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Abstract

Colorectal cancer (CRC) is the third leading cause of cancer globally. Poor patient prognosis
is attributed to late diagnosis and high metastatic potential of the disease. The process of
metastasis usually favours the conversion between epithelial and mesenchymal cellular states,
termed epithelial-to-mesenchymal transition (EMT). EMT has been reported to contribute to
drug resistance, following treatments with chemotherapy, which allows for cancer recurrence
and metastasis. Additionally, increasing evidence indicates the role of the cholesterol
biosynthesis pathway in EMT progression. The lipid composition of epithelial cells compared
to mesenchymal cells is distinct and cells that undergo EMT show an elevation in cholesterol
levels to facilitate increased proliferation and oncogenic signalling. This study aimed to
investigate the effect of cholesterol depletion in EMT induced CRC and explored how
cholesterol depletion influences the susceptibility of EMT induced cells to the chemotherapy
cocktail referred to as FOLFOX (5-fluorouracil and oxaliplatin). Results showed that
following EMT induction by proinflammatory cytokine interleukin-6 (IL-6), in HT-29 cells,
cellular cholesterol content increased by ~30%. Cholesterol depletion with compounds
methyl-B-cyclodextrin (MBCD) and KS-01, in post-EMT cells, showed to reverse EMT
phenotypic changes as noted by increased epithelial marker E-cadherin (by 46.9% and
55.3%, respectively), decreased mesenchymal marker vimentin (by 41.0% and 52.8%,
respectively) and reduced invasive potential (by 43.0% and 47.8%, respectively).
Interestingly, EMT induced cells displayed increased sensitivity to the FOLFOX
chemotherapy, following cholesterol depletion, as observed by enhanced susceptibility to
apoptosis (by 46.7% and 60.3%, respectively) and attenuation of multidrug resistance (by
80.6% and 71.8%, respectively). Ultimately, this study highlights cholesterol depletion to be

a promising strategy for potential treatment of metastatic CRC.
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1. Introduction

1.1 Colorectal cancer

Colorectal cancer (CRC) is a prominent cause of morbidity and mortality worldwide. CRC is
the second leading cause of cancer death and the third most diagnosed cancer in the world. In
2020, there were an estimated 1.9 million new CRC cases and 935 000 deaths (Sung et al.,
2021). Risk factors for promoting CRC growth include an unhealthy diet, smoking, alcohol
consumption, obesity and an inactive lifestyle (Rawla et al., 2019). Epidemiological studies
show that a high-fat, high-cholesterol diet is associated with enhanced risk of developing
CRC (Giovannucci and Michaud, 2007). Age is considered an additional major risk factor for
sporadic CRC onset. The risk of CRC increases between the ages of 40 and 50 years and
increases substantially in subsequent decades (Rawla et al., 2019). Growing evidence has
suggested the role of inflammation in CRC. People with chronic inflammatory bowel
conditions such as ulcerative colitis and Crohn’s disease have a higher chance of acquiring
CRC (Ullman and ltzkowitz, 2011).

The rates of CRC incidence are progressively increasing globally. CRC cases are notably
rising in developing countries that are adopting a “westernised” lifestyle. South Africa has the
highest incidences of CRC in Sub-Saharan Africa; with an age-standardised incidence rate of
11.67 and 6.68 per 100 000, for men and women, respectively (Bebington et al., 2018). South
Africa’s public healthcare sector, that cares for 85% of the population, has limited ability for
screening, diagnostic and treatment programs for CRC (Herbst et al., 2020). These poor
resources are a likely contributing factor to disparate mortality rates in comparison to

developed countries and the rise of CRC occurrence.

1.2 Colorectal cancer development and progression

The high mortality rate of CRC is attributed to late diagnosis and high metastatic potential of
the disease. The 5-year survival rates for CRC are 93% at Stage I, 72-85% at Stage II, 52-
64% at Stage Ill and drops to a staggering 8% at Stage IV metastatic CRC (mCRC)
(Stintzing, 2014). Majority of CRC cases are adenocarcinomas that develop in the epithelial
cells of the colon and rectal mucosa (Fleming et al., 2012). More than 90% of colorectal
adenocarcinomas originate from adenomatous polyps. The hyperproliferation and cellular
accumulation of colonic epithelium, termed aberrant crypt foci (ACF), promote the formation
of adenomatous polyps (Manne et al., 2010). Polyps are tissue growths that form on the inner

lining of the colon wall. Most polyps are benign, however, if the tumour grows >2 mm in size

1



there is increased risk of developing CRC (Manne et al., 2010). The development into an
invasive adenocarcinoma is defined by the expansion of the tumour into the colorectal wall
and where cells dissociate into blood or lymphatic vessels, resulting in metastasis to distant
organs (Welch and Hurst, 2019).

The transformation of normal cells to cancerous cells is triggered through a series of complex
and aberrant processes. There are three understood pathways that lead to CRC progression
which are associated with distinct genetic and epigenetic modifications, namely, the
adenoma—carcinoma pathway (otherwise referred to as the chromosomal instability pathway),
the serrated neoplasia pathway and the microsatellite instability pathway (Dekker et al.,
2019).

70-90% of all CRC incidences follow the transition from ACF to invasive CRC via the
adenoma—carcinoma pathway (Dekker et al., 2019). The aberrant activation of the Wnt
signalling pathway is the earliest event that drives pathway progression. Wnt signalling is
involved in maintaining tissue homeostasis and deregulations in Wnt are often implicated in
tumour development (MacDonald et al., 2009). The tumour suppressor gene Adenomatous
Polyposis Coli (APC) of the Wnt pathway becomes inactivated, promoting the development
of ACF (Dekker et al., 2019). This mutation is followed by the aberrant activation of Kirsten
rat sarcoma virus (KRAS), which regulates various cellular pathways including mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways,
involved in cell growth and survival (Pino and Chung, 2010). As CRC develops, tumour
suppressors SMAD2 and SMAD4 (mediators of the transforming growth factor-p (TGF-B)
pathway) are downregulated due to allelic loss at chromosome 18q (Pino and Chung, 2010).
Finally, TP53 is a crucial tumour suppressor involved in response to DNA damage and
abnormal proliferative signals. Loss of TP53 is a defining step in the transition from CRC

adenoma to CRC carcinoma and malignant transformation (Figure 1.1).
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Figure 1.1: Colorectal cancer progression via the adenoma-carcinoma. Colorectal
adenocarcinomas develop from an accumulation of chromosomal instability and genetic mutations.
The adenoma-carcinoma pathway is usually initiated by mutations in the APC gene leading to
deregulation in the Wnt signalling pathway. Deregulated activation in KRAS further drives cell
proliferation and tumour growth through the MAPK and PI3K pathways. Mutations to the TGFp
signalling pathway and inactivation of p53 tumour suppressor gene advance colorectal cancer and
promote metastasis. Figure created with BioRender.com

The characteristics of all human tumours can be succinctly described by several underlying
principles namely acquired growth signal autonomy, poor response to growth-inhibitory
signals, resistance to apoptosis, infinite proliferative potential, induced angiogenesis, and the
invasion and metastasis to distant sites (Hanahan and Weinberg, 2000). Over 90% of cancer
related mortalities are a result of metastatic disease (Mittal, 2018). Tumour metastasis
involves a series of sequential, interconnected, and intricate steps, allowing for cells to
disassociate from surrounding epithelial cells, disseminate and form metastases at distant
sites. Metastasis is typically characterised by enhanced motility and invasion, modifications
of the microenvironment and increased cell plasticity (Welch and Hurst, 2019). The
formation of metastases at distant sites usually favours the cellular conversion between
epithelial and mesenchymal states, by means of the process epithelial-to-mesenchymal
transition (EMT) (Cao et al., 2015). CRC is a highly invasive cancer, and it is therefore
worthwhile to explore EMT in further detail.

1.3 Epithelial-to-mesenchymal transition

EMT is a cell plasticity program that normally occurs during embryonic development, wound
healing and tissue regeneration (Iwatsuki et al., 2010). Additionally, EMT is implicated in

promoting tumour metastasis and cancer progression. The reversible EMT program allows



cells to de-differentiate, invade into the blood stream, disseminate to distant organs, where
mesenchymal-to-epithelial transition (MET) allows for the efficient colonisation of cells and
the formation of micro-metastases (Roche, 2018). Cancer cells undergoing EMT are involved
in forming a favourable microenvironment, allowing for cancer metastasis and the resistance
to apoptotic stimuli. Consequently, EMT contributes to poorer prognosis and difficulties in
treatment including drug resistance (lwatsuki et al., 2010). It is for these reasons that
targeting the EMT process has become an attractive therapeutic strategy against tumour

progression and invasion.

Epithelial cells are adherent, polarised cells that are anchored laterally by specialised
junctions and interact with the basement membrane. The activated EMT program promotes
the disruption of cell-cell contacts, loss of apical-basal polarity and detachment from the
basement membrane (Mittal, 2018). Cells lose key markers that are necessary for maintaining
the structural integrity of an epithelial phenotype (Figure 1.2). Additionally, cells gain
mesenchymal properties that facilitate cytoskeletal remodelling necessary for migration and
invasion (Mittal, 2018).

EMT cells exhibit great plasticity in the transition between epithelial and mesenchymal
states. Additionally, EMT cells have shown to transition along a spectrum of intermediate
states exhibiting hybrid epithelial and mesenchymal markers, termed partial EMT (Nieto et
al., 2016). Partial EMT is considered most relevant in cancer progression, as cells can travel
in clusters, ensuing a more aggressive disease than with complete EMT (Jolly et al., 2015).
Changes between the two phenotypes are regulated by intricate networks involving the
activation of three core groups of EMT transcription factors (EMT-TFs) (Roche, 2018).
These EMT-TFs include SNAIL and SLUG (also known as SNAI1 and SNAI2), the zinc
finger E-box binding homeobox (ZEB) family (ZEB1 and ZEB2) and the basic helix—loop—
helix Twist family (TWIST1 and TWIST2) (Vu and Datta, 2017). The EMT-TFs function to
suppress epithelial proteins and up regulate mesenchymal proteins. Additionally, they
regulate EMT by decreasing expression of microRNAs (miRNAs) involved in stabilising an
epithelial phenotype and by recruiting co-repressors and activators to enhance EMT
(Stemmler et al., 2019).
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Figure 1.2: Epithelial-to-mesenchymal transition. The process of EMT disrupts epithelial cell-cell
adhesion, results in loss of apical-basal polarity and undergoes cytoskeletal remodelling, to resemble
a mesenchymal phenotype. The change in cell physiology is initiated by EMT transcription factors:
Snail, Twist and Zeb. Cells that have undergone EMT are characterised by the loss of epithelial
surface markers such as E-cadherin, occludin, claudins and cytokeratin. EMT stimulates cells to
express mesenchymal markers including N-cadherin, vimentin, fibronectin, and matrix
metalloproteinases (MMPs). Figure created with BioRender.com

The transcriptional activation of EMT-TFs are mediated by several signalling pathways
including Wnt, Hedgehog, TGF-B and receptor tyrosine kinase (RTK) signalling as well as
inflammatory cytokines and physical stresses like hypoxia (Figure 1.3) (Cao et al., 2015).
There is considerable crosstalk between EMT inducing signals and many of these pathways
are expressed in specific cells or tissue types. This indicates that cells may respond
differently to specific signalling pathways, depending on their cell state and

microenvironment (Gonzalez and Medici, 2014).
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Figure 1.3: Signalling networks that promote EMT in colorectal cancer. The major signalling
pathways implicated in EMT include Wnt, Hedgehog, TGF-f and RTK signalling as well as
inflammatory cytokines and physical stresses like hypoxia. Wnt signalling drives the EMT process
through the inhibitory phosphorylation of glycogen synthase kinase 38 (GSK3p). Successively, p-
catenin is stabilised and translocates to the nucleus to activate SNAI1 and ZEB1.The activation of
hedgehog signalling results in the de-repression of transmembrane receptor Smoothened, that
functions to active the GLI family of TFs to drive EMT. TGF-$ associates with TGF-f receptors and
induce the phosphorylation and activation of SMAD proteins, that localise in the nucleus to transcribe
Snail, Twist and Zeb TF families. Growth factors promote RTK signalling via the PI3K and MAPK
signalling pathways to activate EMT-TFs via NF-«xB. The phosphorylation of STAT3 via
proinflammatory cytokines implicated in EMT induction. Hypoxia is an important driver of EMT
through the stabilisation of hypoxia-inducing factor-/a (HIF-1a) to upregulate SNAIL, ZEB1 and
TWIST. Figure created with BioRender.com

Growing evidence has suggested the ubiquitous role of inflammation in CRC. Patients with
chronic inflammatory bowel conditions have a much greater risk of acquiring CRC (Long et
al., 2017). Additionally, studies have suggested that the use of anti-inflammatory medications
may delay or even prevent CRC development (Friis et al., 2015). Of the mentioned pathways
that induce EMT, inflammation and cytokine signalling is recognised as a key inducer of
CRC. Interleukin-6 (IL-6) is a well-characterised inflammatory molecule and is considered a
key player in driving tumour-associated inflammation and carcinogenesis. Chronic IL-6
signalling is responsible for driving a range of tumour-promoting properties including the
ability to act on the tumour itself to support cell survival, proliferation and dissemination; and
by acting extrinsically, through the interaction with cells in the tumour microenvironment
(TME) to facilitate angiogenesis and tumour immune escape (Dominguez et al., 2017). The
role of IL-6 in promoting EMT is discussed in detail below.



1.4 The IL-6 pathway in cancer progression and EMT

1.4.1 The IL-6/IL-6R pathway

IL-6 was first discovered for its ability to aid B cell maturation and is most known for its role
in both the innate and adaptive immunity. IL-6 interacts with a dimeric cytokine receptor
formed by IL-6 receptor (IL-6R) and glycoprotein 130 (gp130). The IL-6R contains a short
cytoplasmic domain and cannot transduce intracellular signals, therefore, signalling is
performed by the ubiquitously expressed gpl30 transmembrane protein. The IL-6R/gp130
activated receptor complex transmits intracellular signals, regulating a number of pathways
including the Janus kinase (JAK)/signal transducer and activator of transcription 3 (STAT?3)
pathway, PI3K/Akt and MAPK pathways (Masjedi et al., 2018).

There are two understood pathways involved in transmitting IL-6 signalling namely, the
classical and trans-signalling pathways. The classical pathway is mediated by membrane
bound IL-6R (mIL-6R). mIL-6R is uniquely expressed in immune cells such as monocytes,
neutrophils and activated B cells and functions to stimulate an anti-inflammatory response
and to facilitate homeostasis. The trans-signalling pathway functions similarly to the classical
pathway except IL-6 binds to a soluble form of IL-6R (SIL-6R). sIL-6R is formed through
proteolytic cleavage of mIL-6R protein or through alternative splicing of the IL-6R transcript
(Lin et al., 2020). Importantly, sIL-6R can dimerise with gp130 even in cells that do not
typically express IL-6R. Owing to the fact that all cells express gp130, the IL-6 pathway may
be aberrantly activated by the trans-signalling pathway, which can contribute to cancer

progression, including oncogenic signalling in CRC (Garbers and Rose-John, 2018).

1.4.2 The role of the IL-6/IL-6R/STAT3 pathway in EMT induction

Intestinal inflammation is understood to be one of the most important factors driving CRC.
High IL-6 serum levels in various tumours have been linked to poor clinical outcome and
chemotherapy resistance (Nakamura et al., 2020). The cytokine is one of the most abundant
proinflammatory molecules in the TME. Cancerous cells utilise I1L-6 through autocrine
production and paracrine release, from infiltrating immune cells, to drive tumorigenesis
(Dominguez et al., 2017). Chronic IL-6 signalling is responsible for driving a range of
tumour-promoting properties including to support cell survival, proliferation and
dissemination; and acting extrinsically through the interaction with cells in the TME to
facilitate angiogenesis and tumour immune escape (Dominguez et al., 2017). The activation
of downstream signalling pathways of JAK/STAT3, PI3K/Akt and MAPK promotes the
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expression of proteins involved in cell proliferation (Cyclin D1, c-myc), survival (B-cell
lymphoma (Bcl)-2, Bcl-xL), angiogenesis and metastasis (VEGF and MMPs), and amplifying
inflammatory signals (IL-6 and TGF-p) (Johnson et al., 2018).

IL-6 was first identified as an EMT inducer of carcinoma cells in a study exposing IL-6 to
estrogen receptor (ER)-a positive human breast cancer cells. IL-6 exposure repressed E-
cadherin epithelial marker and induced the production of mesenchymal markers vimentin, N-
cadherin, TWIST and SNAIL (Sullivan et al., 2009). Thereafter, studies have isolated
JAK/STAT3 as the key pathway that IL-6 utilises to induce EMT. IL-6/IL-6R receptor
complex stimulates the phosphorylation of STAT3 and its subsequent nuclear translocation,
where phosphorylated STAT3 (pSTAT3), promotes the expression of key EMT-TFs (Yadav
et al., 2011; Kim et al., 2016). pSTATS3 (at Tyr705 residue) has been shown to bind directly
to the promotor regions of EMT-TFs TWIST, SNAIL and ZEB1 to enhance transcriptional
activity (Xiong et al., 2012; Zhang et al., 2015; Saitoh et al., 2016), thereby establishing a
direct role of STAT3 in EMT induction.

In addition to the direct role of STAT3 in EMT induction, the TF can transcriptionally
mediate several pathways that are implicated in EMT induction (Figure 1.4). A study
conducted by Lui et al., 2015, showed that STAT3 transcriptionally regulates the Fos-related
antigen-1 (Fra-1) protein, in response to IL-6. Fra-1 is a significant member of the Fos family
and is strongly implicated in carcinogenesis, metastasis and has been suggested to be a major
regulator of EMT. Activated Fra-1 by IL-6/STAT3 drives aggressive CRC by increasing the
production of EMT-enhancing proteins such as SLUG, SNAIL, ZEB1, MMP-9 and MMP-2
(Liu et al., 2015). Moreover, IL-6/STAT3 trans-signalling has shown to modulate the
expression of hypoxia-inducing factor-1o (HIF-1a)) and increases HIF-1a stability. Stabilised
HIF-1a to upregulates the expression of SNAIL, ZEB1 and TWIST, contributing to EMT
induction (Jung et al., 2005; Holmer et al., 2015).

Furthermore, the inflammatory IL-6/STAT3/NF-kB feedback loop, is understood to be
crucial for tumorigenesis and cell transformation (Iliopoulos et al., 2009). The Nuclear factor
k-light-chain-enhancer of activated B cells (NF-xB) TF is another mediator of EMT and NF-
kB binding sites have been identified along the promotors of SNAIL, SLUG and TWIST1
genes (Pires et al., 2017). Hendrayani et al., 2016, identified that AU-rich element RNA-
binding protein-1 (AUF-1) is involved the IL-6/STAT3/NF-kB feedback loop and is
important for the transmission of I1L-6 signalling (Hendrayani et al., 2016). AUF-1 is a direct



target of STAT3 and is a positive regulator expression of mesenchymal marker a-smooth
muscle actin (a-SMA) as well as EMT inducer TGF-B1 and IL-6 (Hendrayani et al., 2014).
Inhibition AUF-1 blocks the IL-6/STAT3/NF-kB positive feedback loop as well as attenuates
TGF-B signalling, which blocks the transformation of cancer-associated fibroblasts and

prevents proliferation and cell migration (Hendrayani et al., 2016; Yan et al., 2018).
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Figure 1.4: L-6/IL-6R mediates EMT through the JAK/STAT3 pathway. Phosphorylated STAT3
functions by upregulating the expression of proteins involved in EMT induction such as Fra-1, HIF-
la, NF-kB, TGF-f5, a-SMA and promotes a positive feedback loop by upregulating IL-6 expression.
STATS3 inhibits the activity of miRNAs such as miR-34a and miR-506-3p which function to impede
EMT. STAT3 can also directly promote EMT by binding to the promotor regions of EMT-TFs namely
SNAIL, TWIST and ZEB1. Consequently, EMT induction leads to enhanced apoptosis evasion and
drug resistance. Figure created with BioRender.com

A member of the miR-34 family, miR-34a, is known to impede EMT by activating the p53
tumour suppressor (Nie et al., 2019). STAT3 inhibits miR-34a by binding to a conserved
STAT3-binding region in the first intron of the MIR34A gene. STAT3-mediated miR34-a
repression results in an upregulation of SNAIL, IL-6R and pSTATS3, further enhancing EMT
and invasiveness. Rokavec et al., 2014, demonstrated that the IL-6R/STAT3/miR-
34a feedback loop is in fact necessary for EMT progression and metastasis in CRC (Rokavec
et al., 2014). Additionally, STAT3 indirectly downregulates Forkhead Box Q1 (FoxQ1)
EMT-TF through the downregulation of miR-506-3p. STAT3 associates with the STAT3
binding region of the miRNA, inhibiting transcription. miR-506-3p is a key regulator of
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FoxQl EMT-TF. Attenuation of FoxQ1l consequently resulted in the inhibition of EMT
induction and migration in CRC cells (Wei et al., 2019). IL-6 is known to induce EMT in
CRC (Rokavec et al., 2014; Liu et al., 2015; Wang et al., 2019), it is for this reason that this
project utilises IL-6 cytokine to induced EMT in CRC cells.

As high as 25% individuals that are diagnosed with CRC are already at advanced stages of
metastasis (Brand et al., 2018). EMT, a key characteristic of metastasis, is a major contributor
of poor patient prognosis and limits the success of treatments. Therefore, there is a pressing

need to improve on existing chemotherapies.

1.5 Current treatments for colorectal cancer

There are several strategies implemented for the treatment of CRC (Figure 1.5). The primary
and ideal form of treatment for CRC is the surgical removal of the tumour and all metastases.
Radiotherapy and chemotherapy are additional leading strategies used to control the disease
and are often applied as neoadjuvant or adjuvant treatment to surgery, for the maximal

reduction and stabilisation of the tumour (Xie et al., 2020).

Newer approaches such as targeted therapy and immunotherapy have been developed to
improve on existing chemotherapies. Targeted therapies provide treatments that target
tumour-specific mutations and oncogenic pathways, to hinder tumour growth and trigger
apoptosis. While immunotherapies are designed to enhance immunorecognition against
cancer cells that may express abnormal antigens. Monoclonal antibodies are often utilised by
these strategies to either target and inhibit deregulated oncoproteins such as epidermal growth
factor receptor (EGFR), vascular endothelial growth factor receptor (VEGFR) and B-Raf or
to block the activity of immune checkpoint proteins namely programmed death-1 (PD-1) and
cytotoxic T lymphocyte antigen 4 (CTLA-4), which can subsequently initiate an anti-cancer
immune response (Dekker et al., 2019; Xie et al., 2020).
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Figure 1.5: Current strategies aimed at treating colorectal cancer. These treatments are often used
in combination with each other (e.g., chemotherapy and targeted therapy) in order to increase
patients’ overall survival. Figure created with BioRender.com

Studies performed in recent years have demonstrated that the use of chemotherapies, in the
form of both single-agent and multiple-agent regimens, has improved CRC patients overall
survival (OS) by almost 20 months (Xie et al., 2020). Administering chemotherapies has
become the first line of treatment for CRC, especially mCRC. Additionally, up to 30% of
patients that are diagnosed with mCRC present with an inoperable form of metastatic disease
(Gustavsson et al., 2015). These patients who receive chemotherapy treatment have shown to
have a median OS of greater than 2 years, compared to patients who receive supportive care
alone with a median OS of 5 months (Gustavsson et al., 2015). Multiple-agent regimens
consisting of a fluoropyrimidine, such as 5-fluorouracil (5-FU), and irinotecan or oxaliplatin
are reported to be superior to single-agent therapies, specifically with the treatment of mMCRC
(Stintzing, 2014).

1.6 FOLFOX chemotherapy against metastatic colorectal cancer

1.6.1 FOLFOX mechanism of action

The fluoropyrimidine 5-FU is the most widely used drug for CRC treatment (Briffa et al.,
2017). 5-FU may be used as a single agent or together with other drugs. However, the
response rate of 5-FU alone is only 10-15% for the treatment of advanced CRC, therefore 5-
FU is often used as a combination therapy (Johnston and Kaye, 2001). FOLFOX is one of the
most common combination chemotherapies used to treat mCRC and includes an infusion of
5-FU together with folinic acid (otherwise known as leucovorin) and oxaliplatin (Folprecht et
al., 2016).

11



5-FU is an analogue for uracil, with a fluorine atom at the C-5 of uracil. The anti-cancer
metabolite functions by mis-incorporating itself and its active metabolites into DNA and
RNA, and serves to inhibit tumour cell division by inhibiting thymidylate synthase (TS)
(Figure 1.6) (Ghafouri-Fard et al., 2021). 5-FU is converted into a number of active
metabolites including fluorouridine triphosphate (FUTP) and fluorodeoxyuridine
monophosphate (FAUMP). FUTP becomes mis-incorporated into RNA, altering RNA
processing and consequently, induces RNA damage (Ghafouri-Fard et al., 2021). TS converts
nucleotide precursor deoxyuridine monophosphate (dUMP) into deoxythymidine
monophosphate (dTMP), a vital step for DNA synthesis and repair. Following 5-FU
metabolism, FAUMP metabolite binds to TS in place of dUMP, where the fluorine atom of
FAUMP prevents its dissociation from the enzyme thus forming a stable inhibitory complex
(Zhang et al., 2008). 5-FU is often administered together with folinic acid, that functions to
improve TS inhibition (Negrei et al., 2016). Folinic acid enters the cell via the reduced folate
carrier and is metabolised to 5,10-methylenetetrahydrofolate (5,10-CH2FH.) which binds to
TS, forming a stable TS-dUMP-5,10-CH2FH4 ternary complex. Folinic acid has no anti-
tumour activity and is included to enhance 5-FU activity, with fewer side effects (Wang et al.,
2017).

Oxaliplatin has shown to be an effective anticancer agent against CRC. The platinum-based
compound induces intra- and inter-strand DNA breaks by forming crosslinks between
platinum and either two adjacent guanine residues or between a guanine and adenine residue.
As a result, DNA replication and transcription is inhibited. Moreover, the bulky 1,2-
diaminocyclohexane functional group of oxaliplatin prevents binding of the mismatch repair

enzyme complex to DNA, resulting in cell-cycle arrest and apoptosis (Comella et al., 2009).
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Figure 1.6: Metabolic pathway of FOLFOX chemotherapy. The FOLFOX chemotherapy functions
to induce DNA and RNA damage in CRC tumour cells. 5-FU metabolite, FUTP becomes mis-
incorporated into RNA to induce RNA damage. FAUMP inhibits TS activity, preventing DNA
synthesis and repair. Oxaliplatin induces DNA breaks to promote apoptosis and inhibit cell division.
FOLFOX (FOL: folinic acid; F: 5-fluorouracil; OX: oxaliplatin) FUMP: fluorouridine
monophosphate, FUDP: fluorouridine diphosphate, FUTP: fluorouridine triphosphate, FdUrd:
fluorodeoxyuridine, FdUMP: fluorodeoxyuridine  monophosphate,  5,10-CH=FH.: 5-10
methenyltetrahydrofolate, 5-10-CH.FH4: 5,10-methylenetetrahydrofolate. Figure created with
BioRender.com

The FOLFOX regimen is recommended for adjuvant chemotherapy of stage Il CRC
following resection of the primary tumour (6 months perioperative treatment) and as a
neoadjuvant treatment of mCRC, for 2-3 months (Briffa et al.,, 2017). Patients are
administered oxaliplatin and folinic acid for 2 hours, followed by 5-FU infusion for 48 hours,
following clinical practice originated from the ‘De Gramont’ schedule (de Gramont et al.,
2000). FOLFOX treatments have enhanced OS and response rates to 40-50% in patients with
mCRC (Douillard et al., 2000; Giacchetti et al., 2000)

1.6.2 Limitations to the FOLFOX chemotherapy

There are various limitations associated with chemotherapy treatments such as poor response
rates, systemic toxicity, treatment resistance and low tumour specificity (Xie et al., 2020).
Several severe toxicities are reported in patients treated with the FOLFOX regime such as
abnormal kidney function, gastrointestinal side effects, neuropathy, cardiovascular side
effects, abnormal liver enzymes and anaemia (Gresham et al., 2014). Ideally, chemotherapy
for mCRC should be administered continuously until the disease improves, however, the

accumulation of toxicities restricts continued use of the chemotherapy (Li et al., 2020).
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Importantly, some patients do not even qualify for combination treatments of 5-FU with

oxaliplatin or irinotecan because of the high toxicity profile of these drugs (Stintzing, 2014).

Furthermore, drug resistance is often reported after prolonged use of chemotherapies and
remains one of the greatest obstacles in the treatment of mCRC. Multidrug resistance (MDR)
is the resistance of a wide spectrum of different chemotherapeutic drugs. There are a number
of mechanisms involved in MDR including the over-expression of efflux pumps such as
ATP-binding cassette (ABC) transporters; reduced drug uptake; activation of detoxifying
systems; DNA repair activation and evasion of apoptosis (Cho and Kim, 2020). The
overexpression of ABC transporters such as P-glycoprotein (P-gp), encoded by ABCBL, is
considered to be one of the most important processes involved in MDR and has become a
source of significant interest in the research of reducing MDR. The overexpression of ABCB1
is detected in various tumours including CRC and is associated with treatment failure. P-gp
acts to expel 5-FU and oxaliplatin, preventing the drugs from reaching a sufficient
concentration to induce DNA or RNA damage (Briffa et al., 2017).

Clearly, there is a pressing need to improve on existing chemotherapies. ldentifying new
targets and understanding related biological mechanisms is vital for the development of
improved treatment strategies. Cholesterol has received increasing attention for its role in
cancer progression, where cholesterol dyshomeostasis has shown to drive several cancers
(Ding et al., 2019). Cholesterol metabolism and its involvement CRC cancer progression will

be discussed in greater detail below.

1.7 Cholesterol metabolism

Under healthy homeostatic conditions, cholesterol is vital for cellular function and organism
survival. Cholesterol acts as a precursor for the synthesis of bile acids, adrenal and gonadal
steroid hormones, and vitamin D (Huang et al., 2020). Cholesterol is a vital component of the
cell, to maintain integrity and fluidity of the membrane. Additionally, cholesterol
accumulates in specified regions of the cell membrane, together with sphingolipids, forming
micro-domains termed lipid-rafts. Lipid-rafts are central to key signalling pathways involved
in apoptosis, cell cycle progression as well as tumour development and metastasis (Zalba and
ten Hagen, 2017).

Cellular cholesterol levels are largely maintained by the balance between cholesterol

biosynthesis, export, uptake by lipoproteins and esterification (Arnold and Kwiterovich,
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2003). The liver is one of the primary sites involved in cholesterol biosynthesis. Cholesterol
biosynthesis occurs through the mevalonate pathway. Three acetyl CoA molecules are
condensed to yield 3-hydroxy-3-methylglutaryl (HMG-CoA). Subsequently, a series of
enzymatic reactions occur for the production of cholesterol (Figure 1.7) (Arnold and
Kwiterovich, 2003). Cholesterol synthesis is tightly regulated to ensure normal homeostatic
conditions. HMG-CoA reductase (HMGCR), which reduces HMG-CoA to mevalonate, is the
rate-limiting step and is critical for cholesterol biosynthesis. Sterol regulatory element-
binding protein 2 (SREBP2) is the main transcriptional regulator of cholesterol synthesis. In
the presence of high cholesterol, SREBP2 is inactive, forming an inert complex at the
endoplasmic reticulum with sterol-sensing SREBP-cleavage activating protein (SCAP).
When cholesterol levels fall, the amino terminal of SREBP2 is cleaved and SREBP2 is
liberated from SCAP. The protein enters the nucleus and binds to the promotor region of
target genes at the sterol regulatory element (SRE) sequence 5’-TCACNCCAC-3’. Target
genes of SREBP2 include HMGCR and LDL receptor (LDLR) which upregulate cholesterol
synthesis and uptake from the external environment (Berg et al., 2002).
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Figure 1.7: Cholesterol metabolism and homeostasis. Cholesterol acts as a precursor for the
synthesis of bile acids, steroid hormones, and vitamin D. The lipid also functions to maintain
membrane fluidity, permeability and accumulates in lipid-rafts for cell signalling. Cholesterol is
synthesised through a series of ~30 enzymatic reactions beginning with acetyl CoA. HMGCR is the
rate-limiting step for cholesterol biosynthesis. Cholesterol is converted to cholesteryl esters (CES) by
acyl coenzyme A: cholesterol acyltransferase (ACAT), for secretion as lipoproteins or its storage in
lipid droplets. Cholesterol levels are also maintained by cellular uptake of low-density lipoproteins
(LDL) by LDL receptors (LDLR). Excess cholesterol is exported by ABC transporters. Figure created
by BioRender.com. Figure adapted from (Luo et al., 2020).
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In addition to de novo biosynthesis of cholesterol, cells take up exogenous cholesterol
supplied by the diet. Cholesterol is nonpolar and water insoluble. Therefore, cholesterol is
packaged in a lipid-rich core surrounded by lipoproteins, to solubilise cholesterol in the
blood. The two major transporters of cholesterol are high-density lipoprotein (HDL) and low-
density lipoprotein (LDL). HDL particles are necessary for the reverse transport of
cholesterol by removing excess cholesterol; cholesterol from dying cells and cells undergoing
membrane turnover from peripheral tissues and transporting cholesterol back to the liver
(Arnold and Kwiterovich, 2003). LDL particles functions to transport cholesterol from the
liver to peripheral tissues. Cellular uptake of cholesterol is regulated by LDLR mediated
endocytosis of LDL particles and subsequent hydrolysis. LDLR activity is the main player
regulating cholesterol uptake. The inducible degrader of the LDL-receptor (IDOL) and
proprotein convertase subtilisin/kexin type-9 (PCSK-9) are critical for LDLR regulation,

targeting LDLR for degradation in the presence of excess cholesterol (Luo et al., 2020).

Excess cholesterol is either exported by ABC transporters such as ABCAL and ABCGL to the
blood or is esterified by acyl-CoA:cholesterol acyltransferase (ACAT) to form cholesteryl
esters (CEs). CEs are either secreted within lipoproteins or stored in the form of lipid
droplets, which functions to decrease cellular cholesterol levels (Réhrl and Stangl, 2018). The
liver X receptor (LXR) transcriptional regulator works in an opposing manner to SREBP2.
Excess cholesterol and cholesterol-derived oxysterols activates the LXR pathway. The
pathway acts to reduce cholesterol levels by upregulating the expression of genes involved in
cholesterol efflux, transport and absorption (Zhu et al., 2012). Target genes of LXR include
ABCAL1 and ABCGL1 to increase cholesterol efflux; and IDOL to suppress LDLR expression
(Rohrl and Stangl, 2018). Loss of these homeostatic controls is one of the major hallmark

features of cancer-cholesterol metabolism.

1.8 Dereqgulated cholesterol metabolism in colorectal cancer

Under healthy conditions, circulating and cellular cholesterol levels are tightly regulated by
biosynthesis pathways, dietary cholesterol, and elimination of surplus cholesterol from
peripheral tissues. In the context of carcinogenesis, cholesterol mechanisms become
deregulated in order to support the increase in cell metabolic requirements such as
hyperproliferation and migration (Cruz et al., 2013). Numerous malignant tumours exhibit

cholesterol accumulation and overwhelming evidence indicates that cholesterol is
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predominantly involved in cancer development (Ding et al., 2019). Abnormal lipid content in

cancerous tissues is associated with CRC occurrence and development (Zhang et al., 2014).

Modifications to cholesterol content is mediated by a series of events that modify cholesterol
biosynthesis, uptake and cholesterol efflux (Cruz et al., 2013). Increased cholesterol
biosynthesis is in fact a hallmark of many cancers. Studies show that SREBP2 and its
downstream target genes become significantly upregulated, in numerous cancers.
Consequently, HMGCR activity is increased as well as production of LDLR, to enhance
cholesterol biosynthesis and uptake (Huang et al., 2020). The in vitro and in vivo knockdown
of SREBP1 or SREBP2 in CRC impeded cell proliferation and tumorigenesis, as a result of
reduced cholesterol levels. While SREBP1 is mostly known for controlling fatty acid
synthesis, target genes of cholesterol synthesis become downregulated by the knockdown of
SREBP1 (Wen et al., 2018). Another study identified the overexpression of SREBP1 in CRC,
which suggests that SREBP1 and subsequent cholesterol upregulation is involved in CRC
carcinogenesis (Gao et al., 2019). Cholesterol can be made readily available in cancerous
cells, through the accumulation of CEs (Huang et al., 2020). CEs prevent toxic accumulation
of cellular free cholesterol and become reservoirs of cholesterol when needed by the cell.
Abnormal accumulation of ACAT is detected in a number of tumours and exhibits a tumour
promoting function, by converting free cholesterol into CEs (Ayyagari et al., 2020). The
knockdown of ACAT1 in glioma nude-mouse xenograft model resulted in impeding tumour
progression (Geng et al., 2016). LXR regulated genes, such as ABCAL and IDOL, show
reduced expression in several cancer types, consequently facilitating higher intracellular
cholesterol content through decreased efflux by ABC transporters and enhanced uptake by
LDLRs (Bilotta et al., 2020). Studies have shown the activation of the LXR pathway to
induce cell death of glioblastoma cells by promoting IDOL-mediated LDLR degradation and
cholesterol efflux by ABCAL (Guo et al., 2011).

Increased cellular cholesterol accumulates in lipid-rafts, which is an important site for
oncogenic signalling (Cruz et al., 2013). Proteins that reside at lipid rafts are involved in vital
signalling pathways such as apoptosis, cell cycle progression and cell adhesion. Additionally,
cholesterol serves as an activator for several pathways to support cancer stem cell like
properties and tumour progression (Huang et al., 2020). Receptors of the canonical Wnt
pathway namely Frizzled and LDLR-related protein (LRP), are located exclusively at lipid
rafts. Wnt is a known driver of CRC and is an EMT-inducing pathway. The disruption of

membrane cholesterol has shown to impede Wnt signalling and subsequently initiate
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apoptosis in cancerous cells (Sezgin et al., 2017). TGF-p signalling is another EMT related
pathway localised at lipid rafts. The TBRI/TBRII/TGF-B receptor-ligand complex forms at
lipid rafts and is essential for mediating TGF-f dependent activation of MAPK signalling and
EMT induction. The disruption of lipid rafts inhibits TGF-f signalling, impeding EMT
induction and cell migration (Zuo and Chen, 2009). Interestingly, Kim et al., 2004, found that
IL-6R is associated with lipid rafts and that a significant proportion of inactive and
phosphorylated STAT3 accumulates in the lipid raft. Lipid raft disruption attenuated IL-6-
mediated STAT3 phosphorylation (Kim et al., 2004). Clearly, cholesterol deregulation is vital
for carcinogenesis by sustaining high levels of proliferation as well as by mediating EMT-
related signalling pathways. It can therefore be argued that cholesterol is an important target

to impede cancer progression. The next section discusses this in greater detail.

1.9 Cholesterol as a target for colorectal cancer treatment

It is recognised that several cancer types, such as prostate, breast and CRC, have higher
membrane and cellular cholesterol levels compared to normal cells. These cancer cells are
more susceptible to cell-death induced by cholesterol lowering (Matusewicz et al., 2015). It is
for this reason that cholesterol is viewed as an attractive target for anti-cancer therapies.
There are two main strategies that have been explored to reduce cholesterol levels (a) the
inhibition of cholesterol biosynthesis and (b) the depletion of cholesterol from cancer cell

membranes.

1.9.1 Cholesterol biosynthesis inhibitors

HMGCR inhibitors namely statins are a therapeutic class of drugs that decrease plasma
cholesterol levels, that are prescribed to prevent and treat coronary heart disease. An
increasing amount of evidence suggests that statins have chemo-preventative properties
against cancer (Beckwitt et al., 2018). To date, statins are the most vastly used cholesterol-
targeting drugs that are in clinical trials as monotherapy or combined therapy for patients
with cancer (Kubatka et al., 2014). HMGCR is the rate limiting enzyme of the mevalonate
pathway. Statins competitively inhibit HMGCR, to prevent HMG-CoA conversion to
mevalonate, thereby reducing the substrate required for cholesterol synthesis (Brown, 2007).
As mentioned previously, cholesterol is required for upholding cell membrane integrity and
for critical cellular processes. The disruption of cholesterol synthesis in neoplastic cells has
shown to inhibit tumour growth, metastasis and enhance apoptosis (Morandi et al., 2017). In

vitro studies have reported that statins induce cell cycle arrest by influencing the activity of
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regulatory proteins: cyclins, cyclin-dependent kinases (CDK) and CDK inhibitors. Statins
may also initiate apoptosis through activating both extrinsic and intrinsic pathways. Among
the many molecular pathways influenced by statins the PI3K, MAPK and NF-kB are notably
affected (Matusewicz et al., 2015). Interestingly, studies have identified that various tumour
types are increasingly sensitive to statin treatment that have high expression of mesenchymal
markers like vimentin and reduced expression of epithelial markers such as E-cadherin.
Statins have shown to preferentially target cancer cells induced to undergo EMT, which
suggests that statins may be valuable for treatment of metastatic cancer (Warita et al., 2014;
Yuetal., 2018).

Despite reports from studies indicating the anti-cancer properties of statins, the clinical
relevance of cancer in humans and statins remains unclear. Importantly, statins selectively
localise in the liver and under 5% of the selected dose reaches the circulatory system
(Boudreau et al., 2010). This poor systemic availability raises concerns about the usefulness
of statins as a chemo-preventative drug. The evaluation of statin therapy as a cancer treatment
is inconclusive. Many studies report that statin use exerts anticancer activity on tumour
growth and may be beneficial to the treatment and prevention of cancers (Campbell et al.,
2006; Babcook et al., 2016). In contrast, several studies have found no association between
statins and reduced risk of cancer and weak to moderate evidence for statin use as a cancer
treatment (Bonovas et al., 2007; Kuoppala et al., 2008). A meta-analysis, including 18 studies
and over 1.5 million patients, found no evidence suggesting that statin therapy can reduce the
risk of CRC, when taken at low dosage for treatment of high cholesterol (Bonovas et al.,
2007). Additionally, millions of patients treated with statins are reported to be statin-
intolerant as they are unable to tolerate any form of statin therapy or cannot tolerate the full
recommended dose, experiencing adverse effects such as liver damage and myopathy
(Reiner, 2014). Clearly further research is necessary to establish the role of statins as an
anticancer therapy.

1.9.2 Cholesterol depleting agents

In addition to metabolic inhibition by statins, reduced cholesterol levels may be achieved by
using chemicals that extract or immobilise cholesterol (Mahammad and Parmryd, 2015).
Cholesterol depleting agents are gaining interest as potential anticancer compounds for their
ability to induce cancer cell death in several cancers, disrupting lipid rafts and subsequent

signalling pathways (Gu et al., 2019).
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Cyclodextrins (CDs) are a family of water-soluble, cyclic oligosaccharides. The most
abundant CDs are a-, B- and y-CDs that are composed of six, seven and eight glucopyranose
units, respectively (Lopez et al., 2011). CDs are structured with a hydrophobic interior and a
hydrophilic exterior, forming a cone-like cavity. CDs and their derivatives are utilised
clinically for their ability to form inclusion complexes with lipophilic functional groups of
hydrophobic drugs, through a process termed “inclusion phenomenon” (Jansook et al., 2018).
Consequently, CDs are used to improve drug solubility, increase permeability, and drug
bioavailability. Their hydrophilic exterior and high molecular weight prevents CDs from
penetrating cell membranes, leaving cells intact (Jansook et al., 2018). B-CD derivatives have
the highest affinity towards cholesterol and are very effective in extracting cholesterol from

cell membranes; at raft and non-raft domains (Zidovetzki and Levitan, 2007).

A single cavity of p-CDs (~8 A) is too small to extract cholesterol (~18 A), therefore B-CDs
bind to cholesterol in a 2:1 ratio (Zidovetzki and Levitan, 2007). Methyl-B-cyclodextrin
(MBCD) and 2-hydroxypropyl-p-cyclodextrin (HPBCD) are the most widely used B-CD for
the extraction of membrane cholesterol (Mahammad and Parmryd, 2015). Importantly, it is
estimated that ~90% of free cellular cholesterol exists in the plasma membrane of numerous
cell types (Kim et al.,, 1991; Lange, 1991). Therefore, it is suggested that membrane
cholesterol depletion by CDs may affect intracellular cholesterol levels to maintain

cholesterol homeostasis and membrane integrity (Zidovetzki and Levitan, 2007).

MBCD has shown to be very efficient at depleting cellular cholesterol, MBCD can extract
80-90% of total cellular cholesterol when treated with high concentrations of 5-10 mM, for
an extended period of time (>2 hours) (Zidovetzki and Levitan, 2007). The amount of
cholesterol extracted is dependent on concentration of MPCD, exposure time and
composition of the lipid membrane (Besenicar et al., 2008). MBCD can be cytotoxic at high
concentrations, which is inhibited by the addition of cholesterol into cell culture medium
(Onodera et al., 2013). Importantly, MBCD displays high selectivity against cancer cells,
where cholesterol content is highly correlated with cancerous transformation. Resnick et al.,
2015, demonstrated that MBCD targeted and induced apoptosis in invasive urothelial cancer
cells, while MBCD did not affect the viability of normal porcine urothelial cells (Resnik et
al., 2015).

MBCD is recognised to effectively reduce membrane cholesterol and disrupt the structure of

lipid rafts (Gu et al., 2019). Cholesterol depletion from cell membranes can induce apoptosis
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in a range of invasive cell lines and elevate caspase-3/7 activity as well as inhibit Bcl-xL in
cells (Li et al., 2006; Onodera et al., 2013). Additionally, PI3K activates Akt by recruiting
Akt and protein dependent kinase 1 (PDK1) to lipid rafts. MBCD inhibits Akt
phosphorylation and upregulates protein degradation in breast and prostate cancer cell lines,
by depleting lipid raft cholesterol which results in apoptosis (Li et al., 2006). MBCD reduced
cell migration in MDA-MB-231 cells as a result of Wnt3a inhibition and an increase in 1L-10
cytokine production, which suggests that cholesterol depletion also has an effect on the
invasiveness of cancer cells (Guerra et al., 2016). Cholesterol depletion with B-CDs increases
membrane stiffness which results in deceased cell migration, stem cell characteristics and has
shown to inhibit EMT induction in vitro (Byfield et al., 2004; Zhao et al., 2016). Several
studies report that the interference of lipid rafts inhibits the activity of key EMT-related
signalling pathways which promotes the expression of epithelial markers and downregulates

mesenchymal marker expression (Zuo and Chen, 2009; Guerra et al., 2016; Wu et al., 2020).

Similar to MBCD, KS-01 is a B-CD that binds to membrane cholesterol with high affinity.
KS-01 is a proprietary molecule, therefore, the full name and its structure cannot be
disclosed. Studies performed in Professor Kaur’s laboratory identified KS-01 as an effective
molecule for depleting cholesterol in cancer cells, showing reduced cytotoxicity, increased
solubility, and bioavailability in comparison to MPCD. The lab identified KS-01 to
successfully deplete intracellular cholesterol level in ER+ (MCF-7) and ER- (MDA-MB-231)
breast cancer cell lines, at a concentration of 10 mM. Consequently, KS-01 induced cell death
in breast cancer cell lines. The compound displayed high specificity to the cancer cells, while
not affecting cholesterol content or cell viability in normal cells. In vivo MDA-MB-231
mouse xenograft studies found 100%, 93.1% and 73.9% tumour reduction for the early,
intermediate, and late stages of breast cancer, respectively. These results identify KS-01 as a
promising molecule for the treatment of breast cancer. Currently, no studies have been
performed using KS-01 as an anti-cancer compound in the context of CRC.

1.10 Introduction to this study

CRC is a highly metastatic disease which confers poor patient prognosis and limited
strategies for treatment. FOLFOX is one of the most common chemotherapy regimens
administered to patients with mCRC. Despite improving the OS of patients, the regimen is
associated with several limitations such as increasing toxicity and acquired drug resistance.

Therefore, there is a pressing need to improve on existing chemotherapies. EMT, a key
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characteristic of metastasis, is a major contributor to MDR and difficulties in treatment.
Therefore, the process of EMT has become an attractive therapeutic strategy against tumour
progression and invasion. Current strategies used for targeting EMT are aimed at interfering
with the EMT signalling process but very few studies focus on targeting the mesenchymal

phenotype, which presents an alternative strategy.

Additionally, increasing evidence highlights the central role of the cholesterol biosynthesis
pathway in EMT progression. The lipid composition of epithelial cells compared to
mesenchymal cells are distinct and cells that undergo EMT show a major elevation in
cholesterol levels (Morandi et al., 2017). This upregulation is likely to increase membrane
fluidity necessary for cytoskeletal remodelling, changes in cell motility and cell polarity.
Additionally, cholesterol enhances EMT related signalling pathways such as TGF-p and Wnt,
which promotes cell survival and invasiveness (Jiang et al., 2019). As a result of modified
cholesterol content, EMT cancer cells exhibit increased sensitivity to cholesterol reducing
drugs, such as statins. Importantly, regulating cell cholesterol levels may either promote or

impede the conversion to a mesenchymal phenotype (Morandi et al., 2017).

In this study, the HT-29 CRC cell line was induced to undergo EMT following the exposure
to IL-6. The change in cholesterol content post-EMT induction was characterised.
Thereafter, cholesterol depleting agents, MBCD and KS-01, were utilised to observe the
effect of cholesterol depletion on the mesenchymal phenotype of cells. Additionally, we
explored the effect of cholesterol depletion on the susceptibility of EMT induced cells to the
FOLFOX chemotherapy.
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2. Aim and Objectives
2.1 Aims

This study aims to investigate the effect of cholesterol depletion in EMT induced colorectal
cancer and explores how cholesterol depletion influences the susceptibility of EMT induced
cells to the FOLFOX chemotherapy.

2.2 Objectives

1. To establish the optimal FOLFOX concentration suitable for the treatment of HT-29
cells

2. To optimise the concentration of IL-6 needed to successfully induce EMT in HT-29
cells

3. To validate EMT induction by assessing changes in cell morphology and
immunofluorescent analysis of epithelial and mesenchymal markers

4. To assess changes in cholesterol content in EMT induced cells following cholesterol
depletion

5. To ascertain the effect of cholesterol depletion on the EMT phenotype

6. To determine the effect of cholesterol depletion on the invasive potential in EMT
induced cells

7. To determine the effect of cholesterol depletion on FOLFOX-induced cell death in
EMT induced cells

8. To determine the effect of cholesterol depletion on FOLFOX-induced multidrug

resistance in EMT induced cells
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3. Methodology

In this study, the human colorectal adenocarcinoma HT-29 cell line was utilised as an in vitro
model to explore the effect of cholesterol depletion on EMT induced cells. The outline of the
project is represented in Figure 3.1. In summary, following EMT induction of HT-29 cells by
IL-6, changes in cholesterol content were characterised together with cholesterol depleting
agents, MBCD and KS-01. Immunofluorescence was performed with epithelial marker E-
cadherin and mesenchymal marker vimentin to observe the effect of cholesterol depletion on
the EMT phenotype. Additionally, we explored the effect of cholesterol depletion on the
invasive potential of EMT induced cells as well as on the susceptibility of FOLFOX-induced

apoptosis and MDR in EMT induced cells.

Cell culture:
Q‘/ HT-29 colorectal adenocarcinoma cell line

!

EMT induction:
50 ng/ml IL-6 for 24 hours

!

l Cholesterol depletion:
1 mM MBCD and 10 mM KS-01 for 2 hours

|
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- £ Cholesterol staining:
:" Vybrant Alexa Fluor® Lipid Raft Labelling
= BODIPY
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|
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) EMT markers: E-cadherin and vimentin
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Transwell® Invasion Assay:
Effect of cholesterol depletion on the invasive
,,,,,, potential of EMT induced cells

i APOPercentage assay:
Effect of cholesterol depletion on FOLFOX-induced
apoptosis in EMT induced cells

|

s e Vybrant™ Multidrug Resistance Assay:
R > Effect of cholesterol depletion on MDR in EMT
) : . induced cells treated with FOLFOX
Expulsion of fluorescent calcein:
MDR activity

Figure 3.1: Project workflow. Figure created with BioRender.com
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3.1 Cell Culture

The following methodology was performed with the human colorectal adenocarcinoma HT-
29 cell line. The cell line was isolated from a primary tumour of a 44 year-old Caucasian
female, in 1964. Cells from the HT-29 cell line are adherent, maintain an epithelial
morphology and are sensitive to chemotherapeutic drugs 5-FU and oxaliplatin (Leteurtre et
al., 2003). The HT-29 cells utilised in this project were obtained from Cellonex South Africa.
Cells were maintained in culture from passage numbers p24 to p30. HT-29 cells were
cultured in McCoy's 5a (Modified) Medium (Sigma Aldrich, UK), supplemented with 10%
Foetal Bovine Serum (FBS) (Celtic Molecular Diagnostics, SA) and 1% penicillin-
streptomycin (Sigma Aldrich, UK). McCoy's 5a (Modified) Medium provided essential
nutrients and energy for optimal cell survival and growth. The use of penicillin-streptomycin
antibiotic was to reduce the risk of bacterial and fungal contamination. Cells were incubated
at 37 °C and 5% carbon dioxide (CO>) incubator, maintaining a constant pH through a carbon

dioxide-bicarbonate buffer system, to mimic in-vivo conditions.

3.2 IL-6 induced EMT

HT-29 cells were treated with recombinant human IL-6 cytokine (PeproTech, US) to induce
EMT. IL-6 was diluted down to a working stock solution of 1 pg/ml in 0.1% Bovine Serum
Albumin (BSA) (VWR Life Sciences, US) in 1x Phosphate Buffered Saline (PBS) (Sigma
Aldrich, UK). EMT induction was assessed at increasing concentrations of 20, 30 and 50
ng/ml IL-6 after 24 hours (Rokavec et al., 2014; Liu et al., 2015; Wang et al., 2019). 50 ng/ml
of IL-6 was selected to induce EMT after 24 hours. EMT-induced changes in cell

morphology were observed under a Nikon Phase Contrast microscope.

3.3 Cell Counting

Cell counting was performed prior to plating cells, which ensured an equal number of cells
plated per well. The Countess™ Il Automated Cell Counter (Thermo Fisher Scientific, USA)
was used to perform all cell counts for plating. Initially, the media was removed from the
flask and washed twice with 2 ml of pre-warmed PBS (Sigma Aldrich, UK). Cells were
detached from the flask, following the addition of 2 ml of dissociation reagent 1x
trypsin/ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, UK; Celtic Molecular
Diagnostics, SA) and incubated for 5-10 minutes, at 37 °C. The cells were neutralised with an
equal volume of media. Subsequently, 100 pl of cells were added to an equal volume of 0.4%

trypan blue (Sigma Aldrich, UK) and mixed thoroughly. 10 ul of the cell solution was loaded
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into disposable countess chamber slide and inserted into the cell counter, where viable and
dead cells were counted automatically. Viable cells have intact membranes which prevents
the uptake of the dye, leaving cells white in colour. The membranes of dead cells become
disrupted, allowing dye uptake and staining cells blue. For the accurate detection of cell

number, three readings were recorded, and an average cell number/ml was obtained.

Thereafter, cells were seeded at the desired density in 6-well, 24-well or 96-well plates. The
following calculations were used to determine the volume of cells and media required for

plating:

Total cell count = Cell count/ml x Volume in flask (ml)

Total Volume (Vt) = Plating volume per well (ul) x Number of wells

Volume of cells (ul) = [Volume in flask (ul) x Desired cell number per well x Number of
wells] / Total cell count

Volume of media (ul) = Vt - Volume of cells

3.4 Cell Viability Assay

A 3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich,
UK) assay was performed to identify the effect of single-agent chemotherapies 5-FU (Sigma
Aldrich, UK, F6627) and oxaliplatin (Sigma Aldrich, UK, 09512) on cell viability.
Thereafter, MTT assays were utilised to ascertain the optimal concentration of the
combination of the two drugs for the treatment of “FOLFOX” in vitro. Oxaliplatin was
prepared in dH20, and 5-FU was reconstituted in dimethyl sulfoxide (DMSO) and diluted to
working solutions in dH2O. The percentage of DMSO did not exceed 0.2% per well and
DMSO controls were constructed, to ensure that DMSO had no effect on cell viability
(Appendix; Figure A.1). MTT is a yellow tetrazolium salt that is cleaved by the
mitochondrial enzyme reductase to form purple formazan crystals (Sylvester, 2011). The
production of purple formazan crystals is directly proportional to cell metabolic activity and

therefore, provides information on cell viability.
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5000 cells/well were seeded onto 96-well plates and left to adhere for 24 hours. Cells were
subsequently treated with single or combination treatments of 5-FU and oxaliplatin over
another 24 or 48 hours. 5 ul from a 5 mg/ml MTT stock solution (5 mg MTT in 1 ml PBS)
was added into each well and the plate was left to incubate for 3 hours, to allow cells to
metabolise resulting in the production of formazan crystals. The purple formazan crystals
were left to dissolve over night after adding 55 pl of MTT solubilising solution (10% sodium-
dodecyl-sulphate (SDS), in 10 mM hydrochloric acid (HCI)) in to each well. The absorbance
of each well was measured with the Multiskan GO Microplate Reader (Thermo Fisher

Scientific, SkanIt™ software), at a wavelength of 570 nm.

The percentage of cell viability was calculated using the following equation:

(x) = Average absorbance values of samples - Average absorbance values of blanks

% Cell Viability = [(x) of test sample / (x) of untreated sample] x 100

3.5 Cell Proliferation Assay

A cell proliferation assay was performed to assess the effect of 50 ng/ml IL-6 on cell growth.
20 000 cells/well were seeded onto a 24-well plate and left to adhere for 24 hours. Following
IL-6 treatment, proliferative activity was ascertained by manual counting with a Neubauer
haemocytometer. Cells were counted every 24 hours, over a 4-day period. 10 pl of the trypan
blue cell solution was loaded onto the haemocytometer where viable and dead cells were
counted under a Nikon Phase Contrast microscope. An average was obtained from cells
counted in all four quadrants, made up of 16 squares each. To calculate cell number/ml, the
average cell count was multiplied by a dilution factor of 2 and the Neubauer factor (10%),

which accounts for the set area and volume of each quadrant (0.1 mm?3= 10" ml).
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Cell viability and cell count was calculated as follows:

% Cell viability = [Number of viable cells (unstained)] / [Total cells counted (viable and
dead)] x 100

Cell number/ml = Average cell count of four quadrants x 2 x 10*

3.6 Immunofluorescent Staining

Immunofluorescent staining was performed to evaluate EMT induction. Immunofluorescence
utilises fluorescently labelled antibodies for the purpose of detecting an antigen of interest
and therefore, specific protein expression. The indirect immunofluorescent method was
employed, which involves a two-step incubation procedure. First, the incubation with a
primary antibody detects and binds the antigen of interest. Second, the incubation with a
secondary antibody conjugated with a fluorophore binds the primary antibody. Indirect
immunofluorescence is preferred over direct immunofluorescence for its high sensitivity (Im
etal., 2019).

20 000 cells/ well were seeded onto 12 mm round glass coverslips (Carl Roth, DE) in a 24-
well plate. Following cell adhesion and EMT induction (50 ng/ml IL-6), the media was
discarded, and cells were washed with three PBS washes. Subsequently, the cells were fixed
by adding 400 pl of 4% formaldehyde (Sigma Aldrich, UK) diluted in PBS to each well for
15 minutes at room temperature. The purpose of cell fixation is to preserve cellular organelles
and proteins; and to maintain a native cellular conformation through the crosslinking of
proteins to the cytoskeleton. After another two PBS washes, cells were permeabilised with
0.1% Triton™ X-100 (Sigma Aldrich, UK) diluted in PBS. Triton X-100 is a non-ionic
surfactant used to disrupt the cell’s lipid membrane, which improves antibody uptake in the
cytoplasm and nucleus. Subsequently, a blocking step was included to prevent the non-
specific binding of antibodies. 1% BSA in 0.1% PBS-T (PBS-Tween-20) was added to each
well to saturate excess protein-binding sites and was left for an hour, at room temperature.
Antigen specific primary antibody (Table 3.1) was added to each well and left overnight on a
shaker at 4 °C.

The following day, the cells were washed twice with PBS-T and the secondary antibody was

added to each well (Table 3.2) for 45 minutes at room temperature. 4',6-diamidino-2-
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phenylindole (DAPI) is a blue fluorescent DNA stain, used for the visualisation of nuclei.
0.0001 mg/ml DAPI (Sigma Aldrich, UK) diluted in PBS was added to each well and left for
10 minutes at room temperature. Thereafter, cells were washed three times with PBS. The
coverslips were gently removed, tapped dry and placed facing down onto microscope slides
coated with Fluoromount™ Aqueous Mounting Medium (Sigma Aldrich, UK). Cells were
visualised under the Floid™ Cell Imaging System (Thermo Fisher Scientific, US).
Immunofluorescence intensity was quantified with the ImageJ software (NIH, USA).

Table 3.1: Primary antibodies and dilutions used for immunofluorescence

Protein Primary antibody Dilution Company
. Mouse Anti-Human E- 1:250in 0.1% BSA, BD Pharmingen,
E-cadherin .
cadherin 0.1% PBS-T USA
. . Rabbit Anti-Human 1:250in 0.1% BSA,
vVimentin- | Vimentin 0.1% PBS-T Abeam, UK
Phospho- Rabbit Anti-Human 5 ug/mlin 0.1% BSA,

STAT3(Y705) | Phospho-STAT3(Y705) | 0.1% PBS-T R&D Systems, USA

1:250 in 0.1% BSA, Novus Biologicals,

Ki67 Rabbit Anti-Human Ki67 0.1% PBS-T USA

Table 3.2: Secondary antibodies and dilutions used for immunofluorescence

Target Secondary antibody Dilution Company

Mouse Goat Anti-Mouse Alexa | 1:1000 in 0.1% BSA, ;:gr?i?i?ﬁgk A
Flour 488 0.1% PBS-T 11029 ’ ’

Thermo Fisher
Scientific, USA, T-
2767

Goat Anti-Rabbit Texas | 1:1000 in 0.1% BSA,

Rabbit Red 0.1% PBS-T
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3.7 Reverse Transcription Quantitative Polymerase chain reaction (RT-gPCR)

RT-gPCR was performed to confirm the successful induction of EMT through the relative
quantification of gene expression of EMT-TFs, SNAI1 and TWIST1. The difference in gene
expression between control and IL-6 treated samples were indicated as logz(fold-change)

(log2FC) of expression levels.
- RNA Extraction

RNA extraction of control and IL-6 treated samples was achieved using the Direct-zol™
RNA MiniPrep kit (Zymo Research, Inqaba Biotec™, SA). Initially, 300 pl of TRIzol®
reagent (Ambion®, Life Technologies, USA) was mixed thoroughly into ~1x10° pelleted
cells. TRIzol® reagent disrupts cell membranes and digests cell components, while retaining
the integrity of RNA. Thereafter, an equal volume of 99.9% ethanol was mixed into the
samples to precipitate nucleic acids out of solution. The samples were transferred to a Zymo-
Spin™ IIC Column placed in a collection tube and centrifuged. At all centrifugation steps,
samples were centrifuged at 16 000 x g for 30 seconds. In order to digest the DNA, 5 ul of
DNase I and 75 pl of DNA digestion buffer was carefully added to the spin column and left
for 15 minutes at room temperature. Two wash steps were included, with 400 pl of Direct-
zol™ RNA PreWash and 700 ul of RNA wash buffer, respectively. At each step the flow-
through was discarded. The wash steps were performed to ensure that samples were free of
DNA and phenol contamination. Finally, the RNA was eluted by adding 50 pl of
DNase/RNase-Free water to the spin column and centrifuged in a fresh Eppendorf tube. All
samples were stored at -80°C for future use, to prevent the degradation of RNA.

The purity and integrity of RNA was assessed prior to cDNA synthesis. Nanodrop™ 1000
spectrophotometer (Thermo Fisher Scientific, USA) was used to assess purity (A260/280 and
A260/230 ratios) and RNA concentration (ng/ul). The Nanodrop™ was blanked with 1 pl
nuclease free water and RNA samples were read three times, to obtain an average reading.
Purity assessment detects the presence of contaminants including DNA, protein, and phenols.
Nucleic acids (DNA and RNA) have an absorption maximum of 260 nm. The absorbance
ratio of A260/280 assesses the purity of DNA and RNA, at ratios of ~ 1.8 and ~2.0,
respectively. A260/280 ratio between 2.00 to 2.2 were accepted for extracted RNA. A ratio
considerably lower, indicates the presence of protein contamination which absorbs strongly at
280 nm. A260/230 ratio was accepted ~2.0, indicating “pure” RNA with the absence of
phenol or salt contamination, which absorbs near 230 nm. Additionally, RNA integrity was
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evaluated with agarose gel electrophoresis. 500 ng of RNA and 2 ul of 2x RNA loading dye
(Thermo Scientific, USA) was loaded onto a 1% (w/v) agarose gel (0.5 g agarose powder +
50 ml 1x Tris-borate EDTA (TBE) + 5 pul Ethidium bromide, (Thermo Scientific, USA)) and
resolved for 45 minutes at 80 mV. An image of the gel was captured on the ChemiDoc™ MP

system (Bio-Rad, USA) and examined for smearing and for intact 28S and 18S bands.
- cCDNA Synthesis

Extracted RNA was reverse transcribed into cDNA, using the RevertAid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, USA). After thawing, reagents were kept on ice and
added to a nuclease free tube in the order indicated in Table 3.3. The RNA concentration
determined by the Nanodrop™, was used to calculate 2 pg of RNA. The difference in volume
was adjusted by making up the mix to 12 ul with nuclease-free water. The addition of Oligo
(dT)1s primer, complementary to the poly(A) tail, allowed for the synthesis of cDNA from all
MRNA present. RiboLock RNase Inhibitor protected against RNA degradation from RNases.
dNTP Mix supplied nucleotides for the extension of cDNA. Reagents were gently mixed and
centrifuged briefly prior to cDNA synthesis in the MultiGene PCR machine (Labnet
International, UK). Samples were incubated for 60 minutes at 42 °C (the optimal temperature
for RevertAid M-MuLV Reverse Transcriptase enzyme), then at 70 °C for 5 minutes to
terminate the reaction. cDNA for a no template control (NTC) was also synthesised, to ensure

no contamination in the reagents.

Table 3.3: Reaction set up for RevertAid First Strand cDNA synthesis

Reagent Volume (ul)
Template RNA 2 ug
Oligo (dT)1g primer 1
Nuclease-free water Total volume of 12
5x Reaction Buffer 4
RiboLock RNase Inhibitor 1
10mM dNTP Mix 2
RevertAid M-MuLV RT (200U/ul) 1
Total Volume 20

31



- Quantitative PCR (qPCR)

Quantitative PCR (gPCR) was performed to amplify synthesised cDNA of target genes
SNAI1 and TWIST1. The correlation between synthesised cDNA and mRNA expression
allowed for gene expression analysis, through relative quantification by comparing the gene
expression of control samples against IL-6 treated samples. The SensiFAST™ SYBR® No-
ROX kit (Bioline, UK) was used for the gPCR reaction. g°PCR was achieved with SYBR-
based detection, where the dye SYBR green | intercalated with the minor groove of dsDNA,
which emits a strong fluorescent signal once bound. After thawing, reagents were kept on ice
and added to opaque 8-well PCR strips, (BIOPIlastics, Netherlands; Celtic Diagnostics, SA) in
the order indicated in Table 3.4. Primers were synthesised by Integrated DNA Technologies
(IDT) (lllinois, USA), the sequences and annealing temperatures are reported in Table 3.5.
The threshold cycle (Ct) value is precisely proportional to the input amounts of cDNA. For
this reason, cDNA was quantified with the Nanodrop™ prior to gPCR, where exactly 4000
ug cDNA was calculated. Reagents were mixed and centrifuged briefly; a 3-step cycling was
set up on the Bio-Rad CFX-96 system (Bio-Rad, USA) (Table 3.6). A melt curve was also set
up to confirm amplification specificity of target cDNA. The temperature was at 65 °C for 5

seconds and increased to 95 °C, at 5 °C increments.

Table 3.4: Reaction set up for SensiFAST™ SYBR® No-ROX gPCR reaction

Reagent Volume (ul) Final Concentrations
2x SensiFAST™ SYBR® No-ROX mix |5 1x
10 uM Forward Primer 04 400 nM
10 uM Reverse Primer 0.4 400 nM
cDNA Template 4000 pg -
dH>0 2.2 -
Total volume 10 -
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Table 3.5: Sequences and annealing temperature of SNAI1, TWIST1 and GAPDH

primers

Primer Sequence (5-3) ?:;Z?:gt%re (Go /f) Content
(°C)
SNAI1 (Forward) TCGGAAGCCTAACTACAGCGA 52.38
SNAI1 (Reverse) AGATGAGCATTGGCAGCGAG 55.00
TWIST1 (Forward) | GTCCGCAGTCTTACGAGGAG > 60.00
TWIST1 (Reverse) | GCTTGAGGGTCTGAATCTTGCT 50.00
GAPDH (Forward) | CGTGTCGGTTGTGGATCTGA 55.00
GAPDH (Reverse) | TGACGAAGTGGTCGTTGAGG o 55.00
Table 3.6: 3-step qPCR cycling conditions
Cycles Temperature (°C) Time Step
1 95 2 min Polymerase activation
95 5sec Denaturation
40 57.10r59.2 10 sec Annealing
72 20 sec Extension

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene. A
reference gene is important to normalise variation between samples that can occur at events
such as RNA isolation, reverse transcription efficiency, PCR reaction set up and PCR
reaction amplification efficiency (Sikand et al., 2012). Reference genes are typically involved
in the regulation of cellular functions and are ubiquitously expressed between cells. GAPDH
is assumed to be invariably expressed and is therefore used to normalise gene expression.
Additionally, a NTC sample was included, where no signal or amplification confirmed no

contamination of reagents or the formation of primer dimers.

The Ct values generated using the CFX Maestro software (Bio-Rad, USA) were used to
interpret the gPCR results. An increase of SYBR fluorescence intensity is proportional to the

amount of the PCR product formed. The initial detection of fluorescence above the set
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threshold is reported as a Ct value; where a higher the starting copy number of the cDNA
target, resulted in a lower Ct value. It is assumed that the amount of PCR doubles with every
cycle (PCR efficiency (E) = 2). Therefore, the Livak method was used to calculate fold
change in expression (Livak and Schmittgen, 2001). Raw Ct values were exported to an
Excel© spreadsheet, and the normalised fold change between control and IL-6 treated

samples was calculated as follows:

AACt = (Ct(target, untreated) — Ct(GAPDH, untreated)) - (Ct(target, treated) — Ct(GAPDH, treated))

Normalised fold change = E2ACt; where E= 2

3.8 Cholesterol Staining

Three cholesterol staining techniques were utilised to observe the effect of EMT induction in
lipid rafts, lipid droplets and free cholesterol. Moreover, cells were treated with 1 mM MBCD
(Sigma Aldrich, UK) or 10 mM KS-01 (a novel, patented cholesterol depleting agent),
reconstituted in dH>O, and changes in the lipid profile were recorded in pre- and post-EMT

induced cells.

3.8.1 Vybrant Alexa Fluor® Lipid Raft Labelling

Cholesterol accumulates in specified regions of the cell membrane, together with
sphingolipids, forming micro-domains termed lipid-rafts. Vybrant Alexa Fluor® (Thermo
Fisher Scientific, USA) staining fluorescently labels lipid rafts present in live cells. Alexa
Fluor® staining utilises lipid raft marker cholera toxin-B (CT-B). CT-B recognises and binds
to the pentasaccharide chain of plasma ganglioside GML1, that concentrates in lipid rafts.
Alexa Fluor 594 fluorescently labelled specific antibody crosslinks with CT-B, to allow the

visualisation of lipid rafts by fluorescence microscopy (Gianni and Campadelli-Fiume, 2012).

20 000 cells/ well were seeded onto a 24-well plate. Following EMT induction and 2 hours of
cholesterol depletion with 1 mM MBCD or 10 mM KS-01, the media was discarded, and the
cells were washed with three PBS washes. Subsequently, the cells were fixed by adding 400
pul of 4% formaldehyde (Sigma Aldrich, UK) to each well for 10 minutes at room
temperature. Following two additional PBS washes, 1 ul of Alexa Fluor® [Subunit A: CT-B]
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made up in 1 ml of PBS, was added to each well and incubated for 30 minutes at 37 °C.
Subsequently, 1 pl of Alexa Fluor® [Subunit B: Anti-CT-B antibody] was added to each well
and incubated for another 30 minutes at 37 °C. The cells were washed twice with PBS and
0.0001 mg/ml DAPI nuclear stain was added to the wells and incubated at room temperature
for 10 minutes. Finally, the cells were washed three times with PBS. The coverslips were
gently removed, tapped dry and placed facing down onto microscope slides coated with
Fluoromount™ Aqueous Mounting Medium (Sigma Aldrich, UK). Cells were visualised
under the Floid™ Cell Imaging System (Thermo Fisher Scientific, US). Immunofluorescence

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

3.8.2 Filipin
Filipin is a fluorescent polyene macrolide with antifungal and antibacterial properties
produced by Streptomyces filipinensis. The macrolide interacts with membrane sterols with
high affinity, disrupting its membrane structure (Payero et al., 2015). Filipin is widely used
for its detection and quantification of cellular cholesterol. Its highly fluorescent property
allows for visualisation of unesterified cholesterol and is detected at a UV excitation of 360

nm and emission of 480 nm (Maxfield and Wistner, 2012).

20 000 cells/ well were seeded onto a 24-well plate. Following EMT induction and 2 hours of
cholesterol depletion with 1 mM MBCD or 10 mM KS-01, the media was discarded, and the
cells were washed with three PBS washes. Subsequently, the cells were fixed by adding 400
ul of 4% formaldehyde to each well for 10 minutes at room temperature. Following two
additional PBS washes, 2 pl of Filipin (0.01 mg/ml) (Sigma Aldrich, UK) made up in 1 ml of
PBS, was added to each well and incubated for 2 hours at room temperature, in the dark. The
cells were washed twice with PBS and NucRed™ Dead (Thermo Fisher Scientific, USA)
nuclear stain was added to the wells and incubated at room temperature 10 minutes. Finally,
the cells were washed three times with PBS. The coverslips were gently removed, tapped dry
and placed facing down onto microscope slides coated with Fluoromount™ Aqueous
Mounting Medium. Cells were visualised under the Floid™ Cell Imaging System.

Immunofluorescence intensity was quantified with the ImageJ software.

3.8.3 BODIPY 493/503

BODIPY (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene) is a green
lipophilic fluorophore with a nonpolar structure that allows the binding and staining of
neutral lipid droplets. Lipid droplets are ubiquitous structures important for lipid storage, with
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a core of neutral lipids and cholesteryl esters, surrounded by a phospholipid monolayer. Lipid
droplets are important for various cellular functions including membrane homeostasis and
lipid-based signalling. The dye binds to neutral lipids, emitting a green fluorescence at a
wavelength 520 nm, when excited by blue light (460—490 nm) (Qiu and Simon, 2016).

20 000 cells/ well were seeded onto a 24-well plate. Following EMT induction and 2 hours of
cholesterol depletion with 1 mM MBCD or 10 mM KS-01, the media was discarded, and the
cells were washed with three PBS washes. Subsequently, the cells were fixed by adding 400
ul of 4% formaldehyde to each well for 10 minutes at room temperature. Following two
additional PBS washes, 4 ul of BODIPY (Thermo Fisher Scientific, USA) made up in 1 ml of
PBS, was added to each well and incubated for 30 minutes at 37 °C. The cells were washed
twice with PBS and 0.0001 mg/ml DAPI nuclear stain was added to the wells and incubated
at room temperature 10 minutes. Finally, the cells were washed three times with PBS. The
coverslips were gently removed, tapped dry and placed facing down onto microscope slides
coated with Fluoromount™ Aqueous Mounting Medium. Cells were visualised under the
Floid™ Cell Imaging System. Immunofluorescence intensity was quantified with the ImagelJ

software.

3.9 Transwell® Invasion Assay

An important characteristic of EMT is the enhanced invasive and migratory abilities of cells
that allowing for travel to distant sites. The Transwell® Invasion assay measures the ability
of cells to attach and invade the extracellular matrix (ECM) and migrate towards a chemo-
attractant (Justus et al., 2014). The directional migration of single cells occurs through a
porous membrane insert, that is coated with ECM. The number of cells that invade through
the membrane is stained and counted under a microscope. This assay was performed to assess
the effects of FOLFOX and cholesterol depletion on the migratory and invasive potential of
EMT induced cells.

Each plate was set up by adding 500 pl of complete medium (McCoy's 5a (Modified)
Medium with 10% FBS) to the lower chamber in a 24-well plate. FBS contains essential
growth factors, hormones, and lipids necessary for cell growth therefore, the supplemented
10% FBS served as the chemo-attractant gradient. Following the appropriate treatments, cells
were resuspended in serum-free media to a total of 100 000 viable cells/ml. Prior to
resuspension, the Haemocytometer was utilised for cell counts and to calculate %100 cell
viability. Subsequently, 160 pl of cells in serum-free media were mixed with 40 pl of
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Geltrex™ (Thermo Fisher Scientific, UK). Geltrex™ is a soluble form of basement
membrane, containing ECM components such as collagen 1V, laminin, heparin sulphate
proteoglycans and entactin. The total cell mixture of 200 pl was carefully coated onto 0.8
pHM-pore transwell chamber (Thermo Fisher Scientific, UK) and incubated for 24 hours at 37
°C. The following day, non-invasive cells were gently wiped off from the upper chamber
with a cotton swab and cells that had invaded to the lower chamber were fixed with 4%
formaldehyde for 10 minutes, at room temperature. Thereafter, the cells on the lower
chamber of the inserts were stained with 0.0001 mg/ml DAPI for 10 minutes, at room
temperature. In between each step, the inserts were washed twice with chilled PBS. The
membrane was carefully cut from the insert, using a sterile blade, and mounted onto
microscope slides. Cells were counted under the Floid™ Cell Imaging System, in different
fields of view of the microscope and the averaged sum of invaded cells were calculated. Data

was presented as percentage of invasive cells relative to the control.

3.10 Apoptosis Assay

An apoptosis assay was performed to compare the effect of cholesterol depletion and
FOLFOX treatments following EMT induction on apoptosis. The Cell-APOPercentage™
Apoptosis Assay (Biocolor, UK) is a colorimetric assay, used to detect incidences of early
apoptosis in anchorage dependent cells. Flippases and floppases functions to maintain lipid
asymmetry in the cell membrane. During the early stages of apoptosis, flippases become
inactivated by lipid scramblases leading to the loss of lipid asymmetry resulting in a
membrane flip. The exposure of phosphatidylserine phospholipid to the extracellular space is
an apoptotic marker (Marifio and Kroemer, 2013). The phosphatidylserine transmembrane
movement selectively imports the APOPercentage dye into apoptotic cells, in a uni-
directional manner. The dye concentrates within the cell, as the cell shrinks in volume,

allowing for apoptosis to be assessed via spectrophotometry.

5000 cells/well were seeded onto a 96-well plate and left to adhere for 24 hours. Following
EMT induction, cells were treated with cholesterol depleting agents (1 mM MBCD or 10 mM
KS-01) alone or together with FOLFOX (20 uM 5-FU and 8 uM Oxaliplatin), for 2 hours.
Cells treated for longer than 2 hours resulted in loss of cell adhesion leading to cell
detachment, resulting in washing away of cells and lead to inaccurate readings. After 2 hours,
the media was discarded, and each well was gently washed with 100 ul of PBS. 65 pul of the
dye mix (0.5 pl of APOPercentage™ dye and 64.5 pul PBS) was added to each well and
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incubated for 10 minutes at 37 °C. Thereafter, the cells were washed twice with 100 pl of
PBS and 50 pl of PBS was then added in to each well, to prevent the cells from drying out.
The absorbance of each well was measured with the Multiskan GO Microplate Reader

(Thermo Fisher Scientific, Skanlt™ software), at a wavelength of 550 nm.

The percentage of cell viability was calculated using the following equation:

(x) = Average absorbance values of samples - Average absorbance values of blanks

% Cell Viability = [(x) of test sample / (x) of untreated sample] x 100

3.11 Vybrant™ Multidrug Resistance Assay

EMT is known to contribute towards drug resistance which allows for cancer recurrence and
metastasis, following treatments with chemotherapy. The Vybrant™ Multidrug Resistance
Assay was performed to observe the effects of cholesterol depleting agents on MDR. The
purpose of this assay was to record cell fluorescence intensity, caused by fluorogenic dye
calcein. Calcein acetoxymethyl ester (calcein AM) is a nonfluorescent, lipophilic dye that
easily penetrates the cell membrane of normal cells. In the cytoplasm, the ester bonds of
calcein AM are cleaved by endogenous esterases, transforming calcein AM into highly
fluorescent calcein. Due to its hydrophilic nature, calcein becomes retained in the cytoplasm.
Under conditions of drug resistance, the transmembrane efflux transporter, P-gp, functions to
export non-fluorescent calcein AM from the cell interior (Hammond et al., 2007). The degree
of P-gp activity, pertaining to increasing MDR, is measured by a decrease in intracellular

calcein fluorescence.

5000 cells/well were seeded onto a black 96-well fluorescent plate (Thermo Fisher Scientific,
USA) and left to adhere for 24 hours. Following EMT induction, cells were treated with
cholesterol depleting agents (1 mM MPBCD or 10 mM KS-01) alone or together with
FOLFOX (20 uM 5-FU and 8 puM Oxaliplatin), for 2 hours. Cells treated for longer than 2
hours resulted in loss of cell adhesion leading to cell detachment, resulting in washing away
of cells and lead to inaccurate readings. After 2 hours, the media was discarded, and each
well was gently washed with 200 pl of PBS. Verapamil is a calcium channel blocker known

to inhibit P-gp. 1 uM of verapamil was included as a positive control based on its ability to
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reduce drug efflux pump activity. Subsequently, 50 ul of 0.25 uM calcein-AM was added to
each well and incubated at 37 °C for 30 minutes in the dark. Finally, cells were washed twice
with 200 pl of PBS. Fluorescence intensity was measured with the Victor Nivo multi-mode
microplate reader (Perkin Elmer, USA) at an excitation maximum of 494 nm and an emission
maximum of 517 nm. Fluorescence intensity, pertaining to amount of calcein retention,
indicated MDR activity and was calculated as percentage of fluorescence intensity relative to

the control.

3.12 Statistical Analysis

All assays were performed in technical duplicates or triplicates, and an average of the data
was obtained (technical repeats). For data reproducibility, experiments were repeated three
times (biological repeats). Statistical analysis was performed on the repeated experiments
(n=3). All statistical analysis was performed on the raw data. Statistical analysis and graphs
were generated through GraphPad Prism8®. Values were considered significant at p > 0.05,

at a confidence interval (CI) of 95%.

For each assay performed in a 96-well plate, a Z-factor (Zhang et al., 1999) was calculated,
where a Z-factor represents the robustness of the technical repeats and indicates the
trustworthiness of the assay. Only data with a Z-factor > 0.7 were reported, which suggests

excellent robustness. Z-factors were calculated on Microsoft Office Excel®©.

A Student’s T test was performed when comparing the means between two groups;
specifically, when measuring the differences between control and IL-6 treated samples. A
one-way analysis of variance (ANOVA) was performed when analysing the difference
between the means of more than two groups, with one independent variable. A one-way
ANOVA was performed when comparing variation between samples treated with
combinations of FOLFOX and cholesterol depleting agents.

Both Student’s T test and one-way 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. For pairwise analysis, either Least Significant Difference (LSD) or a
Bonferroni test was performed and will be specified for each result. A Bonferroni test is used

to correct for Type | error, which becomes inflated when performing multiple comparisons.
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4. Results

4.1 Optimisation of FOLFOX chemotherapy suitable for HT-29 cells

FOLFOX is one of the most common combination chemotherapies used to treat metastatic
CRC. Before being able to observe the effects of FOLFOX on EMT induced cells, it was
necessary to optimise the concentrations of 5-FU and oxaliplatin suitable for inducing
cytotoxicity in HT-29 cells. Initially, MTT assays were performed to obtain a dose response
curve of 5-FU and oxaliplatin at 24 and 48 hours (Figure 4.1). Both drugs were ineffective at
inducing cytotoxicity at 24 hours at concentration ranges of 1 uM, 5 uM, 10 uM, 20 uM, 50
uM, 100 uM and 200 uM for 5-FU; and 0.5 uM, 1 uM, 5 uM, 10 uM, 20 uM, 50 uM and 100
uM for oxaliplatin. After 48 hours of exposure to 5-FU and oxaliplatin, both 5-FU and

oxaliplatin showed ~50% inhibition of cell viability at concentrations up to 50 uM.
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Figure 4.1: Dose-response curves of 5-fluorouracil and oxaliplatin at 24 and 48 hours. a) The effect
of 5-FU on HT-29 cell viability at 7 uM, 5 uM, 10 uM, 20 uM, 50 uM, 100 uM and 200 uM b) The
effect of oxaliplatin on HT-29 cell viability at 0.5 uM 1 uM, 5 uM, 10 uM, 20 uM, 50 uM and 100 uM.
n=3

Thereafter, a 5-FU concentration range of 5 uM, 10 uM, 20 uM, 30 uM and 50 uM; and
oxaliplatin concentration range of 1 uM, 2 uM, 4 uM and 8 uM was selected for combination
treatments. Cells were exposed to combinations of these drug concentrations for 24 hours and

an MTT assay was performed to observe the cytotoxic effect (Figure 4.2).
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Figure 4.2: HT-29 cell viability following combination treatments with 5-fluorouracil and
oxaliplatin. Cells were exposed to combinations of 5-FU and oxaliplatin at concentrations of 5 uM,
10 uM, 20 uM, 30 uM and 50 uM; and 1 uM, 2 uM, 4 uM and 8 uM, respectively. Treatment with 20
uM 5-FU and 8 uM oxaliplatin showed 50.3% cell viability after 24 hours. 40 uM plumbagin (PL)
acted as the positive control. A one-way ANOVA (P < 0.05) was performed for statistical analysis.
n=3

It was noted that combinations 5-FU and oxaliplatin exhibited higher cytotoxicity after 24
hours compared to single treatments. The purpose of optimising 5-FU and oxaliplatin for the
treatment of HT-29 cells was to analyse the downstream effects of FOLFOX following EMT
induction. Therefore, when selecting a concentration of 5-FU and oxaliplatin it was necessary
to maintain ~50% cell viability. It was observed that a combination of 20 uM 5-FU and 8 uM
oxaliplatin displayed 50.3% cell viability after 24 hours. 5-FU concentrations above 20 uM
(i.e., 30 uM and 50 uM) exhibited cell inhibition >50%. Folinic acid (F7878, Sigma Aldrich,
UK) did not improve 5-FU cytotoxicity and was therefore excluded from combination

treatments (Appendix; Figure A.2).

Ultimately, 24 hours exposure to 20 uM 5-FU and 8 uM oxaliplatin was selected as the
FOLFOX treatment in cells. For simplicity, throughout the results section, 20 uM 5-FU and 8
uM oxaliplatin will be referred to as “FOLFOX”.
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4.2 Increasing concentrations of IL-6 represses E-cadherin protein expression

Cancer cells undergoing EMT are involved in the formation of a favourable
microenvironment for cancer progression and metastasis, which contributes to difficulties in
treatment and poorer prognosis (lwatsuki et al., 2010). In order to investigate the
characteristics of EMT in colorectal cancer cells, the proinflammatory cytokine IL-6 was

utilised as an inducer of EMT.

Initially, it was necessary to establish an optimal concentration of IL-6 needed to induce an
EMT phenotype in cells. E-cadherin was selected as a marker to observe changes in the HT-
29 epithelial phenotype. Immunofluorescent staining of E-cadherin was performed after cells
were exposed to increasing concentrations of I1L-6 at 20 ng/ml, 30 ng/ml, and 50 ng/ml for 24
hours. Preliminary data demonstrated the reduction of E-cadherin levels, at increasing IL-6
concentrations (Figure 4.3). Consistent with decreased E-cadherin levels, cells exhibited

decreased cell-cell contacts with a more dispersed cell arrangement.
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Figure 4.3: E-cadherin expression following exposure of HT-29 cells to increasing concentrations
of IL-6. a) The visual representation of E-cadherin EMT molecular marker expression at
concentrations of 20, 30 and 50 ng/ml IL-6 for 24 hours. E-cadherin expression is illustrated by Alexa
Fluor 488 staining (green) and nuclei were stained with DAPI nuclear stain (blue). b) Preliminary
analysis of E-cadherin expression by ImageJ, represented by corrected total cell fluorescence. The
scale bar on the micrographs represents 100 um. n=1 for initial optimisation of IL-6 concentration.

After exposure for 24 hours with 20 ng/ml, 30 ng/ml and 50 ng/ml of IL-6, preliminary
analysis indicated a respective 26.8%, 48.7% and 72.8% reduction in E-cadherin expression
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relative to the control. Seeing that 50 ng/ml IL-6 exhibited the greatest reduction of E-

cadherin expression, this concentration was selected for further validation of EMT induction.

4.3 IL-6 exposure promotes an EMT phenotype in colorectal cancer cells

It was necessary to further validate that IL-6 was successfully inducing an EMT phenotype in
HT-29 cells. EMT-induced changes in cell morphology were observed under the Floid™ Cell
Imaging System microscope. HT-29 cells usually have a rounded cobblestone morphology
and grow in clusters. Following exposure to 50 ng/ml IL-6 for 24 hours, it was noted that
cell-cell contacts were reduced, and cells adopted a spindle-shaped morphology, resembling a
mesenchymal phenotype (Figure 4.4).

Control 50 ng/ml IL-6

Figure 4.4: Changes in HT-29 cell morphology following exposure to 50 ng/ml IL-6. HT-29 control
cells (left) show an epithelial, cobblestone phenotype. Following exposure to 50 ng/ml IL-6, cells
show reduced cell-cell contacts and the appearance of a more spindle shape (right). Cells were
viewed under the Floid™ Cell Imaging System. The scale bar on the micrographs represents 100 pm.

The extent to which IL-6 can induce an EMT phenotype, was analysed with
immunofluorescent staining of both E-cadherin and vimentin. E-cadherin is a transmembrane
glycoprotein that mediates cell-cell adhesion between epithelial cells. Vimentin is a type 1lI
intermediate filament, uniquely expressed in mesenchymal cells, and is important for
maintaining a mesenchymal cell structure. Figure 4.5 depicts the changes in E-cadherin and
vimentin protein expression, following treatment with 50 ng/ml IL-6. Analysis presented a
60.0% decrease in E-cadherin (n=3) as well as a significant increase in vimentin by 50.7%.
These changes in protein expression of EMT molecular markers indicates the successful
induction of EMT in HT-29 cells.
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Figure 4.5: Changes in E-cadherin and Vimentin expression levels following 50 ng/ml IL-6
exposure. a) Visual representation of changes in E-cadherin expression levels pre and post IL-6
treatment. E-cadherin was stained by Alexa Fluor 488 (green) and nuclei were stained with DAPI
nuclear stain (blue). b) ImageJ analysis confirms a significant decrease in E-cadherin fluorescence
following IL-6 treatment. c) Vimentin was stained by Texas Red (red) and nuclei were stained with
DAPI nuclear stain (blue). d) ImageJ analysis confirms a significant increase in vimentin
fluorescence following IL-6 treatment. The scale bar on the micrographs represents 100 um. Data
represents the mean +* standard deviation. A two-tailed, paired T-test was performed for statistical
analysis where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. n=3.

EMT induction was further validated by gene expression analysis of EMT-TFs SNAI1 and
TWIST1. SNAIL and TWIST1 are key mediators of EMT that function to downregulate E-
cadherin and upregulate vimentin as well as other mesenchymal markers such as N-cadherin
and fibronectin. Additionally, these transcription factors modulate gene expression of key
proteins that function to enhance cell migration and invasiveness, promote apoptotic

resistance and multidrug resistance (Vu and Datta, 2017).

RT-gPCR analysis substantiated that the changes in gene expression of SNAI1 and TWIST1
were consistent with EMT induction. The log2FC of SNAI1 and TWIST1 mRNA expression
levels, relative to the control, are illustrated in Figure 4.6. Following IL-6 exposure, gene
expression of SNAI1 and TWIST1 changed by a log>FC of 0.96 and 1.20, respectively.
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Figure 4.6: SNAIL1 and TWIST1 expression levels are upregulated in HT-29 cells exposed to I1L-6.
gPCR confirmed that EMT-TFs, SNAIL and TWISTL, expression levels are increased following
treatment with IL-6. Data is presented as relative gene expression by comparing control samples
against IL-6 treated samples. Data represents the mean * standard deviation. A two-tailed, paired T-
test was performed for statistical analysis where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not
significant at 95% CI. n=3.

Several studies report that IL-6 utilises the JAK/STAT3 pathway to induce EMT. STAT3 is

phosphorylated by JAK2 following IL-6 ligand binding to IL-6R leading to the
homodimerization and translocation of STAT3 into the nucleus. The phosphorylation of
STAT3 mediates several pathways that are involved in EMT induction including the
upregulation of SNAI1 and TWIST1 transcription factors (Yadav et al., 2011; Kim et al.,
2016).

STATS3 is activated through phosphorylation of the Tyr705 residue. Therefore, to establish if
STAT3 phosphorylation is upregulated following exposure to IL-6, immunofluorescence was
performed targeting phospho-STAT3(Y705). The treatment with 1L-6 significantly increased
STAT3 phosphorylation by 50%, in comparison to control cells (Figure 4.7). These findings
support the view that IL-6 utilises STAT3 to induce EMT.
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Figure 4.7: IL-6 treatment increases STAT3 phosphorylation at Tyrosine 705. a) Visual
representation of the increase in STAT3 phosphorylation at Tyrosine 705 following IL-6 treatment.
pSTAT3(Y705) was stained by Texas Red (red) and nuclei were stained with DAPI nuclear stain
(blue). b) ImageJ analysis confirms a significant increase in STAT3 phosphorylation following I1L-6
treatment. The scale bar on the micrographs represents 100 um. Data represents the mean + standard
deviation. A two-tailed, paired T-test was performed for statistical analysis where * P < 0.05, ** P <
0.01, *** P < 0.001 and ns = not significant at 95% CI. n=3.

The activity of the STAT3 is important for relaying signals from the cell membrane to the
nucleus. The transcription factor is involved in regulating numerous processes that promote
tumorigenesis and EMT including cell survival, migration and proliferation (Siveen et al.,
2014). 1t was necessary to identify the state of proliferation in the EMT cells particularly

when establishing effective anti-cancer therapeutics.

It is for this reason that a cell proliferation assay was employed. The assay assessed the effect
of IL-6 on cell proliferation over 4-days. 20 000 cells/well were treated with 50 ng/ml of IL-6
at Day O; after every 24 hours the cells were counted and the differences in cell number
between treated and control samples were recorded. It was observed that IL-6 had a
stimulatory effect on the growth of HT-29 cells over the 4-day period (Figure 4.8a). At the
time of EMT induction (Day 1), the number of treated cells doubled in comparison to the
control cells. On Day 2, cells treated with 1L-6 showed 1.4 times greater cell growth relative

to the control cells. Overall, treated cells maintained a greater cell count than untreated cells.

To validate these findings, immunofluorescence was performed to examine the effect of IL-6
on Ki67 protein levels. Ki67 is an important marker expressed in proliferating cancerous
cells. The protein is only detected during the active cell cycle phases and is not expressed in
the quiescent phase (Li et al., 2015). Following IL-6 treatment, the antigen was detected with
immunofluorescent staining and quantified by ImageJ (Figure 4.8b and c). It was noted that
Ki67 levels increased by 42.4% in cells exposed to IL-6 for 24 hours; further signifying that

IL-6 acts to stimulate proliferation.
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Figure 4.8: IL-6 increases HT-29 cell proliferation. a) A growth curve that was generated through a
cell proliferation assay recorded increased cell counts in treated samples over 4-days. b)
Immunofluorescence of proliferative marker Ki67 shows increased staining with 50 ng/ml IL-6 after
24 hours. Ki67 was stained by Texas Red (red) and nuclei were stained with DAPI nuclear stain
(blue). ¢) ImageJ analysis confirms a significant increase in Ki67 following IL-6 treatment. The scale
bar on the micrographs represents 100 um. Data represents the mean + standard deviation. A two-
tailed, paired T-test was performed for statistical analysis where * P < 0.05, ** P < 0.01, *** P <
0.001 and ns = not significant at 95% CI. n=3.

4.4 Cholesterol depleting agents successfully reduce cellular cholesterol following EMT

induction

Numerous malignant tumours exhibit cholesterol accumulation and an overwhelming amount
of evidence shows that cholesterol plays an important role in cancer development (Ding et al.,
2019). Therefore, cholesterol staining was performed to evaluate the effect of EMT induction
on cellular cholesterol levels. Additionally, changes in cholesterol content and membrane
fluidity have resulted in the suppression of metastatic potential and is capable of impeding the
EMT process (Zhao et al., 2016; Tisza et al., 2016). Cholesterol depleting agents are gaining
interest as potential anticancer compounds for their ability to induce cancer cell death in
several cancers, disrupting lipid rafts and subsequent signalling pathways (Gu et al., 2019).

Two cholesterol depleting agents were utilised, namely MBCD and KS-01. Cells were treated
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for 2 hours with 1 mM MBCD and 10 mM KS-01 and cholesterol content was quantified in
the form of lipid rafts, LDs, and free cholesterol. Concentrations of MBCD and KS-01 were
previously established in our laboratory.

The first cholesterol staining assay performed was the Vybrant Alexa Fluor® Lipid Raft
Labelling assay. Cancer cells require excess cholesterol for membrane synthesis to sustain
high levels of proliferation as well as to mediate oncogenic signalling for metastatic activity.
Cellular cholesterol is shown to accumulate in lipid-rafts, an important site for oncogenic
signalling (Cruz et al., 2013). Cells were treated with 50 ng/ml of IL-6 for 24 hours to induce
EMT. Following EMT induction, cells were treated with | mM MBCD and 10 mM KS-01 for
2 hours, to deplete cholesterol. Following treatment with IL-6 alone (pre-EMT untreated vs
post-EMT untreated), it was found that, although not significant, lipid raft levels were
increased by 34.7%. Interestingly, treatments with 1 mM MPBCD and 10 mM KS-01 had a
similar effect on cholesterol levels in pre- and post-EMT samples, despite the 34.7% increase
in lipid levels post-EMT. This corresponded to a 50.4% and 49.2% decrease in lipid rafts pre-
EMT and a 71.0% and 67.2% decrease in lipid rafts when treated with 1 mM MBCD and 10
mM KS-01, respectively. Notably, both MBCD and KS-01 displayed a similar effect on lipid
raft levels (Figure 4.9).
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Figure 4.9: Vybrant Alexa Fluor® Lipid Raft Labelling of cells pre- and post-EMT induction. a)
Cholesterol staining shows that lipid raft levels increase following EMT induction. Subsequently,
treatment with 1 mM MBCD or 10 mM KS-01 successfully decrease lipid raft levels in pre- and post-
EMT cells. Lipid rafts were stained by Alexa Fluor 555 (red) and nuclei were stained with DAPI
(blue) b) ImageJ analysis confirms a significant decrease in lipid raft levels following MSCD and KS-
01 treatment in pre- and post-EMT cells. The scale bar on the micrographs represents 100 um. Data
represents the mean + standard deviation. A one-way ANOVA (P < 0.01) was performed for
statistical analysis. Bonferroni’s multiple comparisons test was performed for pairwise analysis
where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. Pairwise analysis
was performed comparing MBCD and KS-01 against untreated samples in pre-EMT cells and in post-
EMT cells. n=3.

In addition to disrupting lipid raft integrity, MBCD and KS-01 function to extract membrane
cholesterol (Mahammad and Parmryd, 2015). The Filipin assay was utilised to assess changes
in free cholesterol levels at the cell membrane and intracellular cholesterol. Following
exposure to IL-6, it was found that cholesterol levels increased by 33.8%. Treatments with 1
mM MBCD and 10 mM KS-01 decreased cellular cholesterol in pre-EMT cells by 44.1% and
52.1% and decreased cholesterol levels by 65.3% and 67.8% in post-EMT cells, respectively
(Figure 4.10). This result is consistent with the effects of MBCD and KS-01 on lipid rafts.
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Figure 4.10: Filipin staining of free cholesterol in cells pre- and post-EMT induction. a) Staining
shows that cholesterol levels increase following EMT induction. Subsequently, treatment with 1 mM
MBCD or 10 mM KS-01 successfully decrease cholesterol levels in pre- and post-EMT cells.
Cholesterol was stained by filipin (blue), and nuclei were stained with NucRed™ Dead (red) b)
ImageJ analysis confirms a significant decrease in cholesterol levels following MSCD and KS-01
treatment in pre- and post-EMT cells. The scale bar on the micrographs represents 100 um. Data
represents the mean + standard deviation. A one-way ANOVA (P < 0.001) was performed for
statistical analysis. Bonferroni’s multiple comparisons test was performed for pairwise analysis
where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. Pairwise analysis
was performed comparing MSCD and KS-01 against untreated samples in pre-EMT cells and in post-
EMT cells. n=3.

Lipid droplets serves as an important storage organelle for cholesteryl esters and are
important for various cellular functions including membrane homeostasis and lipid-based
signalling. Cells were stained with green BODIPY fluorophore for the analysis of lipid
droplets. Following EMT induction, there was a 28.8% increase in LD levels. It was observed
that 1 mM MBCD and 10 mM KS-01 respectively decreased lipid droplet levels in pre-EMT
cells by 60.8% and 64.2% and decreased cholesterol levels by 72.0% and 71.3% in post-EMT
cells (Figure 4.11). These findings suggest lipid droplets are affected by cholesterol depletion

to maintain cholesterol homeostasis.
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Figure 4.11: BODIPY staining of lipid droplets in cells pre- and post-EMT induction. a)
Cholesterol staining shows that lipid droplet levels increase following EMT induction. Subsequently,
treatment with 1 mM MACD or 10 mM KS-01 successfully decrease lipid droplet levels in pre- and
post-EMT cells. Lipid droplets were stained by BODIPY (green), and nuclei were stained with DAPI
(blue) b) ImageJ analysis confirms a significant decrease in lipid droplet levels following MBCD and
KS-01 treatment in pre- and post-EMT cells. The scale bar on the micrographs represents 100 pum.
Data represents the mean * standard deviation. A one-way ANOVA (P < 0.001) was performed for
statistical analysis. Bonferroni’s multiple comparisons test was performed for pairwise analysis
where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. Pairwise analysis
was performed comparing MBCD and KS-01 against untreated samples in pre-EMT cells and in post-
EMT cells. n=3.

Ultimately, an overall increase in lipid content was observed in post-EMT HT-29.
Cholesterol depleting agents, MBCD and KS-01, successfully depleted cholesterol from the
cell membrane and lipid rafts resulting in reduced intracellular cholesterol and lipid droplets.
It is noted that MBCD and KS-01 depleted a greater percentage of cholesterol in post-EMT
cells compared to pre-EMT cells. This is most likely a result of the observed increase in
cholesterol levels, following EMT induction.
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4.5 Cholesterol depletion promotes an epithelial phenotype in EMT induced cells

Following confirmation of increased cholesterol in EMT induced cells, we wanted to observe
how cholesterol depletion would influence the expression of EMT molecular markers.
Therefore, immunofluorescence was performed with E-cadherin and vimentin in EMT
induced cells, following 2 hours of cholesterol depletion with I mM MBCD and 10 mM KS-
01

E-cadherin protein expression increased by 46.9% in the presence of 1 mM MBCD and
significantly increased by 55.3% in the presence of 10 mM KS-01 (compared to untreated
Post-EMT) (Figure 4.12). Additionally, vimentin expression significantly decreased by
41.0% and 52.8% when exposed to 1 mM MPBCD and 10 mM KS-01, respectively (Figure
4.13). This outcome validates that cholesterol is important for EMT induction and is involved
in the maintenance of the mesenchymal phenotype. This result also provided initial evidence
that cholesterol depletion may be able to reverse the EMT phenotype.

Immunofluorescence was also performed together with FOLFOX, to ensure that the observed
phenotype reversal was maintained when treated together with the chemotherapy.
Interestingly, EMT induced cells treated with FOLFOX alone showed 39.5% increase in E-
cadherin and 11.7% decrease in vimentin. Furthermore, it was observed that when EMT
induced cells were treated with FOLFOX together with cholesterol depleting agents, the
reversal of the EMT phenotype was maintained. It was found that cells exposed to
MBCD/FOLFOX had a 60.0% increase in E-cadherin and 40.9% reduction in vimentin. EMT
induced KS-01/FOLFOX exposed cells showed 61.9% rise in E-cadherin and 47.3% decrease
in vimentin protein expression. Ultimately, these results suggest that cholesterol depletion
may be involved in reversing the EMT phenotype, even in the presence of a chemotherapy.
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Figure 4.12: Treatment with cholesterol depleting agents increases E-cadherin epithelial marker in
EMT induced cells. a) Visual representation of changes in E-cadherin expression following treatment
with cholesterol depleting agents MCD and KS-01 in the presence of FOLFOX in EMT induced
cells. E-cadherin was stained by Alexa Fluor 488 (green) and nuclei were stained with DAPI (blue).
b) ImageJ analysis shows cholesterol depletion to increase E-cadherin levels in EMT induced cells,
compared to untreated EMT induced cells. The scale bar on the micrographs represents 100 pm.
Data represents the mean = standard deviation. A one-way ANOVA (P < 0.001) was performed for
statistical analysis. Bonferroni’s multiple comparisons test was performed for pairwise analysis
where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. n=3.
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Figure 4.13: Treatment with cholesterol depleting agents decreases vimentin mesenchymal marker
in EMT induced cells. a) Visual representation of changes in vimentin expression following treatment
with cholesterol depleting agents MSCD and KS-01 in the presence of FOLFOX in EMT induced
cells. Vimentin was stained by Texas Red (red) and nuclei were stained with DAPI (blue). b) ImageJ
analysis shows cholesterol depletion to decrease vimentin levels in EMT induced cells, compared to
untreated EMT induced cells. The scale bar on the micrographs represents 100 um. Data represents
the mean * standard deviation. A one-way ANOVA (P < 0.05) was performed for statistical analysis.
Bonferroni’s multiple comparisons test was performed for pairwise analysis where * P < 0.05, ** P <

0.01, *** P < 0.001 and ns = not significant at 95% CI. n=3.
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4.6 Cholesterol depletion and exposure to FOLFOX reduces the invasive potential of EMT

induced cells

Following the observation of EMT phenotype reversal, changes in the invasive potential of
EMT induced cells were investigated. The Transwell® Invasion assay measures the ability of
cells to attach and invade the ECM and migrate towards a chemo-attractant (Justus et al.,
2014). The assay was performed on EMT induced cells with cholesterol depleting agents and
FOLFOX chemotherapy. The number of cells that had invaded through the membrane was
stained and counted under the Floid™ Cell Imaging System.

Figure 4.14 highlights the relative invasion detected in treated cells, where untreated EMT
induced cells are reported as 100% invaded cells. It was found that EMT induced cells
exposed to MBCD had 43.0% reduced invasiveness and cells exposed to KS-01 showed a
47.8% reduction in invasive potential. The exposure of EMT induced cells to FOLFOX had a
significant effect on invasive potential by reducing invasion by 72.2%. Treatments of
FOLFOX together with cholesterol depleting agents indicated greater reduction of invasive
potential to 78.2% and 84.5% treated with MBCD/FOLFOX and KS-01/FOLFOX,

respectively.
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Figure 4.14: Treatment with cholesterol depleting agents decreases invasive potential in EMT
induced cells. a) Visual representation demonstrating change in number of cells that invaded
following treatment with cholesterol depleting agents MSCD and KS-01 in the presence of FOLFOX
in EMT induced cells. Nuclei were stained with DAPI (blue). b) Graphical representation depicting
number of cells invaded, represented as relative invasion. Data is presented as relative invasion set
against EMT induced untreated cells. EMT induction leads to a significant increase in invasive
potential. Treatment with cholesterol depleting agents significantly decrease percent of invaded cells.
The scale bar on the micrographs represents 100 um. Data represents the mean * standard deviation.
A one-way ANOVA (P < 0.001) was performed for statistical analysis. Bonferroni’s multiple
comparisons test was performed for pairwise analysis where * P < 0.05, ** P < 0.01, *** P < 0.001
and ns = not significant at 95% CI. n=3.
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4.7 The effect of cholesterol depletion on apoptosis of EMT induced cells exposed to
FOLFOX

An important characteristic of EMT is resistance to apoptotic stimuli. An APOPercentage™
apoptosis assay was performed to investigate if EMT induction confers resistance to
FOLFOX treatment as well as to investigate if cholesterol depletion can promote apoptosis in
these cells. The APOPercentage™ assay was performed to detect the early stages of
apoptosis, therefore, cells were treated for 2 hours with combinations of cholesterol depleting
agents and FOLFOX.

Figure 4.16a provides a visual representation of the APOPercentage™ dye uptake in
apoptotic cells. Untreated (Pre-EMT) acts as a visual control for no dye uptake. It is observed
that cells treated with FOLFOX (before induced to undergo EMT) increased uptake of the
pink dye. However, following EMT induction, cells treated with FOLFOX exhibited reduced
uptake of the dye, indicating that EMT facilitates apoptosis resistance. Following treatments
with cholesterol depleting agents (alone and together with FOLFOX), an increase in dye

uptake is observed.

Spectrophotometry analysis revealed that FOLFOX-induced apoptosis decreased from 61.2%
to 25.7% following EMT induction (Figure 4.16b), verifying that EMT induction plays a role
in resistance to apoptosis. It was noted that EMT induced cells exposed to ImM MBCD and
10 mM KS-01 were more susceptible to cell death than FOLFOX treated cells. Post-EMT
cells treated with 1| mM MBCD and 10 mM KS-01 detected 59.7% and 77.2% of early-stage
apoptosis, respectively. Additionally, the treatment with MBCD and KS-01, in post-EMT
cells, increased FOLFOX-induced apoptosis from 25.7% to 46.7% and 68.3% respectively.

40 uM plumbagin was included as a positive control.
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Figure 4.15: Effect of cholesterol depleting agents on susceptibility to apoptosis in EMT induced
cells. a) Visual representation of APOPercentage™ dye uptake following treatment with FOLFOX
and cholesterol depleting agents: MBCD and KS-01. Cells were captured under the Nikon Phase
Contrast microscope b) Graphical representation depicting percent cell death of cells. Cells treated
with FOLFOX chemotherapy showed resistance to apoptosis following EMT induction. Treatment
with 10 mM KS-01 lead to a significant increase in apoptosis. 40 uM Plumbagin acts as the positive
control. Data represents the mean + standard deviation. A one-way ANOVA (P < 0.01) was
performed for statistical analysis. Bonferroni’s multiple comparisons test was performed for pairwise
analysis where * P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant at 95% CI. n=3.
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4.8 The effect of cholesterol depletion on multidrug resistance of EMT induced cells exposed
to FOLFOX

Drug resistance is often reported after prolonged use of chemotherapies and remains one of
the greatest obstacles in the treatment of metastatic CRC. A Vybrant™ Multidrug Resistance
assay was performed to observe how cholesterol depletion would influence MDR in cells
exposed to a chemotherapy. Fluorescence intensity pertains to the amount of calcein dye
retained intracellularly. Low fluorescence intensity reflects high MDR activity. 1 uM
verapamil acts as the positive control by inhibiting the activity of P-gp transmembrane efflux

transporter.

Figure 4.17 reports the relative fluorescence intensity detected in cells, where untreated pre-
EMT cells are recorded as 100% relative fluorescence intensity (pertaining to no MDR
activity). Fluorescence intensity decreased to 63.2% following EMT induction, which
indicates that EMT induced cells exhibits some MDR activity. Following exposure to the
FOLFOX chemotherapy, relative intracellular fluorescence intensity dropped to 32.8%,
which denotes that FOLFOX contributes to significant MDR activity in EMT induced cells.
Following cholesterol depletion, MBCD treatment increased fluorescence intensity at 69.7%.
Additionally, when treated together with FOLFOX, MBCD significantly increased
fluorescence intensity to 80.6%. KS-01 treatment alone in EMT induced cells showed 60.1%
relative fluorescence and 71.8% relative fluorescence when treated together with FOLFOX.
These results indicate that cholesterol depletion abrogates MDR activity that is elicited in
cells exposed to a chemotherapy. Ultimately, the treatment with cholesterol depleting agents

is a promising means to overcome chemotherapy induced MDR.
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Figure 4.16: Treatment with cholesterol depleting agents decreases drug resistance in EMT
induced cells. Graphical representation depicting relative fluorescence intensity. EMT induced cells
showed decreased retention of fluorescent calcein. Cholesterol depleting agents increases
intracellular calcein retention. I uM Verapamil acts as the positive control. Data represents the mean
+ standard deviation. A one-way ANOVA (P < 0.01) was performed for statistical analysis.
Uncorrected LSD test was performed for pairwise analysis where * P < 0.05, ** P < 0.01, *** P <
0.001 and ns = not significant at 95% CI. n=3.
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5. Discussion

It is recognised that several cancer types, such as prostate, breast and CRC have higher
membrane and cellular cholesterol levels compared to normal cells. An upregulation of
cholesterol levels has shown to facilitate increased proliferation and oncogenic signalling.
These cancer cells are more susceptible to cell-death induced by cholesterol lowering
(Matusewicz et al., 2015). It is for this reason that cholesterol is viewed as an attractive target
for anti-cancer therapies. Utilising cholesterol depleting agents to improve on existing
chemotherapies is a novel concept. This study explored the effect of cholesterol depletion on
the ability of FOLFOX to induce apoptosis, to decrease invasion and MDR, during the
metastatic EMT stage. It was observed that the use of cholesterol depleting agents enhanced
the effectiveness of the FOLFOX chemotherapy, by enhancing FOLFOX-induced apoptosis
and decreasing FOLFOX-induced multidrug resistance.

5.1 IL-6 mediated EMT induction in colorectal cancer

Tumours can be regarded as wounds that do not heal and therefore inflammatory pathways
are aberrantly activated. Tumour-associated inflammation is a known hallmark of cancer that
advances cancers towards metastasis (Hanahan and Weinberg, 2011). A metastatic cascade
usually favours the execution of the EMT program, which enhances cell migratory and
invasive potential and confers stem-like properties which contributes to cancer
aggressiveness (Mittal, 2018). The EMT program can also promote the production of
proinflammatory molecules (Suarez-Carmona et al., 2017). Consequently, inflammation and

EMT can sustain each other in the interest of metastasis.

IL-6 is one of the most abundant cytokines in the TME and is well-known for promoting an
inflammatory response. Elevated IL-6 levels are associated with poor patient outcome in a
number of cancers (Dominguez et al., 2017). The link between IL-6 expression and EMT
pathways has been established through several independent studies (Rokavec et al., 2014; Liu
et al., 2015; Wang et al., 2019). JAK/STAT3 is regarded as the key signalling pathway
exploited by IL-6 to promote EMT, by transcriptionally regulating several TFs and miRNAs.
In accordance with these studies, the immunofluorescent staining of HT-29 cells confirmed a
significant increase of phosphorylated STAT3(Y705) following exposure to IL-6.
Importantly, the STAT3 homodimer can directly promote EMT by enhancing the
transcriptional activity of EMT-TFs TWIST, SNAIL and ZEB1 (Xiong et al., 2012; Zhang et
al., 2015; Saitoh et al., 2016).
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The activation of EMT-TFs results in significant genetic reprogramming. These EMT-TFs
function interactively to modify the gene expression of cytoskeletal and adhesive complex
proteins and to alter the cells interactions with the ECM. SNAI1 and SLUG function to
repress transcriptional activity of epithelial genes by binding at the E-box promotor region
(Herranz et al., 2008; Lamouille et al., 2014). Target genes of SNAIL include genes encoding
E-cadherin, claudins, occludin and cytokeratin. Repression of these genes dissolves apical
tight junctions and promotes cytoskeletal reorganisation (Lamouille et al., 2014). Similar to
SNAIL, TWIST TF downregulates E-cadherin expression and upregulates mesenchymal N-
cadherin, the ‘cadherin-switch’ modifies cell adhesive contacts (Yang et al., 2012). ZEB1 and
ZEB?2 binds to E-box regulatory sequences that can either activate or repress gene expression.
ZEB TFs recruit transcriptional co-repressors or interact with coactivators to mediate
epithelial suppression and mesenchymal upregulation (Postigo et al., 2003). Additionally,
EMT-TFs can regulate the expression of other EMT-TFs. SNAIL has shown to positively
regulate the expression of SLUG, TWIST1 and ZEB1 (Taube et al., 2010; Hugo et al., 2011).
IL-6 exposure in HT-29 cells upregulated SNAI1 and TWIST1 gene expression levels by a
log2FC of ~1 (Figure 4.6). As a result of EMT-TF cooperative activity, the expression of one
EMT-TF would result in the activation of other core groups of EMT-TFs (Shibue and
Weinberg, 2017).

E-cadherin was selected as a marker for EMT induction during the optimisation stages of
recombinant IL-6 concentration. E-cadherin is a cell adhesion transmembrane glycoprotein
that mediates cell-cell interactions and is uniquely expressed in epithelial tissue (Bruner and
Derksen, 2018). In landmark studies, it was demonstrated that the inhibition of E-cadherin
activity is sufficient to stimulate the dissociation and invasion of cancerous cells (Behrens et
al., 1985; Vleminckx et al., 1991). The loss of E-cadherin expression is an indicator of cancer

progression and provided the initial evidence that EMT had been induced at 50 ng/ml 1L-6.

Vimentin serves as a downstream effector of SNAIL, TWIST1 and ZEB-mediated EMT
(Usman et al., 2021). Vimentin is a type Il intermediate filament that forms a major
cytoskeletal component in mesenchymal cells. Vimentin becomes upregulated in the context
of carcinogenesis and replaces cytokeratin (epithelial intermediate filament) at more
advanced stages of cancer (Usman et al., 2021). Its overexpression is used as a marker for
cells undergoing EMT and consequently to predict poorer patient outcome (Wu et al., 2018;
Kim et al., 2020). Following IL-6 exposure to HT-29 cells, vimentin expression levels

increased by 50.7% (Figure 4.5). The upregulation of vimentin facilitates cytoskeletal
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reorganization that occurs during EMT in order to enhance changes in cell adhesion,

migration and promote invasion (Liu et al., 2015).

Importantly, EMT cells exhibit plasticity in the transition between epithelial and
mesenchymal states. Partial EMT (pEMT) is the process where cells transition through a
spectrum of intermediate states exhibiting a hybrid of epithelial and mesenchymal markers
(Nieto et al., 2016). This would explain the ~50% upregulation of vimentin in the HT-29
cells, and why the cells retained 40% E-cadherin expression (Figure 4.5). This hybrid
expression of EMT markers is considered to be a common event, while the transition to a
complete mesenchymal phenotype has shown to be infrequent in normal and tumorigenic
human tissue (Derynck and Weinberg, 2019). pEMT is considered most relevant in cancer
progression because these cells sustain high migratory properties while maintaining cell-cell
adhesions, which allows cells to travel efficiently in clusters. Additionally, the retention of
epithelial characteristics allows for cells to colonise more effectively at secondary sites
through MET and so pEMT has found to be more aggressive than complete EMT (Jolly et al.,
2015; Nieto et al., 2016).

The reversible activation of EMT is important to allow invasion and dissemination to
secondary niches. EMT-inducing factors are shown to attenuate cell proliferation which
favours de-differentiation and invasion. SNAIL expression has shown to initiate cell cycle
arrest by repressing the expression of CCND1 (gene encoding Cyclin D1) (Vega et al.,
2004). However, during the process of MET, EMT-TFs are downregulated and proliferation
is initiated for cells to re-differentiate and for the formation of micro-metastases (Tsai et al.,
2012; Weidenfeld and Barkan, 2018). These findings support the notion that EMT drives
epithelial cells into a quiescent state in order to acquire mesenchymal features. Interestingly,
we found that IL-6 increased HT-29 cell proliferation, which was validated by increased
expression of proliferative marker Ki67. IL-6 can act as both a growth factor or a growth
inhibitory factor in several cancers, including in the context of EMT induction (Kanazawa et
al., 2007; Sullivan et al., 2009; Chen et al., 2018). Weidenfeld and Barkan, 2018, proposed a
model that may clarify the contradictions seen between different studies (Figure 5.1). This
model further supports the view that EMT progresses along a spectrum of intermediate states
and highlights the high levels of plasticity within the EMT program. Most likely, the HT-29
cells exposed to IL-6 are at an “equilibrium” state between the two complete epithelial and

mesenchymal phenotypes.
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Figure 5.1: The EMT/MET spectrum. The model proposed by Weidenfeld and Barkan suggests that
cells travel between an EMT/MET state. Cancer cells that fluctuate between epithelial and
mesenchymal  phenotypes  observe  corresponding  changes in  proliferation  and
differentiation/stemness. CSC: Cancer stem cell Figure created with BioRender.com. Figure adapted
from (Weidenfeld and Barkan, 2018).

5.2 Cholesterol: an important driver of EMT induction

Inflammatory diseases and chronic inflammation can stimulate changes in lipid metabolism,
including reduction of serum HDL levels and a rise in triglycerides and LDL cholesterol
levels (Tsoupras et al., 2018). The increase in lipid content helps sustain the immune
response, supported by evidence reporting that several immune receptors and immune-related
transcription factors are sterol dependent (Bilotta et al., 2020). However, as a consequence,
persistent inflammation can result in increased risk of atherosclerosis (Tsoupras et al., 2018).
Specifically, IL-6 mediated inflammation is associated with cholesterol-related disorders

including atherosclerosis and coronary artery disease (Omoigui, 2007).

Inflammatory stress through IL-6 signalling is understood to increase cholesterol
accumulation by enhancing expression of SREBP2, LDLR and HMGCR in several cell types,
leading to cellular uptake of plasma LDL and promoting de novo biosynthesis (Gierens et al.,
2000; Zhao et al., 2011; Chen et al., 2014; DiNicolantonio and McCarty, 2018). Currently,
there is limited literature delineating the link between IL-6 mediated cholesterol
accumulation and cancer progression. It is well known that increased cholesterol content is
associated with increased cancer aggressiveness (Ding et al., 2019). The pathways involved
in deregulated cholesterol metabolism in EMT have been discussed previously (Section 1.8).
It can be hypothesised that cholesterol accumulation stimulated by IL-6 expression is
involved in driving tumorigenesis and consequently fuels EMT. This hypothesis is supported
by our findings, where following IL-6 mediated EMT induction there was a notable increase

in cholesterol content in lipid rafts, free cholesterol, and lipid droplets, by 34.7%, 33.8% and
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28.8% respectively. Several EMT-related signalling pathways are dependent on lipid raft
composition such as TGF-p and Wnt signalling. Additionally, the IL-6R has shown to
associate with lipid rafts and that a significant proportion of phosphorylated STAT3
accumulates in the lipid raft (Kim et al.,, 2004). Consequently, the IL-6 mediated
accumulation of cholesterol in lipid rafts domains is likely to enhance a proinflammatory

feedback loop, EMT and ultimately, cancer aggressiveness.

It is estimated that ~90% of free cellular cholesterol exists in the plasma membrane of
numerous cell types (Kim et al., 1991; Lange, 1991). The observation of increased free
cholesterol in EMT induced HT-29 cells is likely to enhance membrane fluidity necessary for
mesenchymal morphological alterations and to facilitate the observed increase in cell
proliferation (Morandi et al., 2017). Free cholesterol may also serve as a precursor for
cholesterol derivatives such as bile acids. Increased production of cholesterol-derived bile
acids acid is recognised as a major driver of CRC (Rossin et al., 2017). Secondary bile acids
including lithocholic acid and deoxycholic acid are understood to stimulate CRC by causing
damage to epithelial cells, elevating reactive oxygen species (ROS), apoptosis inhibition, and
to promote stemness of cells (Nguyen et al., 2018). Any excess cellular cholesterol is toxic to
cells and is therefore stored in lipid droplets. Readily available cholesterol in the form of
CEs, reduces the energetic demand that would be required through de novo biosynthesis. IL-6
signalling facilitates abnormal accumulation of lipid droplets, which subsequently act as
reservoirs of cholesterol, to enable membrane biogenesis and modify lipid raft structure
which ultimately enhances cancer aggressiveness. (Sahini and Borlak, 2014; Ayyagari et al.,
2020).

As discussed previously, cellular cholesterol is tightly regulated through de novo
biosynthesis, efflux, and influx pathways. Control of cholesterol metabolism in the intestine
is balanced by the intestinal absorption of dietary cholesterol and intracellular synthesis
(Cohen, 2008). However, an in vitro model has limited access to circulating cholesterol,
where supplemented media with 10% FBS only provides 2-3% of cholesterol that is
available to cells in the body (Else, 2020). Therefore, the observed increase in cellular
cholesterol of HT-29 cells is likely attributed to an upregulation of the cholesterol
biosynthesis pathway. This hypothesis would need to be validated following RT-gPCR
analysis of genes encoding SREBP2, LDLR and HMGCR, following treatment with IL-6 in
HT-29 cells. Consequently, we hypothesised that depleting excess cholesterol from EMT

induced cells may reduce cancer aggressiveness in vitro through disrupting cholesterol
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mediated oncogenic signalling. B-CDs effectively disrupt lipid rafts and subsequent signalling
pathways, while showing no disturbances to normal cholesterol in the human body (Gu et al.,
2019).

Results showed that MBCD and KS-01 depleted cholesterol from lipid rafts (by 71.0% and
67.2%, respectively), lipid droplets (by 72.0% and 71.3%, respectively) and free cholesterol
(by 65.3% and 67.8%, respectively), following EMT induction. B-CD derivatives have high
affinity towards cholesterol and are very effective in extracting excess cholesterol from cell
membranes (Jansook et al., 2018). B-CDs show high affinity to lipid rafts because they are
cholesterol dense, containing 30-50% of plasma membrane cholesterol. Therefore, MBCD is
often used as an anticancer agent by decreasing membrane cholesterol through the disruption
of lipid rafts (Zidovetzki and Levitan, 2007). Moreover, studies do show that B-CDs can
extract cholesterol from non-raft domains as well as lipid rafts, where cholesterol at the
plasma membrane can regulate intracellular cholesterol levels. It is suggested that exposing
cells to CDs promotes CD-induced cholesterol efflux to the membrane in order to maintain
cholesterol homeostasis and membrane integrity (Zidovetzki and Levitan, 2007). Lange et al.,
1999, found that treating fibroblast cells to 2% HPBCD led to a ~25% decrease in total
membrane cholesterol, and simultaneously depleting 76% of intracellular cholesterol at the
endoplasmic reticulum (Lange et al., 1999). Additionally, cholesterol depletion has shown to
degrade lipid droplets through autophagy (Ouimet and Marcel, 2012). These findings would
explain the observed decrease of lipid droplet content following cholesterol depletion, which

would function to maintain cholesterol homeostasis.

The observation that treatment with MBCD and KS-01 depleted ~10-20% more cholesterol
from EMT induced cells compared to pre-EMT cells, suggests that cells in the EMT stage
should be more susceptible to cholesterol depleting agents than epithelial cells. The
downstream effects of this observed cholesterol depletion are discussed in greater detail

below.

5.3 Cholesterol depletion as a novel strategy for EMT phenotype reversal

It has been established that cholesterol plays an important role in EMT induction. However,
the effect of cholesterol in maintaining an EMT phenotype has not been fully elucidated.
Therefore, MBCD and KS-01 were utilised to examine how cholesterol depletion affects the
EMT phenotype in HT-29 cells. Interestingly, it was found that following exposure to MBCD
and KS-01, E-cadherin expression increased by 46.9% and 55.3%, respectively and vimentin
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levels decreased by 41.0% and 52.8%, respectively (Figure 4.12 and 4.13). Regulating cell
cholesterol levels has shown to either promote or impede the conversion to a mesenchymal
phenotype (Morandi et al., 2017). Several studies report that the interference of lipid rafts
inhibits the activity of key EMT-related signalling pathways which promotes the expression
of epithelial markers and downregulates mesenchymal marker expression (Zuo and Chen,
2009; Guerra et al., 2016; Wu et al., 2020).

The disruption of lipid rafts shows to attenuate IL-6 signalling. A study conducted by Sehgal
et al., 2002, showed that treatment of human hepatoma cells with MBCD prevented the
activation of STAT3, through disruption of lipid rafts (Sehgal et al., 2002). Moreover, IL-6
and TGF-p signalling are closely linked and have shown to act synergistically in promoting
EMT (Zhang et al., 2005). Modulation of MAPK-dependent EMT induction via TGF-B is
dependent on the integrity of lipid raft domains. Cholesterol depletion consequently disrupted
TGF-p activation of MAPK resulting in the upregulation of E-cadherin and suppression of
actin stress fibres (Zuo and Chen, 2009; Wu et al., 2020). Wnt/p-catenin is another EMT-
related signalling pathway that becomes disrupted by membrane cholesterol depletion
(Guerra et al., 2016). These findings highlight the importance of lipid raft integrity in
maintaining an EMT phenotype.

An important property of mesenchymal cells is increased membrane fluidity which modulates
changes in cell adhesion, migration and differentiation (Kashirina et al., 2020). Cholesterol
depletion with B-CDs increases membrane stiffness which results in deceased cell migration,
stem cell characteristics and has shown to inhibit EMT induction in vitro (Byfield et al.,
2004; Zhao et al., 2016). Therefore, the alteration of membrane fluidity is another likely
mechanism that causes the observed changes in the EMT phenotype in the HT-29 cells.
Additionally, changes to membrane fluidity can enhance the activity of anti-metastatic drugs,
by decreasing the activity of efflux pump ABCAL where its expression is highly dependent
on membrane fluidity (Zhao et al., 2016).

Increased motility and invasiveness are characteristics of mesenchymal cells, facilitated by E-
cadherin inhibition and vimentin upregulation. The observed restoration of E-cadherin and
downregulation of vimentin, following treatment with MBCD and KS-01 in EMT induced
cells, is consistent with the Transwell® Invasion results, which showed reduced invasive
potential of HT-29 cells by 43.0% and 47.8%, respectively. Vimentin allows for cytoskeletal

rearrangement of mesenchymal cells, protecting cells from mechanical stress during
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migration (Usman et al., 2021). E-cadherin expression prevents invasion by preventing
dissociation of epithelial cells from the tumour (Bruner and Derksen, 2018). Consequently,
the mediation of E-cadherin and vimentin expression through cholesterol depletion influences
cell invasion, promoting a less aggressive cancer phenotype. Studies show that increased
membrane cholesterol is related to increased membrane fluidity, which enhances that
invasive properties of cells, while reduced membrane fluidity deceases cell migration (Guerra
et al., 2016; Zhao et al., 2016). Additionally, disruption of lipid rafts with MBCD decreases
the secretion of MMPs which suppresses the invasiveness of cancer cells, through the cells’
limited ability to degrade ECM components (Greenlee et al., 2021) Therefore, alterations to

lipid content affects invasive potential and cancer aggressiveness in HT-29 cells.

In addition to invasiveness, EMT upregulates pro-survival signalling for the survival of cells
in circulation and to maintain a favourable microenvironment at secondary niches. IL-
6/JAK/STAT3 is one of the major pro-survival signalling networks in EMT (Thomson et al.,
2011). IL-6/STAT3 signalling stimulates the expression of several pro-survival proteins
including Bcl-2, Bcl-xL and survivin. Pro-survival PI3K signalling pathway is also
stimulated by IL-6 (Masjedi et al., 2018). Importantly, treatments with MBCD and KS-01
showed to induce 59.7% and 77.2% of early-stage apoptosis in EMT induced cells,
respectively (Figure 4.15). Cholesterol depletion is recognised to induce cellular apoptosis in
a range of invasive cell lines. Studies show that cancer cells with elevated cholesterol at lipid
rafts are increasingly sensitive to apoptosis through cholesterol depletion (Li et al., 2006) p-
CDs are able to induce cell death by elevating caspase-3/7 activity and inhibiting Bcl-xL, c-
myc, Wnt receptor LRP6 and B-catenin (Li et al., 2006; Onodera et al., 2013; Badana et al.,
2018). Additionally, PI3K activates Akt by recruiting Akt and PDK1 to lipid rafts. MBCD has
shown to inhibit Akt phosphorylation and upregulate protein degradation in breast and
prostate cancer cell lines, by depleting lipid raft cholesterol (Li et al., 2006). Based on these
findings, it can be concluded that cholesterol depleting agents may be an effective strategy in
reversing the aggressive EMT phenotype, impeding invasiveness and enhancing apoptosis in
CRC cells.

The use of CDs presents an alternative approach to reduce cellular cholesterol levels in
cancerous cells. Statin treatment is a common strategy used to target cellular cholesterol,
through cholesterol synthesis inhibition. Statins exhibit anti-cancer properties in
mesenchymal-like cells and have reported to suppress EMT by restoring E-cadherin and

decreasing vimentin expression (Warita et al., 2021; Nishikawa et al., 2019). Cholesterol
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synthesis inhibition has shown to be successful in a laboratory setting, however, the effects of
statins extend past the lipid profile, causing metabolic disruptions in the production of steroid
hormones, vitamin D and bile acids, in normal cells (Golomb and Evans, 2008).
Consequently, the severe side effects of statins have raised questions about its usefulness in a
clinical setting. Additionally, a study performed by Chen et al., 2014, showed that
inflammatory stress confers statin resistance through enhancing HMGCR expression, thus
weakening statins suppressive effects (Chen et al., 2014). Results obtained from this study
highlights CDs as an alternative strategy to remove excess cholesterol in cancers.

5.4 Cholesterol depletion enhances the effectiveness of the FOLFOX chemotherapy

The FOLFOX chemotherapy is associated with a number of limitations mainly severe
systemic toxicity and acquired drug resistance after prolonged use. This project explored the
novel concept of utilising cholesterol depletion to improve on existing chemotherapies. The
effect of cholesterol depletion on enhancing FOLFOX-induced cytotoxicity and reducing
multidrug resistance was explored. A concentration of 20 uM 5-FU and 8 uM oxaliplatin was
selected as the in vitro FOLFOX treatment at 24 hours. An MTT assay of combined
treatments showed 50.3% cell viability. This was to ensure that treatments with FOLFOX
alone and in combination with cholesterol depleting agents maintained a cell population large
enough to analyse the downstream effects. Stem cells have intrinsic chemoresistance which
suggests that, in a clinical setting, continuous chemotherapeutic exposure may select for cells
with increased stemness. Treatment with MBCD and KS-01 following EMT induction
allowed to examine if cholesterol depletion may sensitise the population of FOLFOX-

surviving cells to chemotherapeutic cytotoxicity.

It was important to establish that the phenotype reversal that was exhibited by cholesterol
depletion was maintained when cells were treated together with the chemotherapy.
Interestingly, not only was the phenotype reversal maintained, but FOLFOX chemotherapy
alone showed to non-significantly increase E-cadherin levels by 39.5% and decrease vimentin
by 11.7% (Figures 4.12 and 4.13). Cells exposed to FOLFOX following cholesterol depletion
showed an enhanced upregulation in E-cadherin and downregulation in vimentin, compared
to cholesterol depletion alone. Additionally, FOLFOX reduced the invasiveness of EMT
induced cells by 72.2% and reduced the invasive potential of cells exposed to MBCD and KS-
01 by 78.2% and 84.5%, respectively. Wang et al., 2018, showed that oxaliplatin significantly
upregulated E-cadherin and downregulated SNAIL, TWIST and N-cadherin in gastric cancer
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which resulted in reduced invasiveness (Wang et al., 2018). Another study showed that
following exposure to oxaliplatin, N-cadherin levels were suppressed in CRC cells which
correlated with decreased migratory activity (Skarkova et al., 2018). Moreover, 5-FU has
shown to act synergistically with chemotherapeutic compounds to suppress the EMT
phenotype in gastric cancer and reduce the invasiveness of gastric cancer cells (Kurata et al.,
2018). The findings from these studies support our observations, however, the mechanisms

that FOLFOX utilises to influence the EMT phenotype is not known.

Resistance to apoptosis is closely linked to drug resistance and poses a major problem for
anticancer chemotherapies. HT-29 treatment with MBCD and KS-01, in post-EMT cells,
increased FOLFOX-induced apoptosis from 25.7% to 46.7% and 68.3% respectively (Figure
4.15). These results indicate that cholesterol depletion sensitises CRC cells to
chemotherapeutic cytotoxicity. Cholesterol is largely implicated in acquired drug resistance
in cancers, by modifying cholesterol-related MDR signalling pathways and/or regulating the
activity of multidrug transporters (Abdulla et al., 2021). Cancer cells increase cellular
cholesterol levels either through increased biosynthesis or uptake through LDLR, where the
inhibition of these mechanisms can sensitise cells to chemotherapeutic agents (Guillaumond
et al., 2015; Kong et al., 2018). Importantly, high cholesterol in lipid rafts can reduce
sensitivity to anticancer agents. Cholesterol targeting agents such as simvastatin and MBCD
can re-sensitise cells to chemotherapies by disrupting the activity of drug resistance related
pathways such as integrin B3/focal adhesion kinase (FAK)/ERK and PI3K/Akt signalling
(Chen et al., 2018; Jin et al., 2019).

MBCD/FOLFOX and KS-01/FOLFOX treatments did not induce the same cytotoxicity as
MBCD and KS-01 alone in EMT induced cells. A likely explanation for this result is that
cells employ several MDR mechanisms to confer chemotherapy resistance, including the
over-expression of efflux pumps such as ABC transporters (other than P-gp efflux, as
discussed below), reduced drug uptake, activation of detoxifying systems, DNA repair
activation and evasion of apoptosis (Cho and Kim, 2020). Interestingly, Escalante et al.,
2021, reported the overexpression of genes involved in 5-FU metabolism, detoxification and
DNA repair as a result of EMT-TF SLUG, ZEB1 and TWIST1 binding at their response
elements, which impairs cells response to FOLFOX treatment (Escalante et al., 2021).
Additionally, cancer cells employ several mechanisms to reduce the effectiveness of
platinum-based anticancer compounds including oxaliplatin such as the active efflux of

platinum-based compounds, detoxification systems preventing the formation of DNA-adducts
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and enhanced DNA repair programs (Zhou et al., 2020). The ability of cholesterol depleting
agents to enhance FOLFOX-induced apoptosis allows us to hypothesis that, in a clinical
setting, the combination of these two treatments may result in increased effectiveness of
FOLFOX at a lower dose, which may reduce off-target effects and systemic toxicity.

Importantly, cholesterol depletion reduced MDR activity, mediated by the P-gp efflux pump.
Results from the Vybrant™ Multidrug Resistance assay is reported with an inverse
relationship between relative fluorescence intensity and MDR activity (Figure 4.16). Initially,
relative fluorescence intensity decreased to 63.19%, following EMT induction, indicating that
EMT promoted an upregulation of P-gp expression. This result is consistent with studies that
IL-6 signalling promotes chemoresistance by inducing ABCB1 (encoding P-gp) gene
expression (Conze et al., 2001). Subsequently, post-EMT cells treated with FOLFOX showed
reduced fluorescence intensity of 32.8%, indicating high MDR activity. One mechanism that
FOLFOX utilises to promote resistance is through initiating alternative splicing of CD44,
which upregulates ABCB1 expression and subsequently P-gp activity (Ghatak et al., 2021).
MPBCD and KS-01 increased relative fluorescence intensity in cells FOLFOX treated cells by
80.6% and 71.8%, respectively. Cholesterol depletion can reduce MDR activity in cancer
cells by decreasing ABC transporter activity, destabilising lipid rafts and subsequent pro-
survival signalling and can also increase membrane fluidity which enhances
chemotherapeutic drug influx (YYan et al., 2020). Additionally, it was found that cholesterol
acts as a regulator for P-gp activity. P-gp efflux activity is largely dependent on its lipid
environment, where cholesterol can modulate transporter conformation by binding at P-gp
substrate sites and therefore, regulates P-gp catalytic activity and efflux (Abdulla et al.,
2021). Cholesterol depletion would therefore disrupt the activity of P-gp, which would
enhance the cellular accumulation of chemotherapies, leading to improved cytotoxicity.
These findings provide novel and exciting insights into the possibility that cholesterol
depletion may improve the effectiveness of FOLFOX chemotherapy.
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6. Conclusions

It is well-understood that cholesterol directly regulates signalling pathways involved in EMT
progression thereby driving cancer aggressiveness and conferring chemotherapy resistance.
However, no publication to date has attempted to utilise cholesterol as a target as a means of
improving current chemotherapies. To address this gap in the literature, this study explored
the dynamics of cholesterol in IL-6 mediated EMT induction and investigated the effect of
cholesterol depletion on the susceptibility of EMT induced cells to FOLFOX.

Following the successful induction of EMT by proinflammatory cytokine IL-6 in HT-29
cells, total cellular cholesterol levels increased in lipid rafts, lipid droplets and free
cholesterol. To the best of our knowledge, this is the first study recording the link between
IL-6 mediated cholesterol accumulation and EMT induction. The observed increase in
cellular cholesterol is likely utilised by EMT induced cells to facilitate oncogenic signalling

and enhanced membrane fluidity for proliferation and migration.

Interestingly, targeting cholesterol in EMT induced cells with compounds MBCD and KS-01
showed to reverse EMT phenotypic changes by significantly increasing epithelial marker E-
cadherin and decreasing mesenchymal marker vimentin. Most likely, cholesterol depletion of
EMT induced cells disrupted EMT-related signalling at lipid rafts and suppressed the
metastatic mesenchymal phenotype by reducing membrane fluidity. Consequently,
cholesterol depletion reduced invasiveness and increased apoptosis in EMT induced cells.

When MBCD and KS-01 were treated together with the FOLFOX chemotherapy, cholesterol
depletion increased FOLFOX-induced apoptosis and decreased the effects of FOLFOX-
induced multidrug resistance. Cholesterol depletion is likely to modulate drug resistance by
reducing the activity of efflux transporters such as P-gp at lipid rafts, inhibiting pro-survival
signalling at lipid rafts and increasing membrane permeability for chemotherapy uptake.
These results highlight the multifaceted role of cholesterol in enhancing EMT and regulating
drug resistance (Figure 6.1).

Ultimately, this study demonstrated that cholesterol plays a vital role in contributing to the
aggressiveness of CRC and is implicated in the complex molecular pathways of EMT
induction. This study provided novel evidence revealing that the use of cholesterol depleting
agents may pose as an alternative strategy to improve on current chemotherapies for the

treatment of metastatic CRC.
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Proposed model showing the link between IL-6, EMT and cholesterol

a) Absence of cholesterol depleting agents: b) Presence of cholesterol depleting agents:
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Figure 6.1: Proposed model exploring the link between IL-6, EMT and cholesterol in cancer.
Tumour-associated intestinal inflammation drives cancer aggressiveness through promoting cellular
cholesterol accumulation and EMT progression. a) Increased cellular cholesterol helps drive EMT by
mediating EMT related signalling pathways. Both EMT and cholesterol accumulation promotes
invasiveness, apoptosis evasion and enhances cancer drug resistance. b) The use of cholesterol
depleting agents (MBCD and KS-01) poses a novel strategy to deplete cellular cholesterol, which is
needed to sustain EMT. Therefore, cholesterol depletion results in the reversal of the EMT phenotype.
Consequently, cells show a less aggressive phenotype, displaying reduced invasiveness, increased
susceptibility to apoptosis and importantly, increased sensitivity to chemotherapeutics.
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7. Future work

The biological mechanisms of cholesterol involved in maintaining an EMT phenotype is
unknown. Future work may include performing RT-gPCR and western blot analysis with
cholesterol related genes involved in biosynthesis, influx and efflux which may be implicated
in maintaining the EMT phenotype. Thereafter, analysis may be performed to see how the
expression of these genes and proteins would be affected following cholesterol depletion.
This may provide insight into which cholesterol related genes are fundamental for the
reversal of the EMT phenotype. Additionally, it would be worthwhile to identify the
expression of cholesterol related genes that are involved in reducing MDR acquired by
FOLFOX.

The Wnt/B-catenin signalling pathway is considered to be the driving event of CRC
carcinogenesis and is implicated in tumour growth, metastasis and importantly EMT. It is
important to explore the link between other EMT-related signalling pathways, specifically
Whnt signalling and cellular cholesterol accumulation following EMT induction. Therefore,
knockdown and overexpression studies may be performed with effectors in the Wnt pathway
to elucidate the role of Wnt signalling in EMT induction and cholesterol accumulation. The
effects of knockdown and overexpression may be observed using several assays including
RT-gPCR analysis, western blots, cholesterol staining, cell viability assays such as
APOPercentage assay and Transwell® Invasion assay.

Finally, due to the highly heterogenous nature of tumours and the complexity of the EMT
program, it would be worthwhile to validate these results in a more realistic model. Results
will need to be validated in vivo with a mouse xenograft model. However, taking into
consideration the costs associated with obtaining a murine cell model for EMT, a more viable
option would be to generate in vitro 3D organoids, derived from CRC tissue samples, which
can be induced to undergo EMT. 3D organoid cultures will provide a more accurate

physiological response of EMT induced cells to cholesterol depletion, than 2D cell culture.
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8. Limitations to the study

In vitro models are critical in research to provide insights into cell behaviour and mechanisms
of drug toxicity. However, the behaviour of in vitro 2D cell culture is not a true reflection of
the physiological conditions and metabolic responses of in vivo human tissue. Tumour
progression including EMT induction and metastasis are not homogenous events. There is
complex interplay between tumour cells, different cell types and the microenvironment. The
homogenous nature of 2D cell culture limits our ability to explore the true complexity of
heterogenous EMT induction. The TME promotes the production of diverse cytokines, at
different stages of cancers. While IL-6 has proven to be a critical molecule in driving EMT,
the isolated exposure to IL-6 alone limits a true analysis of inflammation-induced EMT and,

in turn, how the cells would respond to the plethora of signalling molecules in the TME.

Furthermore, in vitro 2D cell culture limits our ability to accurately perform anticancer drug
analysis. In vitro cell models may respond differently to chemotherapeutics compared to a
whole-body system. Cell models do not provide appropriate information on drug
bioavailability and off target adverse effects. Moreover, it is difficult to ascertain in vivo
doses from in vitro concentrations. Finally, it is difficult to establish the effects of long-term
exposure from an in vitro model. It is for these reasons that animal models are utilised before

any drugs undergo preclinical trials.

Ultimately, this study explored a novel concept of utilising cholesterol depletion to improve
on chemotherapies. The work presented in this study utilised an in vitro 2D cell model which
provides significant and exciting data that can be used in the future, to design 3D in vitro and

in vivo experiments and possibly clinical trials.
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Appendix

An MTT assay was performed, showing the effect of 0.1, 0.2 and 0.3% DMSO on cell
viability in HT-29 cells, over 48 hours. The data confirms that DMSO had no effect on cell
viability, up to 0.3% DMSO. A maximum of 0.2% DMSO was used in culture.
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Figure A.1: The effect of DMSO on cell viability in HT-29 cells, over 48 hours. An MTT assay was

performed, serving as a DMSO-only control. HT-29 cells treated with 0.1, 0.2 and 0.3% DMSO
showed 100.76%, 104.9%, and 94.9% cell viability, respectively. n=3.

97



An MTT assay was performed to ascertain the effect of folinic acid on 5-FU cytotoxicity.

Cells were treated with 20 uM of 5-FU and increasing concentrations of folinic acid, for 48

hours. There was no significant difference in cytotoxicity with or without folinic acid.

Therefore, folinic acid was excluded from the in vitro FOLFOX treatments.
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Figure A.2: The effect of increasing concentrations of folinic acid on 5-FU cytotoxicity. Folinic
acid had no significant effect on 5-FU cytotoxicity at concentrations ranging up to 60 uM, after 48
hours. A one-way ANOVA (P < 0.05) was performed for statistical analysis. n=3.
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