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Abstract

The cellular epithelial-mesenchymal transition (EMT) process is a complex labyrinth
dependent on subversion of critical cellular signalling pathways, which crosstalk extensively
to confer cancer cells with characteristics that mediate metastasis. Based on the pleotropic role
of cholesterol in the cell, it is not surprising that cancer cells have evolved several mechanisms
to facilitate cholesterol dyshomeostasis. In addition to meeting the increased metabolic
demands of cancer cells, deregulated cholesterol metabolism also facilitates increased cellular
cholesterol availability which is crucial to regulating the activity of protein intermediates in
EMT-related signalling pathways. Despite evidence indicating that cholesterol directly
regulates signalling pathways related to EMT, no publication to date has attempted to address
the effect of EMT induction on cellular cholesterol levels in cancer. To shed light on the
dynamics of cholesterol in the relationship between hypoxia and EMT, cholesterol content in
MCF-7 cells pre- and post-hypoxia induced EMT was assessed. This dissertation presents
findings indicating increased levels of free cholesterol, cholesteryl esters as well as lipid raft
cholesterol in MCF-7 cells following hypoxia-induced EMT. Interestingly, MCF-7 cells post-
EMT induction displayed increased sensitivity to treatment with cholesterol targeting agents
and presented with reversion to an epithelial state as evidenced by the increased expression of
epithelial markers, decreased expression of mesenchymal markers and also reduced invasive
potential. Importantly, treatment with cholesterol targeting agents is also seen to abrogate the
drug resistant potential following hypoxia-induced EMT. Based on these observations, it is
proposed that targeting cellular cholesterol could be a promising area to invest in the search for

novel therapeutics effective in combatting cancer metastasis.



1. Introduction

1.1. Breast Cancer Epidemiology

The majority of global deaths can be attributed to non-communicable diseases, predicting that
cancer will constitute the primary cause of mortality in the 21% century (Bray et al., 2018). In
2020, an estimated 10 million deaths were accredited to cancer with a predicted 70% of these
deaths being documented in low- and middle-income countries (World Health Organisation).
Data provided by the International Agency for Research on Cancer predict a 78% increase in
cancer cases in South Africa by the year 2030 (GLOBOCAN). In terms of breast cancer (BC),
this cancer has been classified as the most frequently diagnosed cancer in females in 159 out
of the 185 countries analysed, where in 2020, more than two million cases of BC were
documented in females with 684 996 BC deaths reported worldwide (Sung et al., 2021). This
consequently highlights the importance of improving current therapies or developing novel

therapeutic strategies to facilitate eradication of this disease.

1.2. Breast Cancer Heterogeneity Influences Disease Prognosis and Response to Therapy

Principally BC is defined as an abnormal growth of cells attributed to uncontrolled cell division
which develops in various glands, ducts, and tissues in the breast (American Cancer Society,
2017). Carcinomas, classified as BCs arising from the epithelium constitute the most

significant number of BC cases (Feng et al., 2018).

Interestingly, the heterogeneous nature of BC is evidenced by the identification of numerous
biological subtypes each known to manifest distinct clinical behaviour and response to
treatment (Feng et al., 2018). Importantly, the advent of gene expression profiling techniques
has facilitated classification based on the presence or absence of intrinsic genes that encode
cellular receptors which include the estrogen receptor (ER), progesterone receptor (PR) as well
as overexpression of the human epidermal growth factor receptor 2 (Feng et al., 2018). It is
worth noting, despite all the subtypes that do exist, approximately 75% of all BC cases are
dependent on the ER (Spring et al., 2016). The importance of this steroid hormone receptor in
promoting pathogenesis stems from its function as a transcription factor (TF) upon appropriate
ligand binding. Once estrogen binds to receptors in the nucleus, conformational changes that
occur, mediate receptor dimerization and subsequent translocation to specific estrogen
response elements (ERES) that are located at the promoter region of target genes (Fuentes and

Silveyra, 2019). Alternatively, ERs are able to modulate gene expression without direct

2



interaction with DNA, which is achieved by protein-protein interaction with other transcription
factors (TFs) and response elements in the cell nucleus (Fuentes and Silveyra, 2019). This
consequently activates oncogenic signalling pathways in BC cells (Waks and Winer, 2019).
Interestingly, increasing experimental evidence have identified a role for ERa as well as its co-
regulators in the regulation of genes involved in each step of the metastatic cascade (Nair and
Sachdeva, 2018).

The estrogen dependent nature of BC was identified more than 100 years ago classifying
endocrine-based therapies as one of the earliest forms of targeted therapy (AlFakeeh and
Brezden-Masley, 2018). This form of therapy has subsequently evolved to become the most
effective and least toxic systemic therapy for ER-positive BC. This is attained by employing
one of two strategies. The first strategy includes impeding the production of estrogen (the
ligand required for ER functioning) thereby reducing ligand availability and abrogating
receptor function (Spring et al., 2016). This can be achieved by employing aromatase inhibitors
which restrain the functioning of the aromatase enzyme (responsible for the conversion of
androgens to estrogens). Luteinizing hormone agonists can also be utilised to lower the

production of estrogen by the ovaries (Spring et al., 2016).

An alternative means of endocrine therapy is facilitated by targeting the ER directly (Spring et
al., 2016). In this instance the receptor itself can be targeted by employing selective estrogen
receptor modulators (SERMs). In BC, SERMs function predominantly as estrogen antagonists
and compete with estrogen to bind to the ER, consequently modulating the co-factors with
which the ER interacts with, thereby modulating ER activity (Patel and Bihani, 2018).
Moreover, a distinct class of anti-estrogens termed the selective estrogen receptor
downregulators (SERDs) achieve their function by binding to and destabilising the ER, leading
to ER degradation, consequently abrogating receptor dimerization and repressing ER signalling
(Patel and Bihani, 2018). Interestingly, despite the extensive studies conducted in endocrine
based therapy, the nonsteroidal anti-estrogen tamoxifen (TAM) since its inception in the early
1970’s currently remains the “gold standard treatment” for ER"™ BCs (Krauss and Stickeler,
2020).

The efficacy of TAM is dictated by its metabolism to the active metabolites, endoxifen and 4-
hydroxytamoxifen, facilitated by the group of cytochrome p450 (CYP450) enzymes (Cronin-

Fenton et al., 2014). While both 4-hydroxytamoxifen and estrogen bind in a similar fashion to



the ER, the sidechain of 4-hydroxytamoxifen projects out of the ligand binding domain pocket,
inducing repositioning of helix-12, consequently resulting in the adoption of an antagonistic
conformation (Patel and Bihani, 2018, Traboulsi et al., 2017). This further results in the
recruitment of transcriptional co-repressors, impeding ER transcriptional activity at ERES
(Patel and Bihani, 2018).

Studies conducted have identified that administration of TAM in the adjuvant setting proved
effective in decreasing both BC relapse and mortality by 39% and 31% respectively (De Marchi
etal., 2016). Unfortunately, treatment with TAM also leads to severe side effects which include
but is by no means restricted to, early onset of menopause, atrophic vaginitis, uterine
endometrial cancer and non-alcoholic fatty liver disease (An, 2016, Gu et al., 2017).
Additionally, only 50% of the patient population manifest a complete or partial response to
therapy which concurrently halts tumour progression, where the remaining patient population
either maintain intrinsic resistance or acquire resistance to TAM treatment (AlFakeeh and
Brezden-Masley, 2018). Attempts at deciphering the molecular mechanisms governing TAM

resistance is thus pivotal to improve clinical therapeutic outcome.

Additionally, BC may also be treated by administering conventional chemo or radiotherapy. In
terms of radiotherapy, the administration of high energy radiation damages genetic material
and in some instances also affects the integrity of DNA by introducing double stranded breaks
(Baskar et al., 2014). With regards to chemotherapy, a combination of cytotoxic agents is
administered employing numerous mechanisms which serve to interfere with the process of
DNA replication. In both instances the replicative potential of cells is impeded, and cell death
is subsequently induced (Pan et al., 2016).

It is important to note that possibility of recurrence of a secondary tumour years after
chemo/radio/endocrine- therapy does exist, and the incidence of relapse is often dictated by
several criteria namely the primary organ site, tumour grade and stage, in addition to the
lifestyle choices adopted by the individual post-treatment (Riggio et al., 2021). The secondary
tumour could occur at either the same location or even at a distant site. In this light, the
dissemination of cancer cells is achieved by activating various cell signalling pathways in a
process termed metastasis (Riggio et al., 2021). Importantly, two different models of metastatic
dissemination have been proposed namely the linear model and the parallel model. The linear

model is based on the premise that cancer progresses in a stepwise manner, consequently



positing that only advanced neoplasms possess sufficient molecular aberrations to mediate
metastasis (Riggio et al., 2021). Conversely the parallel model proposes that metastatic
dissemination is a preliminary event occurring in tumorigenesis, where primary tumour cells
can potentiate deadly metastases in parallel with each other as well as the primary tumour
(Riggio et al., 2021). Interestingly, emerging scientific evidence proposes that the parallel
model of cancer cell dissemination occurs more frequently than expected (Riggio et al., 2021).
Importantly, the invasion and metastasis facilitated by malignant cancer cells accounts for 90%
of BC patient deaths (Riggio et al., 2021).

In general, the metastatic cascade is facilitated by cancer cells in the primary tumour that has
attained invasive capabilities (Eslami-S et al., 2020). This step necessitates breaching of the
basement membrane together with extracellular matrix (ECM) remodelling. Subsequently,
through the process of intravasation, tumour cells gain access to the lumina of blood and
lymphatic vessels. Following this, tumour cells must attempt to survive within circulation by
avoiding anoikis, immune system evasion as well as resisting haemodynamic sheer forces
(Riggio et al., 2021). Upon appropriate signalling, tumour cells extravasate from vasculature
and colonise a new tissue thereby forming a micrometastases (Figure 1.1) (Eslami-S et al.,
2020). Successful colonisation is dependent on both cell-intrinsic and extrinsic factors namely
cellular plasticity, chromosomal instability, and self-renewal potential as well as the tumour
microenvironment (Riggio et al., 2021). Interestingly experimental evidence highlights a
cellular reprogramming process termed the epithelial-mesenchymal transition (EMT) as
playing a pivotal role in successful establishment of the invasion and metastasis cascade
implicating EMT in most if not all steps of metastatic dissemination (Lambert et al., 2017).

(Figure 1.1)
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Figure 1.1: Metastatic Progression is Dependent on the EMT Process

Each step in the metastatic cascade is regulated by the master transcription factors governing EMT
(discussed in further detail below). In the initial stage of tumorigenesis EMT impedes oncogene-induced
senescence and apoptosis facilitating development of the primary tumour. Subsequent processes such
as local invasion and survival in circulation are all dependent on EMT. Following this, suppression of
EMT and activation of MET (mesenchymal-epithelial transition) in the final step is crucial to facilitate
colonisation. (Image created using Biorender.com)

1.3. The Epithelial-Mesenchymal Transition (EMT)

EMT is classified as a cell plasticity program. Initially documented to play a role in the context
of embryonic development, additional scientific evidence currently exists implicating EMT in
various pathological processes including wound healing, fibrosis, inflammation and cancer
(Yeung and Yang, 2017). Previously the EMT program was thought to operate as a binary
switch describing a shift between two alternative states, epithelial or mesenchymal (Nieto et
al., 2016, Zhang and Weinberg, 2018). In tissues, epithelial cells are often arranged as either a
single layer or exist as multi-layered sheets (Serrano-Gomez et al., 2016). These cells are
characterised by the presence of specialised contacts called cell junctions that facilitate cell-
cell interaction (cadherin based adherens junctions, tight junctions and desmosomes) as well
as cell-matrix interactions (hemidesmosomes) that maintain structural integrity and apical-

basal polarity (Serrano-Gomez et al., 2016). In terms of cytoskeletal composition, Type |



intermediate filaments such as cytokeratins are expressed and adherens junctions serve to
indirectly connect cortical actin filaments of two adjacent cells (Alberts et al., 2002, Shibue
and Weinberg, 2017). On the contrary, mesenchymal cells are characterised by minimal cell
junctions and detached stromal arrangements promoting front-rear polarity (Cho et al., 2019,
Shibue and Weinberg, 2017). In terms of cytoskeletal composition, vimentin is predominantly
expressed to enhance cytoskeletal strength contributing to cell flexibility, and actin fibres
arrange to form stress fibres (Dongre and Weinberg, 2019, Shibue and Weinberg, 2017).
Additionally, the formation of actin-rich membrane projections facilitates cellular movement
as well as sensory reception (Singh et al., 2018). Characteristic surface markers utilised to
identify epithelial cells include E-cadherin, cytokeratins, occludins as well as claudins while
mesenchymal cells are identified based on the presence of N-cadherin, fibronectin and vimentin
(Georgakopoulos-Soares et al., 2020). Following activation of the EMT program, master EMT
TFs (SNAIL, SLUG, TWIST and ZEB) facilitate the loss of several of the epithelial
characteristics, promote cytoskeletal remodelling and initiate a concomitant gain of
mesenchymal traits. This transition consequently facilitates a change in cell morphology from
squamous, cuboidal, columnar to a fibroblast/spindle-like morphology conferring upon cancer
cells migratory and invasive potential (Serrano-Gomez et al., 2016, Shibue and Weinberg,
2017).

Notably, experimental evidence highlights a significant degree of plasticity where instead of
transitioning between full epithelial to full mesenchymal, cells traverse through a spectrum of
intermediate states along the epithelial-mesenchymal axis expressing varying levels of
epithelial and mesenchymal markers (Nieto et al., 2016). Interestingly, completion of the EMT
program resulting in cells adopting an extreme mesenchymal phenotype has been documented
as an infrequent event in both neoplastic and non-neoplastic human tissue (Derynck and
Weinberg, 2019). Predominantly, the stable existence of cells in this hybrid state has been
linked with increased metastatic potential as opposed to when cells adopt a complete
epithelial/mesenchymal state since the hybrid EMT state facilitates collective cell migration
and reinforces ECM attachment (Saitoh, 2018). Furthermore, the plasticity associated with the
hybrid phenotype is seen to facilitate the acquisition of stemness as well as drug resistance and
correlates with poor survival in several cancer types (Liao and Yang, 2020, Pastushenko and
Blanpain, 2019). Even though studies have elucidated a link between EMT and the acquisition
of a cancer stem cell (CSC) state, future studies should seek to delineate the precise molecular

mechanisms governing this process (Dongre and Weinberg, 2019). Additionally, studies



should also seek to identify whether existence in different hybrid states confer differential
response to chemotherapeutic agents, in an attempt to elucidate mechanisms governing drug

resistance (Thankamony et al., 2020).

1.4. Molecular Mechanisms of EMT

Under conditions of cellular stress such as hypoxia, nutrient deficiency, inflammation, or
oxidative stresses activation of intracellular signalling events coincide to facilitate induction of
the EMT program. The most well-established pathways include the transforming growth
factor-B (TGF-B), Wingless-related integration site (Wnt) and Sonic Hedgehog (Shh) pathways
which are further elaborated on below (Kusoglu and Biray Avci, 2019).

1.4.1. Transforming Growth Factor-g Signalling Pathway
Transmembrane signalling by TGF-p is initiated upon ligand binding to membrane bound
serine/threonine kinase receptor, termed TGF-p type II receptor (TBR-1I) (Heldin and
Moustakas, 2016). This leads to recruitment of membrane bound TGF-f type I receptor
(TBR-1) resulting in the formation of a heterotetrameric complex (Heldin et al., 2012). The
main mechanism of intracellular TGF-f signalling is mediated through the Smad family of TFs
which serve to activate or repress TGFp responsive genes (Derynck and Budi, 2019).

1.4.2. Wnt Signalling Pathway

Canonical Wnt signalling is initiated following the binding of a Wnt ligand to Frizzled receptor
which consequently mediates the release of B-catenin from the glycogen synthase kinase 3-f
(GSK3p), axis inhibition protein (AXIN), adenomatous polyposis coli (APC) protein
destruction complex (Duchartre et al., 2016). This allows for increased stability of -catenin
where it enters the nucleus and subsequently binds to the TFs T-cell factor (TCF) and
lymphoid-enhancer factor (LEF). Recruitment of transcriptional co-activators Creb binding
protein (CBP) or p300 leads to the formation of an active complex that promotes expression of
Whnt target genes (Duchartre et al., 2016, Sebio et al., 2014).

1.4.3. Sonic Hedgehog (Shh) Signalling
Activation of canonical hedgehog (Hh) signalling occurs through binding of the Hh ligand, Shh
to the transmembrane receptor patched which leads to de-repression and subsequent release of
the bound transmembrane protein Smoothened (Smo) (Wu et al., 2017). Release of Smo allows



for the activation and nuclear localisation of the downstream transcription factor GLI’s which

promotes transcription of target genes (Zhang et al., 2016).

In terms of EMT, the afore-mentioned intracellular pathways together with many others
converge to facilitate transcriptional activation of the master EMT TFs (Dongre and Weinberg,
2019). This consists of the zinc-finger E-box-binding homeobox factors ZEB1/2 and SNAIL
1/2 as well as the basic helix-loop-helix (bHLH) factors TWIST 1/2 which are the most
comprehensively studied (Nieto et al., 2016). These pathways further induce post-translational
modifications on the master TFs thereby regulating their activity (Lamouille et al., 2014).
Additionally, an emerging role of these signalling pathways in regulating micro RNAs
(miRNAs) and long non-coding RNAs (InRNAs) that promote EMT has been documented
(Dongre and Weinberg, 2019). It can thus be stated, the presence of signalling cooperation
between these pathways is crucial to mediate cellular changes characteristic of EMT.
Interestingly, scientific evidence exists indicating that the master EMT-TFs function co-
operatively to modulate the expression of target genes as well as each other (Dongre and
Weinberg, 2019, Shibue and Weinberg, 2017). In this way, the reciprocal interactions induce
comprehensive EMT associated changes even in the event that only one of the TFs are activated
(Shibue and Weinberg, 2017). The role of each of the master TFs in facilitating EMT induction
will be briefly elucidated and is illustrated in Figure 1.2.

1.4.4. SNAIL family of transcription factors
The SNAIL subfamily of zinc-finger TFs is represented by three members in vertebrates
namely Snail (Snail 1), Slug (Snail 2) and Smuc (Snail 3). Seeing that Snail and Slug are

implicated in the induction of EMT they will further be elaborated on below.

Earlier studies conducted document that transcriptional repression of E-cadherin was achieved
through direct binding of Snail and Slug to E-box regions in the proximal promoter region
(Batlle et al., 2000, Hajra et al., 2002), while emerging scientific evidences continue to
illustrate the recruitment of epigenetic regulators that affect both DNA and chromatin
accessibility and consequently E-cadherin expression (Peinado et al., 2004, Dong et al., 2012,
Herranz et al., 2008, Hou et al., 2008, Tong et al., 2012, Lin et al., 2010, Wu et al., 2012).
Additionally, Snail and Slug are also implicated in repressing the expression of occludins and
claudins which are present in tight junctions, crucial to maintaining cell polarity (Ikenouchi et
al., 2003, Martinez-Estrada et al., 2006, Wang et al., 2007). Interestingly, in addition to



functioning as a transcriptional repressor, scientific evidence exists implicating Snail and Slug
in transcriptional activation and consequently contributing to EMT. In particular, Snail and
Slug are shown to upregulate key mesenchymal markers, namely vimentin and fibronectin
(Cano et al., 2000, Jethwa et al., 2008). While mechanisms governing the repressive activity
of Snail and Slug has been comprehensively investigated, the activator function is not well
elucidated. It is hence crucial that additional studies are conducted to delineate the conditions
under which these transcription factors act as transcriptional activators or transcriptional
repressors and the resulting implications this has on the induction of EMT.

1.4.5. Basic helix-loop-helix transcription factors

While several members of this family have been identified, Twistl has been documented to
play a pivotal role in EMT and will be further elaborated on below. In addition to the above-
mentioned domains, Twist 1 is also identified to possess a WR (tryptophan and arginine) motif,
termed the TWIST box which has been implicated in facilitating Twistl protein folding and
also functioning as either an activation or repressive domain (Castanon and Baylies, 2002,
Franco et al., 2010). Like Snail, Twist has also been documented to repress expression of
epithelial related proteins and promote the expression of mesenchymal related proteins, by
directly binding to E-cadherin promoter regions, recruiting epigenetic regulators that influence
DNA and chromatin accessibility as well as modulating expression of non-coding RNAs
(ncRNA’s) that play a role in EMT-induction (Yang et al., 2004, Fu et al., 2011, Yang et al.,
2012, Meng et al., 2018).

1.4.6. Zinc-finger E-box Binding Homeobox (ZEB) Family
The ZEB family of TFs in humans comprises both ZEB1 and ZEB2. They are classified as zinc
finger/homeodomain TFs (Georgakopoulos-Soares et al., 2020, Abba et al., 2016). These TFs
possess characteristic protein-binding domains which facilitate the recruitment protein-binding
domains facilitate the recruitment of co-repressors as well as co-activators leading to gene
repression or gene activation, respectively (Zhang et al., 2015a). Based on this dual function,
they can induce EMT by employing both repression of epithelial proteins and activation of

mesenchymal proteins (Bindels et al., 2006).
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Figure 1.2: Summary of EMT induced changes in cellular physiology

The induction of EMT is characterised by significant alterations to cellular physiology including altered
cell-cell junctions, differences in the proteins constituting the cytoskeleton, altered cell-ECM
interactions as well as cell polarity. (Image Source: Abdulla et al., 2021)

1.5. Hypoxia Serves a Crucial Role in the Induction of EMT and Metastasis

As a tumour progresses, efficient vascularisation is crucial. Consequently, cancer cells have
evolved to synthesise blood vessels from pre-existing vessels through a process termed
angiogenesis (Nurwidya et al., 2012). Under physiological conditions oxygen level in a tissue
is maintained between 4.6% - 9.4% (Saxena and Jolly, 2019). Importantly, activation of
angiogenesis in cancer leads to the formation of vasculature often displaying abnormal
characteristics such as distended capillaries, leaky walls and irregular blood flow (Nurwidya et

al., 2012). Additionally, as the cancer progresses, the rate of cell proliferation exceeds the rate
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of neoangiogenesis consequently leading to a mismatch between the supply of oxygen and its
consumption by the tumour (Challapalli et al., 2017). This in turn results in decreased oxygen

levels (< 2%) leading to a condition termed hypoxia (Chee et al., 2019).

Hypoxia has been implicated in altering the behaviour of cancer cells by manipulating various
oxygen-sensitive pathways. The most comprehensively studied, is that mediated by the
hypoxia-inducible factor (HIF) family of TFs (Nurwidya et al., 2012). These HIFs occur as
heterodimers containing an oxygen sensitive subunit (o) and a constitutively expressed 3
subunit. Both subunits possess a bHLH as well as PER/ARNT/SIM (PAS) domain that is
required for DNA binding and dimerization. The oxygen dependent degradation domain
(ODD) of HIF-1a mediates oxygen dependent degradation (Butturini et al., 2019). Under
normoxic conditions, prolyl hydroxylase enzymes, hydroxylate HIF-1a on conserved Pro
residues within the ODD facilitating von-Hippel-Lindau mediated ubiquitination and
subsequent proteasomal degradation (Choudhry and Harris, 2018). Additionally, Asn-
hydroxylation mediated by factor-inhibiting HIF-1a impedes interaction with the co-activators
p300/CBP co-activator (Mufioz-Sanchez and Chénez-Cardenas, 2019). Both mechanisms are
documented to abrogate HIF transcriptional activation under normoxic conditions. Under
conditions of hypoxia, the hydroxylases lose their activity, leading to HIF-1a stabilisation.
HIF-1a subsequently translocates to the nucleus and binds to HIF-1 as well as the p300/CBP
co-activator forming a complex (Chee et al., 2019). The activated complex binds to multiple
hypoxia-responsive elements (HRES) in the promoter regions to activate transcription of target

genes (Jing et al., 2019).

Interestingly scientific evidence now links the induction of hypoxia with the activation of EMT
program subsequently giving rise to cells with cancer stem cell properties (Shibue and
Weinberg, 2017). In particular, HIF-1a is implicated in contributing to EMT based on its ability
to increase the expression of EMT drivers namely SNAIL, ZEB1 and TWIST (master TFs).
Additionally, various signalling pathways are activated by hypoxia which are critical to EMT
induction including the Notch, Wnt/ 3-catenin, Sonic Hedgehog as well as the TGF-f pathways
(Tirpe et al., 2019). Furthermore, hypoxic conditions increase the production of EMT-induced
inflammatory cytokines such as tumour-necrosis factor a (TNF-a), interleukin (IL)-6 as well
as IL-1P (Bao et al., 2012). Interestingly, hypoxia also contributes to the acquisition of the
EMT phenotype by regulating DNA methylation, histone modification as well as the
expression of ncRNAs required for EMT induction (Choudhry and Harris, 2018).
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With regards to the role hypoxia plays in metastasis, several studies provide further evidence
implicating hypoxia in mediating principal steps in the metastatic cascade (Figure 1.3). Apart
from inducing EMT consequently conferring on these cells an invasive phenotype, exposure to
hypoxic conditions can also directly facilitate cancer cell invasion. Scientific findings describe
a potential role of HIF-1a in the regulation of gelatinase activity of matrix metalloproteinase
(MMP)-9 and also in the transcriptional regulation of MMP-15 by binding to HRE at the
promoter region (Gupta et al., 2014). Additional proteases that are regulated by hypoxia to
mediate matrix remodelling include cathepsins, lysyl oxidases as well as prolyl-hydroxylase 4
(Rankin et al., 2016). HIFs are further implicated in mediating intravasation and extravasation
by disrupting the interaction between adjacent endothelial cells lining vasculature through the
secretion of angiopoietin-like 4 and further promote the interaction of tumour cells with
endothelial cells through the production of L1 cell adhesion molecule (Rankin et al., 2016).
Hypoxia is also documented to mediate immune evasion by repressing the cytolytic ability of
T- and natural Killer cells as well as the phagocytic function of macrophages (Krzywinska and
Stockmann, 2018). Interestingly, the release of chemokines and cytokines by hypoxic cancer
cells further influence the polarisation and promote the recruitment of immune-suppressive cell
types such as the alternatively activated M2 macrophages and the T-regulatory cells

(Krzywinska and Stockmann, 2018).

In terms of the role hypoxia plays in drug resistance, studies conducted indicate a binding site
for HIF-1a in the promoter region of multidrug resistance protein 1 (MDR1) leading to
increased expression of this principal drug efflux pump, whereas in other instances hypoxic
conditions is seen to enhance the activity of MDR1 (Chen et al., 2014). Interestingly, sustained
activation of pro-survival pathways namely the PI3K/Akt pathway is shown to mediate hypoxia
induced drug resistance (Jiao and Nan, 2012) (Figure 1.3). Hypoxic conditions also protect
cells from drug-induced senescence and is shown to impede apoptotic induction by increasing
the expression of anti-apoptotic proteins while reducing the expression of pro-apoptotic
proteins (Kim et al., 2018a, Jing et al., 2019). Additionally, seeing that chemotherapeutic
agents are reliant on the presence of cellular oxygen to mediate cellular cytotoxicity, hypoxic
conditions is seen to reduce the efficacy of chemotherapeutic administration (Qiu et al., 2017a).
Interestingly, emerging evidence is pointing to a role for hypoxia in promoting the enrichment
of dormant cancer cells with stem cell properties that are resistant to therapy (Qiu et al., 2017a)

(Figure 1.3).
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Based on the above findings it is evident that hypoxia mediated induction of EMT facilitates a
more aggressive cancer phenotype. It is thus imperative that novel therapeutics targeting

HIF-1 and related signalling pathways are developed to combat cancer progression.
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Figure 1.3: Molecular Mechanisms Governing HIF-1e Regulation and Cellular Function

Hypoxic conditions induce HIF-/a mediated signalling which facilitates the induction of signalling
pathways characteristic of EMT namely the Wnt pathway, Notch pathway, RTK signalling as well as
the TGF-$ pathway. Activation of the stem-cell related pathways in turn facilitate transcription of the
master TFs required for EMT induction, angiogenesis as well as drug resistance consequently
contributing to cancer aggressiveness (Image Source: Abdulla et al., 2021).
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1.6. Requlation of Cholesterol Homeostasis is Critical for Normal Cellular Functioning

Cholesterol is a crucial lipid known to maintain cellular homeostasis by regulating the survival
and growth of cells (Kuzu et al., 2016). It also serves as the key sterol component in the plasma
membrane constituting approximately 30% of the lipid bilayer (Zhang et al., 2019). Structural
integrity and fluidity of the cell membrane is thus consequently dictated by membrane
cholesterol content. As a result, cholesterol is implicated in modulating the homeodynamics of
a vast majority of cell surface related proteins (Zhang et al., 2019). Additionally, cholesterol
serves as a crucial component in the formation of microdomains termed lipid rafts which house
several proteins (Murai, 2015). It is the protein presence within these domains that will
ultimately dictate functional capabilities including signalling, proliferation, differentiation,

adhesion and apoptosis (Zalba and ten Hagen, 2017).

The synthesis of cholesterol is carried it out in a highly conserved process that is regulated by
21 enzymatic reactions (Silvente-Poirot and Poirot, 2014). In the mitochondria the tricarboxylic
acid (TCA) cycle generates a metabolite termed citrate. Cholesterol synthesis is initiated when
citrate is converted to acetyl-coenzyme A (Murai, 2015). Subsequently, through the
mevalonate pathway acetyl-coenzyme A is converted to lanosterol in a series of enzymatic
reactions that takes place in the endoplasmic reticulum (Murai, 2015). 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase (HMGCR) is the pivotal enzyme in this
process as it catalyses the conversion of HMG-CoA to mevalonate in a rate-limiting step
(Murai, 2015). Cholesterol is subsequently formed when the lanosterol is converted to

cholesterol either by the Bloch pathway or the Kandutsch-Russell pathway (Murai, 2015).

Based on the pivotal role of cholesterol in cells, complex cholesterol homeostatic mechanisms
have evolved to facilitate efficient regulation. Under healthy homeostatic conditions,
cholesterol level in the cell is modulated by an appropriate balance between cholesterol
synthesis, dietary intake and the removal of excess cholesterol from peripheral tissue (Luu et
al., 2013a). These processes are facilitated by the presence of several important signalling
molecules and enzymes that function at various stages of cholesterol metabolism and are

summarised in Figure 1.4.

Intracellular regulation of cholesterol levels is principally mediated by TFs. With regards to
cholesterol biosynthesis and uptake, a pivotal group of TFs termed the sterol regulatory element
binding proteins (SREBPSs) have been implicated in regulation (Nelson et al., 2014b). SREBP2
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serves as a sensor for cholesterol in which excess free cholesterol facilitates the maintenance
of an inactive state (Nelson et al., 2014b). On the contrary a decrease in the intracellular
cholesterol levels induces proteolytic processing of SREBP2 thereby facilitating binding of the
nuclear isoform of SREBP (nSREBP2) to sterol response elements to facilitate expression of
lipogenesis target genes namely HMGCR, low density lipoprotein receptor (LDLR) and
proprotein convertase subtilisin/kexin type-9 (PCSK-9) (Luu et al., 2013b, Nelson et al.,
2014a). HMGCR catalyses the rate limiting step in cholesterol biosynthesis, whereas the LDLR
imports cholesterol from the cellular milieu through endocytosis and hydrolysis of low-density
lipoprotein (LDL) particles (Luu et al., 2013b). Collectively, this will lead to increased sterol
levels within the cell. PCSK-9 regulates LDLR by either degrading LDLR by recruiting it to
lysosome, or by prohibiting the endocytic recycling of LDLR by binding to the epidermal like
growth factor repeat of LDLR (Poirier et al., 2009). To prevent the excess accumulation of
cholesterol in the cell, acyl-CoA cholesterol acyltransferase (ACAT) converts free cholesterol
to cholesteryl esters (CEs) which are subsequently transported by cholesteryl ester transfer
protein (CETP) from the site of synthesis to sites of storage in lipid droplets (Izem and Morton,
2007). Excess cellular cholesterol and cholesterol-derived oxysterols promotes the Liver-X-
Receptor (LXR)-Retinoid-X-Receptor (RXR) mediated transcription of the two principal
transporters ATP-binding cassette subfamily A member 1 (ABCA1) and subfamily C member
1 (ABCG1) (Nelson et al., 2014a). ABCAL will subsequently transfer the excess cholesterol to
apolipoproteins to form discoidal HDL (Luu et al., 2013b). Mature spherical high-density
lipoproteins (HDLs) are formed by an esterification process facilitated by lecithin-cholesterol
acyltransferase (LCAT) in which a fatty-acyl group is transferred to the 3-f hydroxyl moiety
of cholesterol thereby converting it to a CE (Luu et al., 2013b). Thereafter scavenger receptor
B1 (SR-B1) is responsible for transporting the HDL particles containing CEs to the liver in a
direct pathway. In the indirect reverse cholesterol transport pathway, CETP facilitates the
transfer of cholesterol from HDL to LDL particles through the formation of a ternary complex
(Zhang et al., 2017a). LDL particles can then be endocytosed by LDLR on the liver (Zhang et
al., 2017a). Following this, cholesterol has two fates; it can either be excreted or transformed

into bile acids to allow for elimination or reabsorption (Luu et al., 2013b).
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Figure 1.4: Molecular Mechanisms of Cholesterol Homeostasis

Cholesterol homeostasis is maintained by balancing the levels of cholesterol uptake, synthesis and
efflux. Extracellular free cholesterol is delivered via LDL particles to LDLR and enters the cell through
receptor-mediated endocytosis. The free cholesterol dissociates from the receptor and the receptor is
recycled to the cell membrane. Alternatively, binding of PCSK-9 to LDLR induces degradation of
LDLR. Once in the cell, free cholesterol is converted to CEs by the enzyme ACAT and is transported by
CETP to sites of storage in lipid droplets. In addition to uptake, cellular cholesterol availability is also
mediated by SREBP which regulates intracellular cholesterol synthesis. Conversely, excess cellular
cholesterol promotes the LXR-RXR mediated transcription of principal cholesterol efflux transporters
ABCALl and ABCG1 leading to elimination of cholesterol carried in HDL particles. Mature HDL
particles bind to SR-B1 on the liver resulting in elimination. Alternatively, CETP mediates transfer of
cholesterol from HDL to LDL particles and subsequent uptake by LDLR on the liver. (Image Source:
Abdulla et al., 2021)

1.7. Cholesterol Requlates Key Signal Transduction Pathways of EMT Induction &
Maintenance

The cellular EMT process is a complex labyrinth dependent on subversion of critical cellular
signalling pathways, which crosstalk extensively to mediate the initiation and regulation of the
EMT program (Fuxe et al., 2010). Based on the pleotropic role of cholesterol in the cell, it is
not surprising that cancer cells have evolved several mechanisms to facilitate cholesterol
dyshomeostasis (Mandal and Rahman, 2014). In addition to meeting the increased metabolic
demands of cancer cells, deregulated cholesterol metabolism also facilitates increased cellular
cholesterol availability which is crucial to regulating the activity of protein intermediates in
EMT-related signalling pathways (Li et al., 2020). Furthermore, an increase in cholesterol
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content corresponds to an increase in lipid raft presence. Since lipid rafts contain several cell
signalling proteins, alteration to lipid raft domains may therefore influence cell signalling
pathways that ultimately augment neoplastic transformation (Zalba and ten Hagen, 2017).
These rafts in turn regulate crucial processes that cancer cells subvert such as proliferation,
migration, invasion, and apoptosis (Zalba and ten Hagen, 2017). Intra- or extracellular stimuli
mediate alterations in lipid raft size and protein composition facilitating receptor-ligand and
protein-protein interactions leading to downstream activation of signal transduction cascades
crucial for cancer cell signalling (Mollinedo and Gajate, 2015). The role of cholesterol in
regulating some of the most well studied EMT-related signalling pathways will be further

delineated below.

1.7.1. Wnt Signalling Pathway
In canonical Wnt signalling, binding of Wnt ligands to Frizzled (Fz) receptors in conjunction
with low-density lipoprotein receptor-related protein (LRP) facilitates recruitment of
Dishevelled (Dvl) protein to the plasma membrane (Zhong and Virshup, 2020). This
recruitment is facilitated by cholesterol (Sheng et al., 2014), which in turn supports activation
of canonical/p-catenin dependent Wnt signalling (Sezgin et al., 2017). Additionally, Wnt
binding to the receptor complex occurs exclusively in the plasma membrane ordered
compartments termed lipid rafts (Sezgin et al., 2017). Consequently, administering
enzymes/drugs that disrupt key constituents in ordered plasma membrane significantly
decreased Wnt/p-catenin signalling when cholesterol was disrupted following the
administration of cholesterol oxidase (Sezgin et al., 2017). Lipid rafts play a pivotal role in
maintaining the integrity of LRP6 and B-catenin in triple negative breast cancer (TNBC)
(Badana et al., 2018). This suggests that lipid raft integrity is crucial to dictating the
functionality of the Wnt/p catenin signalling which plays a key role in facilitating TNBC
aggressiveness (Badana et al., 2018).

1.7.2. Sonic Hedgehog (Shh) Signalling
Shh signalling is essential for embryonic development but has also been documented to play a
pivotal role in tumorigenesis and CSC maintenance (Wu et al., 2017). Hedgehog (Hh) signal
transduction can be linked with cholesterol through the post-translational modification on the
Hh ligands where covalent modification is initiated at the c-terminal end of the ligand through
cholesterolysis (Blassberg and Jacob, 2017, Callahan and Wang, 2015). The translocation of

cholesterolysis-defective Hh precursors is impeded from the ER to the Golgi. As they are
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sequestered in the ER, ER associated protein degradation (ERAD) mediated polyubiquitination
and proteasomal degradation is induced which abrogates translocation of the protein out of the
ER and hence Hh signalling (Hampton, 2002). In addition to this, the Hh receptor patched 1
(PTCH1) is also documented to possess a sterol-sensing domain (SSD) which is typically
present in proteins regulating cholesterol synthesis and transport (Luchetti et al., 2016). A study
conducted by Bidet et al. proposes that the SSD of PTCH1 allows for cholesterol efflux from
the cell when a Shh ligand is absent, this consequently results in a decrease in the intracellular
concentration of cholesterol and impedes the activity of the membrane transducer Smo (Bidet
et al., 2011). Conversely, binding of a ligand to PTCH1 facilitates the uptake of PTCH1 and
impedes the efflux of cholesterol. The increased intracellular concentration of cholesterol
mediates increased abundance of Smo at the membrane (Bidet et al., 2011). Importantly,
cholesterol is also seen to directly regulate the activity of Smo by binding to its extracellular
cysteine-rich domain (CRD). Mutations found in the CRD impedes cholesterol mediated Smo
activation and consequently Shh mediated signalling hence indicating the important role of

cholesterol in endogenous Hh signalling (Luchetti et al., 2016).

1.7.3. Transforming Growth Factor — g (TGF-f5) Signalling
The formation of TPRI/TPRII/TGP-1 complex is dependent on lipid raft integrity and
disruption of lipid rafts impede canonical TGF- signalling (Zuo and Chen, 2009). Importantly,
the localization of TGF-B receptors in lipid rafts is crucial to mediating TGF-p induced
activation of MAPK signalling and promoting EMT and cell migration. Contrary to the afore-
mentioned studies, a study conducted by Zhao et al. suggests that down-regulation of
cholesterol may be a consequence of EMT (Zhao et al., 2019). It was recently identified that
TGF-B promotes the enrichment of ZEB1 and CtBP at the promoter region of SREBF2 leading
to repression of SREBF2 and its downstream target genes. Interestingly the reduction in
membrane-bound cholesterol was implicated in enhancing the stability of TGFBRI (Zhao et al.,
2019). Additionally, studies conducted by Shapira et al. elucidated that cholesterol depletion
facilitates a PKR-dependent phosphorylation of e[F2a which enhances the translation of c-Jun
(Shapira et al., 2018). An increase in JNK-mediated c-Jun phosphorylation is also reported
which enhances the activation of c-Jun and consequently increases the transcription of Smad
2/3. This ultimately allows for enhanced TGF-B mediated signalling (Shapira et al., 2018).
These studies elucidate the complex role that cholesterol plays in regulating the expression and

activity of TGF-p signalling module. This consequently necessitates additional investigations
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into the role of cholesterol in the regulation of TGF-f signalling in a cancer setting to identify

whether targeting cellular cholesterol is a feasible means to halt cancer progression.

1.8. Cholesterol Modulates the Multi-Drug Resistant Transporter P-glycoprotein
Contributing to Drug Resistance

Deregulated cholesterol metabolism is seen to directly contribute to drug resistance by
conferring cells with chemoresistant traits. This is achieved either by the influence of
cholesterol on cell signaling pathways that contribute to resistance or alternatively through the
direct effects on the expression and activity of the ATP binding cassette (ABC) multi-drug
transporters. These transporter proteins have a well-established role in facilitating multidrug
resistance in cancer cells. They confer cells with a multidrug-resistant (MDR) phenotype by
regulating the transport of a broad range of structurally and mechanistically distinct

chemotherapeutics across the cell membrane (Assaraf et al., 2019).

ABCBL1 encodes for the multi-drug resistance protein 1 (MDR1) conventionally referred to as
permeability glycoprotein (P-gp) and is the most comprehensively studied of all MDR
transporters. Studies indicate that cells may either present with inherent resistance to
chemotherapeutics through overexpression of ABCB1 or following chemotherapeutic
exposure may increase the expression of ABCB1 and in this way acquire resistance (Wang et
al., 2019).

Importantly, several studies conducted document the multifaceted role cholesterol plays in
modulating the expression as well as the activity of MDR transporters including MDR1. This
is elucidated by the observation that cholesterol serves as a transcriptional regulator of MDR
efflux transporters where a positive correlation between LXRa/p protein expression and MDR1
expression has been documented. (Kim et al., 2018b). In terms of MDR transporter activity,
plasma membrane cholesterol content alters membrane fluidity thereby regulating their activity
(Kopecka et al., 2020). Interestingly, the lipid environment surrounding these transporters
modulate their conformation, maintaining transporters in a low-energy stable conformation
(Kopecka et al., 2020). In terms of cholesterol, this molecule surrounds MDR1 adopting an
asymmetrical distribution together with phospholipids (Alam et al., 2019). The outer leaflet is
characterised by an ordered ring of cholesterol whereas the inner leaflet presents with both
phospholipids and cholesterol. Importantly, the lipid-transporter interactions mediate structural
modifications of MDR1 consequently regulating its catalytic activity (Alam et al., 2019).
Additionally, studies conducted document that MDR1 substrates accumulate in cholesterol-
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rich regions of the membrane thereby enhancing the activity of the pump (Subramanian et al.,
2016). Interestingly, evidence exists highlighting the role of cholesterol in altering MDR1
substrate Km values thereby implying that cholesterol directly interacts with substrate binding
sites (Hegedus et al., 2015). This is illustrated mechanistically, by studies conducted by Clouser
et al. proposing that plasma membrane cholesterol modulates MDR1- transmembrane helix-
membrane interactions, which consequently promotes long-range conformational changes in
the nucleotide-binding domain of MDR1 promoting a drastic increase in the rate of ATP
hydrolysis (Clouser et al., 2021). This consequently justifies the crucial role cholesterol plays

in supporting the activity of MDR1 housed within lipid rafts.

1.9. Introduction to the Current Study

Despite evidence indicating that cholesterol directly regulates signalling pathways related to
EMT, no publication to date has attempted to address the effect of EMT induction on cellular
cholesterol levels in cancer. To shed light on the dynamics of cholesterol in the relationship
between hypoxia and EMT, cholesterol content in MCF-7 cells pre- and post-hypoxia induced
EMT was assessed. Based on the critical role of cholesterol in cellular signalling pathways
concerned with EMT induction and maintenance, this study proposed that cellular cholesterol
levels may be directly affected following hypoxia induced EMT to facilitate the acquisition of
traits that promote tumour aggressiveness and drug resistance. To explore this concept in-vitro
two approaches were employed to target cellular cholesterol. This included impeding
cholesterol synthesis by treating with a statin. Additionally, excess membrane cholesterol and
intracellular cholesterol was depleted through the administration of cholesterol depleting
agents namely methyl-beta-cyclodextrin (MBCD) or KS-01 (a novel patented cholesterol

depletor), respectively.

1.9.1. Cholesterol Synthesis Inhibitory Drugs
Inhibiting cholesterol synthesis has predominantly been achieved by employing the most
widely used lipid lowering agents on the market, i.e. statins (Kuo et al., 2020). These drugs
serve as competitive inhibitors of HMGCR, by directly blocking the enzyme’s active site and
impeding the conversion of HMG-CoA to mevalonate which serves as the proximal and rate-
limiting step of cholesterol biosynthesis (Ahmadi et al., 2020). Since the early 1990s the anti-
neoplastic properties of statins have been gaining increasing interest but the extent to which
statin administration proves effective in cancer treatment remains a point of contention

(Matusewicz et al., 2020). Results of several studies indicate that statins possess anti-neoplastic
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properties, however contrary to this, scientific evidence also exists potentiating increased risk
of cancer following statin therapy (Ahmadi et al., 2020). The variable efficacy of statin
treatment is often attributed to inherent differences in tumour subtypes which confer cells with
varying levels of vulnerability to statin treatment (Ahmadi et al., 2020, Longo et al., 2020).
Additionally, the type of statin administered, the dose and delivery route as well as the duration

of statin usage all contribute to the heterogenous response (Ahmadi et al., 2020).

It is important to note, while employing cholesterol synthesis inhibition to reduce cellular
cholesterol levels has proven effective in a laboratory setting, the debilitating side effects
associated with statin therapy is seen as a major limitation in a clinical setting. Common side
effects include and is not limited to: muscle pains, hepato- and renal-toxicity, neurocognitive
decline, myopathy as well as idiopathic polyneuropathy (Gu et al., 2019). Importantly, 30% of
patient population display non-responsiveness to statin therapy (Ward et al., 2019). This could
be attributed to the long-term impediment of cholesterol synthesis in cells where cholesterol
plays an integral role in regulating essential cellular processes. Consequently, the discovery of
alternative cholesterol lowering agents is pivotal to facilitate advances in targeting cellular

cholesterol to combat tumorigenesis.

1.9.2. Cholesterol Depletory Agents

Seeing that cancer cells display increased levels of cholesterol, with studies conducted in BC
documenting 6-8x higher levels than normal counterparts (Sagar et al., 2014), it is rational to
propose that employing depletion of excess cholesterol could serve as a better alternative to
targeting tumorigenesis. The most comprehensively studied means of achieving this is through
the administration of a class of molecules termed cyclodextrins (CDs). CDs extract cholesterol
from both raft and non-raft domains, consequently affecting the distribution of cholesterol
between the plasma and intracellular membranes (Zidovetzki and Levitan, 2007). The chemical
structure of CDs results in the arrangement of a cone-like cavity possessing a hydrophobic
internal space with accompanying hydrophilic external faces (Coisne et al., 2016). Through a
process referred to as the inclusion phenomenon, lipophilic insoluble molecules (like
cholesterol) complex with these CDs to form water-soluble complexes (Coisne et al., 2016).
Molecular modelling illustrates that two B-CD molecules complex with cholesterol in a
perpendicular orientation to the air/water interface when cholesterol is present at the interface
of the cholesterol/phospholipid monolayer (Szente and Fenyvesi, 2017).
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Methyl-B-cyclodextrin (MBCD) and the associated cyclodextrin derivatives have been
employed in various studies and is proven to work effectively in the removal of plasma
membrane and lipid raft cholesterol in human cells (Mohammad et al., 2014, Yokoo et al.,
2015). Importantly, the decrease in cellular cholesterol content is directly proportional to the
concentration of the cyclodextrin administered (Yokoo et al., 2015). Whereas MBCD is seen
to extract membrane cholesterol and proves more toxic to the healthy cells, KS-01 displays a
more significant effect on intracellular cholesterol as opposed to membrane cholesterol and is
hence more toxicologically benign (Qiu et al., 2017b). With respect to cancer cells, the decrease
in membrane cholesterol leads to lipid raft disruption which consequently affects cell signalling
intermediates that cells subvert to promote tumorigenesis (Coisne et al., 2016). Additionally, a
decrease in membrane cholesterol levels is associated with increased drug permeability and
consequently enhanced sensitivity in cancer cells (Coisne et al., 2016, Mohammad et al., 2014).

It is important to emphasize, while most of the studies conducted to date target cholesterol
synthesis to reduce cellular cholesterol levels, and consequently combat tumorigenesis, studies
conducted employing direct membrane cholesterol depletion are lacking. Consequently, the
current study seeks to delineate the effects of direct membrane cholesterol depletion as a means
to target cellular cholesterol and combat tumorigenesis and compare this approach with
cholesterol synthesis inhibition strategies. By conducting this study, a better understanding of
cholesterol depletion as a strategy to restore sensitivity is portrayed, which will further assist
in addressing whether membrane cholesterol depletion rather than cholesterol synthesis

inhibition could serve as a better approach to combat cancer progression.
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2. Aim and Objectives

2.1. Aim:

Utilizing MCF-7 cells, this study aims to investigate the role of cholesterol in hypoxia-induced

epithelial-mesenchymal transition (EMT) with the intention of elucidating the role cholesterol

plays in mediating cancer progression and drug resistance.

2.2. Objectives

2.2.1.

2.2.2.

EMT Induction and Mechanisms of Drug Resistance

2.2.1.1.To optimize and confirm hypoxia induction in MCF-7 cells as means to
induce EMT.

2.2.1.2.To characterize EMT in MCF-7 cells by analyzing cell morphology.

2.2.1.3.To confirm that cells have undergone EMT by utilizing
immunofluorescent staining.

2.2.1.4.To determine the effect on cell proliferation pre- and post-EMT induction
by utilizing immunofluorescent staining.

2.2.1.5.To analyze pathway specific gene changes in cancer drug resistance pre-
and post-EMT induction.

Delineating the role of cholesterol in EMT

2.2.2.1.To document the effect of targeting cholesterol on EMT induction through
immunofluorescent staining.

2.2.2.2.To determine the invasive potential of cells that have undergone EMT
following treatment with various cholesterol targeting agents.

2.2.2.3.To assess the multi-drug resistant potential of cells post-EMT induction
following treatment with cholesterol-targeting agents.
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3. Materials and Methods:

Each of the experimental techniques outlined below were completed to achieve the objectives
of this study. Experiments were conducted on MCF-7 cells prior to as well as post-EMT
induction unless stated otherwise. Experiments were performed in triplicates employing both
biological (n=3) and technical replicates (n=3) validating reproducibility of the results obtained

and also facilitating statistical analyses.

Workflow

To investigate the role of cholesterol in hypoxia-induced EMT in and cancer drug resistance, a
summary of the methodology utilised is presented in Figure 3. Initially, EMT was induced by
treatment with a hypoxia mimetic (150 uM CoCl: for 48 hours) and subsequently characterised.
Human cancer drug resistance pathway specific gene changes following hypoxia-induced EMT
was thereafter determined. Several cholesterol-related assays were employed to assess changes
in the cellular cholesterol profile. This was followed by assays delineating the effect of

targeting cholesterol on EMT induction and consequently drug resistance.

Hypoxia Induction

® 150 uM CoCl, (48 hours)
« |.F Microscopy: HIF-1a.and VEGF
 Cell Counts - Cell Viability

!

Characterising and Confirming EMT

\\_I-

\L_‘
j .

» Brightifled Microscopy
» |.F Microscopy: E-cadherin, Vimentin & Ki-67

!

EMT-Mediated Drug Resistance

i
» RT2Profiler PCR Array: Human Cancer Drug i /
Resistance —

L

EMT-Mediated Changes in Cholesterol Profile

™
-
« Filipin Staining: Quantify Free Cholesterol ,_
* Viybrant Alexa Fluor® Lipid Raft Labeling: Lipid Raft Cholesterol

* BODIPY Staining: Lipid Droplets containing Cholesteryl Esters

!

« |.F Microscopy: E-cadherin & Vimentin
* Transwell Invasion Assay
# Viybrant Drug Transporter Functionality Assay Aera

Figure 3: Summary Workflow
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Methods:

3.1. Cell Culture

In the current study a human breast adenocarcinoma (MCF-7) cell line procured from The
European Collection of Authenticated Cell Cultures (UK) was utilised. These cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, UK)
supplemented with 10% foetal bovine serum (FBS) (Celtic Molecular Diagnostics, SA) and
1% Penicillin-Streptomycin (Sigma Aldrich, UK) and incubated at 37 °C in the presence of 5%

COo.. It should be noted that passage number did not exceed P20 when culturing.

The constituents in DMEM provided the required nutrients and growth factors to facilitate cell
survival and proliferation. The antibiotics prevented the growth of any contaminating bacteria
and fungi. Furthermore, incubation at 37 °C in the presence of 5% CO; facilitated the
maintenance of a constant pH through the carbon dioxide-bicarbonate buffer system. By

mimicking in-vivo conditions so closely, optimal cell growth was ensured.

3.2. Hypoxia-induced EMT

Chemical induction of hypoxia is enabled by administering compounds broadly classified as
hypoxia mimetics, with the most well studied being cobalt chloride (CoCl,). The Co?" ions
function in multiple ways to maintain the availability of HIF-1a in a standard cell culture
environment. The proposed hypothesis is the substitution of Fe?* ions with Co?* in the active
site of regulatory dioxygenases, namely the prolyl hydroxylases leading to inactivation of this
enzyme. This will in turn impede HIF-1a degradation (Mufioz-Sanchez and Chénez-Cérdenas,
2018). HIF-1a activity is consequently maintained in the cell and continues to function in
transcriptional activation of key target genes (Pavlacky and Polak, 2020a). Seeing that HIF-
la plays a key role in EMT induction, CoCl> was employed as a means of mimicking hypoxia-
induced EMT.

Initially a working stock solution of 2500 uM CoCl, was prepared by dilution in distilled or
DI water. The resulting solution was further diluted upon administration to cells contained in
media. The following concentrations (50 uM,100 uM, 150 uM and 200 puM) and incubation
times (12, 24 or 72 hours) were tested to identify which concentration optimally induced
hypoxia in MCF-7 cells at 37 °C. Treating MCF-7 cells with 150 uM of CoCl> for 48 hours
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was seen to optimally induce hypoxia and this concentration was maintained for all further

experiments conducted.

3.3. Cell Counting

Cell density and viability analysis was performed by employing the Neubauer haemocytometer

and selective staining with trypan blue.

Initially media was removed, and cells were washed twice using 1 ml of 1x Phosphate Buffered
Saline (PBS) (Sigma Aldrich, UK). Subsequently cells were washed with 1x Trypsin-EDTA
(ethylenediaminetetraacetic acid) (Sigma Aldrich, UK; Celtic Molecular Diagnostics, SA), and
thereafter harvested by administering 1x Trypsin-EDTA (1.5 ml in a 25 cm? flask) for
approximately 5 minutes (mins) at 37 °C. Trypsin functions as a serine protease cleaving
peptide bonds in cell surface proteins such as fibronectin and collagen 1V, whereas EDTA
serves as a divalent cation chelator thereby enhancing trypsin activity (Tsuji et al., 2017).
Following detachment, trypsin was neutralised by the addition of the appropriate volume of

media.

To carry out cell counting, 10 pl of cells was mixed in 10 ul of trypan blue (Sigma Aldrich,
UK). The trypan blue stain relies on cell membrane integrity. In terms of viable cells, these
cells contain intact membranes that do not take up dye and hence remain unstained. With
regards to non-viable cells, membrane integrity is compromised, and cells have leaky
membranes that facilitate entry of the dye. In this way viable cells can be differentiated from
non-viable cells based on dye uptake. Following this, 10 pl of the mixture was added onto a
haemocytometer and both the number of viable and dead cells in all four quadrants (containing
16 mini squares) were ascertained under a Nikon Phase Contrast microscope. The precise
dimension of the haemocytometer facilitates administration of a defined volume of cells
allowing for the number of cells to be counted. This is possible due to the Neubauer factor (10%)
which considers the volume and dimensions of the respective chamber. Percentage cell

viability was calculated as follows:

Cell Viability(%) = No.of viable cells < 100
e THAPTYAR) = Total no.of cells

Percentage cell viability had to exceed 95% in order to be utilised for experimentation.
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The total number of cells to be plated was determined using the following calculation:

Calculation 1:
Volume to be plated per well X No.of wells

= Volume of media required (a)

Calculation 2:

(Total volume in flask (ul) X No.of cells X No.of wells)
Total no.of cells in the flask
= Volume of cells required from the flask (b)

Calculation 3:
a — b = Volume of media to be added to the cells

It should be noted that plating for all assays were completed in triplicate.

3.4. Immunofluorescent Staining

Immunofluorescent staining is based on the specificity of antibody-antigen interaction. In this
technique the antibody is conjugated to a fluorochrome thereby facilitating fluorescent
detection of a specific antigen (protein) when excited by light of the appropriate wavelength
(Donaldson, 2015).

Immunofluorescent staining was utilised at multiple points in the research project. Initially to
validate hypoxia induction, the expression of HIF-10 and VEGF was detected. Following this,
to characterise hypoxia induced EMT, the expression of specific proteins namely E-cadherin
and vimentin was detected. Immunofluorescence was also employed to analyse Ki-67 protein
as an indicator of cell proliferation and the expression of the cholesterol efflux protein ABCAL
was also detected pre- and post-EMT induction.

To complete this assay, cells were seeded in a 24-well plate at a density of 20 000 cells/well
and subsequently incubated at 37 °C for a period of 24 hours. Following hypoxia induction and
appropriate treatments, media was removed followed by 3x PBS washes. Thereafter 500 pl of
4% paraformaldehyde (Sigma Aldrich, UK) was added per well and cells were incubated at
room temperature for 15 mins. This step was completed to fix cells which maintained cellular
integrity by preserving native conformations (Ireka et al., 2019). Cells were subsequently
permeabilised by incubating in 0.1% Triton-X (Sigma Aldrich, UK) for 15 mins. Triton-X-100

28



achieves this based on its role as a non-ionic detergent thereby disrupting lipid membranes
allowing for antibody access to the cell interior (Im et al., 2019). Thereafter a one-hour blocking
step was complete by incubating cells with 1% bovine serum albumin (BSA) (VWR Life
Sciences, US) made up in 0.1% PBS-Tween 20 (PBST). Blocking is done to impede non-
specific binding of the primary antibody. Following this, primary antibody was added [(Mouse
Anti-Human HIF-1a (Novus Biologicals- NB100-105), Rabbit Anti-Human VEGF (Novus
Biologicals-NB100-664), Mouse Anti-Human E-cadherin (BD Pharmingen — 610182), Rabbit
Anti-Human Vimentin (Abcam - ab45939), Rabbit Anti Human -Ki-67 (Novus Biologicals-
NB500-170) - 1:250 dilution], and cells were incubated at 4 °C overnight. The primary antibody
bound to the specific target antigen. Once the incubation was complete, the secondary antibody
was subsequently added [Goat Anti-Rabbit Texas Red (ThermoFischer Scientific, T-2767),
Goat Anti-Mouse Alexa Flour 488 (ThermoFischer Scientific, A-11029)- 1:1000 dilution].
Cells were incubated in secondary antibody for a duration of 45 mins. The fluorochrome
conjugated secondary antibody recognised an epitope on the primary antibody, and
subsequently bound to it. Each subsequent step listed above was followed by two PBS washes.
For nuclear staining, DAPI (Sigma Aldrich, UK) was administered. DAPI permeates the
nuclear membrane and intercalates with DNA and in this way facilitated staining (Im et al.,
2019). Cells were incubated with 0.0001 mg/ml DAPI for 10 mins at room temperature
followed by two PBS-wash steps post incubation. Following the addition of ProLong™ Gold
Antifade mounting media (ThermoFischer Scientific) to the slides, cells were subsequently
visualised by using the Floid™ Cell Imaging System (Thermo Fischer Scientific, US).
Immunofluorescence intensity was quantified by utilising the ImageJ software (NIH, USA).
Cells of interest and background fluorescence was analysed by considering the following
parameters including area, integrated density and mean grey value. Corrected total cellular
fluorescence was calculated as follows: CTCF = Integrated Density — (Area of selected cell x

Mean fluorescence of background readings).

3.5. Growth Curve Using Cell Counts as a Measure of Viability

The growth of MCF-7 cells was analysed following treatment with 150 uM and 200 uM of
CoCl; over time. This was carried out to ascertain the effect of CoCl, on MCF-7 cell viability.
80 000 cells were seeded per well in a 6-well plate and incubated at 37 °C to allow for cell
attachment. Following this, cells were treated with the afore-mentioned concentrations of

CoCl; for a period of 4 days, where cells were detached and counted daily utilising a Neubauer
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haemocytometer. GraphPad Prism5® was utilised to produce the relevant graphs indicating

cell number/ml for each respective concentration over a period of time.

3.6. RT? Profiler PCR Array — Human Cancer Drug Resistance

To elucidate the effect of hypoxia, on pathway specific gene expression of genes involved in
cancer drug resistance, a RT? Profiler PCR Array (QIAGEN, Germany) (RT2 Profiler™ PCR
Array Human Cancer Drug Resistance: PAHS-004Z) was completed. This assay was
completed with two biological replicates based on the expensive nature of the assay. Arrays
were conducted on cells cultured under both normoxic and hypoxic conditions, and a total of
84 genes were analysed. Housekeeping genes included ACTB (B-actin), B2M (p2-
microglobulin), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), HPRT1 (hypoxanthine
phosphoribosyltransferase-1) and RPLPO (ribosomal protein, large, PO). Fold changes
indicating either upregulated or downregulated expression was evaluated under both culture

conditions. Results of the most significant genes are reported.

3.6.1. RNA Extraction and Purification
The Direct-zol™ RNA MiniPrep kit (Zymo Research, Inqaba Biotec™, SA) was utilised for
RNA extraction. Initially, cell pellets (~ 1x10° cells) were resuspended in 300 pl of TRIzol®
reagent (Ambion®, Life Technologies, USA). TRIzol® is classified as a monophasic solution
composed of phenol and guanidinium isothiocyanate that function to solubilise biological
material resulting in the isolation of DNA, RNA and protein (Vorreiter et al., 2016). Following
this, an equal volume of ethanol (99,9%) was added to mediate nucleic acid precipitation.
Samples were subsequently transferred to a Zymo-Spin™ IICR Column? placed in a collection
tube and centrifuged at 16 000 xg for 30 seconds, and the flow through was discarded. These
parameters were maintained for subsequent centrifugation steps. To eliminate DNA in the
sample, a DNase digestion step was completed, by mixing 5 pl of DNase | to 75 pl of DNA
digestion buffer and incubated at room temperature for 15 mins. Subsequently, two wash steps
were performed using 400 pl of Direct-zol™ RNA PreWash and 700 pl of RNA wash buffer,
respectively. Wash steps were completed to ensure that samples were free from DNA
contamination. Lastly, RNA was eluted, and the sample resuspended in 50 pl of DNase/RNase-

Free water (Zymo Research, Ingaba Biotec™, SA).

RNA quality (purity and integrity) was assessed prior to cDNA synthesis and RT-gPCR.
Quantification of RNA concentration (ng/pl) and purity (Azeorso and Azeorso ratios,

respectively) was performed using the Nanodrop 1000 spectrophotometer (ThermoFischer
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Scientific, USA). Nucleic acids display an absorbance maximum at 260 nm due to the aromatic
bases in their structure whereas proteins all absorb maximally at 280 nm. Furthermore, organic
contaminants such as chaotropic salts, phenols absorb maximally at 230 nm (Gandhi et al.,
2020). An Agzgorzso ratio of ~ 2.0 and Azeor2so ratio of ~ 2.0-2.2 is indicative of pure RNA.

Extracted RNA with an Azso/a2g0 and Azeorzo ratio of ~ 2.0 was utilised for cDNA synthesis.

To assess integrity of the extracted RNA, 500 ng of RNA was mixed with 2 pl of 2x RNA
loading dye and samples were loaded onto a 1% agarose gel and subsequently electrophoresed
at 80 V for 1 hour. The ChemiDoc™ MP system was utilised to visualise 18S and 28S rRNA

as a means to infer RNA integrity.

3.6.2. gDNA Elimination and cDNA Synthesis

The RT? First Strand Kit (Qiagen, Germany) was utilised for complementary DNA (cDNA)
synthesis. Initially, contaminating genomic DNA (gDNA) was eliminated by mixing the
required reagents (Table 3.1) of the DNA elimination mix. Components were mixed and
centrifuged, incubated for 5 min at 42 °C followed by a 1 min incubation on ice. The reverse
transcription mix was subsequently prepared according to reagents in Table 3.2. and 10 pl of
the reverse transcription mix was mixed with 10 pl of gDNA elimination mix. Components
were incubated at 42 °C for 15 mins and the reaction was stopped by incubating at 95 °C for
5 mins. Lastly, 91 pl of RNase-free water was added to each reaction and components were
mixed gently and placed on ice prior to real-time PCR.

Table 3.1: Genomic DNA Elimination Mix

Component Amount
RNA 500 ng
Buffer GE 2 ul

RNase-free Water | Variable

Total Volume 10 pul

Table 3.2: Reverse Transcription Mix

Component Volume (ul)

5 x Buffer BC3 4
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Control P2 1

RE3 Reverse Transcriptase Mix 2
RNase-free water 3
Total Volume 10

3.6.3. Quantitative Reverse Transcription PCR
To quantify the expression of cancer drug resistance genes pre- and post-hypoxia induction,
the RT? SYBR® Green Mastermix (Qiagen, Germany) was utilised to conduct real time
polymerase chain reaction (PCR). This is achieved based on the DNA-binding properties of
SYBR Green, where fluorescence intensity is significantly increased following intercalation of
the dye in the minor groove of double stranded DNA during the extension step. Fluorescence
measurements obtained at the end of each amplification cycle can thus be utilised to ascertain
the amount of DNA that has been amplified. The real time PCR reaction mix was prepared as
outlined in Table 3.3. Following this, 25 ul of the PCR component mix was dispensed to each
well of the RT? Profiler PCR Array (Qiagen, Germany), where each well represented a different
gene. Wells were tightly sealed with Optical Thin-Wall 8-Cap Strips and subsequently
centrifuged for 1 min at 1000 xg to eliminate air bubbles. The Bio-Rad CFX96 system (Bio-
Rad, USA) was utilised for real-time PCR, employing a two-step cycling parameters as
outlined in Table 3.4. Cg/Ct values were ascertained through the CFX Maestro software (Bio-
Rad, USA). Raw Ct values obtained for all genes were exported to an Excel spreadsheet, and
fold change between hypoxic and normoxic MCF-7 cells was calculated by using the
SABiosciences PCR Array Analysis Template
(www.SABiIosciences.com/pcrarraydatanalysis.php). Log2 was used to normalise the

expression of the genes of each array, allowing to model proportional changes.

Table 3.3: PCR Components Mix

Component Volume (pl)
2 X RT? SYBR® Green Mastermix 1350
cDNA synthesis reaction 102
RNase-free water 1248
Total Volume 2700
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Table 3.4: Cycling conditions

Cycles Duration Temperature Comments
1 10 min 95°C HotStart DNA Tag Polymerase is activated
by this heating step.
40 15 sec 95°C Perform fluorescence data collection.
1 min 60 °C

3.6.4. Gene Expression Network Maps: OmicsNet and Cytoscape
OmicsNet (http://www.omicsnet.ca/faces/home.xhtml) was used to identify target genes and
model interactions between target genes in the cancer drug resistance array on the basis of
protein-protein interactions. The output generated was subsequently filtered to solely include
differentially expressed genes with their direct targets and the resulting network was imported
as a network on the Cytoscape interface. Cytoscape is a bioinformatics platform that integrates
biomolecular interaction networks with gene expression data generating molecular interaction
networks (Shannon et al., 2003). For further network and molecular profiling analysis, the
GeneMANIA plugin was utilised. GeneMANIA extends the query list of genes, with genes
that are functionally similar to model relationships among genes within a given data set. The
GeneMANIA plugin through Cytoscape (http://cytoscape.org, version 3.8.2) was employed to
generate gene expression networks, where each gene (node) was coloured according to Log2
fold change (hypoxic/normoxic MCF-7 cells), and interactive genes were connected by grey
lines. The program implements a weighted composite functional interaction network, where
each network is assigned a weight based primarily on how well-connected genes are to each
other relative to the non-query genes. Mapped interactions were considered statistically

significant when q < 0.05.
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3.7. Cholesterol and Lipid Staining

3.7.1. Filipin Staining
Filipin is derived naturally from a fluorescent polyene antibiotic with the ability to bind to free
cholesterol but not to esterified sterols. As a result, it is efficient in detecting free (i.e.,
unesterified) cholesterol housed in biological membranes (Maxfield and Wiustner, 2012).
Filipin is known to form a tight complex with sterols possessing a planar steroid nucleus, an
unesterified 3B hydroxyl group, as well as an apolar side chain at the C-17 position (Maxfield
and Woistner, 2012). The observed excitation for filipin is approximately 360 nm while

fluorescence emission is around 480 nm (Maxfield and Wiistner, 2012).

To complete this assay, cells were seeded in a 24-well plate at a density of 20 000 cells/well
and subsequently incubated at 37 °C for a period of 24 hours. Cells pre- and post-EMT
induction were subject to appropriate treatments with cholesterol inhibitory/depletory agents
(1 mM MBCD, 10 mM KS-01 or 10 pM Simvastatin) in the final 2 hours of EMT induction
These concentrations were selected based on usage in previously published studies (Mundhara
etal., 2019, Wu et al., 2020, Xie et al., 2016). Media was subsequently removed followed by
3x PBS washes. Thereafter 1 ml of 4% formaldehyde (Sigma Aldrich, UK) was added to each
well and incubated for 15 mins at room temperature to fix the cells. Cells were subsequently
stained with 0.05 mg/ml of filipin (Sigma Aldrich, UK) (reconstituted in PBS) to stain free
cholesterol. NucRed™ Dead (ThermoFischer Scientific, USA) was utilised to stain cell nuclei
by incubating for 3 mins at room temperature. Each subsequent step listed above was followed
by three PBS washes. Following the last wash, cells were mounted and subsequently viewed
using the Floid™ Cell Imaging System (ThermoFischer Scientific, US). Immunofluorescence
intensity was quantified by utilising the ImageJ software (NIH, USA).

3.7.2. Vybrant Alexa Fluor® Lipid Raft Labelling
Vybrant Alexa Fluor® facilitates the fluorescent labelling of lipid rafts present in cells. The
assay utilises a cholera toxin subunit B (CT-B) which is conjugated to a fluorescent probe
(Alexa Fluor 594). As the CT-B binds to the pentasaccharide chain of plasma membrane
ganglioside Gwmz the localization, and visualization of lipid raft cholesterol content in cells can

be completed (Palmer et al., 2007).

To complete this assay, cells were seeded in a 24-well plate at a density of 20 000 cells/well

and subsequently incubated at 37 °C for a period of 24 hours. Cells pre- and post-EMT
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induction were subject to appropriate treatments with cholesterol inhibitory/depletory agents
(1 mM MBCD, 10 mM KS-01 or 10 uM Simvastatin) in the final 2 hours of EMT induction,
after which media was removed followed by 3x PBS washes. Thereafter 1 ml of 4%
formaldehyde (Sigma Aldrich, UK) was added to each well and incubated for 15 mins at room
temperature to fix the cells. Cells were then incubated with 0.1% Triton-X-100 (Sigma Aldrich,
UK) for 15 mins. Subsequently 1 pl/well (made up in 1 ml of PBS) of Alexa Fluor® [Subunit
A- cholera toxin subunit B] (ThermoFischer Scientific, USA) was added to the cells and
incubated for 30 mins at 37 °C. Thereafter 1 pul/well (made up in 1 ml of PBS) of Alexa Fluor®
[Subunit B- Anti-cholera toxin subunit B antibody] (ThermoFischer Scientific, USA) was
added to cells and incubated for 30 mins at 37 °C. Following this, 0.0001 mg/ml DAPI was
utilised to stain nuclei by incubating for 10 mins at room temperature. Each subsequent step
listed above was followed by three PBS washes. Following the last wash, cells were mounted
and subsequently viewed using the Floid™ Cell Imaging System. Immunofluorescence

intensity was quantified by utilising the ImageJ software (NIH, USA).

3.7.3. BODIPY Staining
4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY) is a neutral
lipophilic fluorophore that stains neutral lipid droplets containing CEs and fatty acids. This can
be attributed to its non-polar nature allowing for efficient diffusion into the hydrophobic
interior of cell membranes. The BODIPY fluorophore is known to conjugate to C-24 of the
sterol ring (Chaudhuri and Anand, 2017). When excited by blue light, BODIPY emits light of

a wavelength corresponding to a green colour.

To complete this assay, cells were seeded in a 24-well plate at a density of 20 000 cells/well
and subsequently incubated at 37 °C for a period of 24 hours. Cells pre- and post-EMT
induction were subject to appropriate treatments with cholesterol inhibitory/depletory agents
(1 mM MBCD, 10 mM KS-01 or 10 uM Simvastatin) in the final 2 hours of EMT induction,
after which media was removed followed by 3x PBS washes. Thereafter 1 ml of
4% formaldehyde (Sigma Aldrich, UK) was added to each well and incubated for 15 mins at
room temperature to fix the cells. Cells were subsequently permeabilised by administering
0.1% Triton-X-100 (Sigma Aldrich, UK) for 15 mins at room temperature. Following this 1 ml
of BODIPY (ThermoFischer Scientific, USA) working solution was added to each well and
incubated for 15 mins at 37 °C. Nuclear staining was achieved by administering 0.0001 mg/ml
DAPI and subsequently incubating for 10 mins at room temperature. Each subsequent step

listed above was followed by three PBS washes. Following the last wash, cells were mounted
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and thereafter viewed using the Floid™ Cell Imaging System (ThermoFischer Scientific, US).

Immunofluorescence intensity was quantified by utilising the ImageJ software (NIH, USA).

3.8. Transwell® Invasion Assay

Cell invasion is a pivotal feature of advanced cancers and often facilitates the generation of
secondary tumours at distant sites. To mimic this process in-vitro, migration and invasion
assays are conventionally used. To assay invasive potential, the Transwell® Invasion assay
was completed. The assay set up is dependent on a porous filter membrane insert (coated with
extracellular matrix) that is placed in each well of the respective plate. Initially cells are seeded
on one side of the membrane in the presence of a chemotactic gradient (Marshall J., 2011).
Cells are subsequently incubated for the specified period of time (dependent on the cell line)
after which the membrane is fixed and stained. Following this, the number of cells on the
underside of the membrane is visualised through microscopy to quantify the invasive capacity.

The Transwell® invasion assay was completed on MCF-7 cells pre- and post-EMT induction
following treatment with cholesterol targeting agents in the final 2 hours of EMT induction. To
complete this assay 100 000 cells/ml (maintained in serum-free media for 24 hours at 37 °C)
were seeded in a transwell chamber containing 0.8 um pores (ThermoFischer Scientific, UK)
coated with GelTrex (ThermoFischer Scientific, UK). The lower chamber contained 500 pl of
media supplemented with 10% FBS to set up a chemotactic gradient. Following a 24-hour
incubation period, non-invasive cells on the top chamber were removed using a cotton swab.
Cells that had invaded the Matrigel and migrated to the underside of the membrane were fixed
with 4% formaldehyde for 10 mins and subsequently stained using 0.0001 mg/ml DAPI for
10 mins at room temperature. Following this incubation period, the membrane was gently
dipped in PBS to remove excess DAPI. The membrane was subsequently cut using a sterile
blade and mounted to glass coverslips. Cell counting was completed in different fields of view
to obtain an average number of cells that had invaded the GelTrex (ThermoFischer Scientific,
UK). The result was presented as a percentage increase or decrease in the number of invasive

cells relative to the control.
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3.9. Drug Transporter Functionality Assay

The Vybrant® MDR Assay Kit (Thermo Fischer Scientific, USA) was utilised with the aim of
assessing the functionality of the key drug transporter MDR1 post-EMT induction. This assay
relies on the administration of an appropriate MDR1 substrate, calcein acetoxymethyl ester
(calcein AM) to assess the efflux activity. In healthy cells, exposure to the non-fluorescent
calcein AM results in dye penetration through the plasma membrane due to its lipophilic nature
(Oncul and Ercan, 2017). Following penetration, cytoplasmic esterases within the cell cleave
ester bonds resulting in the formation of fluorescent calcein. The fluorescent calcein is
subsequently retained in the cytoplasm based on its acidic nature. Under conditions of multi-
drug resistance, increased expression of drug efflux pumps facilitate increased rates of
expulsion of non-fluorescent calcein AM from the cell interior (Oncul and Ercan, 2017). This
subsequently impedes the accumulation of fluorescent calcein in the cytoplasm. On this basis,
drug-efflux potential is assessed by measuring the levels of intracellular calcein fluorescence
(Oncul and Ercan, 2017).

To complete this assay, MCF-7 cells pre- and post-EMT induction was seeded in a 96 well
plate at a density of 10 000 cells/well and incubated for 24 hours at 37 °C. Cells post-EMT
induction were subject to appropriate treatments with cholesterol inhibitory/depletory agents
(1 mM MBCD, 10 mM KS-01 or 10 pM Simvastatin) in the final 2 hours of EMT induction.
Post-EMT cells were treated with 1 uM of Verapamil (a known MDR1 inhibitor) for the same
time period which served as a positive control based on knowledge from previous studies
elucidating the efficiency of this compound in reducing drug efflux pump activity. Following
this, 50 ul of calcein-AM (0.25 uM) was administered to each well and subsequently incubated
at 37 °C for a duration of 30 mins in the dark. MDR activity was consequently assessed based
on calcein retention in cells. Subsequently, two washes using PBS were completed followed
by the administration of 200 ul of PBS to each well. In order to determine fluorescence
intensity, the Victor Nivo multi-mode microplate reader (Perkin Elmer, USA) was utilised with
the excitation maximum set to 494 nm and the emission maximum set to 517 nm. The
percentage of calcein retention in cells was calculated using Microsoft Office Excel© and the

corresponding graphs were plotted using GraphPad Prism5®.
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3.10. Statistical Analysis

All assays were performed employing three technical replicates (n=3) and an average of the
data was obtained. To ensure reproducible data, experiments were performed employing three
biological replicates (n=3). For comparisons between two groups a paired Student’s t-test was
utilised as data is continuous and assumed to be normally distributed. The one-way analysis of
variance (ANOVA) test was employed for comparisons between more than two groups with a
single independent variable. A two-way ANOVA was conducted for comparisons between
more than two groups with two independent variables. For additional pairwise analysis a
Bonferroni post-hoc test was completed and is specified for each result. The Student’s t-test
and ANOVA are parametric tests. Therefore prior to statistical analysis of each data set, a
Shapiro-Wilk test of normality was performed to confirm a normal distribution of data. A p-
value < 0.05 was statistically significant. In addition, GraphPad Prism5® was utilised to

perform all statistical calculations and to generate the respective graphs.
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4. Results:

4.1. Optimizing Hypoxia Induction in MCE-7 cells

In an attempt to optimize hypoxia induction in MCF-7 cells, cells were cultured with
concentrations of cobalt chloride (CoCly) ranging from 50 — 250 uM for 24, 48, and 72 hours
based on previous parameters employed in published literature. While cell viability was not
affected following 24- and 48-hour incubation periods, incubating cells for 72 hours affected
cell viability and hence 24 and 48 hours were chosen for further optimization (data not shown).
Immunofluorescence microscopy was utilized to confirm optimal conditions for hypoxia
induction, by staining with Alexa Fluor 680 (measuring HIF-1a protein expression) and DAPI
(nuclei stain) (Figure 4.1a). Treatment with 150 pM CoCl> for 48 hours was determined to
work best for hypoxia induction as evidenced by the increased fluorescence intensity as well
as nuclear localization of HIF-1a in MCF-7 cells following this treatment condition (Figure

4.1a — Panel E). Image J analysis further confirmed the observed result indicating an

approximate 92.91% increase in the corrected total cell fluorescence (CTCF) for HIF-1a

expression in CoClz treated cells relative to the untreated cells following a 48-hour incubation

(Figure 4.1b).
a)

(A) Untreated (24 hr) (B) Treated 150 uM (24 hr) (C)Treated 200 uM (24 hr)

(D) Untreated (48 hr) (E) Treated 150 uM (48 hr) (F) Treated 200 uM (48 hr)
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Figure 4.1: Optimising CoCl, mediated Hypoxia Induction in MCF-7 cells

(a) MCF-7 cells were treated with various concentrations of CoCl, employing either 24-hour (hr) or 48-hour (hr)
incubation time and protein expression and localisation of HIF-la was evaluated through indirect
immunofluorescence staining using the FLoid® Cell Imaging system. HIF-1a expression is indicated by Alexa
Fluor 680 staining (red) while nuclei are stained with DAPI (blue). (A) Untreated (24hr), (B) Treated 150 uM
(24 hr), (C) Treated 200 uM (24 hr), (D) Untreated (48hr), (E) Treated 150 uM (48 hr), (F) Treated 200 uM (48
hr). (b) Analysis was subsequently performed utilising the ImageJ software. Calculated CTCF values indicate a
92.91% increase in HIF-1a protein expression following CoCl, treatment relative to the untreated cells following
a 48-hour incubation period. Images were captured using the Floid™ Cell Imaging System followed by analysis
using the Image J software. The scale bar on each of the images represents 100 um. A one-way ANOVA test was
employed for statistical analysis where data represent the mean + standard deviation (SD). n=3. * P < 0.05,
** P <0.01, *** P < 0.001.

4.2. Growth Curve Following CoCly Treatment in MCF-7 cells

A cell counting assay was performed to identify the effects of varying concentrations of CoCl>
treatment under different incubation times on MCF-7 cell growth and viability. This was
conducted over a 4-day period. It is evident that treatment with 150 uM of CoCl; for a period
of 3 days does not drastically affect cell viability as evidenced by the close correlation of cell
number between untreated and treated cells, where cell number only drastically decreases on
day 4 of treatment (Figure 4.2). Contrary to this, treatment with 200 uM of CoCl displayed a
progressive decrease in cell growth as the days progressed with cell growth being significantly
retarded from day 2 of treatment (Eigure 4.2).
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Figure 4.2: Effect of CoCl; treatment on the growth of MCF-7 cells

Representative graph indicating the effect of CoCl, on MCF-7 cell number. Cells were seeded under normoxic
conditions and allowed to attach. Following this, various concentrations of CoCl, were administered and cell
counts conducted over a 4-day period. Cell number was ascertained through cell counts conducted on a Neubauer
Haemocytometer. Data represent the mean + standard deviation (S.D) (n=3) from raw data.

4.3. Analysing Changes in MCF-7 Cell Morphology Following CoCl, Treatment

The MCF-7 cell line is an adherent human BC epithelial luminal cell line, displaying
characteristic cobble stone-like morphology when cultured under normoxic conditions (Figure
4.3- Panel A and D). Following treatment with 150 uM and 200 uM of CoCl, for 24- and 48-
hour incubation periods, cells display features associated with the mesenchymal phenotype, as

indicated by the loss of cell-cell contact and the elongated spindle-like appearance possessing
abundant cellular protrusions (Figure 4.3- Panel B, C, E and F).

(A) Untreated (24 hr) (B) Treated 150 uM (24 hr) (C) Treated 200 uM (24 hr)

R
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(D) Untreated (48 hr)

(F) Treated 200 uM (48 hr)

(E) Treated 150 uM (48 hr)
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Figure 4.3: Effect of CoCl, treatment on MCF-7 cell morphology

MCF-7 cells were treated with various concentrations of CoCl, employing either 24-hour (hr) or 48-hour (hr)
incubation time and brightfield images were obtained by using the Floid Cell Imaging system. (A) Untreated
(24hr), (B) Treated 150 uM (24 hr), (C) Treated 200 uM (24 hr), (D) Untreated (48hr), (E) Treated 150 uM (48
hr), (F) Treated 200 uM (48 hr). It is evident that cells treated with either 150 uM or 200 uM of CoCl, at both
24- and 48- hour incubation periods display altered cellular morphology transforming from the characteristic
epithelial cobblestone-like morphology to adopt a mesenchymal spindle-like morphology. Images were captured
using the Floid™ Cell Imaging System followed by analysis using the Image J software. The scale bar on each of
the images represents 100 pm.

Based on the evidence that administering 150 pM CoCl,to MCF-7 cells for 48 hours induced
a significant increase in the expression of HIF-1a without significantly affecting cell viability
and further mediated transformation of cell morphology from an epithelial cobblestone-like
appearance to adopt a more mesenchymal phenotype, this treatment condition was maintained

for all the subsequent experimental assays conducted.

4.4. Confirming HIF-1a Induction in MCF-7 cells following CoCl, treatment

Seeing that CoCl, proved effective in stabilizing HIF-1a following a 48-hour treatment, to
evaluate HIF-1a activity, the expression of a HIF-1a target gene, vascular endothelial growth
factor (VEGF) was analyzed. It was observed that the CoCl>-mediated induction of HIF-1a
consequently upregulated the expression of VEGF by 56.15% as evidenced by the increased
staining of Alexa Fluor 488 (green) which binds to VEGF (Figure 4.4) in CoCl; treated cells

relative to untreated cells.
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Figure 4.4: Effect of CoCl; on the expression of HIF-1a target gene VEGF

(CTCF)

VEGF

Protein expression of VEGF in untreated and CoCl, treated MCF-7 cells for a duration of 48 hours was detected
by employing immunofluorescent microscopy. VEGF expression is indicated by Alexa Fluor 488 staining (green).
It is evident that VEGF is significantly increased following treatment with CoCl, where further analysis by Image
J, document a 56.15% increase in VEGF expression of CoCl, treated cells relative to untreated cells. Images were
captured using the Floid™ Cell Imaging System followed by analysis using the Image J software. The scale bar
on each of the images represents 100 um. A paired two-tailed t-test was employed for statistical analysis where
data represent the mean + standard deviation. n=3. *P < 0.05, ** P < 0.01, *** P < 0.001.

4.5. Confirming EMT Induction following CoCl, treatment in MCF-7

To confirm EMT induction in MCF-7 cells, immunofluorescence microscopy was utilized to
study the expression of key EMT markers following CoCl, administration. The epithelial cell
junction protein E-cadherin is used as a molecular marker to indicate cells that possess an
epithelial phenotype, whereas the intermediate filament vimentin is used as a molecular marker
to indicate cells that possess a mesenchymal phenotype. Immunofluorescent images clearly
present a significant decrease in the expression of E-cadherin in MCF-7 cells following
treatment with CoCl> as evidenced by the reduced binding Alexa Fluor 488 (green) conjugated
to E-cadherin where the nuclei are stained with DAPI (blue) (Figure 4.5a). Contrary to this,
treatment with CoCl, mediated an upregulation of vimentin in MCF-7 cells relative to cells that
were untreated. This can be justified by the increased binding of Texas Red (red) conjugated
to vimentin where the nuclei are stained with DAPI (blue) (Figure 4.5b). Additional analysis
conducted using Image J highlight a 67.89% decrease in the expression of E-cadherin and a

56.42% increase in the expression of vimentin following CoCl; treatment (Figure 4.5).
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Figure 4.5: Effect of CoCl; on Molecular Markers of EMT

Protein expression of EMT molecular markers in untreated and CoCl, treated MCF-7 cells for a duration of 48
hours was detected by employing immunofluorescent microscopy. (a) E-cadherin expression is indicated by Alexa
Fluor 488 staining (green) while nuclei are stained with DAPI (blue). It is evident that E-cadherin expression is
significantly decreased following treatment with CoCl, where further analysis by Image J, document a 67.89%
decrease in E-cadherin expression of CoCl; treated cells relative to untreated cells. (b) Vimentin expression is
indicated by Texas Red staining (red) while nuclei are stained with DAPI (blue). Vimentin expression is
significantly increased following treatment with CoCl, where further analysis by Image J, document a 56.42%
increase in vimentin expression of CoCl; treated cells relative to untreated cells. Images were captured using the
Floid™ Cell Imaging System followed by analysis using the Image J software. The scale bar on each of the images
represents 100 um. A paired two-tailed t-test was employed for statistical analysis where data represent the mean
+ standard deviation. n=3. * P < 0.05, ** P < 0.01, *** P < 0.001.

4.6. Analysing Expression of Ki-67 in MCF-7 cells as a Marker of Cell Proliferation

The Ki-67 protein is a nuclear antigen present in cells in all active phases of the cell cycle
namely Gy, S, G2 as well as the M-phase of the cell cycle and is absent in the resting phases of
the cell cycle. The expression of Ki-67 can thus be utilised as an indicator of proliferative
activity. Following CoCl, treatment, MCF-7 cells displayed a 49.35% reduction in Ki-67
staining relative to the untreated cells (Figure 4.6).
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Figure 4.6: Effect of CoCl, on Ki-67 expression

Ki-67 staining in MCF-7 cells. Ki-67 expression is indicated by Texas Red staining (red) while nuclei are stained
with DAPI (blue). Ki-67 expression is significantly decreased following treatment with CoCl, where further
analysis by Image J, document a 49.35% decrease in Ki-67 expression of CoCl. treated cells relative to untreated
cells. Images were captured using the Floid™ Cell Imaging System followed by analysis using the Image J
software. The scale bar on each of the images represents 100 um. A paired two-tailed t-test was employed for
statistical analysis where data represent the mean + standard deviation. n=3. * P < 0.05, ** P < 0.01, *** P <
0.001.

4.7. Documented changes in pathway dynamics following hypoxia-induced EMT in
MCE-7 cells

RT-gPCR analysis was conducted on a panel of 84 genes that have well established roles in
mediating cancer drug resistance. The effect on gene expression was studied in MCF-7 cells
following culturing of cells under hypoxic conditions, and the resulting fold change values
were calculated by using the untreated MCF-7 cells as baseline. Gene expression analysis
documented an overall upregulation of thirty-seven genes implicated in cancer drug resistance
following hypoxia-induced EMT (Table 4.1). Interestingly three genes were downregulated
following hypoxia-induced EMT, namely CDKN2D (Fold change = -9,91), FOS (Fold change
= -4,75) and RARA (Fold change = -3,10). In terms of the upregulated genes, culturing cells
under hypoxic conditions led to a significant increase in the expression of multidrug resistance
transporters including ABCB1 (Fold Change = 3,63), ABCC3 (Fold Change = 587,72) and
ABCCS5 (Fold Change = 38,18). While both pro- and anti-apoptotic genes displayed increased
expression, the expression of anti-apoptotic genes were significantly higher, BCL2 (Fold
Change = 19,21) BCL2L1 (Fold Change = 82,26). Hypoxic conditions also led to an
upregulation of all genes involved in drug metabolism with the most significant changes being
documented in CYP1Al (Fold Change = 16,52), CYP2B6 (Fold Change = 82,26), DHFR (Fold
Change = 26,61) and SOD1 (Fold Change = 311,00). Genes involved in DNA damage and
repair were also upregulated following hypoxic induction namely BRCAL (Fold Change =7,01)
and MSH2 (Fold Change = 506,19). Interestingly, growth factor receptors were also
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upregulated with the most significant changes documented in ERBB2 (Fold Change = 506,19),
ERRB3 (Fold Change = 506,19) and IGF1R (Fold Change = 506,19). Furthermore, cell cycle
related genes including CCND1 (Fold Change = 10,16), CDK2 (Fold Change = 7,57) and
CDKN1B (Fold Change = 3,65) were also upregulated following hypoxia-induced EMT.

Complete gene expression analysis is summarised in Table 4.1. and Figure 4.7.

Table 4.1: Gene expression analysis of genes related to cancer drug resistance in MCF-7 cells

subjected to hypoxia-induced EMT relative to untreated MCF-7 cells

Gene Mode of Log2 Fold
Symbol Description Action Fold Change Change
Cyclin Dependent Kinase
CDKN2D Inhibitor 2D Cell Cycle -9,906392459 -3,308359777
FBJ murine osteosarcoma | Transcription
FOS viral oncogene homolog Factors -4,751827369 -2,248482425
Retinoic acid receptor, Hormone
RARA alpha Receptors -3,10015711 -1,63234133
BCL2-associated X Drug
BAX protein Resistance 1,500134325 0,585091688
Drug
CLPTMI1L | CLPTM1-like Metabolism 2,050389802 1,035898209
Hormone
ESR1 Estrogen receptor 1 Receptors 2,20003849 1,137528764
RELB Proto-Oncogene, Transcription
RELB NF-KB Subunit Factors 2,256811987 1,174286234
Glycogen synthase kinase Drug
GSK3A 3 alpha Metabolism 2,310298557 1,208079302
V-erb-b2 erythroblastic
leukemia viral oncogene
homolog 2,
neuro/glioblastoma Growth
derived oncogene homolog Factor
ERBB2 (avian) Receptors 2,461958547 1,299806471
Adaptor-related protein
complex 1, sigma 1 Transcription
AP1S1 subunit Factors 2,99859012 1,584284332
ATP-binding cassette, sub-
family B (MDR/TAP), Drug
ABCB1 member 1 Resistance 3,63 1,859969548
Cyclin Dependent Kinase
CDKN1B Inhibitor 1B Cell Cycle 3,653731935 1,869370791
Growth
Fibroblast growth factor 2 Factor
FGF2 (basic) Receptors 3,653731935 1,869370791
Hormone
RXRB Retinoid X Receptor Beta Receptors 3,653731935 1,869370791
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Hypoxia Inducible Factor

Transcription

HIF1A 1 -Alpha Factors
Drug
TOP1 DNA Topoisomerase | Resistance
Epoxide hydrolase 1, Drug
EPHX1 microsomal (xenobiotic) Metabolism
Peroxisome Proliferator
Activated Receptor Hormone
PPARG Gamma Receptors
Hormone
AR Androgen Receptor Receptors
Growth
MET Proto-Oncogene, Factor
MET Receptor Tyrosine Kinase Receptors
DNA
Breast cancer 1, early Damage and
BRCA1 onset Repair
UDP-glucose ceramide Drug
UGCG glucosyltransferase Metabolism
CDK2 Cyclin-dependent kinase 2 | Cell Cycle
CCND1 Cyclin D1 Cell Cycle
Growth
Insulin-like growth factor Factor
IGF1R 1 receptor Receptors
RB Transcriptional Drug
RB1 Corepressor 1 Resistance
Cytochrome P450 Family Drug
CYP1Al 1 Subfamily A Member 1 Metabolism
Drug
BCL2 B-cell CLL/lymphoma 2 Resistance
Drug
DHFR Dihydrofolate Reductase Metabolism
ATP-binding cassette, sub-
ABCC5 family C (MDR/TAP), Drug
member 5 Resistance
V-myc myelocytomatosis
viral oncogene homolog Transcription
MYC (avian) Factors
Drug
TP53 Tumor Protein P53 Resistance
Drug
BCL2L1 BCL2 Like 1 Resistance
Cytochrome P450 Family Drug
CYP2B6 2 Subfamily B Member 6 Metabolism
V-erb-b2 erythroblastic Growth
leukemia viral oncogene Factor
ERBB3 homolog 3 (avian) Receptors
Drug
BLMH Bleomycin Hydrolase Metabolism

3,778787028
4,124086513

5,304225204

5,395709813

5,894866583

7,004772213

7,014628528

7,16637111
7,574225696
10,15795614

10,65697596
16,52288853

19,21

26,6110444

\
\
14,49136118

38,18152012

48,03486946

66,70823351

82,25697903

82,25697903

179,0674808

192,2875116

1,917923211
2,044074597

2,40714203

2,431812761

2,559459161

 2,808338137

2,810366705

2,841242755
2,921098411
3,344538245

3,413726209
3,857121209
4,046394016
4,263785614

4,733953228

5,254802637

- 5,586010162

6,059792933
6,362066183

6,362066183

7,484359553

7,587121258
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Superoxide dismutase 1, Drug

SOD1 soluble Metabolism 311,0007633 8,280774311
MutS homolog 2, colon DNA
cancer, nonpolyposis type | Damage and

MSH2 1 (E. coli) Repair 506,1907132 8,983537229
ATP-binding cassette, sub-
family C (MDR/TAP), Drug

ABCC3 member 3 Resistance 587,72  9,198985184

*Summary of gene expression analysis following RT-gPCR using the cancer drug resistance RT? Profiler PCR
Array. Results display an overall upregulation of thirty-seven genes involved in cancer drug resistance following
hypoxia-induced EMT with only three genes being downregulated. Cells were colored according to fold change
and Log; fold change (control/hypoxia-induced EMT MCF-7 cells) with the intensity of color corresponding to
the degree of fold change.
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Figure 4.7: Network map of genes involved in cancer drug resistance pathways following hypoxia-
induced EMT

A network map of genes involved in cancer drug resistance post-hypoxia induced EMT was created using
Cytoscape. Nodes (genes) were colored according to Log, fold change (control/hypoxia-induced EMT MCF-7
cells) with the intensity of color corresponding to the degree of fold change. Potential gene interactions (links;
coloured in grey) were generated using OmicsNet and visualized in Cytoscape. Genes were grouped according
to the pathway they act in, demonstrating several intra-pathway and inter-pathway interactions.
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4.8. Delineating the link between hypoxia-induced EMT and cholesterol in MCF-7 cells

Incipient scientific evidence exists, elucidating cholesterol dyshomeostasis as a key
requirement for cancer initiation, progression as well as drug resistance. In an attempt to
understand how cellular cholesterol levels were affected following EMT-induction, a range of
cholesterol staining assays were complete. Seeing that exposure to the aforementioned hypoxic
conditions resulted in a stable EMT phenotype, cells that were grown under normoxic
conditions will be referred to as pre-EMT cells and cells that were exposed to hypoxic
conditions will be referred to as post-EMT cells for the remainder of the dissertation. Results

corresponding to each of the cholesterol assays conducted will be further elaborated on below.

4.8.1. Filipin Staining

To delineate how hypoxia induced-EMT would affect free cellular cholesterol levels, filipin
staining was completed. Filipin is known to form a tight complex with sterols possessing a
planar steroid nucleus, an unesterified 3 hydroxyl group, as well as an apolar side chain at the
C-17 position. This UV-excitable dye, when excited by light of a specific wavelength (360 nm)
will emit light of a wavelength (480 nm) corresponding to blue fluorescence. This will
consequently facilitate the quantification of free cholesterol in cells. It is evident that free
cholesterol increases by 10.36% (ns) following hypoxia-induced EMT in MCF-7 cells as
indicated by the increased fluorescence intensity (Figure 4.8A). Treatment with MBCD proved
more effective in lowering cellular cholesterol in the pre-EMT (48.93%) state relative to post-
EMT (40.68%) (Figure 4.8B). Importantly, free cholesterol was significantly reduced
following treatment with KS-01 (63.34%) or Simvastatin (80.50%) in MCF-7 cells with the
effect for both being more prominent in the post-EMT state (Figure 4.8C and D).
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Figure 4.8: Quantifying free cholesterol levels following cholesterol depletion in MCF-7 cells pre-
and post-EMT induction
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(a) Visual Representation indicating the levels of free cholesterol following treatment with various cholesterol
targeting agents in MCF-7 cells pre- and post-EMT induction. Cellular cholesterol level is indicated by Filipin
staining (blue) while nuclei are stained with NucRed™ Dead (red). (b) Representative graph indicating the CTCF
which serves as a direct indication of cellular cholesterol content in MCF-7 cells following treatment with
cholesterol targeting agents pre- and post-EMT induction. Images were captured using the Floid™ Cell Imaging
System followed by analysis using the Image J software. The scale bar on each of the images represents 100 pum.
A two-way ANOVA was performed for statistical analysis. A Bonferroni post-hoc test was employed for pairwise
analysis comparing treated groups to untreated groups in pre- and post-EMT cells. Data represent the mean +
standard deviation. n=3. *P < 0.05, ** P < 0.01, *** P < 0.001.

4.8.2. Vybrant Alexa Fluor® Lipid Raft Labelling

Vybrant lipid raft labelling was completed to further quantify the effects of hypoxia-induced
EMT on membrane cholesterol levels. The cholera toxin subunit B (CT-B) recognizes and
binds to the pentasaccharide chain of plasma membrane ganglioside Gmi. By conjugating a
fluorescent probe to the antibody directed against CT-B, selective localization, and
visualization of lipid raft cholesterol content in cells is mediated. Similar to free cholesterol
levels, a significant increase (30.66%; p=0.0115) in lipid raft cholesterol content post-EMT
induction is documented in MCF-7 cells (Figure 4.9). Importantly, a significant decrease in
lipid raft cholesterol content was observed by employing membrane cholesterol depletion
through treatment with MBCD (78.82%) and KS-01 (85.06%) as well as cholesterol synthesis
inhibition through Simvastatin administration (86.84%) (Figure 4.9). In all instances, a
reduction of lipid raft content following compound administration proved more effective in the
post-EMT state (Figure 4.9).
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Figure 4.9: Quantifying membrane cholesterol levels following cholesterol depletion in MCF-7
cells pre- and post-EMT induction

(a) Visual Representation indicating the levels of membrane cholesterol following treatment with various
cholesterol targeting agents in MCF-7 cells pre- and post-EMT induction. Membrane cholesterol level is
indicated by Alexa Fluor 594 staining (red) while nuclei are stained with DAPI (blue). (b) Representative graphs
indicating the CTCF which serves as a direct indication of membrane cholesterol content in MCF-7 cells
following treatment with cholesterol targeting agents pre- and post-EMT induction. Images were captured using
the Floid™ Cell Imaging System followed by analysis using the Image J software. The scale bar on each of the
images represents 100 um. A two-way ANOVA was performed for statistical analysis. A Bonferroni post-hoc test
was employed for pairwise analysis comparing treated groups to untreated groups in pre- and post-EMT cells.
Data represent the mean + standard deviation. n=3. *P < 0.05, ** P < 0.01, *** P < 0.001.
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4.8.3. BODIPY Staining
In an attempt to quantify how lipid droplet CE content changes following hypoxia-induced
EMT, BODIPY staining was completed. The non-polar nature of this neutral lipophilic
fluorophore allows for efficient diffusion into neutral lipid droplets and subsequent conjugation
to C-24 of the sterol ring. When excited by light of a wavelength corresponding to 493 nm, the
fluorophore emits a bright green fluorescence. Hypoxia-induced EMT resulted in a significant
increase (31.89%; p=0.0051) in CE content in MCF-7 cells (Eigure 4.10). While a significant
decrease in CE content was observed following treatment with either MBCD (81.42%), KS-01
(85.20%) or Simvastatin (92.19%), with the reduction proving more effective in the post-EMT

state (Figure 4.10).
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Figure 4.10: Quantifying cholesteryl ester levels in lipid droplets following cholesterol depletion
in MCF-7 cells pre- and post-EMT induction

(a) Visual Representation indicating the levels of lipid droplet cholesteryl esters following treatment with various
cholesterol targeting agents in MCF-7 cells pre- and post-EMT induction. Lipid droplet cholesteryl ester levels
is indicated by BODIPY staining (green) while nuclei are stained with DAPI (blue). (b) Representative graphs
indicating the CTCF which serves as a direct indication of cholesteryl ester content in MCF-7 cells following
treatment with cholesterol targeting agents pre- and post-EMT induction. Images were captured using the Floid ™
Cell Imaging System followed by analysis using the Image J software. The scale bar on each of the images
represents 100 um. A two-way ANOVA was performed for statistical analysis. A Bonferroni post-hoc test was
employed for pairwise analysis comparing treated groups to untreated groups in pre- and post-EMT cells. Data
represent the mean + standard deviation. n=3. *P < 0.05, ** P < 0.01, *** P < 0.001.

4.8.4. Analyzing the Effect of Targeting Cellular Cholesterol in EMT
Based on the observation that cells post-EMT induction presented with increased levels of free
cholesterol, membrane lipid raft cholesterol as well as CEs together with scientific evidence
implicating cholesterol in regulating EMT-related signalling pathways, we consequently
sought to elucidate the effect of targeting cellular cholesterol on EMT state in MCF-7 cells by
studying the protein expression of EMT molecular markers E-cadherin and vimentin following
cholesterol synthesis inhibition/depletion. Importantly, employing cholesterol synthesis
inhibition/depletion in post-EMT cells lead to a significant increase in E-cadherin and
decreased expression of vimentin (Figure 4.11 and 4.12). It can thus be postulated that
targeting cellular cholesterol in post-EMT cells helps promote restoration of an epithelial

phenotype.
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Figure 4.11: Quantifying E-cadherin expression in MCF-7 cells following treatment with
cholesterol targeting agents

(a) Visual Representation indicating the protein expression of E-cadherin following treatment with various
cholesterol targeting agents in MCF-7 cells pre- and post-EMT induction. E-cadherin expression is indicated by
Alexa Fluor 488 staining (green) while nuclei are stained with DAPI (blue). (b) It is evident that treatment with
cholesterol targeting agents leads to an increase in the expression of E-cadherin with the effect being significant
in post-EMT cells. Images were captured using the Floid™ Cell Imaging System followed by analysis using the
Image J software. The scale bar on each of the images represents 100 um. A one-way ANOVA as well as the
Bonferroni post-hoc test was employed for statistical analysis where data represent the mean * standard
deviation. n=3. * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 4.12: Quantifying vimentin expression in MCF-7 cells following treatment with
cholesterol targeting agents

(a) Visual Representation indicating the protein expression of vimentin following treatment with various
cholesterol targeting agents in MCF-7 cells pre- and post-EMT induction. Vimentin expression is indicated by
Texas Red staining (red) while nuclei are stained with DAPI (blue). (b) It is evident that treatment with cholesterol
targeting agents lead to a decrease in the expression of vimentin with the effect being significant in post-EMT
cells. Images were captured using the Floid™ Cell Imaging System followed by analysis using the Image J
software. The scale bar on each of the images represents 100 um. A one-way ANOVA as well as the Bonferroni
post-hoc test was employed for statistical analysis where data represent the mean + standard deviation. n=3.
*P <0.05 ** P <0.01, *** P < 0.001.
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4.9. Assessing the invasive potential of MCF-7 cells post-EMT induction following
treatment with cholesterol targeting agents

Seeing that cholesterol synthesis inhibition/depletion in post-EMT cells lead to a significant
increase in E-cadherin and decreased expression of vimentin, we consequently sought to
investigate the resulting effect on invasive potential following cholesterol synthesis
inhibition/depletion. When comparing the untreated groups pre- and post-EMT it is evident
that post-EMT cells display a highly significant increase (85.15%) in invasive potential.
Importantly, treating post-EMT cells with cholesterol targeting agents led to a significant
decrease in invasive potential, with a documented 70.31% decrease following treatment with
1 mM MBCD, 66.86% decrease following treatment with 10 mM KS-01 and an 80.2% decrease
following treatment with 10 uM Simvastatin (Figure 4.13).
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Figure 4.13: Assessing the invasive potential of MCF-7 cells following treatment with cholesterol
targeting agents
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(a) Visual Representation indicating the number of cells that have invaded following treatment with various
cholesterol targeting agents in MCF-7 cells pre- and post-EMT induction. Nuclei staining with DAPI (blue)
facilitates visualization. (b) It is evident that hypoxia-induced EMT lead to a significant increase in invasive
potential of MCF-7 cells. Treatment with cholesterol targeting agents decreased the invasive potential of post-
EMT cells. Images were captured using the Floid™ Cell Imaging System followed by analysis using the Image J
software. The scale bar on each of the images represents 100 um. A one-way ANOVA as well as a Bonferroni
post-hoc test was employed for statistical analysis where data represent the mean + standard deviation. n=3 * P
<0.05, ** P <0.01, *** P < 0.001.

4.10. Analysing the drug resistant potential of MCF-7 cells post-EMT induction
following treatment with cholesterol targeting agents

Hypoxic induction and enhanced MDR potential is a well-documented link in cancer.
Importantly, cholesterol plays a multi-faceted role in modulating the expression as well as the
activity of MDR transporters including MDR1. To assess the functionality of the key drug
transporter MDR1 following cholesterol synthesis inhibition/depletion the intracellular
retention of fluorescent calcein (metabolized MDR1 substrate) was measured. Seeing that
MCF-7 cells without hypoxic induction do not express the MDR1, intracellular retention of
calcein was set to 100%. Hypoxia-induced EMT led to a significant increase in MDR potential
as evidenced by the 47.13% decrease in calcein retention. Importantly, treating post-EMT cells
with cholesterol targeting agents led to a significant decrease in MDR potential, as evidenced
by the increase in calcein retention following treatment with 1 mM MPBCD (45.01%),
10 mM KS-01 (41,27%) and 10 uM Simvastatin (35.31%) (Figure 4.14).
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Figure 4.14: Evaluating the effect of targeting cholesterol on the functionality of the MDR1
transporter
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Intracellular retention of fluorescent calcein in MCF-7 cells was significantly increased following treatment with
cholesterol targeting agents post-EMT, therefore potentiating treatment with cholesterol targeting agents as
suitable means to abrogate MDR potential. Fluorescence intensity (RFU) was quantified using the Victor Nivo
multi-mode microplate reader (Perkin Elmer, USA) with the excitation maximum set to 494 nm and the emission
maximum set to 517 nm. A one-way ANOVA as well as a Bonferroni post-hoc test was employed for statistical
analysis where data represent the mean + standard deviation. n=3 * P < 0.05, ** P < 0.01, *** P < 0.
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5. Discussion:

Based on the pleotropic role of cholesterol in the cell, it is not surprising that cancer cells have
evolved several mechanisms to facilitate cholesterol dyshomoestasis to meet their increased
metabolic demands. Additionally, an increase in cholesterol content corresponds to an increase
in lipid raft presence. Seeing that lipid rafts house several cell signalling proteins, alteration to
lipid raft domains may therefore influence cell signalling pathways that ultimately augment
neoplastic transformation (Zalba and ten Hagen, 2017). These rafts in turn regulate crucial
processes that cancer cells subvert such as proliferation, migration, invasion, and apoptosis.
Importantly, activation of the cellular EMT program is crucial to mediating tumorigenesis.
Interestingly, incipient scientific evidence exists documenting that cellular cholesterol
availability is crucial to regulating the activity of protein intermediates in EMT-related
signalling pathways. Seeing that the link between cholesterol dyshomeostasis and EMT is a
relatively novel field that has not been well explored, the present study sought to delineate how
the cellular cholesterol profile of the MCF-7 breast adenocarcinoma cell line is altered
following hypoxia-induced EMT. This was completed with the intention of proposing whether
targeting cellular cholesterol in these cells might serve as a novel means of combatting

aggressive cancer phenotypes while mediating drug sensitivity restoration.

5.1. CoCl»> mediated induction of HIF-10 — Mechanism of action and resulting
implications on the expression of downstream target proteins

During tumorigenesis, the rate of cell proliferation exceeds that of neo-angiogenesis which
leads to a mismatch in oxygen consumption versus supply (Qiu et al., 2017a). In response to
hypoxia, complex cellular mechanisms are activated which is principally mediated by the HIF
family of proteins. This heterodimeric transcription factor consists of an oxygen sensitive
a subunit as well as a constitutively expressed 3 subunit (Choudhry and Harris, 2018). Under
normoxic conditions, hydroxylation of proline and arginine residues of HIF-1a, mediated by
the prolyl hydroxylases (PHD) as well as factor inhibiting hypoxia (FIH) respectively, creates
an interface which mediates the interaction with the von Hippel Lindau tumour suppressor
protein (Nurwidya et al., 2012). This consequently results in the recruitment of the E3 ubiquitin
ligase complex, polyubiquitination and subsequent degradation of the protein. Conversely,
exposure to hypoxic conditions impedes hydroxylation on HIF-1a leading to increased stability
of HIF-1a, dimerization with HIF-1f and subsequent translocation to the nucleus and binding

to hypoxia response elements at target gene promoters (Hapke and Haake, 2020). In this study,
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hypoxic conditions were mimicked by treating MCF-7 cells with the hypoxia mimetic CoCls..
In general, hypoxia mimetics simulate a hypoxic environment by increasing cellular
availability of HIF-1a. The mechanism for CoCl> mediated stabilisation of HIF-1a is explained
by the substitution of Co?* for Fe?* in the active site of the PHD enzymes consequently
impeding activity (Pavlacky and Polak, 2020b). Additionally, evidence exists implicating
CoCl; in repressing the expression of FIH (Ke et al., 2005). This is achieved through the cobalt
ion induced depletion of ascorbate, thereby leading to increased stability of HIF-1a (Hirsil& et
al., 2005). The conditions seen to work best in stimulating HIF-1a induction for MCF-7 cells
was demonstrated by the intense fluorescent staining and nuclear localisation of HIF-1a
following a 48-hour incubation with 150 uM CoCl». This condition corresponds well to
previous studies conducted in MCF-7 cells, justifying the increased stability of HIF-1a
following CoCl treatment (Li et al., 2018, Chen et al., 2010).

To further corroborate that the afore-mentioned conditions induced HIF-1a expression and was
associated with an increase in transcriptional activity, the expression of a downstream target
protein VEGF was evaluated. Hypoxia-mediated induction of VEGF is seen to facilitate
neoangiogenesis to compensate for the decreased oxygen tension in tissues. While this process
is crucial to supporting persistence of the parental tumour, angiogenesis further mediates

metastatic dissemination (Gilkes and Semenza, 2013).

An increase in the expression of VEGF following CoCl. treatment also corresponds with
findings reported in other studies (Li et al., 2015a, Rana et al., 2019). This result is justified by
scientific evidence indicating that HIF-1 serves as a master stimulator of VEGF expression, by
directly binding to specific HRE located at nucleotide positions —947 to —939 (5'-TACGTG-
3') relative to the common transcription start site (Olenyuk et al., 2004). While binding of HIF-
1 to the promoter is well documented, several studies conducted also implicate STAT3 in
mediating HIF-1-induced expression of VEGF (Jahangiri et al., 2018). STAT3 is seen to
increase the stability of HIF-1a and further enhances its transcriptional capability by forming
a complex with the transcriptional co-activator CBP/p300 (Carbajo-Pescador et al., 2013).
Recent evidence indicates that binding of both TFs to VEGF promoters leads to maximal
expression (Jahangiri et al., 2018). Moreover, VEGF is a principal angiogenesis inducer and is
known to increase the expression of various other proangiogenic factors that bind to cellular
receptors to mediate neoangiogenesis (Zimna and Kurpisz, 2015). Consequently, both direct
and indirect regulation of proangiogenic factors thus implicates HIF-1 in the regulation of every

step of angiogenesis (Zimna and Kurpisz, 2015).
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Besides angiogenesis, evidence exists implicating VEGF in cancer aggressiveness through its
EMT modulatory effects. Studies conducted in nasopharyngeal carcinoma implicate VEGF in
regulating the expression of EMT markers and matrix metalloproteinases (MMPS) in an
autocrine manner to promote metastasis (Chen et al., 2020). Similarly, studies conducted in
prostate cancer identify that the expression of VEGF confers cells with features characteristic
of EMT and further enhances TGF-B1 signalling (Gonzalez-Moreno et al., 2010). The
increased VEGF stimulates an autocrine loop which enhances migration and invasive potential
of cells. In BC, VEGF is seen to induce the expression of Snail, by impeding the activity of the
established Snail inhibitor Glycogen synthase kinase-3 (GSK3) and in this way mediates EMT
(Wanami et al., 2008). Similarly, VEGF-mediated activation of Vascular Endothelial Growth
Factor Receptor 1 (VEGFR1) was shown to increase the nuclear expression of the TFs Snail,
Slug and Twist consequently mediating EMT and potentiating pancreatic cancer

aggressiveness (Yang et al., 2006).

It is important to emphasise, even though HIF-1a is the main regulator of VEGF expression,
other mechanisms may also contribute to its expression in tumorigenic cells (Ferrara, 2004).
This could account for the expression of VEGF in MCF-7 cells that were cultured under control
conditions. One of the mechanisms is illustrated in a study conducted by Fuji et al., where
authors implicate the mTOR pathway in regulating the expression of VEGF in MCF-7 cells
(Fujii et al., 2016).

5.2. Effect of CoCl, on cell viability and proliferation

In terms of the effect of CoCl. treatment on cell viability, maintaining the afore-mentioned
treatment conditions for 3 days did not significantly affect the viability of MCF-7 cells. This
contrasts with treatment with 200 uM which significantly affected the viability of cells. This
result also corresponds with previous studies conducted in MCF-7 cells, where cells displayed
maximal proliferation following treatment with 150 uM CoCl; and any further increases in the
concentration resulted in a gradual decrease in the proliferation rate (Rana et al., 2019, Zhang
et al., 2018b). This result was further recapitulated in other cell lines indicating that treatment
with CoCl; at doses below 200 uM for a duration of 24 -72 hours did not significantly affect
cell viability (Kong et al., 2015, Zhang et al., 2017b). Studies identify that treating cells with
concentrations exceeding 200 uM results in oxidative DNA damage due to the accumulation
of reactive oxygen species (ROS) together with abrogation of DNA repair which ultimately

results in cell death (Lison et al., 2001, Simonsen et al., 2012).

62



To further validate the effect of hypoxia-induced EMT on cell viability, the expression and
localisation of the cell proliferation antigen Ki-67 was analysed. Ki-67 is constitutively
expressed in actively dividing cells (Sobecki et al., 2016). Interestingly, MCF-7 cells cultured
under hypoxic conditions displayed decreased expression of Ki-67 relative to control cells.
While this observation appears to contradict the results obtained through cell counts, this
observation can be justified. Studies conducted by Sobecki et al. document that Ki-67
expression varies throughout the cell cycle, where the highest expression is detected in G2 and
M-phase indicating that Ki-67 is a late marker of cell cycle entry (Sobecki et al., 2016).
Conversely, cells that have recently entered the cell cycle or following cell cycle exit display
low levels of Ki-67 (Sobecki et al., 2016). Depending on the cell cycle stage cells were in when
fixed, this would directly affect the expression of Ki-67 detected in cells and consequently
justifies the reduced expression in cells post-EMT induction. Furthermore, Ki-67 expression is
also dependent on CDK2 activity, where cells with low CDK2 activity display a continuous
decay of Ki-67 and cells with increased CDK?2 activity present with an accumulation of Ki-67
(Miller et al., 2018). Importantly, hypoxia is seen to negatively affect CDK2 activity, by
upregulating the expression of cyclin-dependent kinase inhibitor p27 and further suppresses
expression of the CDC25A phosphatase that is required for activation of cyclin E-CDK2
complex (Druker et al., 2021, Hasvold et al., 2016). Additionally, evidence exists indicating
that the lack of CDK2 activity in hypoxic cells is not attributed to decreased CDK2 protein
level or decreased expression of cyclin binding proteins but rather due to inhibitory
phosphorylation on the tyrosine 15 residue which results in unproductive binding of ATP

(substrate) hence impeding the catalytic activity of CDK2 (Malumbres, 2014).

Furthermore, recent studies indicate that CDK2 temporally controls the activity of PHDs
through phosphorylation on specific amino acid residues. This consequently contributes to
increased activity of the PHD enzymes thereby facilitating PHD-mediated degradation of HIF-
la. Additionally, CDK2 when complexed with Cyclin E further promotes HIF-1o degradation
through autophagy (Druker et al., 2021). The decreased activity of CDK2 can hence be justified
as an adaptation of MCF-7 cells to hypoxic conditions. On this basis, it can be proposed that
due to the decreased CDK?2 activity in hypoxic cells, Ki-67 is more susceptible to degradation
and hence cells present with decreased expression post-EMT.
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5.3. Alterations to Cellular Morphology and Resulting Implications following Hypoxia-
Induced EMT

The EMT is classified as a cell plasticity program. Previously thought to operate as a binary
switch, current experimental evidence highlights a significant degree of plasticity where
instead of transitioning between full epithelial to full mesenchymal phenotype, cells traverse
through a spectrum of intermediate states along the epithelial-mesenchymal axis expressing
varying levels of epithelial and mesenchymal markers (Nieto et al., 2016). Interestingly, the
existence in a hybrid state occurs more frequently than expected conferring upon cancer cells

dynamic cellular plasticity leading to poor clinical outcome.

In this study, the effect of hypoxia on EMT induction was investigated. Following CoCl;
treatment, MCF-7 cells altered cell morphology from the characteristic cobble stone-like
morphology of an epithelial cell to adopt an elongated spindle-like appearance possessing
abundant cellular protrusions, features characteristic of a mesenchymal cell phenotype.
Moreover, a significant decrease in the expression of the epithelial protein E-cadherin was
observed, with a concomitant increase in the expression of the mesenchymal marker vimentin
which often serves as a hallmark event in EMT induction. E-cadherin is classified as an
adherens junctional protein which mediates epithelial cell attachment (Bhatt et al., 2013)
forming intercellular adhesive complexes including tight junctions and desmosomes which
confers epithelial cells with the characteristic property of apico-basal polarity and further
contributes to the maintenance of epithelial tissue architecture (Bhatt et al., 2013). On this
basis, disruption of cell-cell and cell-ECM interactions is seen to mediate altered cell-adhesion

signalling leading to a loss of epithelial-cell integrity (Yu et al., 2019).

Furthermore, MCF-7 cells display cytoskeletal compositional changes, possessing increased
levels of the type Il intermediate filament, vimentin. Vimentin is known to influence
cytoskeletal architecture through its interactions with microfilaments and microtubules present
within cells (Liu et al., 2015). Linking of actin cytoskeleton with microtubules is facilitated by
vimentin, which consequently confers upon vimentin a crucial role in the regulation of
cytoskeletal structure. The altered cytoskeletal structure facilitates mechanical force stability.
This is elucidated by studies conducted highlighting that the expression of vimentin in
epithelial cells results in epithelial cell flattening allowing the cell to adapt to and resist
compression and deformation forces that cells are susceptible to as they navigate from primary

tumours to secondary sites (Mendez et al., 2010). One of the ways it achieves this is by
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increasing cytoplasmic stiffness which enhances stability of cellular organelles (Lowery et al.,
2015). In like manner, vimentin mechanically cushions the cell nucleus protecting it from
compressive forces, consequently impeding nuclear rupture by forming a stiff shell
surrounding the nucleus, when cells are placed in highly confined spaces during cell migration
(Leggett et al., 2021).

Equally important, the expression of vimentin also facilitates microtubule polarisation to
mediate cell-directional migration (Liu et al., 2015). Interestingly, vimentin serves as a
template for the creation of new microtubule networks, with the templating function seen to
stabilise cell polarity and facilitate directional migration (Gan et al., 2016). Alterations to the
cytoskeleton lead to altered cell polarity, where cells transition from apical-basal polarity to
adopt a front-rear polarity (Wesseling et al., 2018). The front side of the cell possesses Cdc42
and Racl (members of the Rho family of GTP-binding proteins) that promote the polarisation
of actin and further facilitates the establishment of membrane protrusions, consequently
forming the leading edge of the cell (Wesseling et al., 2018). The rear-side of the cell harbours
RhoA which mediates actomyosin contractility and retraction. Consequently, adopting the
front-rear polarity confers cells with crucial traits required for cancer cell motility (Wesseling
etal., 2018).

5.4. Molecular Mechanisms facilitating Hypoxia-induced EMT

Intratumoral hypoxia serves as a strong selective pressure that confers cells with specific traits
to exacerbate malignant potential while overcoming low oxygen conditions and impeding
apoptotic induction (Gilkes and Semenza, 2013). Molecular mechanisms employed by cancer
cells in response to low cellular oxygen tension, potentiates increased stability of the HIFs,
which when expressed modulates epithelial to mesenchymal plasticity (Gilkes and Semenza,
2013). The two main mechanisms, (i) directly activating EMT master TFs and (ii) activation
of EMT-related signalling pathways are further elaborated on below and justifies the increased
expression of mesenchymal markers and the observed phenotype following hypoxic induction
in MCF-7 cells.

Hypoxia induced signalling of HIF, mediates either a direct or indirect induction of cellular
EMT. Notably, several studies conducted implicate hypoxia-induced expression of HIF-1a in
the direct activation of EMT master TF’s. Hypoxia-induced stabilisation of HIF-1a is also seen

to promote SNAIL expression, as proposed by the identification of two HRE’s in the promoter

65



region (Zhang et al., 2013a). Studies conducted by Yang et al., document that HIF-1a directly
regulates the expression of TWIST1, which is attributed to the presence of a HRE in the
proximal promoter region of TWIST1 (Yang et al., 2008). Additionally, studies report HIF-1a
mediated regulation of ZEB1 by binding to HRES3 in the proximal promoter region (Zhang et
al., 2015b). In all the afore-mentioned studies, HIF-1a-induced expression of EMT master TFs
induced a significant decrease in the expression of epithelial markers with a concomitant gain
in mesenchymal markers leading to enhanced migratory and invasive potential (Yang et al.,
2017, Joseph et al., 2015).

Indirect mediation of hypoxia-induced EMT is documented by studies elucidating the
modulatory effect of HIF-1a on the expression and activity of intermediates in various EMT-

related signalling pathways.

Focusing on TGF-B, hypoxia is documented to stimulate the production of TGF-§ in cancer
cells which consequently implies that TGF-B-induced EMT signalling is potentiated by
hypoxia (Furuta et al., 2015). This is justified by the observation of TGF-B-mediated Smad-3
dependent transcription of Snail, Slug and Twist. Consequently, targeting Smad3 abrogates
TGF-B1 mediated EMT induction (Jo et al., 2015). Hypoxia is also seen to facilitate autocrine
TGF-B/TGF-BR1 signalling, consequently increasing the expression of Twist and Zeb1 leading
to EMT induction (Matsuoka et al., 2013). Conversely, TGF-p is also seen to decrease the
expression of PHD2 through the Smad signalling pathway, leading to impaired prolyl
hydroxylation of HIF-1a and increased stability (McMahon et al., 2006). This observation

points to the existence of a positive feedback loop between these two signalling pathways.

Experimental evidence also exists, implicating hypoxia in regulating Wnt-induced EMT.
Studies conducted in lung cancer identify that hypoxia mediated induction of SNAIL and SLUG
decreased E-cadherin expression which consequently promoted nuclear translocation of
B-catenin (Liu et al., 2018). Subsequent activation of -catenin was pivotal in mediating EMT
as evidenced by the increased expression of MMP-2, MMP-9, vimentin and fibronectin (Liu et
al., 2018). Additionally, studies conducted by Hong et al. implicate hypoxia in increasing the
stability of B-catenin through post-translational modifications and consequently enhancing Wnt
signalling (Hong et al., 2017). Interestingly, studies conducted in hepatocellular carcinoma
document the direct interaction between B-catenin and HIF-1a, which facilitates enhanced
transcriptional activity of HIF-1a and further augments hypoxia-induced EMT (Zhang et al.,
2013b). In prostate cancer, the Wnt signalling pathway is crucial for hypoxia-induced EMT,
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where knockdown of B-catenin leads to EMT reversal consequently abrogating invasive
potential of prostate cancer cells (Zhao et al., 2011). Furthermore, HIF-1a is implicated in
transcriptional regulation of an essential Wnt/B-catenin co-activator Bcl9, by binding to HRE-
B and HRE-C in the promoter region. Bcl9 is crucial in hypoxia mediated induction of the
Whnt/B-catenin pathway (Xu et al., 2017).

In summary, it is clearly evident that hypoxia plays a crucial role in the mediating cellular EMT
induction, conferring cancer cells with cellular traits that facilitates a more aggressive cancer

phenotype.

5.5. Hypoxia-induced EMT potentiates druqg resistance in MCF-7 cells

Even though scientific advances in cancer research continue to provide renewed hope to cancer
patients with major improvements documented in surgery, MDR constitutes a major hurdle
leading to therapy failure and ultimately mortality contributing to over 90% of cancer patients’
deaths (Bukowski et al., 2020). Intrinsic drug resistance occurs when the tumour cell mass
present with resistant mechanisms prior to therapy administration, while acquired resistance
describes a condition where cells that were initially sensitive to therapy develop mechanisms
that confer them with survival traits during therapy (Haider et al., 2020). Multiple mechanisms
implicated in conferring drug resistance to cancer cells have been documented in literature
which include but is not limited to: enhanced drug efflux capability, mutations to the drug
targets, increased metabolism of xenobiotics leading to drug detoxification and concomitant
inactivation, hyperactivation of survival pathways coupled with inactivation of apoptotic
pathways as well as the induction of the epithelial-mesenchymal transition (EMT) (Bukowski
etal., 2020, Haider et al., 2020, Ke and Shen, 2017, Housman et al., 2014, Du and Shim, 2016).
Importantly, the acquisition of resistance is dictated by inherent genetic instability,
mutagenicity of tumour cells as well as the influence of cells in the tumour microenvironment
(Haider et al., 2020).

In terms of drug efflux pumps, exposing MCF-7 cells to hypoxic conditions led to an
upregulation of ABCB1 expression. This observation is justified by the presence HIF-1a
binding site in the MDRL1 gene, where inhibition of HIF-1 expression resulted in significant
inhibition of hypoxia-inducible MDR1 expression and a nearly complete loss of basal MDR1
expression (Comerford et al., 2002). Furthermore, cells cultured under hypoxic conditions also

presented with a significant increase in the expression of ABCC3 and ABCC5. While evidence
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does exist implicating hypoxia in the induction of ABCC3 expression, other studies show that
the master EMT TFs upregulate expression of both transporters by enhancing the promoter
activity (Sakulterdkiat et al., 2012, Wang et al., 2019). It can thus be postulated that both
hypoxia as well as hypoxia-induced activation of master EMT TFs is crucial to conferring
MDR potential to cancer cells. Interestingly, studies also exist identifying a crucial role for
ABCCS3 in facilitating the expression of stemness genes in TNBC and maintenance of the BC

stem cell phenotype (Balaji et al., 2016).

Another mechanism that cells employ to mediate resistance, is the induction of gene products
encoding enzymes that facilitate drug detoxification and concomitant inactivation (Bukowski
et al., 2020). Importantly, culturing cells under hypoxic conditions led to a significant increase
in all genes involved in drug metabolism. Bleomycin utilized primarily as an antineoplastic
agent, exerts its anti-neoplastic effects by employing a sequence specific iron-dependent
oxidative cleavage of DNA leading to apoptosis induction (Chen et al., 2012). Importantly,
overexpression or hyperactivation of the enzyme bleomycin hydrolase leads to drug
detoxification thereby limiting bleomycin toxicity in tumour tissue (Delou et al., 2019).
Interestingly, studies conducted in MCF-7 cells indicate that knockdown of bleomycin
hydrolase can restore sensitivity to other chemotherapeutic agents as well including
topoisomerase inhibitors, platinum-based compounds as well as nucleoside analogs, further
highlighting the detrimental outcome associated with overexpression of this enzyme (Chen et
al., 2017). In terms of the cytochrome p450 enzymes, culturing MCF-7 cells under hypoxic
conditions led to a significant increase in the expression of CYP1A1 and CYP2B6. Previous
studies conducted indicated that increased expression of CYP1AL may serve as a protective
mechanism in MCF-7 cells that have acquired doxorubicin-resistance (AbuHammad and
Zihlif, 2013). Additionally, CYP1ALl is seen to promote BC proliferation and survival by
repressing AMPK signalling and knockdown of CYP1Al impedes cell cycle progression,
consequently decreasing rate of proliferation and further mediating apoptotic induction
(Rodriguez and Potter, 2013). Scientific evidence also exists implicating CYP1Al in
maintaining BC stem cell integrity through its modulation on the B-catenin and PI3K/Akt
signalling pathways (Al-Dhfyan et al., 2017). In terms of CYP2B6, this enzyme in conjunction
with other enzymes is seen to metabolise several BC prodrugs including camptothecin, tegafur
as well as tamoxifen (Sneha et al., 2021). The increased expression post hypoxic induction may
point to potential increased sensitivity of hypoxic MCF-7 cells to these chemotherapeutics

agents and requires further experimental validation. Furthermore, DHFR gene was also
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significantly increased following hypoxic treatment in MCF-7 cells. This gene encodes for a
crucial enzyme involved in folate metabolism. DHFR catalyses the formation of
tetrahydrofolate an essential co-factor required for the biosynthesis of purines and thymidylate
consequently promoting cell growth and proliferation (Rana et al., 2020). Importantly,
evidence exists documenting overexpression of DHFR in cells that have adopted a cancer stem-
like state and further associate overexpression with poor patient prognosis (Lee et al., 2017,
Liu et al., 2019). In terms of SOD1 expression, exposing MCF-7 cells to hypoxic conditions
led to a significant increase in expression. SOD1 encodes for superoxide dismutase 1 which
converts harmful superoxide radicals to molecular oxygen and hydrogen peroxide (Che et al.,
2016). The increased expression post hypoxic exposure is justified by the observation of a
superoxide burst in cells that are exposed to acute hypoxic conditions which further facilitates
HIF-1 activation through inhibiting the activity of PHD (Hernansanz-Agustin et al., 2014).
Importantly, the hydrogen peroxide produced can function as a secondary messenger to
regulate several cellular processes including EMT, conferring cells with crucial traits required
to mediate cancer aggressiveness (Azimi et al., 2017, Li et al., 2015b). Conversely, excessive
induction of ROS can lead to altered expression of EMT markers that will impede cell motility
and invasion (Das et al., 2014), hence indicating the crucial role of SOD1 in maintaining the

mesenchymal phenotype.

Apoptosis impediment is a crucial mechanism that cancer cells employ which contributes to
the development of MDR. Cancer cells achieve this by upregulating the expression of anti-
apoptotic proteins such as Bcl-2 and Bcl-xL and decreasing the expression of the pro-apoptotic
proteins namely, Bax, Bak, Bad and Bim. Survival of cancer cells and sensitivity to apoptosis
is thus dictated by the intricate balance between the expression of these pro- and anti-apoptotic
proteins. Even though hypoxic conditions led to an increase in both pro-apoptotic Bax and anti-
apoptotic Bcl-2 and BCL2L1/Bcl-xL, the increase in the expression of anti-apoptotic genes
displayed a greater folder change hence pointing to a compensatory mechanism in response to
the increase in Bax expression in attempt to evade apoptosis. This observation further supports
the results obtained through cell counts conducted post-hypoxic induction. Similar findings are
reported in hepatocellular carcinoma, where cells cultured under hypoxic conditions present
with increased expression of anti-apoptotic proteins Mcl-1 and Bcl-xL, whereas the expression
of Bax was decreased (Meyenberg Cunha-de Padua et al., 2019). A role for HIF-1a in the
regulation of Bcl-xL expression is justified by the presence of a HRE in the promoter region

of Bel-xL (Chen et al., 2009). Additional roles for these proteins are elucidated where a recent

69



study identified that hypoxia enhanced the interaction between Bcl-2 and Twist 1 which
subsequently translocated to the nucleus to activate transcription of downstream target genes
required for EMT induction (Duan et al., 2017). Conversely, overexpression of Bcl-2 was also
seen to enhance stability of HIF-1a by impeding ubiquitin-mediated degradation and further
facilitated a proangiogenic effect of Bcl-2 on HIF-1/VEGF axis (Trisciuoglio et al., 2010). This
points to dual regulation, where hypoxia is seen to increase expression of Bcl-2 and the

overexpression of Bcl-2 is implicated in further enhancing the stability of HIF-1a.

The p53 protein encoded by the TP53 gene is known to play an important role in regulating
apoptosis, cell cycle as well as DNA damage and repair. Based on its function as the guardian
of the genome it is not surprising that this gene is the most frequently mutated gene in human
tumours (Feroz and Sheikh, 2020). Following hypoxic exposure, MCF-7 cells presented with
an increase in the expression of TP53. This observation is supported by studies which indicate
that hypoxia can induce p53 through either HIF-dependent or independent pathways (Zhang et
al., 2021). Interestingly, studies conducted indicate that the hypoxia induced p53 is
transcriptionally inactive due to the oxygen dependent conformational change to a mutant form
under low oxygen conditions (Gogna et al., 2012). This would explain the fact that even though
TP53 is expressed, apoptosis is not induced under hypoxic conditions. It is important to
emphasise, even though a close interplay between hypoxia and TP53 is documented, cellular
response to hypoxia is influenced by several factors including the severity and duration of
hypoxic exposure, as well as the cell type (Zhang et al., 2021). In addition to TP53, another
tumour suppressor that is deregulated following hypoxia-induced EMT includes RB1, the gene
which encodes for the RB transcriptional corepressor 1 protein. This protein’s conventional
role includes negative regulation of the cell cycle however during hypoxia it is implicated in
promoting biochemical alterations that facilitate the acquisition of an invasive phenotype
(Labrecque et al., 2014).

While HIF-1a displayed an increase in expression, the oncogene MYC also presented with
increased expression in MCF-7 cells following hypoxic exposure. It is important to point out
the interplay between HIF-1o and MYC, where overexpression of MYC is seen to Stabilise
HIF-1a, and in cases where MYC is overexpressed, HIF-1a is only able to suppress MYC
during short periods of hypoxia, whereas the increased expression of MYC is still able to
mediate proliferation (Zwaans and Lombard, 2014). Interestingly emerging experimental
evidence also points to a role for MYC in facilitating EMT induction by regulating the

expression of master EMT TFs (Meskyté et al., 2020).
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Sustained proliferative signalling is an important trait cancer cells acquire to mediate
tumorigenesis. The ER in response to estrogen stimulation, functions as a TF to control the
expression of various genes involved in cell cycle, proliferation, and survival. Seeing that ERa
is expressed in 75% of BC, employing endocrine therapy as a means to combat cancer
progression seems like a reasonable approach, however the efficacy of these compounds in
combatting BC progression is often limited due to evolutionary mechanisms adopted thereby
conferring cells with drug resistant potential in the pursuance of cancer cell survival. The
existence of complex molecular crosstalk between ER signalling and other growth factor
signalling pathways is further implicated in contributing to drug resistance in BC. This is
illustrated by studies showing that the overexpression of HER2 in ER+ cancers can confer
resistance to TAM (Viedma-Rodriguez et al., 2014). Additionally, tumours that display
amplification of HER2 results in tumour growth promotion by conferring TAM with estrogen
agonist function (Rani et al., 2019). Interestingly, cells rendered resistant to TAM due to HER2
amplification displayed increased sensitivity to TAM following downregulation of ERBB3,
consequently implicating ERBB3 in TAM resistance. Importantly, evidence exists pointing to
heterodimer formation between ERBB2 and ERBB3 which represents the most pro-
tumorigenic form of all ERBB complexes implicating this complex in mediating cell survival
and impeding apoptosis through its potent PI3K/AKkt activating ability (Wang et al., 2010).
Additionally, interdependence between IGF-IR and ERa has also been documented in BC
where studies conducted identify that targeting the IGF-IR proved effective in decreasing the
growth of tamoxifen resistant BC cells (Viedma-Rodriguez et al., 2014). Seeing that exposure
to hypoxic conditions led to an increase in the expression of ER as well as the growth factor
receptors that contribute to drug resistance, it can be stated that hypoxic conditions exacerbate
endocrine resistance in BC cells.

The cell cycle can be described as a highly organized process that is well orchestrated in cells
to ensure accurate duplication of genetic material and cell division (Otto and Sicinski, 2017).
Progression through the cell cycle is mediated by the cyclin dependent kinases that function in
the presence of the appropriate binding partner proteins termed cyclins (Druker et al., 2021).
Seeing that the cell cycle is an increasingly demanding and energy-driven process, it is not
surprising that the oxygen-sensing system of the cell can directly affect cell cycle progression
(Druker et al., 2021). In the case of cyclin D1, exposure to hypoxic conditions led to an increase
in expression. This observation is supported by evidence indicating that hypoxia can mediate

transcriptional activation of cyclin D1 inducing Jak2/STAT signalling in BC (Joung et al.,
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2005). Additionally, protein-protein interaction between HIF-1 and AKT is also documented
to increase the expression of Cyclin D1 (Zhang et al., 2018a). Furthermore, hypoxia mediated
activation of NFkp signalling may also contribute to the observed increase in expression
(Druker et al., 2021). Interestingly culturing MCF-7 cells under hypoxic conditions further
upregulated the expression of CDK2. This CDK when complexed with cyclin E is crucial to
facilitating S phase entry by modulating Rb to facilitate progression past the restriction point
in G1/S (Ding et al., 2020). Subsequent association with cyclin A is further necessary for S-
phase termination and entry into G2. Furthermore, culturing cells under hypoxic conditions
also led to an increase in the expression of CCND1 which encodes for p27, a cyclin dependent
kinase inhibitor (Ding et al., 2020). Seeing that cell proliferation was not significantly affected
by culturing cells under hypoxic conditions, the increase in the expression of p27 points to a
probable oncogenic role of p27 in the cell. This statement can be justified by studies implicating
phosphorylated p27 in the induction of EMT, by binding to JAK2, facilitating STAT3
activation which led to increased expression of TWIST1 (Zhao et al., 2015). Furthermore,
studies show that phosphorylated p27 can also associate with c-Jun and are both co-recruited
to chromatin to mediate activation of transcription programs that facilitate EMT, cell motility
and metastasis (Yoon et al., 2019). Additionally, p27 is also seen to directly regulate
invadopodia formation and mediates cell invasion by binding to cortactin (a monomeric
scaffold protein) known to play a key role in the formation of actin protrusive structures
(Jeannot et al., 2017). On this basis, it can be hypothesised that the increased expression of p27
in MCF-7 cells post hypoxic induction facilitates EMT induction and confers cells with traits
that enhance metastatic potential. In terms of CDKN2D, exposing MCF-7 cells to hypoxic
conditions led to a decrease in the expression of this gene which encodes for the cyclin
dependent kinase inhibitor p19. Seeing that CDK4/6 is negatively regulated by p19, decreased
expression of this negative regulator will facilitate cell cycle progression by promoting
progression through G1 phase of the cell cycle (Ding et al., 2020). Consequently, scientific
evidence exists indicating that p19-deficient carcinomas display increased levels of benign
tumour growth. Interestingly, together with increased benign growth, loss of p19 exacerbated
benign to malign conversion and also mediated metastatic dissemination of epithelial tumours
(Kelly-Spratt et al., 2004). Consequently, decreased levels of p19 following hypoxic induction
could facilitate cancer growth and may potentiate increased metastatic capacity.

The acquisition of drug resistance is strongly linked with aberrant expression and regulation of

DNA damage response mechanisms which confers cancer cells with the ability to repair
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damaged DNA and continue proliferating in response to genotoxic insults (Assaraf et al.,
2019). Interestingly, exposing cells to hypoxic conditions led to an increase in the expression
of genes involved in DNA damage and repair. The breast cancer type 1 susceptibility protein
encoded by BRCAL plays a crucial role in mediating precise and efficient repair of DNA
double stranded breaks (Liu and Lu, 2020). Additionally, MutS Homolog 2 (MSH2) is an
important protein known to play a role in mismatch repair, which functions to correct erroneous
bases that occur during the process of DNA replication and recombination (Tang et al., 2021).
It is important to note, even though both genes are upregulated, exposure to hypoxic conditions
is seen to induce mutations to these genes thereby decreasing the efficiency of DNA repair
leading to unchecked cell cycle arrest, which consequently promotes increased chromosomal

and genetic instability thereby facilitating tumorigenesis (Hassan Venkatesh et al., 2020).

5.6. Hypoxia-induced EMT increases cellular cholesterol content potentiating an
aggressive disease phenotype

Despite evidence indicating that cholesterol directly regulates signalling pathways related to
EMT, no publication to date has attempted to delineate the effect of EMT induction on the
cellular cholesterol profile in cancer. This study aimed to shed light on the dynamics of
cholesterol in the relationship between hypoxia and EMT. Interestingly, free cholesterol, lipid

raft cholesterol and CE content was increased following hypoxia-induced EMT.

Evidence exists implicating hypoxia in the regulation of cholesterol biosynthesis through
HIF-1a dependent and independent pathways (Riscal et al., 2019). Indeed, studies document
hypoxia mediated translocation of SREBP2 to the nucleus thereby enhancing the expression as
well as the activity of HMGCR (Pallottini et al., 2008). This is supported by studies
highlighting increased levels of cholesterol in cells exposed to hypoxic conditions (Danza et
al., 2013). Moreover, a study implicated the hypoxic tumour microenvironment in promoting
SREBP transcriptional activity thereby enhancing the expression of downstream target genes
that are crucial to mediating cancer cell survival and tumorigenesis (Lewis et al., 2015).
Alternatively, hypoxia-induced cholesterol accumulation is also potentiated by decreased
cholesterol catabolism and reverse cholesterol transport (Cao et al., 2014). This finding further
validates the observation made in this study of reduced ABCAL expression in MCF-7 cells
following hypoxia-induced EMT (Supplementary Data- Figure S1.1).

Based on the fact that cholesterol is crucial to supporting the activity of several EMT-related

protein intermediates, together with the observation of increased cholesterol following hypoxic
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induction, it can be proposed, that hypoxia-induced EMT facilitates increased cellular
cholesterol abundance by mediating both cholesterol synthesis and also abrogating cholesterol

catabolism and efflux.

While the documented increase in free cholesterol was not significant (10.36%) both lipid raft
(30.68%) and CE (31.89%) content displayed a significant increase following hypoxia-induced
EMT. The slight increase in free cholesterol can be principally attributed to the observation
that excess free cholesterol proves toxic to the cancer cell (Riscal et al., 2019). Since free
cholesterol is toxic to the cells, cancer cells have developed mechanisms that compensate for
the increased free cholesterol by increasing the expression of ACAT-1, responsible for
catalysing esterification of cholesterol to a more stable state termed CEs which are stored in
lipid droplets (Mayengbam et al., 2021). Importantly, scientific evidence exists implicating
cellular stresses such as hypoxia in facilitating aberrant lipid droplet accumulation (Bang-
Rudenstam et al., 2019). This mechanism consequently justifies the significant increase in CE
content following hypoxia-induced EMT. Indeed, the increase in CE lipid droplet content is
also emerging as a common mechanism employed by advanced cancers to fuel cancer
aggressiveness (Morandi et al., 2017). By maintaining low levels of free cholesterol, cancer
cells are able to induce constitutive activity of SREBP (Yue et al., 2014). This consequently
mediates transcription of genes involved in cholesterol biosynthesis and uptake potentiating
increased cellular cholesterol availability to satisfy the energetic requirements of cancer cells
(Riscal et al., 2019). Importantly, the increased CE content is seen to promote unrestrained
proliferation and growth and is further linked with increased cancer cell migration and invasion
corresponding with enhanced metastatic potential (de Gonzalo-Calvo et al., 2015, Li et al.,
2016, Peck and Schulze, 2014). This is justified by evidence implicating CEs in mediating
regulation of the WNT/B-catenin signalling pathway (Lee et al., 2018). In terms of
clinicopathological findings, a direct association between intratumoral CE levels and higher
histologic grade, Ki-67 and tumour necrosis is documented substantiating the poor clinical

outcome in BC patients with CE accumulation (de Gonzalo-Calvo et al., 2015).

Studies now show that exposing cancer cells to hypoxic conditions promotes the coalescence
of lipid rafts leading to the formation of large liquid-ordered domains that facilitate
compartmentalization of several proteins promoting activation of EMT-related signalling
pathways (Danza et al., 2013). The heterogenous and dynamic nature of lipid rafts together
with the ability to compartmentalise cellular processes, makes them crucial signalling modules

in cancer (de Oliveira Andrade, 2016). Increased lipid raft cholesterol content is justified by
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the crucial role these rafts play in mediating cancer cell signalling that subsequently modulates
cellular function. Indeed, evidence exists implicating increased cholesterol content in
tumorigenic progression by modulating signal transduction through its effects on lipid rafts
(Alikhani et al., 2013). This is evidenced by studies indicating that tumour promoting
molecules such as osteopontin interact with integrin aVB3 as well as CD44 receptors located
in lipid raft domains to mediate activation of several signalling pathways including MAPK,
PI3K/Akt as well as NFkp to induce expression of EMT-related genes (Li et al., 2019).
Additionally, lipid raft localisation of podoplanin facilitates recruitment and subsequent
activation of the Ezrin family leading to EMT induction thereby promoting invadopodia
formation. Furthermore, lipid raft localised caveolin-1 enhances EMT induction by promoting
expression of the EMT master TF Slug through PI3K/Akt activation. On this basis it can be
stated that inhibiting cholesterol synthesis, or depleting membrane cholesterol destroys lipid

raft structure thereby counteracting the pro-tumorigenic effect of cholesterol (Li et al., 2019).

Interestingly, emerging scientific evidence documents a link between plasma membrane
composition including membrane cholesterol content which consequently dictates biophysical
properties and maintenance of a mesenchymal state (Morandi et al., 2017). In cells undergoing
EMT, together with an increase in membrane cholesterol, a reduction in the ceramide pool
synergistically contributes to enhanced membrane fluidity (Morandi et al., 2017). The
increased membrane fluidity is emerging as a crucial requirement of cancer cells to facilitate
metastatic dissemination (Morandi et al., 2017). The increase in lipid raft cholesterol following
hypoxia-induced EMT is hence clearly justified, implicating cholesterol in not only directly
modulating EMT associated signalling intermediates but also modifying the physical properties

of the membrane to support EMT.

Findings from the present study document that cancer cells that have undergone EMT display
increased sensitivity to cholesterol targeting agents. Interestingly, this result corresponded to a
significant increase in the expression of E-cadherin with an accompanying decrease in
Vimentin expression following the administration of cholesterol targeting agents. Furthermore,
post-EMT cells treated with cholesterol targeting agents display a significant decrease in
invasive potential which also supports the results obtained from immunofluorescence. This can
be corroborated with findings in other studies that elucidate the beneficial outcome associated
with employing cholesterol targeting agents to reduce the metastatic potential of cells by

decreasing the migratory and invasive potential of cells.
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This is evidenced by studies reporting that the disruption of lipid raft integrity (by
administering Simvastatin or MBCD) facilitates the shedding of the key cell surface receptor,
CD44 that is overtly expressed by cancer cells. This receptor is crucial for conferring an
aggressive disease phenotype as it mediates cancer cell migration, invasion and metastasis
(Murai et al., 2011).

Cholesterol targeting agents are also seen to affect EMT-related signalling intermediates to
combat metastasis. Guerra et al. identified that post-administration of MBCD, MDA-MB-231
cells displayed significantly reduced membrane protrusions relative to the control group which
exhibited the presence of ruffled membranes and lamellipodia and increased migratory
potential (Guerra et al., 2016). Further investigation by this group implicated the non-canonical
Wnt pathway in the inhibition of cell migration following administration of MBCD (Guerra et
al., 2016). Similar findings are also reported in a study conducted by Badana et al. where
authors found that treatment with MBCD inhibited the migration of MDA-MB-231 and MDA-
MB-468 cells (Badana et al., 2018). Upon further investigation, mMRNA and protein analysis
identified the downregulation of several anti-apoptotic proteins as well as decreased expression
of LRP6 and B-catenin (Badana et al., 2018). Seeing that LRP6 and -catenin (both key proteins
in the Wnt pathway) displayed decreased expression, it can be postulated that MBCD plays an
important role in preventing Wnt signalling thereby reducing the aggressive potential of TNBC
to metastasise. In terms of HPBCD, a recent study demonstrated that treatment with HPBCD
prevented EMT by inhibiting the TGFB/Smad signalling pathway which consequently activates
ER stress in MDA-MB-231 cell line. Following the administration of HPBCD, TPRI1
expression significantly decreased leading authors to postulate that treating cells with HPBCD
probably affected the distribution of TBR1 in lipid rafts (Wu et al., 2020).

With regards to statins, studies conducted indicate that Simvastatin mediated suppression of
Smad 2 and 3 phosphorylation attenuates TGF-p1 induced EMT and consequently impedes
cell migration (Yang et al., 2013). Additionally, Simvastatin mediated suppression of the
PI3K/Akt/GK3p as well as MAPK/ERK signalling pathways is also seen to inhibit EMT and
suppress cell migration (Wang et al., 2016). Furthermore, inactivation of the Hippo/Y AP/RhoA
pathway has also been documented following Simvastatin administration consequently
impairing metastatic potential (Kato et al., 2018). Interestingly, evidence exists implicating
Atorvastatin (belonging to the same class as Simvastatin) in impeding EMT by attenuating the
levels of HIF-1a and B-catenin (Du et al., 2018). One can thus postulate that Simvastatin may

also work in a similar way to impede EMT induction.

76



Accordingly, targeting cellular cholesterol enhanced levels of key epithelial markers namely
E-cadherin and Keratin 19 while simultaneously decreasing the expression of characteristic
mesenchymal markers namely Vimentin and N-cadherin (Deezagi and Safari, 2020, Sharma et
al., 2019, Wu et al., 2020). Both Zeb-1 and Zeb-2 also displayed decreased expression relative
to the untreated cells (Sharma et al., 2019). These findings subsequently account for the

reduced migratory and invasive capabilities of these cells post-treatment.

Based on the above findings it can be stated that treatment with cholesterol targeting agents
proves effective in reducing metastatic potential of cells by decreasing the migratory and
invasive potential of cells. This can be attributed to the disruption in lipid raft integrity which
facilitates the shedding of key cell surface receptor that cancer cells depend on for conferring
an aggressive disease phenotype. Furthermore, several EMT related pathways are also
inhibited. This facilitates an increased expression of key epithelial markers while reducing the
expression of mesenchymal markers. As a result of this, employing cholesterol targeting agents
effectively combats EMT and metastasis and prevents the acquisition of an aggressive disease

phenotype.

5.7. Hypoxia mediated MDR potential is efficiently combatted by targeting cholesterol

Scientific evidence exists consolidating the link between hypoxic induction and enhanced
MDR potential in cancer cells. This is predominantly achieved by the transcription and
activation of several drug transporter proteins promoting chemoresistance (Jing et al., 2019).
MDR1 is the most well-characterised MDR transporter associated with cancer therapy
resistance (Robinson and Tiriveedhi, 2020).

Seeing that exposure to hypoxic conditions induces expression of the MDR1 transporter
coupled with the observation that high levels of cholesterol is crucial to supporting the activity
of MDR1, we sought to elucidate the effect on MDR1 pump functionality following
administration of cholesterol targeting agents post-EMT. As expected, cells post-hypoxia
induced EMT displayed increased MDR potential as evidenced by the 47.13% decrease in

retention of fluorescent calcein (metabolised substrate of MDR1) in the cytosol of MCF-7 cells.

Importantly, treatment with cholesterol targeting agents combatted hypoxia-induced increase
in MDR potential as evidence by the increased retention of fluorescent calcein following
treatment. Interestingly, membrane cholesterol depletion proved more effective in restoring

sensitivity when compared with cholesterol synthesis inhibition. This observation can be
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justified by studies reporting that treatment with membrane cholesterol depletors abrogates
expression of the MDR1 transporter whereas treatment with statins affects the activity
(Glodkowska-Mrowka et al., 2014, Kim et al., 2018b). By repressing the expression of these
transporters, retention of substrate will be more efficiently achieved as opposed to reduced
activity. Furthermore, seeing that these transporters are housed in membrane lipid rafts,
depleting lipid raft cholesterol is seen to impair the efflux activity of MDR1 (Subramanian et
al., 2016). This can be attributed to alterations in lipid-raft membrane structure which affects
basal ATPase activity (Celestino et al., 2015). Studies indicate that membrane cholesterol
depletion results in translocation of MDR1 to detergent soluble fractions leading to a loss of
activity (Ferreira et al., 2015). Additionally, evidence exists implicating MBCD in directly
modulating ATPase activity independently from its ability to facilitate membrane cholesterol
depletion hence justifying the result obtained in the present study.

6. Conclusions and Future Perspectives

Administering 150 uM of CoCl, to MCF-7 cells for 48-hours mediated the induction of EMT
without significantly affecting cell viability. Following hypoxia-induced EMT, cells alter their
molecular profile to facilitate a resistant state. This is evidenced by the increased expression of
genes involved in drug metabolism and efflux, DNA damage and repair as well as apoptotic
evasion. Interestingly, this is the first study documenting alterations to the cellular cholesterol
profile following hypoxia-induced EMT indicating increased levels of free cholesterol, lipid
raft cholesterol as well as CEs. The abundance of cholesterol in addition to directly regulating
protein intermediates, promotes an increase in the presence of lipid rafts which serve as key
signalling hubs crucial for EMT induction. Seeing that the induction of EMT is associated with
increased drug resistant potential, it can be inferred that cholesterol through its EMT-
modulatory effects promotes increased drug resistance potential. Additionally, deregulated
cholesterol metabolism is also seen to directly contribute to drug resistance by directly
regulating the activity of the MDR transporters conferring cells with chemoresistant traits. This
therefore points to the multifaceted role of cholesterol in promoting EMT and mediating cancer
drug resistance (Figure 5).

Consequently, attempts made at targeting cellular cholesterol by employing cholesterol

synthesis inhibition/depletion to restore sensitivity was exploited. In this study, treatment with
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cholesterol targeting agents proved more effective in the post-EMT particularly in the case of
cholesterol depletion as opposed to cholesterol synthesis inhibition. This finding is beneficial
based on the debilitating side effects associated with statin therapy which is seen as a major
limitation in a clinical setting. This could be attributed to the long-term impediment of
cholesterol synthesis in cells where cholesterol plays an integral role in regulating essential
cellular processes. Consequently, the discovery of cholesterol depletory agents is pivotal to
combat drug resistance. Based on the crucial role of altered cholesterol metabolism in drug
resistance, screening additional compounds that either as single agents or in combination with
anti-cancer therapies will restore drug sensitivity, seems like a promising avenue to pursue.
Additionally, further insight is required to delineate the precise role that cholesterol plays in
influencing the major components of the tumour microenvironment. This consequently
highlights the incipient need to develop models that more closely mimic human immune

response and the human tumour microenvironment in general.

Given the importance of cholesterol dyshomeostasis in cancer progression and drug resistance,
as well as the observation of increased cellular cholesterol in cells following EMT induction,
targeting cellular cholesterol to combat BC pathogenesis seems to be a promising direction to

pursue in the search for novel anticancer therapeutics (Figure 5).

79



Normoxic l

Tumor ™
Tumor <€—— VEGF
vasculature

Hypoxia

- = — ‘

- .. > 1 Cholesterol Synthesis
Epithelial-Mesenchymal Transition 1 Free Cholesterol i Cholesterol Catabolism and
1 Lipid Raft Cholesterol

1 Cholesteryl Esters Efflu
1 Drug Efflux
D Metaboli
T Drug Me sm . 1 Lipid Raft Cholesterol
1 DNA Damage & Repair 1 Cholesteryl Esters
1 Cell Proliferation — .
s ! & o
Drug Resistance & Apoptosis/Senescence
Impediment
R oW
' . i
1] I 1 * EMT (1 E-Cadherin & | Vimentin)
W ' ® Invasion
el ¢ Drug Resistance (] MDR1 Functionality)

Targeting Cellular Cholesterol:
+ Cholesterol Synthesis Inhibition - 10 pM Simvastatin
* Cholesterol Depletion - 1 mM MBCD or 10 mM KS-01

Figure 5: Visual Representation Summarising the Role of Cholesterol in Hypoxia-induced EMT

The hypoxic tumour microenvironment facilitates EMT induction and promotes increased cellular cholesterol
availability by enhancing mechanisms associated with cholesterol synthesis and impeding cholesterol catabolism
and efflux. While increased cholesterol content is seen to fuel EMT, findings from this study elucidate that hypoxia-
induced EMT increases cellular cholesterol content (free cholesterol, cholesteryl esters and lipid raft cholesterol).
Importantly, both EMT and increased cholesterol content is seen to enhance drug resistance and impede apoptotic
and senescence induction. Findings from this study indicate that targeting cellular cholesterol, either through
cholesterol synthesis inhibition or depletion, efficiently combats EMT, decreases the invasive potential of cells
and may also restore sensitivity to conventional chemotherapeutic agents by decreasing the functionality of the
MDR1 pump. Consequently, targeting cellular cholesterol to combat breast cancer pathogenesis seems to be a
promising direction to pursue in the search for novel anticancer therapeutics.
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7. Successes and Limitations of the Study

The design of this study makes it quite novel as it is the first study to document alterations to
the cellular cholesterol profile in MCF-7 cells following hypoxia-induced EMT and the
downstream implications this has on cellular characteristics that promote metastasis and drug
resistance. Immunofluorescent as well as cholesterol staining facilitates both localisation and
quantification of protein and cholesterol content as opposed to western blotting and cholesterol-

based assays that only provide a quantitative result.

In terms of the limitations of the study, only one cell line was utilised to study the effects of
hypoxia-induced EMT on the cellular cholesterol profile. It would be interesting to consider
what the outcome would be in the MCF-10A non-malignant breast epithelial cell line.
Additionally, based on the costly nature of the RT2 PCR Profiler Arrays, other arrays such as
lipoprotein signaling and cholesterol metabolism could not be employed. Additionally,
expression levels of genes will not necessarily parallel protein expression, hence it cannot be
stated with absolute certainty that hypoxia-induced EMT results in the afore-mentioned
changes in drug resistance, yet it provides substantial clues into the pathway dynamics under
the tested conditions. Future studies will therefore seek to address this by studying the protein
expression following hypoxia-induced EMT. Lastly, the study was conducted in-vitro. While
in-vitro studies are crucial to facilitating a basic understanding of molecular mechanisms
governing cancer progression, these studies often present with limitations by not considering
the influence of the tumour microenvironment as well as the inter- and intra-tumour
heterogeneity. This heterogeneity serves as a platform for the selection and outgrowth of well
adapted tumour subtypes consequently promoting metastatic dissemination and relapse, a
feature that is not compensated for in in-vitro models. Nevertheless, findings from the current
study provides us with insightful and novel information potentiating the design of future studies

aimed at validating these findings in-vivo.
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8. Supplementary Data

A bioinformatics approach was employed by carrying out transcription factor binding site
(TFBS) analysis on a list of 84 cholesterol-related genes (RT? Profiler™ PCR Array Human
Lipoprotein Signalling and Cholesterol Metabolism: PAHS-080Z). This list was submitted to
the TFBS enrichment webtool o0POSSUM-3 (http://opossum.cisreg.ca/oPOSSUM3/) to detect

the over-represented conserved TFBS’s in a set of genes. The following parameters were set:
conservation cutoff = 0.40, matrix score threshold = 85%, region for upstream and downstream
sequences = 1000 bp and 200 bp, respectively. Results were selected based on the Z-score
(>=10) and Fischer score (>=7). This resulted in a list of 52 genes out of a total of 84 genes
had TFBs for ZEB1. These 52 genes were subsequently matched to a previous study which
analyzed all ZEBL1 related genes in TNBC (Maturi et al., 2018).

To delineate a possible mechanism that cancer cells employ to increase cellular cholesterol
content post-EMT, protein expression analysis of the cholesterol efflux protein ABCA1 was
completed. This protein was chosen based on bioinformatics analysis conducted which
predicted a transcription factor binding site for ZEB1 in the ABCAL gene. Following hypoxia-
induced EMT, MCF-7 cells presented with decreased levels of the ABCAL protein (40.66%)
as evidenced by the reduced fluorescence intensity in CoCl treated cells relative to untreated
cells (Figure 4.11). This result consequently supports results obtained through cholesterol

staining indicating increased levels of cholesterol post-EMT induction.
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Figure S1.1: Effect of CoCl; on the expression of cholesterol efflux protein ABCAL

Protein expression of ABCAL in untreated and CoCl, treated MCF-7 cells for a duration of 48 hours was detected
by employing immunofluorescence microscopy. (a) ABCAL expression is indicated by Alexa Fluor 594 staining
(red). It is evident that ABCAL1 is significantly decreased following treatment with CoCl, where further analysis
by Image J, document a 40.66% decrease in ABCAL expression of CoCl; treated cells relative to untreated cells.
Images were captured using the Floid™ Cell Imaging System followed by analysis using the Image J software.
The scale bar on each of the images represents 100 um. A paired two-tailed t-test was employed for statistical
analysis where data represent the mean * standard deviation. n=3. * P < 0.05, ** P < 0.01, *** P < 0.001
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