.

CSLCs have been found in tumours expressing OCT4 (89). OCT4A was shown to be
mainly expressed in a rare population with ALDH" phenotype, while OCT4B was
reported to be expressed in differentiated tumorspheres (199). Moreover, OCT4 might
maintain the survival of CSLCs partly through Oct4/Tcll/Aktl by inhibiting apoptosis
which strongly indicates that targeting OCT4 may have important clinical applications
in cancer therapy (89). In cervical cancer, OCT4A appeared to be responsible for
stemness in CSLCs and induced carcinogenesis. Whereas OCT4B triggered tumour
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growth by promoting apoptosis and EMT. This increased the probability that OCT4A
and OCT4B were involved in regulating cancer development (199). There is a high
probability that OCT4 positive cells represented CSLCs and that OCT4 expression was
required for the self-renewal property of this rare population (200) (201). Data in this
thesis were consistent with this assumption, showing that OCT4 expression was required
for mammosphere formation, which is a stem-like functional assay, representing CSL
properties. Furthermore, these findings suggest that silencing OCT4 may reverse cancer
development.

There has not been an agreement on the metabolic features of CSLCs. Many believe that
CSLCs are mainly glycolytic and others indicated that mitochondrial metabolism is
instead the main source of energy in this population (202). CSLCs may adapt to their
microenvironmental changes by shifting from one metabolic pathway to another or by
attaining an intermediate metabolic phenotype when convenient. Therefore, the role of
metabolism in CSLC population in carcinogenesis has become one of the major focuses

in cancer research (202).

We have shown that the absence of two main isoforms, OCT4A and OCT4B,
significantly reduced the MFE under fructose conditions. Additionally, we have shown
that there was no expression of the OCT4 protein following OCT4 PG1 siRNA
transfection under fructose conditions. Moreover, OCT4 and OCT4 PGl siRNA
transfection significantly decreased the population of CSLCs by reducing the MFE,
leading to the conclusion that OCT4 is a critical factor for CSLC activity in MCF-7 cells
and OCT4 PG1 could be involved in tumorigenicity. Our results, when taken along with
others, suggest that investigations of OCT4 expression in cancers and stem cells could
be an important step towards gaining a better knowledge of cancer stem cell biology.

Due to OCT4 artefacts and false positive results, there are several conflicting reports
from OCT4 in the literature. Therefore, to avoid such problems leading to false
interpretation in science, caution and careful interpretation of different experimental

methods is required.

RT-PCR: during RT-PCR, artefacts derived from different splice variants of OCT4 can
confuse analysis. Exon 1 is unique to the OCT4A transcript. Therefore, to discriminate
OCT4A from other splice variants of OCT4, one of the primers should lie in exon 1 and
primers should be intron spanning to avoid false PCR amplifications from OCT4

164



genome sequence and to make it possible to distinguish between the two main isoforms,
A and B (203). Moreover, applying a No-RT additional step is of benefit to discriminate
between false and real results. OCT4 PCR products need to be sequenced as an ideal
step to determine which OCT4 isoform/pseudogene was expressed in the cell line. And

to confirm the identity of the amplified PCR product.

Immunochemistry: the two main splice variants (A and B) are identical in their C-
terminal domain. Therefore, the more accurate antibody to discriminate between the two
isoforms has to be raised against the N-terminal domain which is specific to OCT4A.
The OCTA4A isoform seems to be localised in the nucleus, and is responsible for stem

cell properties, while OCT4B mainly localises to the cytoplasm.

Western blot: in Western blot analysis, the C and N-terminus domain has to be taken
into account when using antibodies. The signals from OCT4A will be larger in size due
to the higher molecular weight compared with OCT4B. However, to be sure, it is highly
recommended to use only monoclonal antibodies that recognize a single epitope in the
N-terminal part of the protein (203). In this study, the results revealing no expression of
OCT4A in breast cancer cell lines were obtained using a monoclonal antibody (Sc-5279

Santa Cruz).

It is noteworthy that, in OCT4 experiments, there were some contradictory results at
protein and mRNA levels. A gap between the mRNA and protein levels exists due to
different levels of post-transcriptional and post-translational regulation and the amount
of transcript does not always correlate with the amount of protein products. The gene
expression measured by gRT-PCR could be uncorrelated with the protein levels
sometimes. gRT-PCR is quantitative, while Western blotting or even
Immunofluorescence, will be at best semi-quantitative. Therefore, it is not easy to

compare these methods directly.
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Chapter 5

Metabolic modulation in breast

cancer stem-like cells
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5.1 Introduction

In mammals, after digestion, food is broken down into glucose, glutamine, and lipids to
provide energy for differentiated and proliferating tissues (130). To survive, cells require
sufficient energy and this is provided by cellular metabolism. Recent findings on how
cancer cells display different metabolisms from that of differentiated cells have opened
new insights into the possibility of targeting metabolic pathways to inhibit the tumour
growth. An altered metabolic phenotype is a hallmark of highly proliferative tissues
such as cancer cells and stem cells that may serve as promising targets for novel
therapeutic intervention. ES cells and cancer cells share common metabolic shifts to
increased glycolysis and decreased mitochondria respiration (133). Metabolic pathways
in stem cells shift between glycolysis, mitochondrial respiration, and fatty acid oxidation
(176) (204). Primary and metastatic cancers are defined as highly glycolytic as
confirmed by PET image analysis (134). Hence, reducing glycolysis (e.g. fructose
condition) could provide a less beneficial growing environment for these cells.
Moreover, as already mentioned in the previous chapters, CSLCs are found to be
involved in cancer recurrence. A successful treatment for the elimination of tumours has
to target both cancer cells and CSLCs. Appropriate alterations in the balance of different
metabolic pathways may create a better understanding of how the whole-body
metabolism interacts with tumour metabolism (130). Therefore, modulation of metabolic
pathways in CSLC population would be a promising approach to prevent tumour

relapse.

CtBPs are of interest in metabolic studies as they maintain the metabolic homeostasis.
Additionally, CtBPs are extensively expressed in tumour samples from breast cancer
patients compared with surrounding non-tumour tissues. A possible way to reduce the

metabolic activity of CSLCs could be to reduce CtBPs activity.
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5.2 Aims

The specific aims of this chapter are:
e To investigate the effects of modulating different metabolic pathways in the
bCSLC population of MCF-7 cells in vitro via mammosphere formation assay.
This section was specifically aiming to assess the effect of different metabolic
treatments on the survival of MCF-7 cells in 2D culture and to see whether these
treatments affect the stem cell population of MCF-7 cells when analysing

mammosphere forming ability.

e To investigate the role of CtBP and its inhibitor MTOB in sensing glycolysis to

control stem-like cell formation.

e To investigate the expression levels of stem cell markers (SOX2, OCT4, and
OCT4 PG1) in fructose and glucose adapted cells following different metabolic

treatments.

5.3 Experimental outline

Variation in the number of mammospheres (stem cell population) is due to the effect of
treatments applied in 2D culture. Therefore, a number of possible combinations of
treatment in 2D and 3D culture were chosen to evaluate and compare each set. To obtain
effective results, an optimum duration of treatment was necessary. Initially, prior to the
mammosphere assay, MCF-7 cells were exposed to the desired treatments for 48 hours
followed by 24 hours incubation without treatment. However, this 24 hour incubation
between the treatment and data evaluation affected the results and eliminated the impact
of treatment on the cell population. To overcome this problem, a 72 hour treatment
without additional 24 hours with fresh media was chosen as an optimum treatment time.
A 72 hour treatment was applied to the previously adapted cells (to either 25 mM
glucose or 10 mM fructose) followed by five days in mammosphere culture with and

without treatment. Mammospheres >50 um were counted and MFE was calculated.
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5.4 Glycolytic inhibition
5.4.1 Sodium oxamate, a glycolytic inhibitor

Cancers rely primarily on aerobic glycolysis with a high uptake of glucose compared
with non-cancerous cells, leading to higher lactate production and therefore
environmental acidification (130). High acidification causes an increase in the
expression levels of a key glycolysis enzyme, lactate dehydrogenase (LDH), in the very
last step of glycolysis where pyruvate is converted to lactate (132). High expression of
LDH has also been reported in CSLC metabolic phenotypes. Moreover, LDH was
shown to be an effective anti-cancer target (153). Therefore, one possible way to
decrease the metabolic rates of CSLCs was to inhibit LDH activities. Blocking lactate
production would increase the pyruvate flux into the mitochondrial glucose oxidation,
leading to inhibition of glycolysis. Suppressing glycolysis leads to increased cancer

apoptosis and tumour growth, mediated by oxidative stress in cancer cells (153).

In this study, sodium oxamate was used as a classic inhibitor of LDH. To assess the
effect of sodium oxamate in the population of bCSLCs, an initial density of 250,000
cells were plated, treated with 25 mM oxamate for 72 hours in 2D culture, and counted
following treatment. This concentration was determined to inhibit glycolysis in MCF-7

without disturbing mitochondrial function.

As expected, the growth rate was significantly reduced from ~2.8 to ~1.2 (~2 fold)
following oxamate treatment in more glycolytic cells; while under fructose conditions,

cells did not show sensitivity to oxamate (Figure 5.1).

Cells treated with oxamate were plated at a density of 5000 cells per well of a 12 well-
plate for mammosphere culture for five days. One group received 25 mM oxamate in the
condition media, while the other group was only fed with conditioned media. The
control group received no treatment in either cultures. Following five days,
mammospheres >50 um were counted using an Olympus 1X81 microscope fitted with a

graticule.

Consistent with the previous results, MFE was significantly higher under fructose
conditions by approximately three fold. Following 2D treatment only, MFE decreased
significantly by two fold in more glycolytic cells. Moreover, comparing with the non-

treated cells, sodium oxamate markedly reduced the stem cell population of glucose
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adapted cells and prevented mammosphere formation by three fold when presented in

3D culture.

In the glycolysis restriction group (fructose), MCF-7 cells did not prove to be as
sensitive to sodium oxamate for mammosphere formation as they were under glucose
adaptation. Under fructose conditions, the MFE appeared higher compared with the
control cells without any treatment in 2D and 3D culture. However, in the presence of
oxamate in the conditioned media, the level of MFE dropped significantly around 1.5
fold which was less remarkable compared with the decrease observed in more glycolytic
cells (Figure 5.2).
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Figure 5.1 72 hour oxamate treatment in MCF-7 cell line. MCF-7 cells were adapted to either 25 mM
glucose or 10 mM fructose for about three weeks in culture and were plated at an initial density of 250,000
cells per 60 mm dishes for 48 hours. Cells were treated with 25 mM oxamate for 72 hours in 2D culture and
counted following treatment. The graph shows a combination of three independent experiments. Results are
presented as mean + SEM.
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Figure 5.2 Mammsophere formation following oxamate treatment. Previously adapted MCF-7 cells were
treated with oxamate for 72 hours in 2D culture followed by five days mammosphere culture (3D) with and
without treatment. Non-treated and oxamate treated cells were plated at an initial density of 5000 cells for
five days under mammosphere culture. Each experiment was repeated three times and performed in triplicate.
Results are presented as mean = SEM. ** P <0.01, *** P <0.001. n=3
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5.4.2 2-Deoxy-D-glucose (2DG), glycolytic inhibition

One of the key glycolytic regulating enzymes is hexokinase Il (HKII) which is
upregulated in many cancers and competitively inhibits the production of glucose-6-
phosphate (glucose-6-PO4) (the first step of glycolysis) from glucose (141). One
possible way to prevent glycolysis is to inhibit such glycolytic enzymes. 2DG is a
glycolytic inhibitor which inhibits the HKII enzyme. 2DG enters the cell through the
glucose transporters (GLUTS), accumulates in cells and competes for glucose (204). It is
known that cancer cells keenly up take up 2DG. During this process, the level of ATP
drops and leads to cell death under hypoxia (135). Moreover, it has been reported that
2DG inhibits bCSLC proliferation (204). To investigate the effect of reducing glycolysis
in breast cancer, MCF-7 cells were exposed to 10 mM 2DG for 72 hours in 2D culture
and the effect of treatment was assessed on the cell growth. In more glycolytic cells,
2DG decelerated the growth of cancer cells by around 2.6 fold in 2D culture. The
decrease was more striking in fructose adapted cells reducing from 2.2x10° to 0.3x10°
cells (Figure 5.3).

Following 2D treatment, 5000 cells were plated under mammosphere culture conditions
for five days and 2DG was added to the conditioned media. Mammospheres >50 um
were counted and MFE was calculated. The control group received no treatment. 2DG,
when only applied in 2D culture, resulted in a downward trend in the MFE by around
three fold under glucose conditions and by around two fold in fructose adapted cells (P <
0.001). Cells that received treatment in 2D culture were found to be more sensitive to
the additional treatment in the 3D culture. The presence of 2DG in the conditioned
media reduced mammosphere formation in this population irrespective of the type of
sugar adaptation. However, the ability of forming mammospheres was entirely
prevented in fructose adapted cells following 2DG treatment in 3D culture (P < 0.001)
(Figure 5.4).

173



wk®

47 —
& T B 25 mM Giucose
X 31 bl P 10 mM Fructose
g T
2 2-
o 1
O 1-
o~
-
0-
206 . - . .

Figure 5.3 72 hour 2DG treatment in MCF-7 cell line. MCF-7 cells were adapted to either 25 mM glucose
or 10 mM fructose for about three weeks in culture and were plated at an initial density of 250,000 cells per
60 mm dishes for 48 hours. Cells were treated with 10 mM 2DG for 72 hours in 2D culture and counted
following treatment. The graph shows a combination of three independent experiments. Results are presented

as mean = SEM. *** P <(0.001. n=3
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Figure 5.4 Mammosphere formation following 2DG treatment. Previously adapted MCF-7 cells to
glucose and fructose, were treated with 10 mM 2DG for 72 hours in 2D culture followed by five days
mammosphere culture (3D) with and without treatment. Non-treated and 2DG treated cells were plated at an
initial density of 5000 cells for five days under mammosphere culture. Each experiment was repeated three
times and performed in triplicate. Results are presented as mean + SEM. ** P <0.01, *** P <0.001. n=3
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5.5 Alternative nutrient sources

5.5.1 Glutamine starvation

Glutamine is a critical amino acid for the biosynthesis of proteins, lipids, and fatty acid
synthesis. Some cancer cells rely on glutamine for their growth, survival, and to provide
intermediates for the TCA cycle. Glutamine provides energy for cancer cells through the
first step of the TCA cycle. Thus, glutamine withdrawal may reduce TCA cycle flux and
ATP production, causing cell death (130). Moreover, the lack of glutamine has been
reported to reduce the tumour growth rate both in vitro and in vivo (135). Considering
the importance of glutamine in cancer cell survival, the effect of glutamine starvation

was assessed in breast cancer MCF-7 cells.

MCEF-7 cells were subjected to glutamine deprivation in 2D culture, adapted to grow in
no glutamine DMEM including either glucose or fructose for approximately two weeks.
Following adaptation, 250,000 cells were plated in media without glutamine for 72
hours. According to the growth rate, the absence of glutamine in 2D culture did not
significantly reduce the cell numbers in either glycolytic conditions (similarly affected)
(Figure 5.5).

A 72 hour glutamine deprivation in 2D culture was the only treatment to reduce the
MFE significantly under fructose conditions (P < 0.05). However, when glutamine was
eliminated from both 2D and 3D culture, the reduction in the MFE was found to be more
striking; from 2.3x10° to 1.9x10° cells (P < 0.001). However, under glucose conditions,
the absence of glutamine did not significantly reduce the mammosphere forming ability
(Figure 5.6).
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Figure 5.5 72 hour glutamine starvation in MCF-7 cell line. MCF-7 cells were cultured in the presence or
absence of glutamine for approximately two weeks. Following adaptation, cells were plated at an initial
density of 250,000 cells per 60 mm dishes in the presence or absence of glutamine for 72 hours in 2D culture,
and cell number was counted. The graph shows a combination of three independent experiments. Results are

presented as mean £ SEM.
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Figure 5.6 Mammosphere formation following glutamine starvation. MCF-7 cells were cultured in the
presence or absence of glutamine for approximately two weeks. Following adaptation, non-treated and
treated cells were plated at an initial density of 5000 cells and induced to form mammospheres for five
days either in the presence of or the absence of glutamine. Each experiment was repeated three times and
performed in triplicate. Each experiment was repeated three times and performed in triplicate. Results are
presented as mean £ SEM. * P <0.05, *** P <0.001. n=3
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5.6 Mitochondrial respiration

5.6.1 Metformin, inhibition of mitochondrial respiration

Metformin inhibits metabolism from different aspects. The inhibitory action of
metformin on glucose metabolism comes from a combination of effects on glycolysis,
fatty acid oxidation, and signalling pathways. Metformin impairs glycolysis by
inhibiting the enzymatic activity of HK, resulting in less pyruvate production. Moreover,
metformin inhibits the AKT signalling pathway which also reduces HK expression and
mitochondrial interaction (162).

Metformin enters the cell through the OCT1 transporter and then enters the
mitochondria and inhibits complex | of the electron transport chain, resulting in
decreased NADH oxidation, TCA Cycle, and ATP synthesis. This results in reduced
gluconeogenesis (less glucose formation from pyruvate) and increased glycolysis (more
pyruvate formation from glucose). Metformin also inhibits CPT1, resulting in less acetyl

CoA production and reduced fatty acid oxidation.

The following series of experiments were designed to test the hypothesis that metformin
inhibits the growth of breast cancer cells and supresses the self-renewal of breast CSLCs

(205). Different concentrations of metformin (10 uM and 50 puM) were used.

10 M metformin: in 2D culture, under glucose conditions, metformin did not
remarkably change the growth rates of treated cells compared with non-treated cells.
However, under fructose conditions, the growth rate appeared higher for those receiving
the treatment; although, the difference did not reach the statistical significance (Figure
5.7A).

50 pM metformin: similar results were obtained with 50 UM concentration under
glucose conditions. Higher dose of metformin caused no difference in the growth rate of
fructose adapted cells before and after treatment (Figure 5.7B).

The mammosphere assay was performed following 72 hour treatment with different
concentrations of metformin for five days. 10 uM metformin significantly reduced the
MFE at similar rates in both glycolytic conditions when presented in either culture
systems (2D and 3D) (Figure 5.8A). Increasing the dose of metformin to 50 uM, the
MFE dropped significantly when metformin was only present in the 2D culture (in both

glycolytic conditions). However, in the presence of metformin in the mammosphere
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culture, the MFE remained at similar levels to that of control and 2D treatment group
(Figure 5.8B). It is noteworthy that under fructose conditions, in the presence of
metformin in the conditioned media, the MFE was significantly higher compared with

the group with 2D treatment only.
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Figure 5.7 72 hour treatment with metformin in MCF-7 cell line. MCF-7 cells were adapted to either 25
mM glucose or 10 mM fructose for about three weeks in culture and were plated at an initial density of
250,000 cells per 60 mm dishes for 48 hours and were then expose to (A) 50 uM and (B) 10 puM metformin
for 72 hours in 2D culture. The graph shows a combination of three independent experiments. Results are
presented as mean + SEM.
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Figure 5.8 Mammosphere formation following metformin treatment. Previously adapted MCF-7 cells
with glucose and fructose were exposed to 10 uM (A) and 50 uM metformin (B) for 72 hours. Non-treated
and metformin treated MCF-7 cells were plated at an initial density of 5000 cells and were induced to form
mammospheres for five days. MFE was calculated subsequently. Each experiment was repeated three times
and performed in triplicate. Results are presented as mean + SEM. * P < 0.05, *** P <0.001. n=3
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5.6.2 Dichloroacetate (DCA), mitochondria reactivation

Mitochondrial respiration consists of a set of metabolic reactions with the aim of
generating ATP which is impaired in the majority of cancers (206). DCA is a
mitochondria-targeting molecule that shifts glycolysis to glucose oxidation by inhibiting
mitochondrial PDKI (138). This action increases the pyruvate flux into the mitochondria
and therefore mitochondrial respiration (135). This could be more toxic to glycolytic
cells that normally try to avoid channelling pyruvate into the mitochondria. Therefore,
MCEF-7 cells were exposed to 10 mM DCA for 72 hours which was reported to be a
sufficient dose to activate mitochondria metabolism (207). As expected, more glycolytic
cells showed a greater sensitivity to DCA. However, this result did not reach statistical
significance (Figure 5.9). MFE was calculated following five days of mammosphere
culture. Data demonstrated that DCA significantly reduced the MFE in more glycolytic
cells when presented in both cultures. Under fructose conditions, DCA did not reduce
the MFE when it was only applied to the cells in 2D culture. Adding DCA to the
mammosphere culture resulted in MFE levels dropping significantly compared with

other two conditions (Figure 5.10).
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Figure 5.9 72 hour treatment with DCA in MCF-7 cells. MCF-7 cells were adapted to either 25 mM
glucose or 10 mM fructose for about three weeks in culture and were plated at an initial density of 250,000
cells per 60 mm dishes for 48 hours. Cells were treated with 10 mM DCA for 72 hours in 2D culture and
counted following treatment. The graph shows a combination of three independent experiments. Results are
presented as mean + SEM.
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Figure 5.10 Mammosphere formation following DCA treatment. Previously adapted MCF-7 cells were
treated with 10 mM DCA for 72 hours in 2D culture followed by five days mammosphere culture (3D) with
and without treatment. Non-treated and DCA treated cells were plated at an initial density of 5000 cells for
five days under mammosphere culture. Each experiment was repeated three times and performed in triplicate.
Results are presented as mean + SEM. * P <0.05, ** P <0.01, *** P <0.001. n=3
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5.7 Fatty acid oxidation (FAO)

5.7.1 Etomoxir, inhibitor of fatty acid oxidation

Fatty acids are required for cellular proliferation and cancer cell survival (208) (131).
More differentiated cells rely primarily on OXPHOS to generate ATP, using three major
sources: glucose, glutamine, and fatty acids (131). In non-cancerous cells long chain
fatty acids are synthesized from glucose and stored as lipids. They enter the
mitochondria through CPTI mitochondrial enzyme and converted to acetyl CoA through
OXPHOS FAO to generate ATP. In cancers, fatty acid synthesis is at a higher rate to
provide NADPH. In stem cells there is a shift between glycolysis, OXPHQOS, and fatty
acid synthesis during the maturation of adult stem cells. Therefore, fatty acid synthesis is
an important metabolic pathway in many cell types. To control this metabolic pathway,
etomoxir was used as an inhibitor of mitochondrial CPT1. Inhibition of CPT1 reduces
the fatty acid flux into the mitochondria and therefore inhibits FAO (208). To investigate
the effect of reducing FAO in breast cancer, MCF-7 cells were treated with 100 uM
etomoxir in 2D culture for 72 hours (209). Results showed that etomoxir equally
affected cell growth in both metabolic conditions by reducing the cell number (Figure
5.11).

Under glucose conditions, etomoxir reduced mammosphere formation by about three
fold. In a low-glycolytic state, under fructose conditions, following the 2D-only
treatment, etomoxir reduced the MFE from 3 to 1.5 (two fold). However, the presence of
etomoxir in both cultures (2D and 3D) more dramatically reduced the MFE in this
group. The MFE significantly dropped regardless of the presence of etomoxir in the
conditioned media (3D culture) (P <0.001) (Figure 5.12).
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Figure 5.11 72 hour treatment with etomoxir in MCF-7 cells. MCF-7 cells were adapted to either 25 mM
glucose or 10 mM fructose for about three weeks in culture and were then plated at an initial density of
250,000 cells per 60 mm dishes for 48 hours. Cells were treated with 100 uM etomoxir for 72 hours in 2D
culture and counted following treatment. The graph shows a combination of three independent experiments.
Results are presented as mean £ SEM.
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Figure 5.12 Mammosphere formation following etomoxir treatment. Previously adapted MCF-7 cells
were treated with 100 uM etomoxir for 72 hours in 2D culture followed by five days mammosphere culture
(3D) with and without treatment. Non-treated and etomoxir treated cells were plated at an initial density of
5000 cells for five days under mammosphere culture. Each experiment was repeated three times and
performed in triplicate. Results are presented as mean = SEM. *** P <(0.001 n=3

183



5.8 C-terminal binding protein (CtBP), a metabolic sensor

The CtBP transcriptional corepressors stimulate survival of cancer cells and promote
their migration and invasion. Metabolic imbalance is often associated with over-
activating metabolic sensors such as CtBPs. CtBP proteins are of interest as they bind to
NAD*/NADH and respond to the metabolic state of the cell; maintain cancer cell growth
and metabolic homeostasis (210).

CtBP was reported to supress the expression of different tumour suppressor genes and
induce the EMT during the cancer cell metastasis (173). CtBP independently reduces
tumour initiation, progression, and metastasis by transcriptionally regulating genes

related to stem cell pathways, genome stability, EMT, and cancer cell metabolism (171).

Therefore, to investigate the role of CtBP in the stem-like population of breast cancer,
we firstly studied the expression levels of CtBP in MCF-7 cells. Subsequently, the
expression levels of CtBP were further assessed following fructose adaptation.
Furthermore, the effect of CtBP inhibition was investigated in the mammosphere
formation in MCF-7 cells (results shown together).

5.8.1 CtBP1 and CtBP2 silencing

CtBP was silenced using a single siRNA, targeting both CtBP1 and CtBP2 (CtBP1/2).
The expression levels of CtBP1 and CtBP2 were assessed independently upon
transfection using specific antibodies. CtBP1 and CtBP2 protein were found to be
expressed in the nucleus of MCF-7 cells. Expression was reduced following silencing
CtBP1/2 (Figure 5.13B).
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Figure 5.13 Characterisation of the intracellular localisation of CtBPs in MCF-7 cells. CtBPs were
silenced using a single siRNA targeting both CtBP1 and CtBP2 (CtBP1/2). The blue staining represents
DAPI-stained nuclei (A). Nuclear expression of CtBP protein (CtBP1 and CtBP2) was detected using CtBP
antibodies, presented in green (B). Merge represents merge images of A and B (C). The negative control was
with secondary antibody only (D). Scale bar represents 20 pm.
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The expression levels of CtBP protein were further assessed by Western blot analysis in
MCF-7 cells. The blot shows that CtBP1 was silenced using CtBP1 siRNA (Figure
5.14A). The blot shows that the intensity of CtBP2 protein band decreased with CtBP2
SIRNA (Figure 5.14B). The loading control only shows four lanes for the top gel.
However, CtBP1 was expected to knock-down following CtBP1/2 siRNA transfection.
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Figure 5.14 Characterisation of CtBP protein expression in MCF-7 cells by Western blot analysis.
CtBP1 and CtBP2 protein were expressed in MCF-7 cells detected using CtBP1 and CtBP2 antibody
respectively (A, B). CtBP1 and CtBP2 were detected using CtBP1 and CtBP2 antibodies respectively (A, B).
First lane from left was served as a no treatment group (none). The control group represents control siRNA.
B-actin was used as a loading control. Blots were exposed using BioRad FluoroS Multimager.
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5.8.2 CtBP1 expression under glucose and fructose conditions

To investigate whether different glycolytic conditions affect CtBP expression, the
expression levels of CtBP1 were further assessed under glucose and fructose conditions.
CtBP1 was detected at about 48 kDa in both glycolytic conditions in MCF-7 cells.
However, the intensity of the detected bands appeared either the same or slightly higher
under fructose conditions. Therefore, the accuracy of the observation required further

assessment (Figure 5.15).
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Figure 5.15 Characterisation of CtBP protein expression in MCF-7 cells adapted in either fructose or
glucose by Western blot analysis. -actin was used as a loading control. Blots were exposed using BioRad
FluoroS Multimager. n=2
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The expression levels of CtBP1 were further investigated using real time gPCR. CtBP1

MRNA expression was significantly increased in fructose compared with glucose
adapted MCF-7 cells (Figure 5.16).
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Figure 5.16 CtBP1 mRNA abundance under glucose and fructose adaptation in MCF-7 cells. CtBP1
MRNA expression levels were assessed by RT-gPCR in MCF-7 cells adapted in either fructose or glucose
conditions. The Ct obtained for each cell line was normalised against the housekeeping gene B-actin. Relative
mRNA abundance was calculated by normalising to B-actin. Results are presented as mean + SEM. * P <

0.05 n=4
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5.8.3 Mammosphere forming ability following CtBP siRNA transfection

To investigate the role of CtBPs in sensing glycolysis in the CSLC population of MCF-7
cells, CtBP was silenced using specific siRNAs targeting CtBP1 and CtBP2. siRNA
transfected cells were seeded at a density of 5000 cells per well of 12 well-plate to form
mammospheres. Mammospheres >50 um were counted following five days culture.
Under both metabolic conditions (fructose and glucose), the MFE declined dramatically

in CtBP1/2 siRNA transfected cells with respect to the control group (Figure 5.17).
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Figure 5.17 The effect of CtBP silencing on MFE in MCF-7 cells. MCF-7 cells were transfected with
CtBP1/2 siRNA. 48 hours post-transfection, an initial density of 5000 cells were seeded per well and allowed
to form mammospheres. Following five days culture, mammospheres >50 pm were counted. Each
experiment was repeated three times and performed in triplicate. Results are presented as mean £ SEM. * P <

0.05n=3
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5.8.4 4-methylthio-2-oxobutyric acid (MTOB), CtBP inhibitor

MTOB is a high affinity inhibitor to human CtBP which can be cytotoxic to cancer cells
at high concentrations (172). Following CtBP silencing with siRNA, to investigate
whether MCF-7 cells would respond to MTOB as they did to CtBP siRNA, MCF-7 cells
were initially exposed to 4 mM MTOB in 2D culture for 48 hours and were allowed to
form mammaospheres for five days in conditioned media excluding treatment (172).
Results revealed that 48 hours of treatment did not affect the mammosphere formation

under either conditions (Figure 5.18).
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Figure 5.18 The effect of 48 hour MTOB treatment on mammosphere formation. Following 48 hour
treatment with 4 mM MTOB in 2D culture, non-treated and treated cells with were seeded at an initial
density of 5000 cells per well for five days under mammosphere culture. MFE was then evaluated. Each
experiment was repeated three times and performed in triplicate. Results are presented as mean + SEM. ***
P <0.001 n=3

Therefore, a longer treatment duration was considered and MCF-7 cells were exposed to
MTOB for 72 hours in 2D conditions. There was a significant decrease in the cell
growth following MTOB treatment (Figure 5.19). A dramatic drop was observed in the
MFE by approximately 2.6 fold when cells were only exposed to MTOB in 2D culture
(P < 0.001). Furthermore, MTOB was also applied to the mammosphere culture
following treatment in 2D. Adding MTOB to the mammosphere culture entirely

prevented the formation of mammaospheres (Figure 5.20).
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Figure 5.19 72 hour treatment with MTOB in MCF-7 cells. MCF-7 cells were plated at an initial density
of 250,000 cells per 60 mm dishes for 48 hours and were treated with 4 mM MTOB for 72 hours in 2D
culture. The graph shows a combination of three independent experiments. Results are presented as mean +
SEM. ** P <0.01
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Figure 5.20 The effect of MTOB treatment on mammosphere formation in MCF-7 cells. Following 72
hour treatment with 4 mM MTOB in 2D culture, non-treated and treated cells were seeded at an initial
density of 5000 cells per well for five days under mammosphere culture. MFE was then evaluated. Each
experiment was repeated three times and performed in triplicate. Results are presented as mean + SEM. ***
P <0.001 n=3
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5.8.5 Preliminary analysis of CtBP1 expression levels upon different

metabolic modulation

To investigate whether the expression levels of CtBP would be affected by modulating
different metabolic pathways, the expression levels of CtBP were examined following
different metabolic treatments in glycolytic and less-glycolytic conditions. MCF-7 cells
from both groups, were treated with different inhibitors for 72 hours for Western blot

analysis (Figure 5.21).

5.8.5.1 Alternative nutrient sources

CtBP1 protein appeared to be less expressed following glutamine starvation in both
glycolytic groups.
5.8.5.2 Fatty acid oxidation

Etomoxir slightly reduced the expression levels of CtBP1 in both glycolytic groups.

5.8.5.3 Glycolysis

CtBP1 was clearly less expressed in cells with impaired glycolysis (oxamate and 2DG

treatment). However, this effect was more extreme under fructose conditions.

5.8.5.4 Mitochondria respiration

The CtBP expression was only decreased under glucose conditions following DCA
treatment. The expression of CtBP1 appeared weaker upon metformin treatment (Figure
5.21).
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Figure 5.21 Characterisation of CtBP protein expression in MCF-7 cells following different metabolic
treatments by Western blot analysis. MCF-7 cells were exposed to different metabolic treatments for 72
hours. Cells were harvested, lysed, and subjected to SDS-PAGE on a 10% gel. The expression levels of
CtBP1 were assessed in fructose and glucose adapted cells following each treatment. B-actin was used as a
loading control. Blots were exposed using BioRad FluoroS Multimager.
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5.9 Preliminary analysis of OCT4 expression levels upon different metabolic
modulation
To investigate whether different metabolic states affect the stem cell population of

MCEF-7 cells, the expression levels of OCT4 were assessed.

5.9.1 Alternative nutrition source

Glutamine starvation: the expression levels of OCT4 increased following glutamine
deprivation under both glycolytic states (glucose and fructose) (Figure 5.22).

5.9.2 Fatty acid oxidation

Etomoxir: the expression levels of OCT4 increased following etomoxir treatment only
in glucose adapted cells. However, under fructose conditions, the intensity of OCT4

band appeared weaker compared with the untreated corresponding control.

5.9.3 Glycolysis

2-Deoxy-D-glucose (2DG): the expression levels of OCT4 were considerably reduced
upon 2DG treatment in both glycolytic groups.

Sodium Oxamate: oxamate did not appear to be effective enough to change the
expression levels of OCT4. More glycolytic cells were found to express higher levels of

OCT4 protein compared with the less glycolytic cells.

5.9.4 Mitochondrial respiration

Dichloroacetate (DCA): the OCT4 expression levels were considerably increased in
both glycolytic groups when treated with DCA. However, this increase was found to be
more pronounced in glucose adapted cells.

Metformin: metformin treatment entirely reduced the OCT4 expression levels

regardless of fructose/glucose adaptation.
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Figure 5.22 Characterisation of OCT4 protein expression in MCF-7 cells following different metabolic
treatments by Western blot analysis. MCF-7 cells were exposed to different metabolic treatments for 72
hours. Cells were harvested, lysed, and subjected to SDS-PAGE and 10% gel. The expression levels of OCT4
were assessed in fructose and glucose adapted cells following each treatment. p-actin was used as a loading
control. Blots were exposed using BioRad FluoroS Multimager.
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5.10 Preliminary analysis of E-cadherin expression in fructose and glucose
adapted MCF-7 cells

The EMT is induced by the loss of E-cadherin expression. EMT increases the stem-like
properties of mammary epithelial cells in development and cancer (183). The loss of E-
cadherin promotes the migratory properties of cells which leads to metastasis. It was
hypothesised that E-cadherin would be reduced in fructose adapted cells with enhanced
mammosphere forming ability. Furthermore, it was expected that a higher expression of
E-cadherin would be seen in cells with a smaller stem cell population. Therefore, the
expression levels of E-cadherin and its association with stem cell markers were assessed
in MCF-7 cells. Initially, the mRNA expression levels of E-cadherin were assessed in
both glycolytic groups by RT-gPCR analysis. Whilst this data is preliminary it suggests
a dramatic drop of ~50% in mRNA expression of E-cadherin under fructose conditions
(Figure 5.23).
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0.8+
0.6+

mRNA abundance

0.4

0.2+

0.0-
Adaptation Glucose Fructose

Figure 5.23 E-cadherin mRNA abundance in fructose and glucose adaptation. E-cadherin mRNA
expression levels were assessed by RT-gPCR in MCF-7 cells adapted to either fructose or glucose. The Ct
obtained for each cell line was normalised against the housekeeping gene -actin. Relative mRNA abundance
was calculated by normalising to B-actin. Results are presented as mean £ SEM. ** P < 0.01 n=2 Means are
from any 2 technical replicates.
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The expression levels of E-cadherin were investigated upon the knockdown of
pluripotency markers SOX2 and OCT4 PG1. Consistent with the previous data, the
MRNA expression of E-cadherin was found to be lower under fructose conditions
(Figure 5.23). Whilst this data is preliminary it suggests that in glucose adapted cells, the
expression levels of E-cadherin appeared to be increased following OCT4 and OCT4
PG1 silencing, noted at 1.45 and 1.15 respectively. Under fructose conditions, E-
cadherin mRNA expression appeared higher following SOX2, OCT4, and OCT4 PG1
silencing (Figure 5.24).
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Figure 5.24 E-cadherin mRNA abundance in fructose and glucose adaptation following SOX2 and
OCT4 PG1 (POUSF1B) silencing. MCF-7 cells were transfected with SOX2, OCT4, and OCT4 PGl
SiRNA for 48 hours. Following transfection, E-cadherin mRNA expression levels were assessed by RT-
gPCR in MCF-7 cells, adapted in either fructose or glucose. The Ct obtained for each cell line was
normalised against the housekeeping gene B-actin. Relative mMRNA abundance was calculated by normalising
to B-actin. Results are presented as mean + SEM. n=2 Means are from any 2 technical replicates.
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5.11 Discussion

One of the most altered metabolic pathways in cancer cells and stem cells is glycolysis.
Stem cells have distinctive metabolic properties such as an enhanced glycolytic
phenotype which supports their activities and stemness properties (211). Malignant
transformation from pre-malignant lesions to invasive cancer is associated with an
increased rate of glucose uptake, leading to high rates of glycolysis (134). Constant
genetic or epigenetic alterations for cellular immortalisation such as P53 mutation that
causes HK dysregulation may be the reason for the enhanced glycolysis that cancer cells
display in vitro (133). As the glycolytic phenotype appears at the early stages of
carcinogenesis, targeting glycolysis could be considered as a possible target in cancer
prevention and targeted therapies (134). However, targeting glycolysis for therapy has
not yet been used in the clinical trials (132). Thus, the effect of reducing glycolysis on

MCF-7 breast cancer cells was investigated, targeting LDH and HKII.

We have shown that sodium oxamate, a classic inhibitor of LDH, reduced the growth
rate of more glycolytic cells in 2D culture as expected, while it had an opposite effect on
fructose cultured cells. Oxamate significantly reduced the mammosphere formation in
both glycolytic groups. The absence of oxamate in the conditioned medium (3D culture)
resulted in a decrease in the MFE, only under glucose conditions suggesting that
adapting cells to less glycolytic state (fructose) makes them independent of glucose for

proliferation.

Another possible way to reduce glycolysis was to inhibit the HKII enzyme with 2DG.
2DG inhibited the first phase of glycolysis by directly inhibiting the conversion of
fructose-6-P to glucose-6-P (212). Contrary to oxamate, 2DG significantly reduced the
cell growth in both glycolytic groups. Moreover, unlike oxamate, the presence of 2DG
only in 2D culture was enough to inhibit stem-like properties and reduce the MFE. It has
been shown that 2DG could restrict the transportation of fructose into the cell (212). We
have shown that 2DG entirely inhibited the mammosphere formation under fructose
conditions when presented in the 3D culture. This could explain the higher sensitivity of

fructose adapted cells to fructose restriction with 2DG treatment.

Although both oxamate and 2DG are used as glycolytic inhibitors, each targets a
different stage of this pathway. Oxamate inhibits the LDH activity in the last step of
glycolysis which therefore explains why glucose dependant cells were more sensitive
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than fructose adapted cells to oxamate. Glucose and fructose are both phosphorylated by
HKs in the first step of glycolysis where both substrates are equally present. This could
explain why 2DG inhibited the cell growth and mammosphere forming ability in both
groups. 2DG has been shown to decrease fructose-induced ATP levels which results in
cell death. Moreover, Ciavardelli et al. (204) showed that 2DG inhibited bCSLCs
proliferation. Contradictory results regarding the effect of 2DG brought into question the
anticancer ability of 2DG in preclinical models, showing that 2DG activates pro-survival
pathways in cancer cells (213) (214) (215). However, we have shown that not only did
2DG inhibit the growth of MCF-7 cells; it also targeted the CSLC population of MCF-7

cells by inhibiting mammaosphere formation.

In addition to the role of glutamine in mitochondrial metabolism, glutamine also plays
an important role in glycolysis by inhibiting the expression of thioredoxin-interacting
protein, a negative regulator of glucose uptake. Therefore, glutamine is important in
both metabolic pathways of cancer cells: oxidative phosphorylation and glycolysis
(216). This feature has made glutamine metabolism an interesting target for clinical
strategies to detect and treat cancer (217). Some cancer cell lines are dependent on
glutamine to generate ATP. Breast cancer cells respond differently to glutamine. Basal-
like cells tend to be glutamine dependent, while luminal-like cells are not (218). In
contrast, we have shown that although the luminal-like MCF-7 cells did not display an
entire dependency on glutamine, they had a better proliferation rate and more efficient
mammosphere formation ability in the presence of glutamine. Therefore, another
promising strategy for cancer treatment could be starving cancer cells of glutamine. The
reliance of cancer cells on increased glucose uptake has proven glucose as the most
consumed substrate by cancer cells. This observation could justify that glutamine
starvation could more severely affect cells in glycolysis restriction than when glucose is
available to cells. As expected, fructose adapted cells displayed more sensitivity to
glutamine starvation in different culture conditions (2D and 3D). Improvements in
glutamine-based investigations should soon open new insights into discriminating

tumours with higher affinity to glutamine.

Despite the high reliance of cancer cells on glycolysis, the majority of tumour cells still
rely on active mitochondrial respiration. As cancer cells are also characterized by
decreased mitochondrial respiration and oxidative phosphorylation, different doses of

metformin were applied to the cells to block this pathway. Results suggest that
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mitochondrial respiration is important for glycolytic groups to display stem-like
properties. Studies revealed that small doses of metformin could be used as an adjuvant
therapy to prevent the EMT transition and chemoresistance (219). Together with our
data, this could suggest that metformin may only be effective at a certain concentration
and increasing the dose could give an unexpected result. Moreover, we have shown that
metformin targeted the CSLC population but not their differentiated progenies (MCF-7
cancer cells) which is consistent with the observations in pancreatic cancer (220).
Sancho et al. demonstrated that cancer cells are highly glycolytic while CSLCs rely on
OXPHOS with very limited metabolic plasticity (220). CSLCs were not affected when
metformin was deprived from the 3D culture; probably due to their intermediate
glycolytic/respiratory phenotype. Furthermore, Ciavardelli et al. argued that bCSLCs are
more reliant on anaerobic glucose metabolism compared with more differentiated cancer
cells (204). In another study, Jung et al. showed that metformin affected the bCSLCs in
the mammaosphere population (205). These findings could explain the results in this
thesis showing that metformin has a better impact on the stem cell population (MFE)
than on more differentiated cancer cells in the 2D culture.

In addition to impairing mitochondrial function, increasing its activity by channelling
pyruvate into the mitochondria could be an effective solution to destroy the more
glycolytic cells. Glycolytic cells should be more sensitive to this change as they
normally try to avoid channelling pyruvate into the mitochondria. Therefore, this
metabolic alteration could be a promising method to eliminate highly glycolytic cells
such as stem cells. DCA is involved in the downregulation of glycolysis in promoting
mitochondrial glucose oxidation over glycolysis by directing pyruvate into the
mitochondria, which can be toxic to the cells that are not used to this change, such as
glycolytic cells (stem cells). Morfouace et al. demonstrated that DCA eliminated
neurospheres and reduced tumour growth in vivo (138). They also showed that DCA
efficiently caused cell death in CSLCs that are resistant to cell death inducers and thus,
could be responsible for tumour recurrence (138). Therefore, the effect of DCA was
assessed to see whether its toxicity also affects the stem cell population in breast cancer.
As expected, DCA reduced the cell growth in more glycolytic cells while in glycolysis
restriction cells did not show sensitivity to DCA treatment. We have shown that the
application of DCA to both cultures (2D and 3D) significantly dropped the MFE in both

glycolytic groups. However, when DCA was only applied to the cells in 2D culture,
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fructose adapted cells showed more stem-like properties by forming more
mammosphere, suggesting that DCA more effectively impacted cancer cells than CSLCs

under glucose conditions.
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Fatty acid oxidation is beneficial to cell survival independent of glycolysis. Under
circumstances where glycolysis is restricted, cancer cells use fatty acid oxidation for
energy production which may protect them from oxidative damage (221). Therefore, it
was hypothesised that fructose adapted cells, which display more stem-like properties
should be more sensitive to the inhibition of FAO. Moreover, it has been shown that
inhibition of fatty acid oxidation can impair the endogenous antioxidant system resulting
in ATP reduction and eventually cell death. The effect of different fatty acids on the
energy metabolism, survival, and proliferation of human bone marrow stem cells has
been studied. Saturated fatty acids have been found to induce apoptosis in several cell
types, including bone marrow mesenchymal stem cells (222). Fillmore et al. reported
that reducing saturated fatty acid oxidation may reduce proliferation of human bone
marrow stem cells and cause cell death (223). Such observations led us to investigate the
effect of inhibiting fatty acid oxidation on the stem cell population of the breast cancer
cell line MCF-7 in both glycolytic groups, using etomoxir. Data from the growth rates
indicated that under both glycolytic conditions, MCF-7 cells were reliant on fatty acid
oxidation to maintain efficient proliferation. Consistently, restricted fatty acid oxidation,
using etomoxir, significantly affected the stem cell population by reducing the MFE in
both glycolytic groups, suggesting that fatty acid oxidation is important for both groups
to display CSLCs. Notably, as expected, the exposure of etomoxir to cells in both
culture conditions (2D and 3D) reduced the MFE in fructose adapted cells. This could
suggest that the population with the potential of representing more stem-like cells is

more reliant on fatty acid oxidation for their proliferation.
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Studies have found that CtBP is extensively expressed in tumour samples from breast
cancer patients compared with surrounding non-tumour tissues (173). Another study
suggested that inhibition of CtBP by tumour-infiltrating myeloid-derived suppressor
cells promoted the CSLCs phenotype (224). This is in contrast with the observations in
colon and breast cancer cells as we have shown in this thesis (171). To assess whether
CtBP restriction would affect the tumour initiating population (mammospheres) of
MCEF-7 in either glycolytic conditions, CtBP was silenced and the MFE was assessed
subsequently. Considering the role of CtBP in tumour initiation, our findings revealed
that at both mRNA and protein levels CtBP was more highly expressed in the population
adapted to the condition that was more beneficial to CSLCs or tumour initiating cells in
terms of forming mammospheres (glycolysis restriction/fructose adaptation). Moreover,
we have shown that the absence of CtBP significantly reduced the stem cell population

in both glycolytic groups (glucose and fructose adapted cells).

A direct consequence of MTOB is the inhibition of GDH activity which leads to
increased tumour cell apoptosis. Treatment of engrafted tumours by MTOB suggested
that the apoptosis induced by inhibition of the intracellular glutaminolysis pathway
might be the reason behind tumour reduction induced by MTOB. Thus, these data
suggest that targeting CtBP could be a possible way to treat breast cancer (225).
Targeting CtBPs has long been raised as a promising approach to dysregulate the
association between the metabolic and epigenetic networks leading to malignant
reprogramming of cells (226). MTOB is the only currently known CtBP inhibitor that
has been shown to reverses the suppression of many CtBP-targeted genes in breast
cancer cells (172) (171). MTOB binds to the catalytic dehydrogenase domain of CtBPs
and at high concentrations (4 mM) inhibits the recruitment of CtBPs to target promoters
(172). We have shown that MTOB significantly reduced the MFE (with a 72 hour
treatment). Additionally, our results indicated that MTOB could entirely eliminate the
stem cell population if it remained in the conditioned media. Decreases in cell growth
and mammosphere formation could indicate that MTOB affects both the stem cell
population of differentiated cancer cells and the mammosphere forming ability. MTOB
alone is able to induce apoptosis in vitro. The suppression of CtBP2, and the apparent
lack of MTOB toxicity, makes it a lead compound for therapeutic research. MTOB was
designed to disrupt CtBP dimerisation, which, therefore, highlights its role in preventing

the recruitment of CtBPs to target promoters and antagonize CtBP transcriptional
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regulation. Hence this implies MTOB does not affect CtBP metabolic sensor of redox
status, suggesting that the transcriptional and not the metabolic activity of CtBP was

necessary for its repressor activity.

In addition, CtBPs are of interest in metabolic studies as they maintain metabolic
homeostasis (173). As NADH is known as a major indicator of glycolytic cells and
CtBPs can sense the levels of free NADH. As such, the CtBP family of proteins may be
considered as main regulators of highly glycolytic phenotype in cancer cells (227) (226).
CtBPs are also known as metabolic sensors that control cell survival and migration in
response to enhanced aerobic glycolysis and hypoxia. Increased nuclear CtBP levels
have been recently shown to be associated with poor survival in breast cancer patients
(228). We have shown that 2DG and oxamate clearly reduced the CtBP1 expression in
MCEF-7 cells. Cells under glycolysis restriction appeared to express less CtBP protein
specifically following oxamate treatment, suggesting that the lower the glycolytic state
is the less CtBP is expressed in the cells. This is consistent with the fact that CtBPs are

regulators of highly glycolytic phenotypes.

More glycolytic cells were found to express less CtBP protein when treated with DCA,
while CtBP expression levels appeared higher in fructose adapted cells. Disruption in
glycolysis pathway by DCA resulted in a reduced expression of CtBP in more glycolytic
cells, suggesting that CtBP expression is associated with the glycolytic state of cells. We
have shown that less glycolytic cells expressed less CtBP protein when treated with
metformin, while the expression levels of CtBP appeared higher in more glycolytic cells.

This could also indicate a link between CtBP expression and glycolytic phenotype.

Moreover, CtBP was found to have an essential role in promoting glutaminolysis in
cancer cells. Loss of CtBP leads to intracellular acidification and therefore cell
apoptosis. This disruption in cancer cell metabolic homeostasis is associated with
decreased glutamine consumption, oxidative phosphorylation, and ATP synthesis,
suggesting CtBP as a potential therapeutic target for cancer treatment (173). We have
shown that the absence of glutamine reduced the CtBP expression levels in both
glycolytic groups, suggesting that the presence of glutamine is important for CtBP
expression. This finding could also suggest that starving cells with glutamine together

with CtBP knockdown could potentially reduce the cancer cell growth.
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We have previously shown in Chapter 3 that MCF-7 cells had more CSLCs by
representing higher levels of MFE under fructose conditions. Moreover, we have shown
that the absence of certain pluripotency markers such as OCT4, which is a key regulator
in CSLC self-renewal and differentiation, and its highly homologous pseudogene (OCT4
PG1) significantly reduced the stem cell population in both glycolytic groups. Therefore,
it was felt important to investigate the expression levels of OCT4 following the
application of different metabolic inhibitors in both glycolytic groups, fructose and
glucose cultured cells.

Inhibiting glycolysis leads to the differentiation of pluripotent cells and thus, has a
crucial role in the maintenance of the pluripotent state (229). Kim et al. stated that
OCT4 directly controls two key glycolytic enzymes (HKII and PKMII) that determine
the rate of glycolytic flux (211). This raises the possibility that OCT4 expression levels
could be associated with the glycolytic state of the cells. Our results showed that
inhibiting the first phase of glycolysis, using 2DG (inhibiting HKII), entirely silenced
OCT4 expression in both glucose and fructose adapted cells, suggesting that glycolytic
state is important for OCT4 expression. However, inhibiting the last phase of glycolysis,
using oxamate, OCT4 expression was only affected (decreased) under fructose
conditions. This might suggest that the first stage of glycolysis may play more important
roles in differentiation state of cells and the expression of pluripotency markers such as
OCTA4. This observation is also supported by our previous results showing that oxamate

did not reduce the stem cell population under fructose adaptation.

It has been shown that glutamine metabolism regulates the pluripotency of hESCs (230).
Moreover, Marsboom et al. reported that OCT4 expression levels decreased following
glutamine withdrawal, indicating that high levels of glutamine metabolism are critical to
prevent OCT4 degradation (230). Contrary to Marsboom et al. findings, we have shown
that glutamine starvation enhanced the expression levels of OCT4 in MCF-7 cells in
either glycolytic conditions, suggesting that glutamine plays an important role in
regulating OCT4 expression regardless of the glycolytic state.

Moussaieff et al. showed that ES cells direct pyruvate toward acetyl-CoA in the
mitochondria. Therefore, preventing acetyl-CoA production could result in the loss of
pluripotency, while inhibiting its consumption would delay the cell differentiation.
These findings revealed an important link between metabolic states of cells and
pluripotency (229). Our data showed that DCA clearly increased the expression levels of
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OCT4 and therefore pluripotency in MCF-7 cells in either glycolytic conditions.
Furthermore, metformin reduced OCT4 expression levels in both populations. This
further confirms an association between OCT4 expression levels and glycolytic states,
suggesting that OCT4 is more highly expressed in more glycolytic conditions.

In addition to the two main metabolic pathways, glycolysis and mitochondrial activity,
the effect of fatty acid oxidation on the expression levels of OCT4 in MCF-7 cells was
also investigated. Studies have reported a minor effect of fatty acid oxidation on the
expression levels of pluripotency markers (229). However, our data indicated that under
glucose conditions, inhibition of FAO increased the expression levels of OCT4, while
fructose adapted cells displayed a clear knockdown of OCT4 protein following etomoxir
treatment. This observation indicated the important role of FAO in pluripotency which
was in agreement with our mammosphere formation data showing that both groups
(fructose and glucose adapted cells) were reliant on fatty acid oxidation to represent

stem cell characteristics.

In addition to maintaining the self-renewal ability of stem cells, SOX2 and OCT4 are
also involved in cancer cell migration and invasion. Breast cancer metastasis is a
multistep process involving several genes, including E-cadherin (231). E-cadherin
expression is important for cell-cell adhesion and a reduction in its expression is critical
for the incidence of metastasis (232). In epithelial malignancy such as breast cancer, the
loss of E-cadherin is important in terms of the alteration of adhesive properties as well
as EMT, which are considered as the key metastatic factors (233). Moreover, E-cadherin
is critical for ES cell pluripotency and therefore is more highly expressed in the
population with high levels of pluripotency genes such as OCT4 and SOX2. OCT4
possesses the unique capacity to suppress the EMT mediator Snail and activate the
epithelial program such as inducing E-cadherin. Likewise, CSLCs are known to be
involved in tumour initiation and due to their chemoresistance characteristic, they are
likely to be responsible for tumour relapse and metastasis. In this regards, we have
shown that fructose provides a more efficient condition for stem cells by representing

significantly higher MFE compared with glucose.

To discover the link between E-cadherin expression and stem-like properties under
fructose conditions, the expression levels of E-cadherin were compared in both
glycolytic conditions and its relationship with stem-like properties was assessed
following the silencing of tumour stem cell genes in MCF-7 cells. We found that the
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expression levels of E-cadherin appeared lower under fructose conditions, suggesting
that E-cadherin is less expressed in the population with higher ability to form
mammospheres representing tumour initiating properties. Moreover, a correlation was
identified between the expression of E-cadherin and tumour stem cell markers,
indicating that E-cadherin was more highly expressed in the absence of pluripotency
markers OCT4, OCT4 PG1, and SOX2 in both glycolytic groups, which is consistent
with other studies showing that OCT4 promotes the EMT in lung cancer.
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Chapter 6

Summary, General discussion, and

Future perspectives
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6.1 Summary

e In this thesis we have shown that fructose-containing media is a preferred
alternative to glucose for MCF-7 cells and that a switch to a lower glycolytic
state (fructose adaptation) is beneficial to the cancer stem-like population of
MCEF-7 breast cancer cell line. Moreover, we have shown that pluripotency
markers OCT4 and SOX2 are more highly expressed in this condition.

Fructose culture
condition

More and larger l More stem-like
mammospheres characteristics
Higher
expression of
(OCT4 - SOX2)

e Our data highlighted the important role of different metabolic pathways in the
CSLC population. Targeting tumour metabolism is likely to have a major impact
on understanding the mechanisms of cancer proliferation and could be a
promising approach to stop or hold back CSLCs growth. Research on cancer cell
metabolism allows us to think of cancer not only as a genetic disease but also as

a disease of metabolic dysregulation.
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e We have shown that OCT4A is not expressed in breast cancer cell lines and a
nuclear detected protein in MCF-7 cells is likely to be related to OCT4 PG1 or
OCT4B1 isoform due to its molecular weight and stemness activity. Moreover,
we have demonstrated that OCT4 and its homologous pseudogene OCT4 PG1, or
OCTA4B1 isoform are important for stemness maintenance while SOX2 is not a
critical factor.

{Not expressed in breast cancer cells) OCT4A 4 OCT4 == ocT4B (Cytoplasmic expression in breast cancer cells)

|

*Detected protein in breast cancer®

!

0CT4-related

/\

OCT4 PG1 or OCT4BI

) PGI

0CT4 (SIRNA) \I A/B - lMFE

\ Full length

- OCT4 is essential for retention of stemness in MCF-7 cells

SOX2 (siRNA) - No significant reduction in MFE

‘ SOX2 is not essential to represent stem-like properties

e We have shown that OCT4 and SOX2 are both more highly expressed in
fructose cultured cells indicating that these genes may be regulated similarly by
glycolysis in breast cancer and that fructose is a preferred metabolic condition

for stem cell activity.

OCT4 & SOX2 wmmp More highly expressed in fructose cultured cells
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e CtBPs were found to be more highly expressed in the glycolytic condition which
is more beneficial to CSLCs/tumour initiating cells (fructose culture conditions)

in terms of forming mammospheres.

CtBP === More highly expressed under fructose conditions
\) SIRNA ) lMFE

\ Inhibition (MTOB) T lMFE

l Cell growth

Less expressed in glycolysis restriction

e E-cadherin seemed to be less expressed in the glycolytic condition which was
more beneficial to CSLCs/tumour initiating cells (fructose culture conditions) in
terms of forming mammospheres. Moreover, we have shown that targeting stem
cell markers such as OCT4 and SOX2 may improve cell-cell adhesion and

inhibit migration and invasion.

E-cadherin == Less expressed under fructose conditions

Highly more expressed in OCT4/0CT4 PG1 siRNA transfected cells
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6.2 General discussion

CSLCs are likely to be the cause of cancer initiation and recurrence. Destroying this
population has been suggested as a promising approach to improve cancer survival or
even to cure cancer patients. ldentifying the mechanisms underlying characteristics
specific to CSLCs is required to target these cells and eliminate them and completely
eradicate tumours. To be able to accurately target this rare population, it is of importance
for cancer stem cell research to overcome methodological limitations. The successful
methodological improvements could be a switch in the culture environment from 2D to
3D conditions. This thesis attempted to provide a representative overview of the 3D cell

culture model of breast cancer cells by performing mammosphere formation assays.

Cancer metabolism alteration in is an important hallmark for many types of human
tumours (234). Notably, the metabolic state of CSLCs appears to be remarkably
different from the metabolic state of differentiated breast cancer cells and it is associated
with adaptation to low glycolytic states such as fructose (235). Most importantly, we
have shown for the first time that fructose compensated for the absence of glucose in
MCF-7 cells by providing a better condition for cancer cell growth and stem cell
population. This interesting finding offers new insights into recent studies that found a
high glycolytic phenotype for all cancers, suggesting that cancer cells are capable of
adapting to substrates other than glucose. CSLCs are capable of using alternative
metabolic pathways for energy production, and thus, targeting individual pathways may
not be an efficient therapeutic approach (235). One challenge in targeting the right
pathways for effective therapies is the modulation of the altered tumour metabolism
toward that of un-transformed cells through the use of different metabolic treatments.

As expected, oxamate had a more effective impact on more-glycolytic cells and
inhibited the mammosphere formation and therefore stem-like activity of this group.
Contrary to oxamate that increased the MFE in fructose adapted cells, 2DG entirely
inhibited the stem-like properties of less-glycolytic cells, probably due to restricting the
transport of fructose into the cell. Furthermore, the reliance of cancer cells on glucose
could explain why in glucose restricted conditions (fructose conditions), cells displayed
more sensitivity to the absence of glutamine in different culture conditions and displayed

less stemness properties (2D and 3D). In other words, depriving glucose and glutamine
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from the growing medium had a more striking effect on the stem cell population of
MCEF-7 cells.

Despite the high reliance of cancer cells on glucose and some on glutamine, the majority
of tumour cells still require active mitochondrial respiration. However, cancer cells are
also characterised by decreased mitochondrial respiration and oxidative
phosphorylation. In this regards, metformin proved to be effective in modulating the
metabolism of cancer cells even in that rare population with cancer stem like features
(mammosphere formation) under both glycolytic conditions. Studies showed that small
doses of metformin could be used as an adjuvant therapy to prevent the EMT (219).
Together with our data, there is the suggestion that metformin may only be efficient at a
certain concentration. In addition, it is thought that cancer cells suppress
their mitochondrial activity and therefore avoid apoptosis. As expected, DCA more
effectively impacted cells under glucose conditions and reduced the MFE. However,
DCA did not affect the stem cell population of fructose adapted cells, suggesting that
DCA is only effective on cancer cells and might not be an optimum therapeutic agent for
targeting CSLCs.

Alternatively, inhibitory agents of fatty acid oxidation have proved to have a better
therapeutic outcome and may therefore represent a more effective alternative to DCA.
With this in mind, etomoxir was used in this study to inhibit FAO. FAO proved to be
important for both glycolytic groups containing CSLCs. Notably, as expected, etomoxir
has more strikingly reduced the MFE in fructose adapted cells, suggesting that
population of cells with more stem-like features are more reliant on FAO. Moreover,
etomoxir proved to be effective on the stem cell population of MCF-7 cells, and may
therefore represent a promising agent to target CSLCs.

In addition to findings on metabolic inhibitors, CtBP was more highly expressed in low-
glycolytic conditions that are more beneficial to CSLCs or tumour initiating cells in
terms of forming mammospheres (glycolysis restriction/fructose adaptation). Moreover,
silencing CtBP significantly reduced the MFE in both glucose as well as fructose
adapted cells. Targeting CtBPs has long been raised as a promising approach to
dysregulate the association between the metabolic and epigenetic networks leading to
malignant reprogramming of cells (226). We showed that MTOB as the only currently
known CtBP inhibitor, affected both the stem cell population of differentiated cancer
cells and the mammosphere forming ability. This thesis also highlighted the salient
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aspects of CtBP family proteins, which is that they are regulators of highly glycolytic
phenotypes. We have shown that cells under glycolysis restriction appear to express less
CtBP protein, suggesting that the lower the glycolytic state, the less CtBP is expressed in
the cells. Cells that received DCA treatment displayed less expression of CtBP under
more glycolytic conditions, suggesting that CtBP expression is associated with the
glycolytic state of cells. We have further proved a link between CtBP expression and the
glycolytic phenotype by showing less expression of CtBP in cells treated with
metformin under more glycolytic conditions, while the expression levels of CtBP

appeared higher in more glycolytic cells.

Considering the involvement of mesenchymal stem cells in cancer progression and
metastases and that EMT confers mesenchymal properties and is associated with CSLC
properties, this thesis partially focused on investigating the expression levels of the
epithelial marker E-cadherin in the population with a greater ability to form
mammospheres. Loss of E-cadherin is associated with EMT and is thought to be
associated with CSLC phenotypes. We have shown that the expression levels of E-
cadherin appeared lower in the population with the higher ability to form
mammospheres (fructose conditions), representing tumour initiating/CSLC properties.
Moreover, E-cadherin appeared to be more highly expressed in the absence of
pluripotency markers, such as OCT4, OCT4 PG1, and SOX2. Furthermore, OCT4 and
OCT4 PG1 were proven to be essential factors for mammosphere formation and we
have therefore demonstrated their involvement in CSLC self-renewal. Therefore,
reducing the expression levels of pluripotency markers could be associated with a
reduction in CSLC properties and decreased possibility of disease recurrence. However,
in OCT4A/B silenced cells, the MFE was only significantly reduced under fructose
conditions. Knowing that OCT4A is not present in MCF-7 cells and OCT4B has no
stemness features, while it has been claimed that OCT4B1 may be related to stemness
(236), it can be concluded that OCT4BL1 is therefore associated with CSLC model.
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6.3 Future perspectives

The results of this thesis point to several interesting directions for future research. To
further expand our knowledge of the importance of stem cell biology in cancer research
and metabolic processes in the maintenance of CSLC activity, the following studies

would be useful:

1. To evaluate the influence of genes involved in cell migration, invasion, and
metastasis such as EPCAM, E-cadherin (epithelial cell adhesion molecules) and
ITGB4 (integrin 4) in the survival of breast CSLCs,

e siRNA could be used to silence EPCAM, E-cadherin, and ITGB4 in MCF-7 cells
cultured in fructose-including media (glycolysis restriction); the ability of cells to
form mammospheres would be measured subsequently.

2. To investigate whether the transcription of pluripotency markers (OCT4 and
SOX2) is regulated by adherent-related genes, such as E-cadherin in different
glycolytic conditions.

e OCT4 and SOX2 expression levels would then be quantified in population with
silenced adherent genes in glycolysis restricted condition with Western blotting
and gPCR analysis.

» These two aims could provide a general approach to characterise the preferred
glycolytic condition for expression of stem cell markers and identify the
clinically relevant genes in cancer metastasis. If an interaction were to be
demonstrated, it is possible that glycolysis and cell adhesion genes regulate the
transcriptional activity of OCT4 and SOX2.

3. To determine whether stem cell markers are responsible for the increased
stemness properties in different glycolytic conditions,

e The gene expression analysis on OCT4 and SOX2 could be perform in the
mammosphere population of breast cancer cells under fructose conditions with
Western blotting and gPCR.

» This would provide an overall overview of the preferred glycolytic conditions for
the expression of stem cell markers and the involvement of such markers in the

self-renewal of CSLCs.

» To more accurately estimate the outcome of different biological functional
assays, the use of further breast cancer cell lines, such as the MCF10A, a human
216



breast epithelial cell line which is arguably the most commonly used normal
breast cell model, could be useful. Moreover, using more aggressive cell lines
parallel to the main used cell lines, such SkBr3 and MDA-MA-231, as they
represent a different molecular subtype to that of MCF-7 cells and have different

clinical outcome.

This could provide a broader view of how different subtypes of breast cancer
respond to different therapies.

Using in vivo studies as more clinically relevant models to:

Analyse the gene expression patterns of stem cell markers (OCT4, SOX2, and
NANOG) and cell adhesion related genes (E-cadherin) in the tissue sections
from xenografts from different stages of cancer development.

Grow mammospheres from the above sections following the injection of
mammospheres in mice to investigate the tumour initiating ability. This could
possibly provide an optimisation of developing new cancer therapeutic strategies
and providing a more reliable insight into clinical trials.

. To investigate the identification of detected bands using different OCT4
antibodies in breast cancer cell lines,

Mass spectrometry technique could be used to significantly characterise the
protein.

RNA sequencing could be used to enable highly sensitive analysis of expression
across the transcriptome.

Different  specific  antibodies  targeting against  different OCT4
isoforms/pseudogenes could be used to better specify the identification of
expressed OCT4 isoforms/pseudogenes in stem cell population of breast cancer
(mammaospheres) and to investigate their possible involvement in tumorigenicity.
This will provide a more clear understanding of the involvement of OCT4 in
breast cancer progression and a novel cancer therapeutic target, as transcriptional

regulatory roles of OCT4 appeared to be important in breast cancer.
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