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Abstract

Colorectal cancer (CRC) is the third most common cancer and the second highest cause of cancer
deaths globally. More than 70% of CRC-related deaths are due to metastasis to the liver. The cancer
stem cell (CSC) concept hypothesises that CSCs drive tumour growth, chemoresistance, recurrence
and metastasis. Markers such as CD133, LGR5 and EpCAM, have been used to identify and isolate CSCs
in CRC. However, these markers are often expressed by cells with no stem cell properties and are not
expressed by all tumour-initiating cells. An improved range of markers to define CSCs is needed. In
2007, adult mouse and human fibroblasts were reprogrammed into a stem cell state and defined as
induced pluripotent stem cells (iPSCs) using transcription factors OCT4, SOX2, NANOG, KLF4 and c-
MYC. These genes have well-documented roles in embryonic development and the maintenance of

pluripotency, and their expression has been investigated in a range of cancers.

The renin-angiotensin system (RAS) physiologically maintains blood pressure and volume and
is also acknowledged to play a role in cancer. Over-expression of (pro)renin receptor (PRR),
angiotensin Il type 1 receptor (AT:R) and type 2 receptor (AT2R), and angiotensin-converting enzyme
(ACE) have been reported in cancer. Epidemiological studies investigating the effect of RAS inhibitors

on cancer outcomes have shown contradictory results.

This thesis investigates the expression of iPSC markers and RAS components in colon
adenocarcinoma (CA) with three specific aims: (1) to compare CA-derived primary cell lines to their
original CA tissues; (2) to investigate the expression profiles of iPSC markers in CA; and (3) to
investigate expression of RAS components by CA CSCs and to determine whether CSCs can be targeted

by RAS modulators.

DNA sequencing was carried out to compare the mutational profiles of formalin-fixed paraffin-
embedded (FFPE) CA tissues and CA-derived cell lines to confirm whether the cell lines were a suitable

in vitro model for the parent tumours.

Proteomics was performed to determine proteomic differences between CA tissues and
patient-matched normal colon (NC) tissues, CA-derived cell lines and NC-derived cells, and between
low grade CA (LGCA) tissues and cell lines and high grade CA (HGCA) tissues and cell lines. Biological
processes which may link the RAS and CA were investigated, revealing enrichment of various signalling

pathways that may play roles in CA onset and progression directly or via the RAS.

Western blotting and immunohistochemical staining showed elevated protein levels of OCT4,
SOX2, NANOG, c-MYC, AT2R, PRR and cathepsin D in CA tissues relative to their patient-matched NC

tissues, with SOX2, ACE and cathepsin B at similar levels and KLF4 less abundant in CA compared with



NC tissues. Co-expression analysis by immunofluorescence staining showed a small number of
epithelial cells co-expressed NANOG, SOX2, KLF4, c-MYC and CD133, as well as PRR, ACE2 and AT:R,
while a small number of stromal cells co-expressed OCT4 and AT;R. This indicates the presence of at
least one CSC subpopulation in CA, which expresses RAS components. HGCA tissue-derived cell lines
expressed higher levels of OCT4 and SOX2 than LGCA-derived cell lines. The primary cell lines were
sorted based on EpCAM expression. These EpCAM"e" and EpCAM"" cell subpopulations could
undergo directed differentiation down the three embryonic lineages. A small number of CA-derived
cells, particularly within the HGCA-derived cells, formed tumourspheres. Treatment of HGCA-derived
cell lines with RAS modulators revealed that B-blockers and AT,;R antagonists consistently reduced

their metabolism, tumoursphere formation and iPSC marker expression.

The findings of this thesis suggest that CA-derived cell lines expressing iPSC markers have stem
cell function and express RAS components. Furthermore, RAS modulators may directly influence CSCs
in CA by reducing iPSC marker gene expression. This indicates a potential role for RAS modulators in

regulating CSCs, which merits further investigation.
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Chapter 1. Introduction

1.1 The Colon
The luminal surface of the gut consists of a single layer of columnar epithelial cells which form folds called
the crypts of Lieberkiihn — the functional unit of the intestine (Khalek et al., 2010) (Figure 1.1). The
epithelium of the gut contains cells of four distinct lineages: enterocytes, goblet cells, endocrine cells and

Paneth cells (Takashima et al., 2013) (Fig 1.1 and Fig 1.2).

Crypt base columnar cells (CBCs) are small undifferentiated cells thought to be the true intestinal
stem cells (ISCs) which give rise to the epithelial lineages (Humphries et al., 2008; Khalek et al., 2010;
Takashima et al., 2013; van der Wath et al., 2013) (Fig 1.1). These stem cells possess the ability to divide
asymmetrically giving rise to identical ISCs, and transit amplifying cells which proliferate and differentiate
into enterocytes, goblet cells and endocrine cells during their upward movement through the crypt
(Humphries et al., 2008; Khalek et al., 2010; Takashima et al., 2013) (Fig 1.1 and Fig 1.2). These three
epithelial cell types occupy the top half of the crypt as well as the luminal epithelial surface. Paneth cells
differentiate from transit amplifying cells as they move back downwards to the crypt base, where they
are eventually found amongst the stem cell/CBC cell population (Khalek et al., 2010). Paneth cells may
contribute to maintaining the stem cell niche by producing mucosal defence barriers, modulating
intestinal microflora and producing growth factors and other regulatory molecules (Khalek et al., 2010;
Sato et al., 2011; van der Wath et al., 2013). Paneth cells are only found in the right side (proximal) of the
colon, but are seen in the left side (distal) of the colon in states of disease or inflammation (such as cancer,
ulcerative colitis or Crohn’s disease) and due to certain diets associated with Western lifestyle (Boman et
al., 2008). However, the normal colon does contain a population of CD24+ cells thought to play a role
equivalent to that of Paneth cells (Boman et al., 2008). The lack of Paneth cells, and hence reduced support
for ISCs, in the distal colon may contribute to the observation that the prevalence of cancer is four times
greater in the colon relative to the small intestine, despite the epithelium of both renewing at a similar

rate (Boman et al., 2008).

The epithelium of the gut is replaced every 3-5 days in humans due to the harsh, acidic
environment (Boman et al., 2008; van der Wath et al., 2013). This requires tight regulation of stem cell
proliferation and differentiation, and defects in this process are responsible for inflammation and cancer

in the intestine (Takashima et al., 2013; van der Wath et al., 2013). The lamina propria harbours a large



number of immune cells to prevent infection or contamination introduced by ingestion (van der Wath et
al., 2013). Beneath the gut epithelium lies the basement membrane, separating the epithelium from the
lamina propria mucosae (Fleming et al., 2012). The epithelium and the lamina propria are collectively
called the mucosa. A layer of smooth muscle called the muscularis mucosae sits between the mucosa and
submucosa (Fleming et al., 2012). The submucosa contains arteries and veins that supply the gut with
blood. Underneath the submucosa is the muscularis externa or muscularis propria, consisting of the inner
circular muscle layer and the outer longitudinal muscle layer, which is responsible for peristalsis (Fleming
et al., 2012). The outer layer of the gut is surrounded by the adventitia and another epithelial layer. The
lamina propria, submucosa and adventitia are all comprised of loose areolar connective tissue (Fleming

et al., 2012).
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Figure 1.1: Cellular organisation of the intestinal epithelium. Crypt base columnar cells, the proposed
intestinal stem cell, divide to produce an identical daughter stem cell and a transit amplifying cell, which
differentiate into the four epithelial cell types as they migrate upwards through the crypt. Enterocytes,
goblet cells and endocrine cells remain in the luminal epithelium, whereas Paneth cells return to the crypt
base.



Figure 1.2: Cells of the colonic epithelium. Endo = Endocrine cell, Ent = Enterocyte, P = Paneth cell, G =
Goblet cell, Musc = Muscularis mucosae. Original magnification = 400x.



1.2 Colorectal Cancer

1.2.1 Colorectal Cancer Incidence, Treatment and Mortality
The World Health Organisation (WHO) ranks colorectal cancer (CRC) as the third most common cancer
type, accounting for 10.2% of new cancer cases in 2018, and is the second highest cause of cancer deaths.
Adenocarcinoma arises from the colonic epithelium and accounts for 90% of CRC cases (Fleming et al.,
2012). More than 70% of CRC-related deaths are caused by metastases to the liver (Neo et al., 2010). The
first line treatment for early-stage colon cancer is surgical resection, which may be preceded
(neoadjuvant) or followed by (adjuvant) chemotherapy for later stage disease (Braun et al., 2011; Werner
et al.,, 2016). Chemotherapeutic options usually involve combinations of oxaliplatin (OX), 5-fluorouracil (5-
FU), leucovorin/folinic acid (FA), and irinotecan (IR) — these combinations are offered as FOLFOX (OX, 5-
FU and FA), FOLFIRI (IR, 5-FU and FA), or FOLFOXIRI (all four) (Braun et al., 2011; Goldberg et al., 2004; A.
Rahman, 2014). While surgery can potentially be curative, recurrence occurs in up to 70% of cases (Neo
et al.,, 2010). Recurrent or metastatic CRC can sometimes be operated on, but inoperable cases are

generally treated by palliative chemotherapy (Adam et al., 2004; Neo et al., 2010).

Western countries account for almost two-thirds of CRC cases globally, predominantly in
Australia, New Zealand, Canada, United States and Europe, although it is becoming more common in
China, India, Eastern Europe, South America and Africa (Ghoncheh et al.; Haggar et al., 2009). The
increased incidence of CRC has been linked with increased developmental status of a country, although a
decrease in both the incidence and mortality occurs once a country attains a “highly developed” status
(Fidler et al., 2017; Ghoncheh et al.; Siegel et al., 2017). These statistics may be influenced by the

presentation and reporting rates in developing countries (Haggar et al., 2009).

The incidence of CRC increases dramatically after age 50, with 90% of cases falling into this age
bracket (Haggar et al., 2009; Siegel et al., 2017). However, 65% of male CRC deaths occur between the
age of 50 and 80, compared to 53% of female deaths (Siegel et al., 2017). Furthermore, 40% of CRC-related
deaths in women occur after age 80, whereas in males this age bracket accounts for 27% of deaths (Siegel

et al., 2017).



1.2.2 Staging of CRC
CRC confined to the wall of the colon (stages | and Il) is regarded as early-stage and is potentially curable
(Markowitz et al., 2009). It has a 5-year survival rate of 70-90%, however most countries do not have a
screening programme to detect the disease at an early stage of its development (Ghoncheh et al.; Siegel
et al., 2017). In contrast, the average 5-year survival for regional-stage (stage Ill) and distant-stage
(metastatic; stage IV) CRC is approximately 50-70% and 10-14%, respectively (Haggar et al., 2009;
Markowitz et al., 2009; Siegel et al., 2017). This is mainly attributed to the tumour breaching the intestinal
wall and spreading via the lymphatics and bloodstream to lymph nodes and distant organs, respectively
(Fleming et al., 2012). For CRC to be classed as invasive it must penetrate the muscularis mucosa; this is a
point of difference from other cancers, which may be termed invasive following their infiltration of the

basement membrane (Fleming et al., 2012).

TNM pathological staging is currently the best predictor of clinical outcome for CRC patients. It
determines the depth of invasion of the primary tumour (T-stage) and metastasis to lymph nodes (N-
stage) and distant organs (M-stage) (Fleming et al., 2012). The first three degrees of tumour invasion are
invasion into the submucosa (T1), into the muscularis externa/propria (T2), and through the muscularis
into pericolorectal tissue (T3), respectively (Fleming et al., 2012). T4a describes a CRC in which tumour
cells have reached the visceral peritoneum at the serosal surface, with an inflammatory reaction,
mesothelial hyperplasia and/or erosion of tissue, as well as ulceration of the visceral peritoneum (Fleming
et al., 2012). A T4b tumour displays invasion or adherence to other organs or structures (Fleming et al.,
2012). CRC is also staged based on its spread to the lymph nodes, designated as N1a (1 node), N1b (2-3
nodes), N2a (4-6 nodes) or N2b (7+ nodes) (Fleming et al., 2012). Tumour deposits are small clusters of
tumour cells which may represent discontinuous extension of the tumour (T3), venous invasion, or a
lymph node which is totally replaced by tumour cells, and they are considered to be nodal metastases

associated with higher relapse rates and poorer survival (Fleming et al., 2012).

1.2.3 Grading of CRC
Adenocarcinomas comprise more than 90% of CRCs (Fleming et al., 2012) and fall into three categories of
differentiation based on gland formation (Fig 1.3). A tumour is well differentiated if >95% of the tumour
is comprised of glands and crypts; moderately differentiated if it displays 50-95% gland and crypt
composition; and poorly differentiated when the tumour is comprised of densely packed tumour cells and

has <50% gland or crypt composition (Fleming et al., 2012). Due to the subjectivity of grading CRCs, colon
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adenocarcinoma (CA) grading has generally used a 2-tier system with low-grade CA (LGCA) comprising
both well and moderately differentiated tumours of more than 50% gland formation (Fig 1.3B), and high-
grade CA (HGCA) being all poorly differentiated tumours of <50% gland formation (Fig 1.3C) (Fleming et
al.,, 2012). Approximately 70% of CAs are moderately differentiated when histological analysis is
undertaken (Fleming et al., 2012). This grading system does not apply to histological variants or rare cases,
such as squamous cell carcinoma, adenosquamous carcinoma, spindle cell carcinoma, neuroendocrine

tumours and undifferentiated carcinoma, which can be influenced by the microsatellite-instability (MSI)

status of the tumour (Fleming et al., 2012).

Figure 1.3: Crypts of the normal colon and colon adenocarcinoma. H&E slides showing normal colon (A),
low-grade adenocarcinoma (B) and high-grade adenocarcinoma (C). Original magnification = 100x.

Mucinous adenocarcinoma is a histological variant of CA in which more than half of the tumour

volume is composed of extracellular mucin (Fleming et al., 2012). It has large glandular structures and is



associated with Lynch syndrome which is characterised by MSI; however, if the mucinous adenocarcinoma
is microsatellite-stable (MSS) it behaves more aggressively and has a worse prognosis (Fleming et al.,

2012).

High-grade dysplasia refers to an immediate precursor to invasive CRC (Fleming et al., 2012). It
usually describes a tumour which has penetrated the basement membrane but not the muscularis
mucosa, yet it possesses greater architectural complexity and atypical cellular features compared to

adenomas (Fleming et al., 2012).

1.3 Genetic Causes of CRC
1.3.1 Hereditary Disorders

Lynch syndrome and Familial Adenomatous Polyposis (FAP) are two hereditary disorders known to

predispose the affected individuals to the development of CRC (Strate et al., 2005).

Lynch syndrome is an autosomal dominant hereditary disorder and the most common precursor
to hereditary CRC, with varying reports of 40-80% likelihood of progressing to malignancy (Fleming et al.,
2012; Jang et al., 2010; Strate et al., 2005). Lynch syndrome is thought to have a prevalence of between
1:300 and 1:2000 in the general population (Hampel et al., 2011; Haraldsdottir et al., 2017), and accounts
for about 3% of all CRC cases, with the affected individuals developing CRC from their 20’s or 30’s (Boland
et al., 2010; Fleming et al., 2012). It is caused by germline mutations that cause inactivation of any of four
DNA mismatch repair (MMR) genes; MSH2, MSH6, MLH1 and PMS2 (Boland et al., 2010; Fleming et al.,
2012; Haraldsdottir et al., 2017). MMR activity is impaired by an initial mutation, but total loss of MMR
gene function requires a second somatic mutation in the remaining allele (Hemminki et al., 1994). The
epithelial cell adhesion molecule (EpCAM) gene is upstream of MSH2, and deletions of EPCAM cause
MSH?2 silencing due to transcriptional read-through (Huth et al., 2012). This is the cause of approximately
25% of the Lynch syndrome cases in which the MSH2 protein is inactive despite a lack of detectable
mutations, and this accounts for 2-3% of all Lynch syndrome cases (Huth et al., 2012). Impairment of the
MMR mechanism leads to microsatellite instability (MSI), a feature of up to 90% of Lynch syndrome
colorectal tumours and up to 20% of sporadic CRCs (Sanchez et al., 2008), which will be discussed in

greater detail in section 1.3.2.

FAP is thought to progress to CRC in almost 100% of cases, but this can be prevented by early

diagnosis and total colectomy (Jang et al., 2010; Strate et al., 2005). It is primarily caused by germline



mutations of the Adenomatous Polyposis Coli (APC) tumour suppressor gene, usually a nonsense or
frameshift mutation resulting in a truncated protein (Bolocan et al., 2011; Fleming et al., 2012; Jang et al.,

2010; Markowitz et al., 2009; Strate et al., 2005).

Inactivation of the MYH base excision repair gene leads to MYH-associated polyposis (MAP
syndrome) (Bolocan et al., 2011). This syndrome is caused by the bi-allelic mutation of MYH and is
inherited in an autosomal recessive manner leading to seemingly random development in descendants of
those affected, in contrast to the direct autosomal dominant inheritance pattern of FAP (Bolocan et al.,
2011; Fleming et al., 2012; Strate et al., 2005). In addition, the APC gene is not mutated in MAP (Fleming
et al., 2012). It leads to CRC in approximately 80% of cases (Jang et al., 2010).

1.3.2 Microsatellite Instability
Microsatellites are also known as short tandem repeats and are units of between 2 and 5 base pairs which
are repeated up to 50 times consecutively (Ellegren, 2004). Because of their repetitive nature and
tendency to be located in non-coding regions, they have a high mutation rate which leads to genetic

diversity between individual genomes, but they can also result in phenotypic change and disease.

Microsatellite instability (MSI) arises from defective DNA MMR mechanisms, either due to a
germline mutation or methylation of the promoter region of an MMR gene (Boland et al., 2010; Haydon
et al., 2002; Sanchez et al., 2008). DNA methylation occurs at sites where a cytosine is followed by a
guanine, called a CpG site. When the cytosine is methylated it tends to spontaneously deaminate into a
thymine. Thus, CpG islands form where methylation of DNA is rare, such as in a promoter region. About
70% of mammalian promoters have a high CpG content because the spontaneous deamination into a
thymine would affect the promoters’ functionality, and methylation of a promoter prevents transcription

of its gene.

MSI is an important factor in the development of CRC, with about 15% having MSI (Boland et al.,
2010; Fleming et al., 2012; Haydon et al., 2002; Markowitz et al., 2009; Popat et al., 2005). This unique
pathway for the development of CRC is shared by a small subset of sporadic cases (12% of CRC), usually
due to MLH1 promoter methylation, and those with a hereditary disease that has undergone malignant
transformation (3% of CRC), usually due to MMR gene mutations (Boland et al., 2010; Fleming et al., 2012;

Sanchez et al., 2008; Strate et al., 2005). Therefore, 85% of CRC cases are microsatellite stable (MSS).



1.3.3 CpG Island Methylator Phenotype
CpG island methylator phenotype (CIMP) is the main factor that distinguishes sporadic MSI CRC from
hereditary CRC of Lynch syndrome origin (Boland et al., 2010). CIMP can be involved in both MSS and MSI
sporadic CRC (Fleming et al., 2012).

The CIMP phenotype typically leads to the bi-allelic methylation of MLH1 (Boland et al., 2010;
Markowitz et al., 2009). Sporadic cases of CRC with MSI also have the BRAF V600E mutation 50% of the
time, which lowers mortality (Boland et al., 2010). This contrasts with CRC that develops in patients with
Lynch syndrome, who have mutations in the KRAS gene but never in the BRAF gene, and arises from
germline mutations in MMR genes as opposed to CIMP-mediated gene silencing (Boland et al., 2010;
Fleming et al., 2012). Overall, the prognosis is better for those with a hereditary form of CRC (Boland et
al., 2010). Numerous studies have found that methylation patterns differ between colon tumours and

normal mucosa (Beggs et al., 2013; lllingworth et al., 2010; Wei et al., 2016).

1.3.4 Chromosomal Instability
The most common cause of genetic instability in CRC is chromosomal instability (CIN) rather than MSI
(Markowitz et al., 2009). Like MSI, it is implicated in both sporadic and hereditary CRC, however it appears
that the two are mutually exclusive (Fleming et al., 2012). Hereditary CRC caused by FAP and MAP develop
due to CIN (Fleming et al., 2012).

CIN involves changes in chromosome copy number or structure, including abnormal karyotype
and loss or gain of entire chromosomes; often the wild-type copy of a tumour-suppressor gene, most
commonly TP53, APC, KRAS or SMAD4, is lost completely (Fleming et al., 2012; Markowitz et al., 2009;
Vogelstein et al., 1989).

1.3.5 Common Mutations in CRC
APC is the most common mutation of CRC and is considered to be the initiating mutation of CRC due to
its influence in Wnt signalling (Markowitz et al., 2009). It is a key component of the B-catenin destruction
complex, so mutation or knockout of the APC gene causes canonical Wnt signalling to be constitutively

active (Markowitz et al., 2009).
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The TGF- signalling pathway is involved in proliferation, differentiation, migration and apoptosis,
as well as stem cell maintenance and function (Khalek et al., 2010). It is one of the most commonly altered
pathways across all cancer types due to its inherent tumour-suppressive actions, such as c-MYC
suppression, being altered or lost in cancer (Khalek et al., 2010; Miyazono, 2009).TGF-f signalling occurs
when TGF-B binds to the type 2 TGF-B receptor (TGFBR2), which then recruits the type 1 receptor
(TGFBR1) (Wolf, 2006). Once activated, TGFBR1 sends signals to intracellular mediators called SMAD
proteins (Khalek et al., 2010; Wolf, 2006). The phosphorylated SMAD2/SMAD3 complex recruits SMAD4
and crosses the nuclear membrane to act as a transcription factor. This leads to transcription of genes
involved in cell survival, proliferation and tumourigenesis (Khalek et al., 2010). TGFBR2 is localised to
differentiated cells of the villus and undifferentiated cells at the crypt base during gut development
(Khalek et al., 2010). The TBR2 gene which codes for TGFBR2 is mutated in one third of CRC cases
(Markowitz et al., 2009) and is prone to errors in replication, especially when there is inactivation of MMR
genes (Khalek et al., 2010). In fact, it is affected by frameshift mutations in up to 80% of MSI CRCs (Khalek
et al., 2010). SMAD genes are mutated or deleted in up to 50% of CRC cases (Markowitz et al., 2009). In
general, the downstream targets of TGF-B signalling are cell cycle checkpoint genes which mediate growth

arrest (Khalek et al., 2010).

The p53 protein, coded by the TP53 gene, mediates cell cycle arrest at a cell death checkpoint
(Markowitz et al., 2009). However, in most CRC tumours both TP53 alleles are inactive, and this is usually
due to a combination of missense mutations inactivating the transcriptional activity of one allele and a
deletion from chromosome 17q which causes the loss of the other allele (Markowitz et al., 2009). It has
been shown that the loss of p53 predisposes mammary stem cells to symmetric division rather than
asymmetric division, increasing the likelihood of tumour development due to an increase in total stem
cell numbers (Tang, 2012). Inactive p53 is associated with adenoma to carcinoma sequence transition

(Markowitz et al., 2009).

The BRAF gene codes for B-raf, a serine-threonine MAP3K (Markowitz et al., 2009). Oncogenic
mutations causing over-expression of BRAF leads to overproduction of B-raf. This is then activated when
phosphorylated by ras, a GTP-ase encoded by the KRAS gene. These mutations increase MAP-kinase
cascade signalling: ras activates B-raf (MAP3K), which then phosphorylates MEK (MAP2K), and MEK
subsequently activates MAP-kinases (Markowitz et al., 2009). As mentioned previously, 50% of CIMP-
related sporadic CRC cases have BRAF mutations, and hereditary CRC cases can have a KRAS mutation but

never BRAF, as these two mutations are mutually exclusive (Boland et al., 2010).
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KRAS is constitutively active in 37% of CRC and its protein product, ras, is a critical downstream
molecule in EGFR signalling (Fleming et al., 2012). The KRAS mutant has reduced GTPase activity, meaning
that the ras protein accumulates in an active GTP-bound state (Le Rolle et al., 2016). Tumours with the
KRAS mutation are resistant to EGFR therapy so it is necessary to test for a KRAS mutation before
administering anti-EGFR therapies (Fleming et al., 2012; Markowitz et al., 2009; Tack et al., 2018). KRAS
mutations can be detected by PCR or DNA sequencing (Fleming et al., 2012; Tack et al., 2018). While APC
or CTNNB1 (B-catenin) mutations initiate adenomas via constitutive Wnt signalling, the activating
mutation in KRAS is thought to drive the malignant transformation of adenomas to carcinomas (Le Rolle

et al., 2016).

Approximately 13% of CRCs have the BRAF V600E point mutation, which is mutually exclusive with
KRAS mutations (Fleming et al., 2012; Markowitz et al., 2009). Therefore, if KRAS tests do not identify a
mutation, BRAF can be investigated. Point mutations like that seen in BRAF are easy to detect with a
commercially available PCR-based assay (Fleming et al., 2012). BRAF testing is highly valuable in
determining whether a patient with MSI or CIMP CRC has developed it sporadically or has inherited it,

because the BRAF mutation has never been reported in Lynch syndrome (Fleming et al., 2012).

1.3.6 Consensus Molecular Subtypes
It was recently shown that despite the high degree of heterogeneity between cases, CRC can be distilled
down into 4 consensus molecular subtypes (CMS) (Guinney et al., 2015). Most CRC cases (~87%) are able
to be grouped in this way, based on: hypermutation and hypermethylation with MSI, BRAF mutations and
immune activation (CMS1), a differentiated epithelial phenotype with either abnormal Wnt and c-MYC
signalling (CMS2) or metabolic dysregulation and KRAS mutations (CMS3), or a mesenchymal phenotype
with high levels of angiogenesis, stromal invasion, EMT signatures, complement pathway components and
TGF-B signalling (CMS4). CMS4 tumours tend to present at more advanced stages and have the poorest
outcomes, while recurrent CMS1 tumours also lead to poor survival. Tumours of the classical CMS2
subtype have the best outcomes. This is reflected in CRC survival based on the location of presentation,
with CMS1 tumours more prevalent in the proximal colon and CMS2 in the distal colon (Guinney et al.,
2015). The CMS classification system is expected to be more biologically relevant and more suitable for
translational therapies due to the range of genomic, epigenetic and proteomic factors taken into

consideration (Guinney et al., 2015).
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1.4 Cancer Stem Cells

1.4.1 The Cancer Stem Cell Concept
The cancer stem cell (CSC) concept hypothesises that tumour growth is driven by CSCs, a small
subpopulation of cancer cells with stem cell characteristics (Khalek et al., 2010; Kreso et al., 2014;
Shimokawa et al.,, 2017; Zheng et al., 2013). These cells divide asymmetrically to produce identical
daughter pluripotent cells as well as progenitor cells which are more committed and sit on a hierarchy
between CSCs and terminally differentiated cancer cells (Gage, 2000; Seaberg et al., 2003; Tang, 2012).
CSCs have lost control of cellular homeostasis leading to dysregulated cellular replication and
differentiation, resulting in uncontrolled growth and tumour formation (Humphries et al., 2008; Khalek et
al., 2010; Kreso et al., 2014; Zheng et al., 2013). Despite this, CSCs have a slow cellular turnover cycle
bordering on quiescence, rendering them resistant to standard therapies which target rapidly dividing
cells (Khalek et al., 2010; Kreso et al., 2014; Zheng et al., 2013). Rather than being a direct result of CSCs,
Tang (Tang, 2012) has postulated that uncontrolled growth is caused by progenitor cells which sit in the
hierarchy between stem cells and differentiated cells. The bulk of the tumour results from aberrant
progenitor cell proliferation producing differentiated cancer cells, which are unable to initiate tumour

formation or self-renew (Khalek et al., 2010; Tang, 2012).

Two theories have been proposed to explain how CSCs arise: oncogenic mutations accumulating
within normal adult stem cells, leading to uncontrolled proliferation (Khalek et al., 2010; Munro,
Wickremesekera, Davis, et al., 2017); or cellular de-differentiation of a tumour cell into a stem-like state
(Khalek et al., 2010; Kreso et al., 2014; Munro, Wickremesekera, Davis, et al., 2017). In both scenarios, it
is thought that the progenitor cells produced by CSCs during asymmetrical division inherit mutations that
allow them to proliferate in an unregulated manner and produce the differentiated cancer cells of the
tumour bulk. CSCs and their progenies can harbour a surprising amount of variability, possibly due to
mutations in DNA repair genes that can contribute to carcinogenesis, which in turn produces

heterogenous tumours (Zheng et al., 2013).

1.4.2 Stem Cell Markers
As CSCs have become a more prominent area of research, there has been a focus on finding markers that

can be used to identify them. One of the earliest CSC markers was CD133, which was first discovered on
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the surface of hematopoietic stem cells (Miraglia et al., 1997; Yin et al., 1997). Similarly, leucine-rich
repeat-containing G-protein coupled-receptor 5 (LGR5) is expressed by normal colonic stem cells where
its expression decreases as cells differentiate, and it is elevated in CRC (Khalek et al., 2010). Other markers
hypothesised to identify CSCs include EpCAM, which is expressed by cancers of epithelial origin (Dalerba
et al., 2007; Trzpis et al., 2007; van der Gun et al., 2010), aldehyde dehydrogenase 1 (ALDH1), which
enables chemoresistance (Y. Deng et al., 2014), and CD44, which is involved in extracellular interactions
(Basakran, 2015; Dalerba et al., 2007; Wielenga et al., 1999). These markers tend to be overexpressed in

cancer, and their expression has been reported in tumour-initiating cells considered to be CSCs.
CD133

CD133 is one of the more well-documented stem cell markers (Z. Li, 2013; Schmohl et al., 2016; Wu et al.,
2009; X. Yu et al., 2011). It is also known as the prominin-1 glycoprotein and is thought to organise cell
membrane topology (Dalerba et al., 2007). Initial studies aiming to characterise CRC CSCs began by
isolating CD133* cells (Z. Li, 2013). When isolated from primary colon cancer samples, these cells are
capable of forming tumours in mice, remain undifferentiated when cultured in serum-free media, and
become more aggressive over the span of generations (Ricci-Vitiani et al., 2007). Furthermore, some
studies have found that the majority of tumours are comprised of CD133" cells which are incapable of
tumour initiation (O'Brien et al., 2007). CD133* cells produce IL-4 and use it to evade apoptosis, as
confirmed by the observation that an anti-IL-4 neutralising antibody or treatment with IL-4Ra will greatly
enhance the sensitivity of CD133" cells to chemotherapeutic drugs and increase their anti-tumour efficacy

(Todaro et al., 2007).
LGR5

LGR5 has emerged as a unique marker for cycling CBCs and therefore colon stem cells. LGR5" cells have
been proven to be ISCs by being able to differentiate into all colonic epithelium lineages within 60 days in
vitro (Barker et al., 2007; Khalek et al., 2010). The ISC signature was further clarified as being positive for
LGR5 and the EphB2 receptor, both of which become less abundant as the crypt epithelial cells
differentiate (Le Rolle et al., 2016; Merlos-Suarez et al., 2011). The erythropoietin-producing human
hepatoma amplified sequence (Eph) family is the largest subfamily of receptor tyrosine kinases (RTKs),
and their ligands are known as ephrins (W. Liu et al., 2002). EphB2 and EphB3 receptors are found at the
crypt base, with decreasing expression further up the crypt (Clevers et al., 2006; Merlos-Suarez et al.,

2011). Ephs are target genes of Wnt signalling (Clevers et al., 2006) and blocking these receptors reduces
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the number of proliferating cells at the crypt base without causing a reduction in total cell number,

suggesting a role in Wnt-mediated proliferation and differentiation of ISCs (Khalek et al., 2010).

These LGR5*/EphB2* crypt base cells are controlled by Wnt signalling, of which the LGR5 gene is
a target (Le Rolle et al., 2016). They are found amongst Paneth cells at the crypt base (Schepers et al.,,
2012). Paneth cells produce mucosal defence components such as lysozymes and a-defensins (cryptdins
in mice), as well as growth factors and other regulatory molecules essential to stem cell maintenance,
namely epidermal growth factor (EGF), TGF-a, WNT3 and Notch ligand D114 (Sato et al., 2011). For this
reason, Paneth cells are hypothesised to be essential in maintaining the intestinal stem cell niche, and so

it is logical that proposed epithelial stem cells are located amongst them.

LGR5 was found to be required, but not sufficient, for malignant transformation, and LGR5" cells
can form tumours and enhance their proliferative capacity (Khalek et al., 2010; Le Rolle et al., 2016; Sato
et al., 2011; Shimokawa et al., 2017). After using LGRS5 to identify colon stem cells, its co-expression with
other stem cell markers during the investigation of CSCs has been confirmed. The cell of origin of CRC is
proposed to be the LGR5*/EphB2* crypt base cells, under the following model: an APC/CTNNB1 mutation
in LGR5" cells causes adenoma formation, and a subsequent KRAS mutation initiates an ESC-like
expression signature, forming tumour-fuelling CSCs (Merlos-Suarez et al., 2011). Further evidence that
CRC CSCs may be LGR5* has been shown through LGR5 knock-down causing tumour regression, and
subsequent re-emergence of the LGR5* cell population coinciding with tumour growth and recurrence
(Shimokawa et al., 2017). Additionally, Wnt signalling is downregulated when LGR5 expression is lowered,
and this causes premature Paneth cell differentiation and reduced tumour production (Khalek et al., 2010;

Merlos-Suarez et al., 2011).
EpCAM

The epithelial cell adhesion molecule (EpCAM) is a marker expressed solely by epithelial cells and cancers
of epithelial origin (van der Gun et al., 2010). It was discovered first in colon carcinoma, and subsequently
seen in other cancers (Dalerba et al., 2007; Trzpis et al., 2007). Its native functions include homotypic Ca%-
independent cell-cell adhesion in the epithelium, cell signalling, proliferation and differentiation, and it
also influences metastasis and migration, tumourigenesis and upregulation of Wnt targets c-MYC and
cyclins A and E (Dalerba et al., 2007; Patriarca et al., 2012; Schnell, Cirulli, et al., 2013; Trzpis et al., 2007;

van der Gun et al., 2010). EpCAM has a basal or basolateral cell membrane expression pattern in normal
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epithelium, solely basolateral in well-differentiated CA, and can be found in the membranes, cytoplasm

and lumen of moderately-differentiated CA (Trzpis et al., 2007).

EpCAM undergoes an evolutionarily conserved two-step proteolytic processing mechanism called
regulated intramembrane proteolysis (RIP). First, TNF-a converting enzyme (TACE/ADAM17) releases the
N-terminal extracellular domain (EpEX); second, the y-secretase presenilin 2 (PS2) cleaves the C-terminal
intracellular domain (EpICD) from the transmembrane region (Maetzel et al., 2009; T. Yu et al., 2017).
There have been observations of increased RIP in tumours, resulting in higher levels of EpEX and EpICD,
leading to progression of epithelial cancers, invasion, metastasis, and epithelial-to-mesenchymal

transition (EMT) (Martowicz et al., 2016; Munz et al., 2009).

EpEX functions as a paracrine and autocrine signalling molecule (Schnell, Kuipers, et al., 2013). It
is an EGFR ligand which initiates proliferation via downstream ERK1/2 and AKT signalling, but counteracts

EGF-mediated EMT (Liang et al., 2018; M. Pan et al., 2018).

EpICD is translocated to the nucleus and carries transcriptional co-factors in with it, where it
stimulates gene expression in conjunction with B-catenin (Schnell, Kuipers, et al., 2013; T. Yu et al., 2017).
Nuclear accumulation of EpICD is associated with metastasis and a worse prognosis in CRC and does not
occur in the normal colon (Liang et al., 2018; Maetzel et al., 2009). Furthermore, EpICD has been shown
to upregulate the expression and stability of pluripotency markers OCT4, SOX2, NANOG, c-MYC and KLF4
by associating with Lef-1 and B-catenin (L. Huang et al., 2018; Lu et al., 2010; Maetzel et al., 2009; Munz
et al., 2009).

A recent study demonstrated that induced pluripotent stem cells (iPSCs) can be generated using
EpCAM, EpEX, and either OCT4 or KLF4 (Kuan et al., 2017). Reprogramming using the Yamanaka factors
requires STAT3 and HIF-2a expression (Kuan et al., 2017). They found that EpEX increases phosphorylation
of STAT3 and B-catenin, while EpCAM allows HIF-2a expression which in turn increases the levels of OCT4,
SOX2 and NANOG. It was concluded that EpEX and EpCAM can functionally replace SOX2 and OCT4/KLF4
in reprogramming via the same signalling pathways, and that this may occur through a mesenchymal-to-

epithelial transition (MET) function (Kuan et al., 2017).

EpCAM is a target of B-catenin/Wnt signalling. The EpCAM promoter region contains two Tcf4
binding elements, where the B-catenin/Tcf4 transcription factor complex binds to upregulate EpCAM
expression (Yamashita et al., 2007). It is a potential diagnostic marker in some epithelial cancers, where

high expression correlates with poor survival and an advanced disease state (Patriarca et al., 2012).
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Furthermore, due to its overexpression in adenocarcinomas, metastases and CSCs, it has been used as a

target for detecting circulating or metastasising cancer cells (Patriarca et al., 2012).
ALDH

Aldehyde dehydrogenase (ALDH) is widely considered to be a marker of both normal stem cells and CSCs
(Khalek et al., 2010). ALDH is known to be important in protecting haematopoietic stem cells and may play
a similar role in CSCs, which exhibit raised levels of ALDH activity (Hadjimichael et al., 2015; |. Ma et al.,
2011; X. Xu et al., 2015). There is weak staining for ALDH1 in nearly all crypt bases, with a small number
of cells that stain strongly positive for ALDH1 (S. Deng et al., 2010). These ALDH1"" cells are found in low
abundance at crypt bases, but increase during progression from normal to APC-mutant to adenoma (E. H.
Huang et al., 2009). A high percentage of tumour cells expressing ALDH1 correlates with poor prognoses
in a range of cancers (S. Deng et al., 2010; Tomita et al., 2016). ALDH1"e" cells display properties of CSCs,
including self-renewal, in vitro and in vivo tumour growth potential, and chemotherapy resistance (S. Deng
et al., 2010). Because the normal colon has low ALDH1 expression relative to CRC tumours, ALDH1 has
been proposed as a promising marker for identifying CRC CSCs and as a potential target for CSC-directed

therapy in CRC (S. Deng et al., 2010; Tomita et al., 2016).

A clinical study investigating CSC markers in stage Il and Il rectal cancer showed that CD44, LGR5
and CD166 are all significantly upregulated following chemoradiation, suggesting that they are markers of
therapy-resistant CRC CSC populations (Y. Deng et al., 2014). Patients who exhibit low ALDH prior to
chemoradiation do not recur following surgical resection, however patients with high ALDH levels before
treatment have a recurrence rate of 40% within 36 months post-resection. This highlights the importance
of ALDH in predicting the prognosis of patients receiving pre- or post-operative chemoradiation, and a
possible correlation between ALDH and the abundance of CSCs (Y. Deng et al., 2014). Cells expressing both
CD44 and EpCAM generate heterogeneous tumours, are enriched following chemotherapy, and have
elevated expression and activity of ALDH1, which has been proven to mediate cyclophosphamide
chemotherapy resistance in these CSCs (Dylla et al., 2008). ALDH has been used to further clarify the role
of CD133 as a stem cell marker. A study by Ma et al. (S. Ma et al., 2008) showed that in hepatocellular
carcinoma most ALDH* cells are also CD133*, but there are many CD133*/ALDH" cells. Furthermore,
CD133*/ALDH" cells had the highest tumour-forming potential, followed by CD133*/ALDH and then
CD1337/ALDH (S. Ma et al., 2008).

CDh44
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CD44 has emerged as an potential marker for CRC CSCs, and is considered by some to be the most
consistent marker for isolating such cells (Basakran, 2015; Morath et al., 2016; Tang, 2012). However,
other reports suggest that it is expressed by the majority of colon tumour cells (Jaggupilli et al., 2012). It
is a cell surface glycoprotein which functions in cell-cell interactions, as a receptor for hyaluronic acid to
allow adhesion to the extracellular matrix (ECM), and in cell migration (Basakran, 2015; Dalerba et al.,
2007; Jaggupilli et al., 2012; Wielenga et al., 1999). Transcription of CD44 is at least in part activated by
canonical B-catenin/Wnt signalling, and overexpression is an early event in the transformation of
colorectal adenoma to carcinoma (Dalerba et al., 2007; Wielenga et al., 1999). In the colonic mucosa it is
used as a marker of immature differentiation (Wielenga et al., 1999). Knock-down of CD44 prevents
tumourigenesis and clonal formation (L. Du et al., 2008). Furthermore, injection of only 100 CD44" cells is
sufficient to initiate tumour formation in nude mice, and single CD44"* cells form tumourspheres with stem
cell characteristics which develop into tumours when xenografted into nude mice (L. Du et al., 2008).
CD44* cells also possess the stem cell characteristic of multilineage differentiation, with the potential to

form enterocyte, enteroendocrine and goblet cell lineages in vitro (Yeung et al., 2010).

In contrast to earlier studies, Shmelkov et al. (Shmelkov et al., 2008) show that CD44*/CD24
/CD133" cells form the most aggressive colon tumours, removing the necessity for CD133 in tumour
initiation. Furthermore, they observed that CD133* cell populations are generally CD44"°"/CD24*, and
CD133 is occasionally present on normal differentiated colonic epithelium (Shmelkov et al., 2008). They
hypothesise that the CD133* population may give rise to a more aggressive CD133 subset that retains the
ability to initiate tumours (Shmelkov et al., 2008). It has also been suggested that CD133 expression is
correlated with cell culture conditions and hypoxia, making it a less reliable marker for identifying isolated

CSCs (Hadjimichael et al., 2015).
STAT3

Signal-transducer and activator of transcription 3 (STAT3) is a transcription factor that is translocated to
the nucleus when it becomes phosphorylated (pSTAT3). When constitutively active, STAT3 leads to
proliferation, angiogenesis and invasion of cancer cells (Corvinus et al., 2005; Lassmann et al., 2007; H. Yu
et al., 2009). IL-6 and OCT4 induce STAT3-mediated proliferation by causing STAT3 to be phosphorylated
(Corvinus et al., 2005; Z. Du et al., 2009; H. Yu et al., 2009). This has been observed in intestinal tumour-
initiating cells (Grivennikov et al., 2009). Furthermore, IL-6 produced by the lamina propria plays a role in
preventing apoptosis of intestinal epithelial cells via STAT3 activity (Grivennikov et al., 2009). There is also

evidence that STAT3 promotes forms of inflammation which are beneficial to the tumour and prevents
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anti-tumour immune responses (H. Yu et al., 2009). In CRC, the presence of STAT3 has been observed in
the cytoplasm of crypt epithelial cells. Active pSTAT3 has been localised to both the cytoplasm and the

nucleus (Lassmann et al., 2007).

STAT3 represents a promising target in therapy-resistant CRCs. Expression of STAT3 has been
related to chemotherapy and radiotherapy resistance in CRC, and inhibiting STAT3 causes previously
resistant cells to become sensitive to 5-FU (Spitzner et al., 2014). Furthermore, the inhibition of pSTAT3
can cause apoptosis and cell cycle arrest in CRC cells (Q. Lin et al., 2005). A link between pSTAT3 and both
the EMT marker vimentin and vascular mimicry-related protein VE-cadherin has also been discovered
(Han et al., 2017), suggesting roles for pSTAT3 in metastasis and angiogenesis. STAT3 involvement
specifically in CRC CSCs has also been investigated. Tumour-initiating ALDH*/CD133* CRC cells contain
more pSTAT3 than ALDH/CD133 cells, and inhibition of STAT3 prevents tumour initiation and CSC survival
(L. Linetal., 2011).

1.4.3 Issues of current CSC markers
A major issue with the current markers used to identify colon CSCs is the paucity of markers that are
expressed exclusively by CSCs, either individually or in combination. This prevents markers from being
therapeutic targets without having side-effects on ISCs and homeostasis. Furthermore, it has been well
documented that the markers commonly used to identify colon CSCs, CD133, LGR5 and EpCAM, are not
expressed by all colon CSCs (Guo et al., 2011). One solution to address the variability in CSC marker
expression could be to identify panels of markers from which the expression of specific combinations
could allow CSCs to be identified. This technique has been used when characterising embryonic stem cells
(ESCs). Various independent gene expression signatures have been created for human ESCs, and the
common genes identified by multiple studies are a proposed “consensus hESC gene list” (Assou et al.,
2007). As mentioned above, LGRS is associated with the signature for ISCs, whereas the KRAS mutation is
believed to initiate an ESC signature (Le Rolle et al., 2016). KRAS mutants induced an ESC signature which
included upregulation of the pluripotency gene SOX2, and suppression of the colonic goblet-lineage
differentiation marker KLF4 (Le Rolle et al., 2016; I. C. Li et al., 2011). From these results, an example of a
hypothetical panel for colon CSCs could be a combination of the expression of LGR5 and SOX2, reduction
in KLF4 levels, and a mutation in the KRAS gene. Some genes, such as MYC and CTNNBI1, are associated
with both proliferation and differentiation depending on the context of their expression, but their co-

expression with other markers as part of a consensus panel might help to narrow down their role in a
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tumour context (Ben-Porath et al., 2008). Additionally, the level of expression in the tumour relative to
normal tissue can be as informative as presence-absence, especially with ubiquitously expressed genes
such as MYC and CTNNB1. Consensus expression panels such as these are an emerging tool in cancer
research, and could become useful for distinguishing cancer from normal (Cancer Genome Atlas, 2012),
grading and subtyping of cancers (Guinney et al., 2015), and identifying pluripotent stem-like cells in

cancer.

1.4.4 Pluripotency Markers
Octamer-binding transcription factor 4 (OCT4/POU5F1), Sex-determining region Y-box 2 (SOX2) and
NANOG are the three genes which play a dominant role in regulating the pluripotency of cells such as ESCs
(Hadjimichael et al., 2015; Takahashi et al., 2006). They are transcription factors which were originally
found to be key regulators of embryogenesis (Avilion et al., 2003; Chambers et al., 2003; Mitsui et al.,
2003; Nichols et al., 1998), but recently their expression has been documented in a range of cancers,
including glioblastoma (A. Bradshaw et al., 2016), oral cavity squamous cell carcinoma of different subsites
(Baillie et al., 2016; R. Ram et al., 2017; H. H. Yu et al., 2016), metastatic SCC (Kilmister et al., 2020) and

breast tumours (Al-Hajj et al., 2003).
OCT4

OCT4 is known to influence embryogenesis, stem cell maintenance, tumour growth and metastasis (Amini
et al., 2014; Hadjimichael et al., 2015; Shi et al., 2010). OCT4 expression has been noted in normal colonic
stem cells (Amini et al., 2014). Studies have shown OCT4 expression in CRC, often in the cytoplasm of
epithelial cells (Amini et al., 2014; J. Hu et al., 2017; Wen et al., 2013). This expression has been suggested
to drive recurrence, leading to poorer clinical outcomes, presumably by preventing apoptosis (J. Hu et al.,
2017; Wen et al., 2013). The expression of OCT4 in CRC has been reported in cells which are undergoing
EMT, a key step in cancer progression and metastasis, which has been shown to increase the stem-like
phenotype of cells (Dai et al., 2013; Mani et al., 2008). The OCT4A isoform is 38.6 kDa and is responsible
for functions related to pluripotency and stem cell maintenance (Atlasi et al., 2008). OCT4B, a 30 kDa
isoform, has predominantly been found in the cytoplasm but its function is unclear; it does not sustain
pluripotency or transcribe genes which OCT4 is traditionally known to regulate (Atlasi et al., 2008). Most

antibodies and PCR probes do not discriminate between the two isoforms (Atlasi et al., 2008).
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The OCT4B1 splice variant of the B isoform is particularly overexpressed in CRC and generally
localised to the cytoplasm (Atlasi et al., 2008). Like OCT4A and unlike OCT4B, it is highly expressed in
pluripotent cells and downregulated after differentiation; however, there is currently no antibody specific
to the OCT4B1 splice variant (Atlasi et al., 2008; Gazouli et al., 2012). Additionally, OCT4 has 6
pseudogenes, 2 of which are transcribed and act as antisense regulators of OCT4 predominantly in cancers

(Suo et al., 2005).
SOX2

SOX2 maintains pluripotency of ESCs and neural progenitor cells and is critical for early embryogenesis
(Amini et al., 2014; S. Zhang et al., 2014). SOX2 is involved in regulating OCT4 expression by binding to its
promoter region, and pluripotency is usually maintained by this combination of transcription factors
(Avery et al., 2006; Hadjimichael et al., 2015; Masui et al., 2007). OCT4 and SOX2 commonly work together
as a transcription complex, with around half of the promoters bound by OCT4 also co-occupied by SOX2
(Boyer et al., 2005). This complex is able to induce transcription of the OCT4/POU5F1, SOX2 and NANOG
genes (Boyer et al., 2005). Studies have shown localisation of SOX2 to the cytoplasm and nuclei of both
normal and cancerous crypt epithelial cells (Talebi et al., 2015). SOX2 expression is associated with lymph

node infiltration and metastasis in CRC (J. Neumann et al., 2011).
NANOG

NANOG also influences pluripotency via transcriptional control. Although it is vital in establishing
embryonic pluripotency, it has been suggested that NANOG is not necessary for maintaining
undifferentiated ESCs in culture (Hadjimichael et al., 2015; Takahashi et al., 2006; J. Zhang et al., 2013).
NANOG also forms complexes with OCT4 and SOX2, with more than 90% of promoters occupied by the
OCT4/SOX2 complex also co-occupied by NANOG (Boyer et al., 2005). These three factors work together
to regulate their own expression, enhance the transcription of other pluripotency genes, and repress the
expression of transcription factors involved in differentiation (Boyer et al., 2005). Transcription of the
NANOG gene is also induced by the Wnt signalling pathway via Lif/STAT3, by transcription factor FoxD3,
and by AKT signalling (G. Pan et al., 2007). Conversely, NANOG is suppressed by Tcf3 and by p53
phosphorylated at Ser315, to allow differentiation to occur (G. Pan et al.,, 2007). NANOG has ten
pseudogenes, but only the retrogene NANOGPS8 is translated into a functional protein (Booth et al., 2004).
NANOGPS8 expression has been confirmed in sphere-forming gastric cancer cells, which also overexpress

LGR5, OCT4, SOX2 and the EMT gene TWIST1 (B. Wang et al., 2016). Furthermore, NANOGPS8 can replace
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NANOG when producing iPSCs, and so it may also function in the same way as NANOG in CSCs (W. Zhang
et al.,, 2016).

NANOG has been detected in colon tumours and dysplastic polyps, often exhibiting strong nuclear
staining in a subpopulation of crypt epithelial cells (Amini et al., 2014; lbrahim et al., 2012). High
expression of NANOG is correlated with a poor prognosis in CRC patients (Hadjimichael et al., 2015; Muller
et al.,, 2016).

c-MYC

The proto-oncogene c-MYC plays a key role as a transcription factor in proliferation, apoptosis, cell growth
and differentiation in normal cells, as well as stem cell renewal (Takahashi et al., 2006). It binds to E-box
sequences (CACGTG) in the promoter regions of genes (Fernandez et al., 2003). c-MYC is often
upregulated in cancers and is a downstream target of the Wnt and MAP kinase signalling pathways, which
are frequently altered in CRC (Markowitz et al., 2009; Takahashi et al., 2006). Duplication of the c-MYC
gene is associated with a worse prognosis in CRC (Lee et al., 2015). Therapy-naive CRC cells with high c-
MYC expression progress more quickly, and CRC metastases exhibit greater c-MYC expression than the

primary tumour (M. Martini et al., 2016).
KLF4

Krippel-like factor 4 (KLF4) is highly expressed in undifferentiated cells, regulating both the cell cycle and
pluripotency, and is necessary for maintaining self-renewal capacity (Hadjimichael et al., 2015; Leng et al.,
2013). KLF4 has been shown to be overexpressed in CRC and it enables tumoursphere formation
(Hadjimichael et al., 2015; Leng et al., 2013). KLF4 enhances cell movement in the form of migration,
invasion and EMT, suggesting a possible role in metastasis (Hadjimichael et al., 2015). Knock-down of KLF4
expression inhibits these capabilities, as well as reducing chemoresistance, tumour initiation and
expression of CSC markers (Leng et al., 2013). However, research into the role of KLF4 in cancer often
yields conflicting results, and its role is likely affected by other factors (Muller et al., 2016). For instance,
KLF4 expression seems to be inversely correlated with tumour grade, with the highest expression seen in
the normal colon adjacent to tumours, and the lowest expression seen within high-grade, poorly
differentiated tumours (R. Hu et al., 2011). During differentiation of the intestinal epithelium from LGR5*
intestinal stem cells, KLF4 is a marker specific to the goblet cell lineage, which is the most abundant

epithelial cell type in colonic crypts (May et al., 2010).
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1.4.5 Induced Pluripotent Stem Cells
OCT4, SOX2, KLF4 and c-MYC are the genes which Takahashi and Yamanaka used to reprogramme somatic
mouse fibroblast cells and produce the first iPSCs in 2006 (Takahashi et al., 2006). Interestingly, NANOG
was not required for reprogramming in this case (Hadjimichael et al., 2015; Takahashi et al., 2006). Noting
that c-MYC expression causes death in human ESCs, a similar experiment in 2007 by the Thomson lab
produced iPSCs from human primary fibroblasts using OCT4, SOX2, NANOG and LIN28 (J. Yu et al., 2007).
OCT4 and SOX2 were essential, while NANOG and LIN28 were not absolutely necessary for clone
formation, although the efficiency of reprogramming was drastically increased by NANOG and modestly

increased by LIN28 (J. Yu et al., 2007).

The ways in which these genes interact in the initiation and maintenance of gastrointestinal
tumours were recently summarised in a review which seeks to clarify the role of each Yamanaka factor
and place them relative to each other in the context of signalling pathways involved in tumour initiation,
maintenance and metastasis (Muller et al., 2016). However, it is yet to be established whether the iPSC

markers could be utilised as part of a panel to identify CSCs in CRC.

1.5 The Renin-Angiotensin System in Cancer

1.5.1 Renin-Angiotensin System
The role of the renin-angiotensin system (RAS) in maintenance of blood pressure and body fluid is well
known, although its involvement in cancer is an emerging field of research (Munro, Wickremesekera,
Davis, et al., 2017). Of particular interest here is its possible paracrine role in regulating CSCs (Munro,

Wickremesekera, Davis, et al., 2017).

The classical RAS (Fig 1.4) begins with renin, which is produced as a pro-enzyme called pro-renin
by the juxtaglomerular cells of the kidney (Sparks et al., 2014). The juxtaglomerular cells are activated
when blood pressure falls or when macula densa cells detect a decrease in sodium, and this leads to
cleavage and activation of pro-renin (Fountain et al., 2019). Active renin converts angiotensinogen (AGT)
to angiotensin | (ATI), which is a substrate of the angiotensin-converting enzyme (ACE) in a reaction that
produces angiotensin Il (ATII) (Fyhrquist et al., 2008; Sparks et al., 2014). ACE is expressed on the
endothelium of blood vessels throughout the body, as well as circulating in plasma (Sparks et al., 2014).
ATIl is the major effector molecule of the RAS, interacting with its two receptors, the angiotensin Il type 1

receptor (AT:1R) and angiotensin Il type 2 receptor (AT2R), to initiate downstream signalling (Fyhrquist et
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al., 2008; Sparks et al., 2014). Its actions include stimulating sodium reabsorption, release of aldosterone
from the adrenal cortex and anti-diuretic hormone from the posterior pituitary gland, vasoconstriction of

arterioles, and stimulation of thirst by binding the hypothalamus (Fountain et al., 2019).

In the peripheral blood, ATII has a half-life of 1-2 minutes as it is quickly degraded by peptidases
into ATl and ATIV (Fountain et al., 2019).

ACE2 converts ATI into Ang1-9 and Angl-7, and ATIl into Angl-7, which bind the Mas receptor
and play a protective role, similar to that of the ATII-AT,R axis by antagonising the effects of ATR-

mediated signalling (Fountain et al., 2019).

The highest ACE2 expression is seen in the kidney, heart and testis, and its primary role is to
degrade ATII (Sparks et al., 2014). Its activity plays a beneficial role by reducing inflammation and oxidative
stress via Angl-7 and the Mas receptor, and by reducing susceptibility to cardiovascular diseases (Sparks
et al., 2014). Accordingly, ACE2 loss is thought to be a marker of poor prognosis (Duan et al., 2018). In the

Gl tract, ACE2 plays a role in the transport of amino acids (Sparks et al., 2014).

1.5.2 (Pro)renin Receptor
The (pro)renin receptor (PRR) is a 35 kDa receptor with no intrinsic kinase ability (G. Nguyen et al., 2010).
Itis a single pass transmembrane protein with a short intracellular domain (ICD); the transmembrane and
ICD together are 8.9 kDa, and the extracellular domain (ECD) can be cleaved off to form soluble PRR (sPRR)
with a molecular weight of 28 kDa (G. Nguyen et al., 2010). Both full length PRR and sPRR can bind pro-
renin and mature renin. Pro-renin levels are 7-9 times higher in the plasma than renin, and it is usually
activated by irreversible proteolytic removal of a 43 amino acid pro-segment (G. Nguyen et al., 2010). The
binding of pro-renin to PRR allows it to become reversibly active without proteolysis via a conformational
change, causing the pro-segment to be folded away (G. Nguyen et al., 2010). While bound to PRR, pro-
renin can cleave AGT to produce ATI. Furthermore, while mature renin is bound to PRR it has four times

greater activity at cleaving AGT (G. Nguyen et al., 2010).

The binding of pro-renin or renin to PRR induces ERK1/2 and p38 MAP kinase signalling,
independent of the RAS (G. Nguyen, 2011; G. Nguyen et al., 2010; Sakoda et al., 2007). ERK1/2 signalling
has downstream profibrotic effects acting via TGF-B1, plasminogen activator inhibitor 2 (PAI-2/SERPINB2),
collagen, fibronectin (FN1) and COX2 (G. Nguyen et al., 2010; Ramkumar et al., 2019).
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1.5.3 PRR and Wnt Signalling
PRR is a vital component of the Wnt signalling receptor complex (Fig 1.5). This discovery was made during
a study investigating which proteins co-purify with the hydrogen ion pump V-ATPase (G. Nguyen et al.,
2010). The PRR transmembrane-ICD fragment and full length PRR provide a vital link between the Wnt
receptor Frizzled (FZD) and low-density lipoprotein receptor-related protein 5/6 (LRP5/6) (G. Nguyen,
2011; Nusse, 2005). Wnt proteins bind the FZD receptor, causing Dishevelled (Dvl) to be recruited and
allowing LRP5/6 to polymerise with FZD (C. Gao et al., 2010; Khalek et al., 2010). PRR then provides a vital
link between LRP5/6 and V-ATPase: to become active via phosphorylation, LRP5/6 must be in an acidic
environment, and this is achieved through its close proximity to the proton pump V-ATPase as is facilitated
by PRR (G. Nguyen, 2011; Nusse, 2005; Ray, 2010). Once active, LRP5/6 binds Axin to prevent it from
participating in the B-catenin destruction complex (G. Nguyen, 2011; Nusse, 2005). Additionally, Dickkopf-
1 (DKK1) and Dickkopf-2 (DKK2) are inhibitors of LRP5/6 but can be bound by EpCAM to allow LRP5/6 to
be activated (L. Huang et al., 2018). Importantly, PRR enables Wnt/B-catenin signalling to occur via a

mechanism which is independent of pro-renin or renin binding to PRR (L. Zhou et al., 2015).

APC is a member of the destruction complex (Markowitz et al., 2009; Valenta et al., 2012). The
APC gene mutation is the most common mutation in CRC and is also the cause of FAP (Markowitz et al.,
2009; Strate et al., 2005). Glycogen-synthase kinase 3B (GSK3B) forms a complex with APC and Axin, which
allows GSK3B to phosphorylate B-catenin and thereby target it for ubiquitination and subsequent
degradation (Markowitz et al., 2009; Nusse, 2005; Valenta et al., 2012). This prevents translocation of B-
catenin to the nucleus, where it would enable Wnt-mediated gene transcription to occur (Khalek et al.,
2010). Therefore, the combination of PRR enabling LRP5/6 to be active and degrade Axin, and the APC
gene mutation which is common in CRC, lead to the accumulation of B-catenin and canonical Wnt

signalling capability.

B-catenin is an oncoprotein which recruits T-cell factors (Tcf) and lymphoid enhancer factors (Lef)
to activate transcription of Wnt-targeted genes (Khalek et al., 2010; Yamashita et al., 2007). Wnt signalling
controls cell fate and polarity, axis formation, cell proliferation and migration, as well as adult stem cell
self-renewal and differentiation (Khalek et al., 2010; Markowitz et al., 2009; G. Nguyen, 2011; Ramkumar
et al., 2019). The activation of Wnt signalling is considered to be the initiating event of CRC and it is
constitutively active in CRC and FAP (Markowitz et al., 2009; G. Nguyen, 2011; Ray, 2010). Normal crypt

cells of the gut accumulate B-catenin and differentiated villus cells present B-catenin on their basolateral
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membranes where it functions in cell adhesion (Khalek et al., 2010). The interaction between B-catenin
and Tcf4 has been investigated by deletion of Tcf4, which causes a complete absence of intestinal crypts
and proliferative cells, illustrating the importance of the B-catenin-Tcf4 complex in transcribing genes

responsible for crypt cell characteristics (Khalek et al., 2010).
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Figure 1.4: Classical RAS and Contemporary additions (modified from Munro MJ, Wickremesekera AC,
Davis PF, Marsh R, Tan ST, Itinteang T. (2017) Renin-angiotensin system and cancer: A review. Integr
Cancer Sci Therap. 4: DOI: 10.15761/ICST.1000231). Once secreted from the kidneys, (pro)renin becomes
active upon binding to the (pro)renin receptor. Cathepsins B and D also activate renin. Renin and cathepsin
D covert angiotensinogen (AGT) to angiotensin | (ATI). Angiotensin converting enzyme (ACE), chymase and
cathepsin G act on ATl to produce angiotensin Il (ATIl). AGT is also directly converted into ATII by cathepsin
G. Angiotensin Il (ATIII) is the result of further cleavage of ATIl by Aminopeptidase A. Both ATII and ATIII
act on angiotensin Il receptor 1 (AT1R) and angiotensin Il receptor 2 (AT2R). ACE2 converts ATl and ATII
into Ang1-9 and Angl-7, which both bind the Mas receptor. The downstream effects of AT;R and Mas
receptor agonism counteract those of AT;R.
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Figure 1.5: PRR and Wnt signaling. PRR links the Frizzled (FZD) receptor and V-ATPase proton pump. V-
ATPase pumps protons into the cells, causing the region around the complex to become acidic and
therefore allowing LRP5/6 to become phosphorylated. Once phosphorylated, LRP5/6 binds Axin to
prevent it from participating in the B-catenin destruction complex. This allows B-catenin signalling to occur
via the FZD receptor.

Interestingly, c-MYC, EpCAM, and RAS components including ACE, AT1R, AT;R and PRR are among
the Whnt-targeted genes which are transcribed by the B-catenin/Tcf/Lef complex (Khalek et al., 2010;
Yamashita et al., 2007; L. Zhou et al., 2015). Therefore, although PRR is vital for Wnt signalling in a manner
which is renin-independent and not directly attributable to its RAS activity, the involvement of PRR in the

Wnt receptor complex enables the downstream transcription of RAS components.

1.5.4 The RAS in Cancer
ATIl is the main driver of cancer-related functions of the RAS. However, the downstream effects of the

two ATII receptors, ATiR and AT;R, seem to play antagonistic roles. ATiR is typically associated with
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adverse or cancer-related outcomes via VEGF, PDGF and FGF, such as angiogenesis, proliferation,
inflammation and fibrosis; while AT,R antagonises these effects to reduce or prevent carcinogenesis

(Beitia et al., 2019; Childers, 2015; Munro, Wickremesekera, Davis, et al., 2017).

AT1R overexpression is seen in some breast cancers and SCCs (Ager et al., 2008; George et al.,
2010). It is associated with malignant transformation in breast, ovarian and gastric cancers, poor
differentiation of SCCs, and invasiveness of ovarian and cervical cancers (Deshayes et al., 2005; Munro,
Wickremesekera, Davis, et al., 2017). ATiR activation by ATIl has been shown to increase global DNA and
protein synthesis by around 50% (Sayeski et al., 2001). Signalling downstream of AT:R can occur via
tyrosine kinases in a manner similar to growth factor receptors, however, AT:R does not have intrinsic
tyrosine kinase activity, and instead recruits cytoplasmic “non-receptor” tyrosine kinases such as c-Src and
JAK2 (Sayeski et al., 2001). This causes direct activation of the JAK/STAT and ERK/MAPK pathways.
Alternatively, AT:R can act as a G-protein-coupled receptor to induce PI3K signalling and prevent
apoptosis by suppressing caspases (Wegman-Ostrosky et al., 2015). There is a large degree of crosstalk
between tyrosine kinase and G-protein signalling systems to produce a wide range of downstream effects
(Sayeski et al., 2001; Wegman-Ostrosky et al., 2015). AT:R also upregulates mediators of inflammation,
including IL-1B, TNF-a, TGF-B, STATs, and HIF-1a (Wegman-Ostrosky et al., 2015).

Conversely, AT,R has been shown to induce apoptosis in cancer cells (H. Li et al., 2009), and AT,R
knock-out mice display increased growth and vascularisation of xenotransplanted tumours (Doi et al.,
2010). ATR causes phosphotyrosine phosphatase to become active and inhibit tyrosine kinase signalling
(Wegman-Ostrosky et al., 2015). Furthermore, it works with p53 and MAPK signalling to induce apoptosis
(Wegman-Ostrosky et al., 2015). Expression levels of AT,R are highest in the developing embryo and
decline continuously from the time of birth, with residual low expression in the adult kidney, adrenal gland
and brain (Sparks et al., 2014). Despite its beneficial opposition to AT;R signalling, overexpression of AT,R

has been documented in various disease states (Sparks et al., 2014).

There is evidence of AT1R and AT;R in the plasma membrane and AT:R in the nuclei of CRC cells,
in which ATII binding to AT:R leads to tumour growth, invasion and VEGF-A secretion, and AT.R opposes

all actions of AT1R at high levels of ATIIl (Zhou et al., 2014).

The importance of ATIl is further highlighted by the finding that reduced activity of
aminopeptidases, which convert ATII to ATIII, correlates with a poorer prognosis in CRC patients,

suggesting that accumulation of ATII leads to adverse outcomes (Beitia et al., 2019). Furthermore, the
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Mas receptor is overexpressed in CRC and its abundance correlates with grade, suggesting that the ATII

cleavage product Angl-7 may play a role in progression (Beitia et al., 2019).

Retrospective studies have shown that patients taking RAS inhibitors have reduced incidence of
CRC, and reduced risk of tumour recurrence and metastasis (Childers, 2015). Specifically, AT:R inhibition

has the greatest effect in reducing the development and metastasis of solid tumours (Childers, 2015).

The liver produces AGT and naturally has high levels of ATII and AT:R. The liver is the most
common site of CRC metastasis, and these secondary tumours contain higher levels of ACE and Mas
receptor compared with the primary tumour (Childers, 2015). The liver may be a lucrative location for
metastasis due to its production of AGT, which CRC metastases could utilise via elevated levels of ACE to
produce more ATIl and drive cancer growth via AT;R-mediated mechanisms. Evidence for this hypothesis
has been provided with the observation that RAS inhibitors reduce the spread of CRC to the liver (Y. Luo
et al., 2011; Shimomoto et al., 2012).

A large-scale meta-analysis by Sun et al. (Sun et al., 2017) sought to clarify whether outcomes
were influenced by the type of cancer or by the RAS inhibitor class administered. The authors show that
administration of AT1R blockers (ARBs) or ACE inhibitors (ACEls) is associated with lower risk of tumour
recurrence and increased overall survival (OS), progression-free survival (PFS) and disease-free survival
(DFS) compared with patients not using RAS modulating medication (Sun et al., 2017). ARBs seemed to
have a larger positive effect than ACEls. However, patients with breast, oesophageal and biliary tract
cancers do not benefit from ARBs or ACEls, and patients with acute myelocytic leukaemia and multiple
myeloma who are administered RAS inhibitors have poorer survival outcomes (Sun et al., 2017). CRC is
amongst the cancer types which display a positive trend in survival associated with ARB and ACEI
administration, with up to 20% increases in OS, PFS and DFS rates. This study highlights that the RAS is

relevant to cancer and underscores the need for further study of the mechanisms which may be involved.

Despite the fact that the RAS has been investigated in a range of cancers, including co-localisation
of iPSC markers and RAS components in glioblastoma (A. R. Bradshaw et al., 2016) and oral cavity cancers
(R. S. Ram et al., 2017) by our laboratory, it is yet to be elucidated whether colon CSCs express RAS

components and, if so, whether the RAS plays a functional role in CSC behaviour.
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1.5.5 Cathepsins as Bypass Loops of the RAS
Cathepsins are lysosomal peptidases which belong to the papain family (S. Chen et al., 2017; Turk et al.,
2012). They are translated by ribosomes into a zymogen (pre-pro-cathepsin) and transported to the
endoplasmic reticulum (ER) (Liaudet-Coopman et al., 2006; Soond et al., 2019). The signal peptide is then
removed, producing the pro-enzyme form (S. Chen et al., 2017; Liaudet-Coopman et al., 2006). In the ER
and Golgi apparatus, cathepsins undergo a range of PTMs, including phosphorylation and glycosylation (S.
Chen et al., 2017; Liaudet-Coopman et al., 2006; Soond et al., 2019). The modified pro-enzyme is labelled
with mannose-6-phosphate to direct its transport into lysosomes (Liaudet-Coopman et al., 2006), where
the acidic pH allows for the removal of the pro-domain either by a conformational change or through the
activity of other proteases (S. Chen et al., 2017; Soond et al., 2019). Once activated most cathepsins
require the acidic environment within the lysosome to operate optimally (Turk et al., 2012). In cancer, it
is common for cathepsins to be secreted and then act within the cytoplasm or extracellularly (Soond et

al., 2019).

Cathepsins are involved in cell cycle regulation and proliferation by processing cytokines and
histones (Turk et al., 2012). They carry out normal protein degradation and turnover, including a role in
immune responses involving MCH proteins and antigen processing (S. Chen et al., 2017; Garcia et al., 1996;
Kuester et al., 2008; Turk et al., 2012). Cathepsins have a wide range of roles related to apoptosis. When
grown in low-serum conditions, cathepsin D overexpression facilitates cells to undergo autophagy-
induced apoptosis more quickly, whereas cathepsin B overexpression slows this process (Uchiyama,
2001). Furthermore, cathepsin B is involved in a type of autophagy called tumour cannibalism, which aids
immune avoidance and nutrient recycling in tumour cells (Gondi et al., 2013). Cathepsins B, D and G are

of particular interest in this study due to their roles in the RAS and in cancer.

Cathepsins B, D and G have been shown to function in the RAS (Munro, Wickremesekera, Davis,
etal., 2017). Cathepsin B co-localises with renin in the kidney (Neves et al., 1996), and when isolated from
kidney tissue it specifically removes the pro-segment from renin in vitro without causing further
degradation (P. H. Wang et al., 1991). Cathepsin D is also capable of activating pro-renin under
physiological conditions, though at a much lower rate than pepsin because the activity of cathepsins is
more general and broad (Morris, 1978). Cathepsin D also acts in a manner redundant to ACE by converting
ATI into ATII (Ferrario et al., 1989). Cathepsin G is involved in another RAS bypass reaction through its

ability to convert AGT directly into ATII or via initial conversion to ATI (Ferrario et al., 1989; Tonnesen et
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al., 1982). In fact, cathepsin G-mediated ATIl production is in the same order of magnitude as that of ACE,

suggesting that it plays a larger role in the RAS than previously suspected (Rykl et al., 2006).

Cathepsin B is a cysteine protease (Turk et al., 2012) which acts primarily in lysosomes, where it
is cleaved and activated by cathepsin D (Bian et al., 2016; S. Chen et al., 2017). Pro-cathepsin B is 43-46
kDa, and its active form is a 31 kDa protein comprising a 25 kDa heavy chain and a 5 kDa light chain
(Aggarwal et al., 2014). Cathepsin B has been found in most human tissues (Turk et al., 2012), including
the thyroid gland where it processes and activates thyroid hormones (S. Chen et al.,, 2017), and in
macrophages were it digests proteins from phagocytosed pathogens for antigen presentation to other
immune cells (Gondi et al., 2013). It can function at acidic pH as a carboxydipeptidase, and neutral pH as
an endopeptidase, meaning that it can digest proteins in the lysosome, the cytosol, or extracellularly
(Aggarwal et al., 2014). Cathepsin B enables tissue remodelling and cell migration by cleaving components
of the ECM, including laminin, collagen 1V, elastin, fibronectin (FN1) and E-cadherin (S. Chen et al., 2017;
Turk et al., 2012). In this capacity, it initiates a cascade which ultimately leads to matrix metalloproteinase
(MMP) activation, while also degrading MMP inhibitors (TIMPs) (Gondi et al., 2013; Ruan et al., 2015).
However, its localisation affects its function: the MMP-activating cascade is only initiated when cathepsin
B is localised to caveolin-1 at the cell membrane, which occurs most commonly in tumour cells (Ruan et
al., 2015). The role of cathepsin B in physiological homeostasis is disrupted by aberrant regulation, often

due to splice variants, abnormal localisation or increased expression (Gondi et al., 2013).

Cathepsin D is an aspartic protease consisting of a 34 kDa heavy chain and a 14 kDa light chain
which are non-covalently linked (Turk et al., 2012). When exposed to an acidic pH, such as in the lysosome,
pro-cathepsin D undergoes a conformational change which removes the pro-segment from the active site
(Benes et al., 2008). Its primary functions are degradation of proteins within the lysosome following
autophagy, and activation of other proteases (Benes et al., 2008; Turk et al., 2012). For example, pro-
cathepsin B is cleaved by cathepsin D to become active (S. Chen et al., 2017); cathepsin D is also
responsible for degrading and therefore deactivating cathepsin B (Kuester et al., 2008). It plays a vital role
in tissue homeostasis, especially in the intestinal epithelium where it activates growth factors, however,
it is not necessary for embryonic development (Benes et al., 2008; Liaudet-Coopman et al., 2006).
Cathepsin D can integrate with traditional apoptosis pathways to trigger cell death in response to

chemotherapeutic compounds (Benes et al., 2008; Liaudet-Coopman et al., 2006).

Cathepsin G is a serine endopeptidase with an optimal pH range of 7-8 (Burster et al., 2010; Kudo
et al., 2009; Turk et al., 2012) which is expressed by cells of the myeloid lineage (Burster et al., 2010). The
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2-amino acid pro-segment of pro-cathepsin G is cleaved by cathepsin C to produce its active 26 kDa form
(Burster et al., 2010; Kudo et al., 2009), and mature cathepsin G is capable of activating cathepsin B
(Mason et al., 2011). Cathepsin G is most commonly associated with neutrophils, which express cathepsin
G, neutrophil elastase, and proteinase 3 (Burster et al.,, 2010). In this capacity, cathepsin G helps
neutrophils to balance tissue protection and destruction during inflammation, destroy internalised
pathogens, modify cytokines and cell surface receptors, and potentiate chemotactic factors CCL15 and
CXCL5 to attract monocytes and more neutrophils, respectively (Burster et al., 2010). It can act
proteolytically by cleaving proteins, or non-proteolytically by using cationic residues to interfere with the
negatively charged surface membranes of bacteria (Burster et al., 2010). Inhibition of cathepsin G reduces
the levels of VEGF and MCP-1, leading to reduced TGF- signalling and impaired angiogenesis (S. Gao et
al., 2018; Wilson et al., 2010).

Our laboratory has previously co-localised cathepsins with iPSC markers in CA metastases to the

liver (Mehrotra et al., 2018), but this has not been investigated in primary CA.

1.6 Epithelial-to-Mesenchymal Transition

EMT occurs during embryogenesis but is also a vital process in the initiation of metastasis (Gawlik-
Rzemieniewska et al., 2016; C. W. Liu et al., 2014; Mani et al., 2008; L. Nguyen et al., 2016). Cancer cells
which have undergone EMT tend to possess CSC properties and the capacity for migration and invasion,
and CSCs in a range of cancers have a mesenchymal phenotype (Mani et al., 2008). OCT4 and NANOG are
strongly associated with EMT; knock-down of OCT4 reduces cancer cell migration, and EMT can be
induced by overexpression of NANOG causing increased migration (Dai et al.,, 2013; Gawlik-
Rzemieniewska et al., 2016). The EMT gene Snail increases NANOG expression via SMAD1/AKT signalling,
and by phosphorylating GSK3p to deactivate it and allow for NANOG transcription via Wnt signalling (C.
W. Liu et al., 2014).

A study of the relationship between the RAS and EMT in CRC showed that cellular migration
increases in response to ATll and is mediated by both AT:R and ATR (L. Nguyen et al., 2016). Interestingly,
the downstream effects of ATR interacting with ATl are consistent with the changes expected in EMT (L.

Nguyen et al., 2016). This suggests that the RAS may play a key role in CRC metastasis.

CRC metastases in the liver express high levels of ACE (Neo et al., 2010). In combination with the

large amount of AGT produced by the healthy liver, this leads to high levels of ATIl and increases
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downstream RAS activity (Neo et al., 2010). Experiments in a mouse model showed that the ACEI captopril
markedly decreases metastasis of CRC to the liver, as well as decreasing the levels of AGT produced by
the liver which therefore deprives the metastases of ATII (Neo et al., 2010). IHC staining shows that liver-
resident macrophages are responsible for some of the expression of ACE within liver metastases and AT;R
within stromal intrusions, as these cells are known to express both of these RAS components (Neo et al.,
2010). Macrophages may in fact assist tumour growth via growth factors and promotion of angiogenesis,

as well as carrying out the tumour-reducing effects of RAS modulation (Neo et al., 2010).

The proven involvement of the RAS in EMT, the knowledge that stem cells can both undergo EMT
and be generated through EMT, and the prevalence and mortality of CRC metastasis to the liver,

underscore the need for research into the roles of the RAS in CSCs.

TGF-B also has a well-established association with EMT. TGF-B signalling via receptor tyrosine
kinases, such as FGF, EGF and PDGF, induces EMT (J. Xu et al., 2009). The SMAD transcription factor
complex regulates the transcription of three key EMT families: snail, ZEB and bHLH (J. Xu et al., 2009). The
actions of these families lead to reduced tight junctions and E-cadherin, as well as increased N-cadherin
and MMPs (J. Xu et al., 2009). SMADs upregulate GSK3pB expression, which goes on to activate Snail. Snail
has been identified in all cases of EMT; it directly binds the promoter region of E-cadherin to suppress its
transcription (Miyazono, 2009; J. Xu et al., 2009). EMT induced by TGF-B has been linked to de-
differentiation and the acquisition of stem-like characteristics (Katsuno et al., 2013), as well as producing
cancer-associated fibroblasts and other stromal cells which support malignant transformation and cancer

progression (Katsuno et al., 2013; Miyazono, 2009).

1.7 Aims and Hypotheses
This project focuses on primary colon adenocarcinoma (CA), which is the most common type of CRC. CSCs
are considered to be a pluripotent subpopulation of tumour cells. The iPSC markers, which drive
pluripotency and are capable of reprogramming differentiated cells to a pluripotent state, were chosen
to be investigated as potential markers of CSCs. The role of the RAS in malignancy is an emerging focus of
cancer research. This thesis assesses whether RAS components are present within the CSCs of CA, which

is yet to be established in the literature.
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Hypothesis 1: CA contains CSCs, tumour-initiating cells which can be identified by their expression of a
range of iPSC markers. It may be that iPSC markers are expressed at a higher level in CA relative to normal
tissue, as opposed to being exclusively expressed by the cancer. Some markers are known to be expressed
by normal tissues but have an association with cancer, such as c-MYC, and so their expression with other
members of a panel will give them greater value. Marker expression levels suggest a distinct proteomic

pattern, so it is thought that this may hint at molecular networks that drive cancer growth and metastasis.

Hypothesis 2: CSCs in CA express components of the RAS, including cathepsins that constitute bypass
loops of the RAS, which may play a role in CSC regulation. If RAS components are expressed in CA and
localised to tumour cells and CSCs, then they are likely to reflect those found in the normal colon, though

their abundance will presumably be altered.

Aim 1 (Chapters 3 and 6): To compare CA-derived primary cell lines to their parent tissues and identify

key signalling pathways and how they relate to CSCs and the RAS.

In order to compare CA-derived primary cell lines to their parent CA tissues, next-generation
sequencing will be performed using the Oncomine® Tumor Mutation Load Assay, which sequences 409
cancer-related genes. Mass spectrometry will be carried out to compare patient matched normal colon
(NC) to CA tissue samples and the CA-derived primary cell lines, allowing for analysis of upregulated

proteins and pathways in these CA samples relative to the patient-matched NC samples.

Aim 2 (Chapters 4 and 5): To identify and characterise the CSC subpopulations within primary CA tumours.

First, the number of cells expressing iPSC markers in LGCA and HGCA tissue samples will be
compared with patient-matched NC samples using IHC staining of tissue sections. The co-expression of

multiple markers will be interrogated using immunofluorescence (IF) staining.

Gene expression of these markers will be investigated and quantified by in situ hybridisation (ISH)

and RT-qPCR.

Furthermore, the stem cell properties of CA-derived cell lines will be investigated. The formation
and maintenance of tumourspheres in culture and the ability of these cells to differentiate down three

embryonic lineages would suggest that cells with pluripotent characteristics are present. The gene and
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protein expression of pluripotency markers by tumoursphere-forming cells will be analysed using

immunocytochemistry (ICC), RT-gPCR and western blot (WB).

Aim 3 (Chapters 7 and 8): To determine the expression of components of the RAS by CSCs in primary CA.

To determine the presence of RAS markers, including cathepsins, the same tests will be
implemented as for iPSC markers. IHC staining will reveal the locations within the tissue of cells expressing
RAS components, as well as their sub-cellular localisation. Confirmation of whether these markers are
transcribed and translated by the tissue-derived primary cell lines will be undertaken using RT-qPCR and
WB, also allowing for a quantitative comparison of CA tissues and cell lines to patient matched NC

samples.

Further to this, co-staining tumour sections with combinations of iPSC markers and RAS

components by IF staining will reveal whether the CSCs express RAS components.

Finally, RAS modulation will be carried out on cultured cells to investigate whether targeting the

RAS has any effect on colon CSCs.
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Chapter 2: Methods and materials

2.1 Tissue Samples

Formalin-fixed paraffin-embedded (FFPE) and snap-frozen tissue samples of low-grade CA (LGCA) from 12
patients and high-grade CA (HGCA) from 8 patients, with patient-matched normal colon (NC) from 19 of
the 20 patients, were provided by the Gillies Mclndoe Research Institute Tissue Bank (GMRITB) for this
study, which was approved by the Central Health and Disability Ethics Committee (Ref. 15/CEN/106).

2.2 Immunohistochemistry

2.2.1 DAB Immunohistochemical staining
3,3-diaminobenzidine (DAB) immunohistochemical (IHC) staining was carried out on all 20 cases of CA, as
well as patient-matched NC tissue samples from 19 of these patients. These FFPE tissue samples were
sectioned into 4 um slices and mounted on slides. Staining was carried out for the iPSC markers OCT4,
SOX2, NANOG, KLF4 and c-MYC, CSC markers CD133 and LGRS5, epithelial marker EpCAM, and RAS
components PRR, ACE, ACE2 and AT:R.

2.2.2 Positive controls
Positive control tissues were included in each run to validate staining success. These tissues were
seminoma (OCT4, NANOG), skin (SOX2), prostate (c-MYC), breast (KLF4), kidney (ACE, ACE2 and AT,R),
and placenta/tonsil (PRR). Each IHC staining procedure also included isotype control antibodies as a

negative control.

2.2.3 Primary antibodies and staining protocols
Pre-defined automated staining protocols, which are optimised for each antibody, were carried out using
the Leica BOND™ RX Research Auto-stainer (Leica, Nussloch, Germany). Primary antibodies are outlined

in Table 2.1.

Table 2.1: Primary antibodies used for immunohistochemical and immunofluorescence staining

Marker Species/clonality Dilution Catalogue number

OCT4 Mouse monoclonal 1:30 MRQ-10 (Cell Marque)
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SOX2 Rabbit polyclonal 1:200 PA1-094 (ThermoFisher Scientific)
SOX2 Rabbit polyclonal 1:200 ab97959 (Abcam)

NANOG Rabbit monoclonal 1:200 443R-16 (Cell Marque)

NANOG Mouse monoclonal 1:100 ab62734 (Abcam)

KLF4 Rabbit polyclonal 1:200 NBP2-24749SS (Novus)

c-MYC Mouse monoclonal 1:1000 ab32 (Abcam)

c-MYC Rabbit monoclonal 1:100 ab32072 (Abcam)

EpCAM Rabbit monoclonal 1:200 ab124825 (Abcam)

CD133 Rabbit polyclonal 1:200 ab19898 (Abcam)

LGR5 Mouse monoclonal 1:1000 MAS5-25644 (ThermoFisher Scientific)
PRR Rabbit polyclonal 1:200 ab264763 (Abcam)

ACE Mouse monoclonal 1:40 3C5 (Serotec)

ACE Rabbit polyclonal 1:50 PA5-83080 (ThermoFisher Scientific)
ACE2 Mouse monoclonal 1:1000 MAB933 (ThermoFisher Scientific)
AT2R Rabbit polyclonal 1:2000 NBP1-77368 (Novus)

The predefined protocols, designated as F, TF and double-TF, were used for IHC staining on the
BOND™ RX, which only differed in terms of exposure time to the primary antibody. All three protocols had
the following base template: peroxide block (5 min), wash solution (3x washes), primary antibody (15 min
for protocol F, 45 min for protocol TF, and 2x 45 min for protocol double-TF), wash solution (3x), post-
primary (8 min), wash solution (3x 2 min), polymer (8 min), wash solution (2x 2 min), dH,0 wash (1x), DAB
Refine (1x wash followed by 1x 10 min), dH,O wash (3x), hematoxylin (5 min), dH,O wash (1x), wash
solution (1x), dH,0 wash (1x). Protocol F was run for NANOG, KLF4, c-MYC, ACE and AT:R. Protocol TF was
run for SOX2. Protocol double-TF was run for PRR and OCT4.

2.2.4 Immunofluorescence staining
Protein co-localisation was carried out using dual immunofluorescence (IF) staining. Primary antibodies
were the same used for IHC staining. Secondary antibodies used were Vectafluor Excel goat anti-mouse
488 (ready-to-use; cat # DK2488, Vector Laboratories, Burlingame, CA, USA) and Alexa Fluor donkey anti-
rabbit 594 (1:500; cat # ab150076, Life Technologies, Carlsbad, CA, USA). All stained slides were mounted

using Vecta Shield Hardset mounting medium with 4’,6’-diamino-2-phenylindole (DAPI) nuclear stain (cat
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# H-1200, Vector, Abacus DX, Auckland, NZ). Negative controls were performed using matched isotype
controls for both mouse (ready-to-use; cat#lR750, Dako, Copenhagen, Denmark) and rabbit (ready-to-

use; cat#IR600, Dako).

2.2.5 In situ Hybridisation
RNA in situ hybridisation (ISH) was performed on FFPE tissues sectioned into 4 um slices and mounted on
slides. Staining was carried out on the BOND™ RX Research Auto-stainer. The ViewRNA eZ Detection Kit
(Affymetrix, Santa Clara, CA, USA) was used with probes for OCT4 (NM_002701), SOX2 (NM_003106),
NANOG (NM_024865), KLF4 (NM_004235) and c-MYC (NM_002467) to detect the presence of mRNA.
Positive control tissues were seminoma (OCT4, NANOG, KLF4), normal skin (SOX2) and normal colon (c-
MYC). To determine the specificity of probes, negative controls were created using a probe for Bacillus

(NM_L38424).

2.2.6 Image capture and analysis
Images of IHC and ISH slides were captured using an Olympus BX53 light microscope, Olympus SC100
digital camera and cellSens 2.0 software (Olympus, Tokyo, Japan). Images were captured using Imagel
software (National Institutes of Health (NIH), Bethesda, MD, USA). The location of expression of iPSC and
RAS markers was recorded. This included commenting on whether staining was present in the epithelium,
stroma, blood vessel endothelium and/or smooth muscle, and whether it was nuclear, perinuclear,

cytoplasmic and/or membranous, or any combination thereof.

IF-stained slides were visualised and imaged using an Olympus FV1200 biological confocal laser-

scanning microscope (Olympus) and processed using cellSens 2.0 software (Olympus).

2.3 Western blotting

2.3.1 Protein extraction from tissue
Protein extractions from pieces of snap-frozen tissue were performed using a volume of RIPA buffer equal
to ten times the volume of tissue used (e.g. 500 plL to 50 mg). Solution was prepared by mixing Pierce™
RIPA buffer (cat # 89901, ThermoFisher Scientific, Waltham, MA, USA ) and Halt™ Protease and

Phosphatase inhibitor cocktail (cat # 78442, ThermoFisher Scientific) at a ratio of 99:1. RIPA solution was
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added to the tissue piece and ground down in a glass homogeniser or in an Eppendorf tube with an
Axygen™ plastic pestle (cat # PSE-15-B-SI; ThermoFisher Scientific) until dissociated. Solution was briefly
vortexed and agitated on ice for 1 h. After 30 min, the sample was re-homogenised and returned to the
agitator. Following agitation, the tube was centrifuged at 17,000 g for 10 min at 4°C. The supernatant,

containing isolated proteins, was retained in a fresh tube.

2.3.2 Protein extraction from cells
Protein extractions from cell pellets washed with PBS were performed using 200 pL of RIPA buffer per
million cells. RIPA solution was added and the cell pellet was resuspended by pipetting up and down until
completely dissociated. Solution was briefly vortexed and agitated on ice for 30 min, followed by
centrifugation at 17,000 g for 10 min at 4°C. The supernatant, containing isolated proteins, was retained

in a fresh tube.

2.3.3 Protein quantification
Protein was quantified either by Qubit or BCA. Qubit was carried out as per the manufacturer’s
instructions (cat # Q33211, ThermoFisher Scientific). Briefly, the three supplied Qubit protein standards
were made by diluting the stock 10uL:190uL in Qubit buffer. Protein extracts were diluted 1puL:199ulL in
Qubit buffer and left to stand for 15 min. The Qubit standards were used to create a standard curve before

guantifying each sample.

For BCA quantification (cat # 23227, ThermoFisher Scientific), an eight-point serial dilution of BSA
protein standards was used to create a standard curve. BCA Reagents A and B were combined at a 50:1
ratio, and 200 pL of this working reagent was added to each well of a black-walled clear-bottom 96-well
plate. BSA standards were run in duplicate, with 10 pL of each added to the appropriate wells. Samples to
be quantified were also run in duplicate, but only 5 uL of each sample was added to each appropriate well
to prevent the readings from being above the range of the standard curve. The plate was incubated at

37°C for 30 min before being read in a plate reader.
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2.3.4 Gel electrophoresis
Protein samples were diluted in 1x Bolt LDS sample buffer (cat # BO0O07, ThermoFisher Scientific) and
heated at 85°C for 5 min. Samples were run on Bolt 4-12% Bis-Tris gels (cat # NW04125BOX, ThermoFisher
Scientific) with 20 ug of sample protein per lane, and 1-2 ul of Precision Plus Protein Kaleidoscope MW
ladder (cat # 1610375, Biorad, Rosedale, Auckland, NZ) run in the first lane. Gels were run in Bolt MES SDS
Running Butter (cat # BO002, ThermoFisher Scientific) for 50 min at 150V, 3.00A and 300W.

2.3.5 Western blotting
Electrophoresed proteins were transferred to PVDF membranes using an iBlot 2 apparatus (cat # 1B21001,
ThermoFisher Scientific) with the following predefined program: 20V for 1 min, 23V for 4 min, and 25V
for 2 min. Once transferred, the membrane was briefly washed in water and blocked using iBind Flex FD
solution (cat # SLF2019, ThermoFisher Scientific) for 5 min. An iBind card (cat # SLF1010 or SLF2010,
ThermoFisher Scientific) was placed in the iBind apparatus (cat # SLF1000 or SLF2000, ThermoFisher
Scientific) and soaked with iBind Flex FD solution. The membrane was then placed protein-side down on

the card and a roller was used to remove any bubbles.

Primary antibodies are outlined in Table 2.2. Secondary antibodies included: HRP-linked goat anti-
rabbit (1:1000; cat # ab6721, Abcam), HRP-linked goat anti-rabbit (1:1000; cat # 111-035-045, Jackson
Immunology), and Alexa Fluor® 488 donkey anti-mouse (1:1000; cat # A-21202, ThermoFisher Scientific).

Table 2.2: Primary antibodies used for western blotting

Marker Species/clonality Dilution Catalogue number

OCT4 Rabbit monoclonal 1:500 ab109183 (Abcam)

SOX2 Rabbit polyclonal 1:1000 48-1400 (ThermoFisher Scientific)
NANOG Rabbit monoclonal 1:1000 ab109250 (Abcam)

NANOG Mouse monoclonal 1:1000 ab62734 (Abcam)

KLF4 Rabbit polyclonal 1:1000 NBP2-24749 (Novus)

c-MYC Rabbit monoclonal 1:1000 ab32072 (Abcam)

EpCAM Rabbit polyclonal 1:1000 ab71916 (Abcam)

a-SMA Rabbit polyclonal 1:2000 ab5694 (Abcam)

CD133 Rabbit polyclonal 1:2000 ab19898 (Abcam)

LGR5 Mouse monoclonal 1:2000 MA5-25644 (ThermoFisher Scientific)
PRR Rabbit polyclonal 1:250 ab40790 (Abcam)
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ACE Goat polyclonal 1:200 sc12184 (Santa Cruz)
ACE2 Mouse monoclonal 1:500 MAB933 (R&D Systems)
AT,R Rabbit monoclonal 1:500 ab92445 (Abcam)
Cathepsin B | Mouse monoclonal 1:1000 ab58802 (Abcam)
Cathepsin D | Rabbit monoclonal 1:1000 ab75852 (Abcam)
a-tubulin Mouse monoclonal 1:2000 ab7291 (Abcam)

Cb44 Rabbit polyclonal 1:5000 ab157107 (Abcam)

FN1 Rabbit polyclonal 1:500 ab2413 (Abcam)
S100A8 Rabbit monoclonal 1:2000 ab92331 (Abcam)
S100A9 Rabbit monoclonal 1:500 ab92507 (Abcam)

Membranes were incubated in the iBind apparatus for 2.5 h or overnight. Following incubation,
the membranes were briefly washed in water, developed using Clarity Western ECL Substrate (cat # 170-
5061, Biorad) and imaged using a ChemiDoc MP Imaging System (Biorad) and Imagelab 6.0 software
(Biorad). Densitometry was performed using ImagelLab 6.0, with the intensity values for the protein-of-
interest normalised against a-tubulin. Densitometry data were analysed using GraphPad Prism 8 (San

Diego, CA, USA).

2.4 Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

2.4.1 RNA Extraction
RNA was extracted using a QlAcube (Qiagen) by running their preset protocols for extraction of RNA from

tissue and cells.

For tissue extractions, tissue pieces were cut, placed in a vial and weighed to ensure they were
less than 20 mg. 350 pl of RLT lysis buffer and 14 puL DTT were added to each tissue vial. Tissues were
homogenised using a tissue homogeniser (OMNI International, Kennesaw, USA) until entirely dissolved,
and then centrifuged at 13,300 RPM for 3 min at 17°C. The supernatant was retained in a 2 mL round-

bottom Eppendorf tube.

For extraction from cells, a thawed cell pellet of a maximum of 5x10° cells was centrifuged at
17,000 g for 3 min at 17°C. Supernatant was discarded and 350 pL of RLT lysis buffer with DTT (40 pL/mL)

was added to each pellet. Pellets were resuspended by pipetting.

42



DNase was prepared by diluting in RDD buffer as per Qiagen instructions, in a 2 mL round-bottom

Eppendorf tube. The DNase tube was placed in “slot A” within the QlAcube (Qiagen).

In the QlAcube Rotor Adapters, a pink spin column was placed in position L1, and a labelled 1.5
mL Eppendorf collection tube was placed in position L3 for RNA collection. Rotor adapters were placed in
the centrifuge component of the QlAcube in numbered positions, and the lysed sample tubes placed in
adjacent slots numbered corresponding to centrifuge positions. Lids were removed from the QlAcube
buffer bottles and buffers were topped up as required. On the QlAcube display, “Mini kit” was selected
for tissue extraction and “Micro kit” was selected for cell extraction. DNA digest option was selected.
Following the run, only the 1.5 mL Eppendorf collection tube was retained, containing extracted RNA in
15 pL of buffer (micro kit) of 45 pL of buffer (mini kit). RNA was quantified using a NanoDrop 2000
spectrophotometer (ThermoFisher Scientific) before being diluted with RNase-free water and aliquoted

to give a volume containing enough RNA for triplicates to be run during PCR.

2.4.2 Rotor Gene PCR Protocol
A Rotor-Gene Q (Qiagen) was used for RT-qPCR reactions. For each sample, three 0.2 puL PCR tubes were
labelled, plus one for positive control and one for no-template control. A mastermix for each gene was
prepared immediately prior to each run, containing Master Mix, gene-of-interest primer/probe, Reverse
Transcriptase and RNase-free water. Mastermix was aliquoted to each PCR tube before adding 40 ng RNA.
Tubes containing mastermix or RNA were kept on ice at all times. PCR tubes were placed in the Rotor
Gene apparatus and the standard PCR run template was selected. This protocol ran as follows: 1. Reverse
transcription at 50°C for 15 min; 2. Taq Polymerase activation at 95°C for 5 min; 3. Cycling: denature at
95°C for 15 sec, anneal and extend at either 60°C (AT,R, PRR) or 62°C (OCT4, SOX2, NANOG, KLF4, c-MYC,
ACE, CTSB, CTSD) for 15 sec. Primer optimisation was carried out prior to use to determine a suitable
annealing temperature and whether any additives were required in the mastermix. 5% DMSO was added
to the mastermix for OCT4, SOX2, NANOG, KLF4 and c-MYC, and 1 M Betaine was added to the mastermix
for ACE, cathepsin B and cathepsin D. Due to availability and difficulties in culturing patient-matched
normal colon cell lines, RNA abundance was measured relative to pooled data from 4 NC tissues which

were run in triplicate in each PCR experiment.
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Following the run, tubes were stored at -20°C until being run on an E-Gel™ EX 2% Agarose Gel (cat
# G401001; ThermoFisher Scientific) to confirm amplicon size and negative control. Results were exported

from the software as a Word document for analysis.

2.5 Cell Culture

2.5.1 Cell culture
Primary cell lines were provided by the GMRITB with approval by the Central Health and Disability Ethics
Committee (Ref. 15/CEN/106). Primary cell lines were derived from CA tissue samples at the GMRITB by
the explant method. This involves embedding small tissue pieces (<10mm?3) in Matrigel, which allows cells
to migrate out from the tissue piece. Once there is considerable outgrowth, the matrix is dissociated using
dispase and diluted with PBS. The cells are pelleted and plated to cell culture flasks to grow as a monolayer
in DMEM media supplemented with 10% FCS and 5% mTeSR. Commercial cell lines CaCo2 (cat # HTB-37,
ATCC, In Vitro Technologies, Auckland, New Zealand), 3T3 (cat # CRL-1658, ATCC) and NTERA-2 (cat # CRL-
1973, ATCC) were used as positive controls for tumoursphere formation assays, differentiation assays and
expression of iPSC markers, respectively. Cells were cultured in Nunc™ EasYFlasks™ (ThermoFisher
Scientific) using DMEM media with high glucose and containing pyruvate (cat # 10569010, ThermoFisher
Scientific) and supplemented with 10% fetal calf serum (FCS; cat # 10091148, ThermoFisher Scientific), 5%
mTeSR Complete (cat # 85850, STEMCELL Technologies, Tullamarine, Victoria, Australia), 1% penicillin-
streptomycin (cat # 15140122, ThermoFisher Scientific) and 0.2% gentamicin/amphotericin B (cat #
R01510 ThermoFisher Scientific). Cells were passaged upon reaching 75-95% confluency using 1x PBS (cat
# 70013032, ThermoFisher Scientific) to wash the cells and TrypLE Express Enzyme (cat # 12605093,

ThermoFisher Scientific) to detach them from the flask.

2.5.2 Cell sorting
CA-derived primary cell lines were sorted into EpCAM"&" and EpCAM"“" subpopulations using the
CELLection™ Epithelial Enrich Dynabeads kit (cat # 16203, ThermoFisher Scientific). Cells were lifted from
their culture flask using TrypLE and a cell count was performed to ensure there were between 1x10° and
2x10’ live cells. Cell pellet was resuspended in a 15 mL Falcon tube using 1 mL of PBS with 0.1% FCS. 50 L
of washed Dynabeads were added, and the tube was incubated for 30 min in the fridge with gentle tilting

and rotation. Following incubation, the tube was placed in a DynaMag magnet (ThermoFisher Scientific)
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for 2 min, and the supernatant containing unbound EpCAM™" cells was transferred to a new tube. The
incubation tube was then removed from the magnet, the beads washed gently with 1 mL of PSB with 0.1%
FCS, and then returned to the magnet for 2 min. This supernatant was then pooled with the first, and a
total of 3 washes were performed in this manner. After 3 washes, the beads were resuspended in 200 pL
of DMEM with1% FCS and 4 uL of Release Enzyme Buffer and incubated at room temperature for 15 min
with gentle tilting and rotation. Meanwhile, a cell count was performed on the collected supernatants

containing EpCAM'Y cells, and these cells were plated to an appropriately sized culture flask.

After incubation for 15 min, the bead-bound EpCAM"€" cells should have been released. The tube
was placed in the DynaMag for 2 min and the supernatant containing unbound EpCAM"" cells was
transferred to a new tube. Wash steps as above were performed but using 200 uL of DMEM with 1% FCS,
and supernatants were pooled for a cell count. These cells were then plated into an appropriately sized

culture flask.

2.5.3 Tumoursphere formation assays
Cells were lifted from their culture flask using TrypLE and a cell count was performed. Sphere formation
assays were carried out in low-adherence plates or flasks. Plates were Corning Costar 6-well ultra-low
attachment plates (cat # 3471, In Vitro Technologies) and flasks were T25 Nunclon Sphera EasyFlasks (cat
# 174951, ThermoFisher Scientific). Cell pellets were resuspended in StemXVivo Serum-free
Tumoursphere media (cat # CCM012, R&D Systems, In Vitro Technologies) and seeded at a density of
1x10* live cells per mL, with 4 mL per well in a 6-well plate or 10 mL per T25. Progress was checked daily
using an inverted microscope, and fresh media was added every 3-4 d; no media was removed due to the
cells being non-adherent. Spheres were expected to form within 7-10 d. They were harvested at a point
were spheres had formed but had not yet developed dark centres which indicate necrosis. If spheres had
not formed by 14 d, the cells were harvested or discarded. A cell line was considered to be positive in the
sphere forming assay if more than half of measured spheres reached a diameter of at least 50 um. Spheres

were measured using an inverted microscope and cellSens 2.0 software (Olympus).

To harvest spheres, the tumoursphere media was aspirated into a 50 mL falcon tube. Each plate
or flask was rinsed with PBS and this was collected into the same tube to maximise yield. More PBS was

added to the tube to allow for a 1:3 dilution of the viscous tumoursphere media in PBS. Tubes were
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centrifuged and supernatant carefully removed. Pellets were resuspended in PBS and transferred to a 1.5

mL Eppendorf tube for pelleting and cryopreservation at -80°C.

2.5.4 Immunocytochemistry
Immunocytochemistry assays were performed using the PSC 4-marker Immunocytochemistry Kit (cat #
A24881, ThermoFisher Scientific). Cells were seeded onto 8-chamber culture slides (cat # 354118, Corning,
In Vitro Technologies) at a density of 5000 cells per well. After allowing for the confluency to reach 75-
95%, growth medium was removed and each well was washed once with PBS. Fixative Solution (cat #
A24344) was added for 15 min, before being removed and replaced with Permeabilization Solution S (cat
# A24878) for 15 min, both at room temperature. Finally, a Blocking Solution was added (cat # A24353)

for 30 min at room temperature.

Primary antibodies included rabbit anti-OCT4 (cat # A24867), rat anti-SOX2 (cat # A24759), mouse
IgG3 anti-SSEA4 (cat # A24866) and mouse IgM anti-TRA-1-60 (cat # A24868). Primary antibodies were
diluted 1:150 in Blocking Solution and cells were incubated with these in the fridge overnight. After
exposure to the primary antibodies, the cells were washed with Wash Buffer (cat # A24348) 3 times for 2-
3 min each. Secondary antibodies included Alexa Fluor® 555 donkey anti-rabbit (cat # A24869) and goat
anti-mouse IgM (cat # A24871), Alexa Fluor® 594 donkey anti-rabbit (cat # A24870) and goat anti-mouse
IgM (cat # A24872), and Alexa Fluor® 488 goat anti-mouse 1gG3 (cat # A24877) and donkey anti-rat (cat#
A24872).

The required combinations of secondary antibodies were diluted 1:250 in Blocking Solution and

cells were incubated with these for 1 h at room temperature in the dark.

Following exposure to secondary antibodies, the cells were washed 3 times with Wash Buffer as
above. NucBlue™ Fixed Cell nuclear stain (cat # R37606, ThermoFisher Scientific) was added to the third
wash and left on the cells for 5 min. Finally, the chambers were removed and a coverslip was mounted
using Histomount (cat # 008030, ThermoFisher Scientific). Fluorescence was visualised using the FV1200

Laser Scanning Microscope (Olympus).
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2.5.5 Mesoderm differentiation assay
Cells were induced to undergo osteogenic differentiation using the StemPro® Osteogenesis
Differentiation Kit (ThermoFisher Scientific). Cells were seeded onto 8-chamber culture slides (cat#
354118, Corning, In Vitro Technologies, Auckland, NZ) at a density of 5000 cells per well. After allowing 2-
3 d to adhere, regular DMEM media was replaced with Osteogenesis Differentiation Medium. This was
replaced every 2-3 d for a total of 10-14 d. After the differentiation period, the media was removed and
cells were fixed in 5% formalin for 5 min and then thoroughly washed with distilled water. Fixed cells were
then stained with 2% Alizarin Red solution (pH 4.2) for 5 min. Once the dye had been removed, cells were

washed 5 times with distilled water and visualised under the inverted microscope.

2.5.6 Endoderm differentiation assay
Endoderm differentiation assays were performed using the StemXVivo® Endoderm Kit (cat # SC019B, R&D
Systems, In Vitro Technologies). Cells were seeded onto 8-chamber culture slides (cat # 354118, Corning,
In Vitro Technologies) at a density of 5000 cells per well. After allowing 2-3 d to adhere, regular DMEM
media was refreshed with the addition of bFGF and left for 4 h. Following this, the cells were washed with
PBS and cultured in Differentiation Media | overnight. This was then replaced with Differentiation Media
II, which was refreshed twice daily for a further 2 d. After 2 d in Media ll, the cells were washed with PBS
and fixed using 10% formalin for 20 min at room temperature. Cells were washed 3 times using 1% BSA in
PBS, and permeabilized using 5% BSA in PBS with 0.1% Tween-20 for 45 min at room temperature.
Following this, anti-human SOX17 primary antibody was added to the permeabilisation buffer (final
concentration 10 pg/mL) and left in the fridge overnight. Cells were then washed 3 times using 1% BSA in
PBS before being exposed to the NorthernLights™ secondary antibody (cat # NLOO1, R&D Systems, In Vitro
Technologies), at a 1:200 dilution in permeabilisation buffer, for 1 hour in the dark at room temperature.
Secondary antibody was washed off 3 times using 1% BSA in PBS. NucBlue™ Fixed Cell nuclear stain (cat #
R37606, ThermoFisher Scientific) was added to the third wash and left on the cells for 5 min. Finally, the
chambers were removed and a coverslip was mounted using Histomount (cat # 008030, ThermoFisher

Scientific). Fluorescence was visualised using the FV1200 Laser Scanning Microscope (Olympus).
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2.5.7 Ectoderm differentiation assay
Ectoderm differentiation assays were performed using the StemXVivo® Ectoderm Kit (cat # SC031B, R&D
Systems, In Vitro Technologies). Cells were seeded onto 8-chamber culture slides (cat # 354118, Corning,
In Vitro Technologies) at a density of 5000 cells per well. After allowing 2-3 d to adhere, regular DMEM
media was replaced with Ectoderm Differentiation Media. This was refreshed once daily for a further 2 d.
After a total of 3 d in differentiation media, the cells were washed with PBS and fixed using 10% formalin
for 20 min at room temperature. Cells were washed 3 times using 1% BSA in PBS and permeabilised using
5% BSA in PBS with 0.1% Tween-20, for 45 min at room temperature. Following this, anti-human Otx2
primary antibody was added to the permeabilisation buffer (final concentration 10 pg/mL) and left in the
fridge overnight. Cells were then washed 3 times using 1% BSA in PBS before being exposed to the
NorthernLights™ secondary antibody (cat # NLOO1, R&D Systems, In Vitro Technologies), at a 1:200
dilution in permeabilisation buffer, for 1 h in the dark at room temperature. Secondary antibody was
washed off 3 times using 1% BSA in PBS. NucBlue™ Fixed Cell nuclear stain (cat # R37606, ThermoFisher
Scientific) was added to the third wash and left on the cells for 5 min. Finally, the chambers were removed
and a coverslip was mounted using Histomount (cat # 008030, ThermoFisher Scientific). Fluorescence was

visualised using the FV1200 Laser Scanning Microscope (Olympus).

2.5.8 Cathepsin activity assays
Cathepsin activity assays were performed using the kit from Abcam (cat # ab65300 and cat # 65302). Total
protein was extracted from tissue and cell samples using lysis buffers provided in each kit, which were
specific to the cathepsin B and D assays. The samples were washed briefly with cold PBS and homogenised
in lysis buffer using an Axygen™ plastic pestle (cat # PSE-15-B-SI; ThermoFisher Scientific), then incubated
shaking on ice for 20 min. For the cathepsin B assay, 100 uL of lysis buffer was added to 10 mg of tissue
or 1x10° cells. For the cathepsin D assay, 200 pL of lysis buffer was added to 100 mg of tissue or 1x10°
cells, and then 800 pL extra lysis buffer was added to the tissues after homogenisation. Supernatant was
collected after centrifugation for 5 min at 17,000 g, and the protein concentration was measured by BCA.
For measurement of fluorescence, a black-walled clear-bottom 96-well plate was set up with 50 pL of
protein extract from each sample, in duplicate. Blank wells contained 50 uL of buffer without protein. To
each well, 2 pL of substrate was added and the plates were incubated at 37°C for 1 h. Fluorescence was
measured in a plate reader with excitation and emission wavelengths of 400 nm and 505 nm for cathepsin

B and 328 nm and 460 nm for cathepsin D. Raw fluorescence values were adjusted by subtracting the
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background fluorescence from blank wells, and then normalised by dividing the adjusted value by the pg
of protein added to give the enzyme activity in relative fluorescent units per pug of protein. Tonsil tissue

was used as a positive control for both assays.

2.5.9 RAS modulation drug assays
The effect of RAS modulators on the metabolism of CA-derived primary cell lines was investigated using
the RealTime-Glo™ Cell Viability Assay (cat # Q9712, Promega, In Vitro Technologies). The assay does not
require cell lysis, and so the same plate can be repeatedly read for at least 72 h. The substrate is reduced
within metabolically active cells, and then diffuses into the culture medium where the NanoLuc® luciferase
enzyme catalyses a reaction which produces luminescence. Cells with impeded metabolism will reduce

less of the substrate and produce less luminescence.

A seeding assay was performed to determine that 1000 cells per well was the optimal seeding
density for a 96-well plate for the CA-derived cells, with control cells reaching approximately 90%
confluency after 4 days. Initial drug doses used for test plates were 100 uM, 50 uM, 10 uM, 5 uM and 1
uM. Final doses were 50 uM, 10 uM and 1 uM for R-, S- and R/S-propranolol, and 100 pM, 50 pM and 10
uM for all other drugs.

Cells were seeded on day 1 at 1000 cells per well in white-walled clear-bottom 96-well plates (cat
# FAL353377, In Vitro Technologies), with triplicate wells per dose. Control wells were seeded in triplicate,
and included cells grown in adjuvant + media and media alone to assess possible effects of the adjuvants
on cell metabolism, as well as controls of adjuvant + media and media without cells to measure
background luminescence. On day 2, NanoLuc® enzyme and substrate were added to each well to a final
concentration of 1x from a 1000x stock. Drug doses were formulated from stocks to give the final desired
concentrations. The first luminescence reading was performed 1 h after the initial dose. On days 3 and 4,
cells were given further doses of each drug and the plates were read again, at time points of 24 h and 48
h after the initial dose. The final reading was performed on day 5, 72 h after the initial dose, and the media

was collected and stored.

To study the effects of RAS modulation on tumoursphere formation and iPSC gene transcription,
6000 cells per well were seeded in 24-well tissue culture plates, after a test plate was used to determine
the optimal seeding density. Cell doses were selected based on the RealTime-Glo™ Cell Viability Assay

results to ensure that metabolism was affected but with minimal cell death. R-propranolol was dosed at

49



30 uM and 10 uM, R-Timolol at 100 uM and 50 uM, EMA401 at 50 uM and 10 uM , and losartan and
SMMO02 at 100 uM. RNA was extracted and pooled from 9 wells per dose for all drugs. Tumoursphere
assays were only performed on cells dosed with R-propranolol, EMA401 and losartan, with 6 wells
harvested and pooled for this. Cells were dosed as outlined above. Harvested cells were seeded for

tumoursphere assays and RNA processed for RT-qPCR both as described earlier.

Statistical analysis and graphing were performed on GraphPad Prism 8.

2.6 Proteomics

2.6.1 Sample definition
The proteomics included various sample types. There were 4 HGCA and 4 LGCA tissues from individual
patients, and each included a patient-matched normal colon (NC) tissue sample. Therefore, there were
16 tissue samples analysed. Each of the CA tissues had a tissue-derived primary cell line, and there was
one NC-derived cell line used as a control which was not matched to any of the patients. Therefore, there

were 9 cell lines analysed.

2.6.2 Protein extraction
Tissues and cells were lysed in lysis buffer containing 30 mM Tris-HCl, pH 7.4; 7 M urea, 2 M thiourea, and
4% CHAPS plus Halt Protease and Phosphatase inhibitor cocktail (cat # 78442, ThermoFisher Scientific) at
a ratio of 99:1, with a 1 mL glass Dounce homogeniser (Corning Inc, Corning, NY, USA) on ice followed by
agitation for 45 min in the cold room at 4°C. The lysate was checked under a microscope to ensure that

the lysis was efficient. If not, the samples were homogenised again and agitated for a further 30 min.

After the extraction steps, the samples were centrifuged at 17,000 g for 20 min at 4°C. The protein
concentration was measured by Bradford assay (Bio-Rad). Samples were added at 5x, 10x and 20x
dilutions in Bradford reagent, and a standard curve was produced using BSA. The plate was incubated at
room temperature for 15 min before reading in a plate reader. The samples were stored at -20 °C until

further being processed.
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2.6.3 Protein precipitation and digestion
Extracted proteins were precipitated using a Calbiochem ProteoExtract® Protein Precipitation Kit (cat #
539180, Merck, North Shore City, NZ). Precipitant 1 was added to each sample at a ratio of 4:1, vortexed
briefly, and placed in the freezer overnight. Following this, each tube was briefly vortexed and centrifuged
at 17,000 g for 10 min at 4°C. Supernatant was discarded and the pellet was washed twice using Wash
Buffer by centrifuging at 17,000 g for 5 min. The protein pellet was dissolved in a digestion buffer of 8 M
urea and 100 mM Tris-HCI, pH 8.5. A second Bradford assay was performed to measure the protein
concentration after precipitation, and 20 pg of protein was taken from each sample and the volume
brought to 25 pL using digestion buffer. To reduce the proteins, DTT was added to a final concentration
of 5 mM and incubated at 56°C for 30 min. The tube was then briefly centrifuged and iodoacetamide was
added to a final concentration of 10 mM and incubated in the dark at room temperature for 40 min to
alkylate the proteins. The sample was then diluted 3-fold using 100 mM Tris-HCl to bring the urea
concentration to 2 M. To digest the proteins, CaCl, to a final concentration of 1 mM and 0.67 pg trypsin
were added and incubated at 37°C for 16 h. The reaction was quenched with formic acid to a final

concentration of 4%.

The resulting tryptic peptides were then purified by using 100 uL OMIX C-18 zip tips (cat #
A57003100K, Agilent Technologies, USA) to remove salts, using a pre-wet buffer of 0.4% TFA and 100%
ACN at 1:1, a rinse buffer of 0.4% TFA and 100% ACN at 1:1, and elution buffers of 0.1% formic acid with
70% ACN (elution A) and 50% ACN (elution B) at 1:1. Zip tip eluates were pooled and dried down to 2-3 uL
using a vacuum centrifuge, then brought to 100 pL using 0.1% formic acid in HPLC water (so the final

constitution of the sample solution was 0.1% FA and ~ 2% ACN) .

2.6.4 Liquid Chromatography Tandem Mass Spectrometry
Proteomic analysis of the prepared samples was performed by liquid chromatography tandem mass
spectrometry (LC-MS/MS). The LC-MS/MS included an UlitMate 3000 RSLCnhano system and an Orbitrap
Fusion™ Lumos™ Tribrid™ mass spectrometer that are coupled via a Nanospray Flex ion source

(ThermoFisher Scientific).

The sample vials containing tryptic peptides in 0.1% FA and 2% ACN were placed in the
autosampler of the HPLC unit for injection, maintained at 10°C. Xcalibur™ software (Version 2.1.0,

ThermoFisher Scientific) was used to define the method and acquire LC-MS/MS data. Peptides were first
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loaded onto an Acclaim™ PepMap™ 100 C18, 5 um 0.3 x 5 mm trap column (cat # 160454, ThermoFisher
Scientific) with the loading pump at a flow rate of 8.0 uL/min of 2% ACN and 0.05% TFA and then separated
on an Acclaim™ PepMap™ 100 C18, 2 um, 100 A, 75 um x 15 cm analytical column (cat # 164941,
ThermoFisher Scientific) with the Nano/Cap pump running at 0.3 uL/min with an organic solvent gradient
constructed from buffer A (0.1% FA) and buffer B (0.1% formic acid in 80% ACN). The gradient was
programmed as follows: 3% from 0 to 5 min, 30% from 5 — 70 min, 50% from 70 — 82 min, 95% from 82 —
88 min, and finally 3% from 88 — 99 min. Elution was based on reverse-phase liquid chromatography,
whereby the more hydrophobic the peptide is the slower it will pass through the column. Peptide mass

also affects transit time; larger peptides tend to retain for longer.

The peptides eluted in solution were ionised by nanoelectrospray ionisation (Nanospray Flex,
ThermoFisher Scientific) with the 25 uM lon Transfer capillary tube set to 275°C and voltage set at 1.8 kV.
MS scans were acquired in the Orbitrap (OT) with the following settings: detector type OT, resolution
120,000, scan range 375 - 1500 m/z, AGC target 5.0e3, Maximum Injection Time 50 ms, charge state 2 —
7, and data type Profile. Data-dependent MS/MS (ddMS/MS) scans were acquired in lon trap (IT) having
the following settings: detector type IT, scan range mode Auto: m/z Normal, IT scan rate Rapid, AGC target
5.0e3, Maximum Injection Time 300 ms, and data type Centroid. For MS/MS, high-energy collision-
induced dissociation (HCD) fragmentation was performed in the linear Quadrupole ion trap (isolation
window 1.6 m/z, HCD collision energy 30%). The “Top 20” highest-intensity ions from each MS scan were
selected for the subsequent MS/MS scans. Dynamic exclusion was included having the following settings:

mass tolerance 10 ppm, exclusion duration 60 s. Each sample was run with LC-MS/MS at least 3 times.

2.6.5 Protein identification
The LC-MS/MS spectra were exported as .raw files and searched against SwissProt human protein
sequence database (TaxID=9606 and Subtaxonomies, version 2017-10-25, downloaded on 24-10-2019,
42,253 sequences) using the SequestHT search engine in Proteome Discoverer 2.4 (ThermoFisher
Scientific). Protein identification settings were as follows: a peptide length range of 6-144 and allowing
for 2 missed trypsin cleavages, with a precursor mass tolerance of 10 ppm and a fragment mass tolerance
of 0.5 Da; the carboxyamidomethylation of cysteine was set as a static modification (+57.021); dynamic
modifications included: oxidation (+15.995 Da) at M, carbamylation (+43.066 Da) at K, acetylation
(+42.011 Da) at K, deamidation (+0.984 Da) at N and Q, and peptide terminus modification of

carbamylation (+43.066 Da) at the N-terminus. The files were searched against the protein sequence
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database and the decoy database (Percolator node) with the false discovery rate (FDR) filter set to 0.01,
plus a relaxed FDR of 0.05. Proteins were identified with high peptide confidence and a minimum peptide
number of 1. Proteins identified sharing the common peptides were grouped into protein groups for

export.

2.6.6 Label-free quantitation
Label-free quantitation (LFQ) was carried out using Proteome Discoverer 2.4 (ThermoFisher Scientific).
Study factors were defined as “patients”, “grade” and “technical replicates”. The .raw files were imported,
and each file was assigned to one category from each study factor. First, each file was assigned a “grade”,
either NC, LG or HG. Next, the biological replicates from each of the samples were assigned a “patient”
number (from 1 to 4 for CA tissues and CA-derived cell lines, and from 1 to 8 for NC tissues). Finally, the

technical replicates from each samples were numbered from 1 to 3. Before running the analysis,

comparisons are defined manually. The 3 comparisons were LGCA/NC, HGCA/LGCA and HGCA/NC.

Protein quantitation data are displayed as a grouped abundance, which is a measure of the
normalised intensity of all the peptide ions assigned to the protein across all input files for each group
being compared. The grouped abundance is the average of normalised spectral counts from all technical
and biological replicates for each grade. Proteome Discoverer used a t-test to determine the statistical
significance for each comparison. Grouped abundances are used to calculate the abundance ratio for any
given comparison. The selection criteria for significantly differentially expressed proteins were set at a

fold change of 2 or greater (log, fold change 21), and a p-value of 0.05 or smaller (-logio p-value 21.30103).

The output from the LFQ analysis was visualised as volcano plots and heat maps in Proteome
Discoverer. Volcano plots showed fold change on the x-axis and the p-value on the y-axis. When
comparing the abundance of all proteins in two conditions (e.g. HG/LG), the distance that a protein fell
from the origin (x=0, y=0) was related to the abundance fold change and the p-value for that change.
Therefore, the selection criteria selected proteins that were further from the origin. These proteins were

exported as the significantly differentially expressed proteins.

The input for heat maps were the complete lists of all quantified proteins. The heat map displayed
differential expression as green (low expression), black (similar expression) and red (high expression)

when comparing the three conditions. All the quantified proteins were clustered by Proteome Discoverer
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based on similarity of protein sequences, and each cluster showed a distinct pattern of change in

abundance between the conditions.

The most highly differentially expressed proteins from the volcano plots and the clusters from the
heat maps which saw significant differences between each condition were exported to elucidate protein

function.

2.6.7 Functional analysis
The protein interaction database called STRING (string-db.org) (Szklarczyk et al., 2019) was used to
identify the pathways that are enriched amongst the proteins significantly upregulated or downregulated
in one condition (NC, LGCA, HGCA) compared to another. The Uniprot accession numbers for proteins
with significant abundance changes (fold change >2; p<0.05) and proteins from each cluster of the heat
maps were uploaded to STRING. A network map was created based on the input list of accession numbers
using a database of known protein interactions in STRING. Each node in the network represents an
individual protein, and the connections between them indicated both functional and physical protein
interactions. The thickness of the connection was relative to the strength of the interaction based on
evidence from the database. The minimum interaction score required for an interaction was set to
medium. Nodes with no connections to other nodes under these criteria were removed from the map.
Furthermore, the optional setting of adding in an additional shell of proteins, which were not present in
the input list but are known to have strong interactions with other members, was not selected. Once these
settings had been defined, the functional enrichments from the network were displayed, which included
the Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that
were enriched within the input list of proteins. For a category or pathway to be considered significant, at
least 2 protein members were required to be present within the network map, with a false discovery rate

(Benjamini-Hochberg adjusted p-value) for the category/pathway of less than 0.05.

2.7 DNA Sequencing

2.7.1 Sample preparation
DNA was extracted from FFPE tissue samples and cells using the PureLink Genomic DNA Mini Kit (cat #

1820-00, Invitrogen, ThermoFisher Scientific).
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For cells, a pellet of 3x10° cells was resuspended in 200 pL PBS with 20 pL proteinase K and 20 pL
RNase A and incubated at room temperature for 2 min. Next, 200 pL PureLink Genomic Lysis/Binding
Buffer was added, mixed by vortex and incubated at 55°C for 10 min. Following this, 200 uL of 100%
ethanol was added, mixed by vortex and the solution was transferred to a PureLink Spin Column in a
collection tube and centrifuged at 17,000 g for 1 min at room temperature. The flow-through was
discarded, 500 pL Wash Buffer 1 was added to the column and it was centrifuged as above. The flow-
through was again discarded, 500 uL Wash Buffer 2 was added to the column and it was centrifuged as
above. Columns were transferred to a clean 1.5 mL Eppendorf tube and 25 pL of elution buffer was added
and incubated for 1 min at room temperature before centrifugation as above. The elution step was

repeated to give a final elution volume of 50 pL containing DNA.

For FFPE tissues, 5 sections of 5 um were cut from the tissue block and placed in a 1.5 mL
Eppendorf tube, to which 1 mL of xylene was added and vortexed. The tube was incubated at 50°C until
the paraffin had melted (~20 min) and centrifuged at 17,000 g for 2 min at room temperature. The
supernatant was discarded, and 1 mL of 100% ethanol added and vortexed before centrifuging as above.
This ethanol wash step was then repeated. The tubes were left at room temperature with the lid open to
allow the ethanol to evaporate. Protease (110 puL) was added and incubated at 55°C for 2 h, and then at
90°C for 1 h. The tubes were then briefly centrifuged and left to cool. Next, 155 uL DNA Binding Buffer
containing magnetic beads was added, the tubes were shaken at 1000 RPM using an orbital shaker for 5
min and then placed in a magnet for 2 min. The supernatant was discarded and then 200 uL DNA Wash
Buffer was added to the beads. Tubes were shaken at 1150 RPM for 2 min, placed in a magnet for 2 min
and the supernatant discarded. This wash step was repeated before another wash step using 200 uL Wash
Solution 2. After removing the supernatant, the tubes were shaken at 1150 RPM for 2 min with the lids
open to dry the beads before adding 50 pL elution buffer. The tubes were shaken at 1150 RPM for 5 min

and placed in a magnet for 2 min. The supernatant containing DNA was collected.

2.7.2 DNA quality validation
The quality of extracted DNA was assessed using the TagMan™ RNase P Detection Reagents Kit (cat #
4316831, ThermoFisher Scientific), to ensure the DNA was of high enough quality for sequencing. A serial
dilution was created from a DNA control provided with the kit ranging from 5 ng/uL to 0.078125 ng/uL.
Extracted DNA was diluted 1:500 and 1:1000 in nuclease-free water. Controls and samples were run in

triplicate, with 2.5 pL added to 17.5 plL of a mastermix containing RNase P primers. A PCR protocol was
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performed in the Rotor Gene Q as follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s
and 60°C for 1 min. The CT values for samples were used to measure the concentration of sequencable

DNA by using the standard curve generated from the control DNA serial dilution.

2.7.3 DNA sequencing
DNA sequencing was performed by ThermoFisher Scientific (Life Technologies Australia, 5 Caribbean

Drive, Scoresby, Melbourne, Australia).

lon AmpliSeq™ Library Preparation was carried out by ThermoFisher Scientific staff as follows.
DNA samples were added to a mastermix and split in two. Each pool received a different Tumor Mutation
Load Assay primer pool. DNA amplification was performed using the following PCR protocol: 99°C for 2
min to activate the enzyme, and 15 cycles of 99°C for 15 s to denature and 60°C for 16 min to anneal and
extend. Reactions were then combined and partially digested before adapters were ligated to the
amplicons. Each resulting barcoded library was created from a different sample. The libraries were then
purified by washing twice with 70% ethanol and quantified using the following PCR protocol: 50°C for 2
min to allow Uracil-DNA Glycosylase (UDG) to remove deaminated cytosines, 95°C for 2 min to activate
the polymerase, and 40 cycles of 95°C for 15 s and 60°C for 1 min to amplify the DNA. Pools containing 4
barcoded libraries were created and prepared for sequencing using the lon Chef template system. DNA

was sequenced on lon 540 chips using the lon GeneStudio™ S5 Series sequencer.

2.7.4 Data analysis
DNA sequencing data were analysed using the ThermoFisher Scientific cloud-based lon Reporter system.
Single-nucleotide variants (SNVs), variant impacts and tumour mutational burden (TMB) were compared
between FFPE tissue and cells derived from the same patient. Mutations to genes important in CA were

searched for within the variants table and were compared between samples.
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Chapter 3: Validating Colon Adenocarcinoma Tissue-derived Primary

Cell Lines by DNA Sequencing

3.1 Introduction

DNA sequencing is used to detect genomic differences between a cancer tissue sample and its patient-
matched normal tissue, and to determine the significance of such changes (Cancer Genome Atlas, 2012).
Often, this will focus on regions of the genome that code for proteins and therefore provides a more
functional basis. The Cancer Genome Network (TCGA) has examined the genomes and transcriptomes of
276 CRC samples (Cancer Genome Atlas, 2012). Whole exome sequencing (WXS) revealed the mutation
rates for each sample, which varied greatly between tumours, and identified the most highly mutated
genes. Patient-matched NC tissue samples were analysed to allow comparisons between the normal colon
tissues and tumour tissues from the same patient. Vasaikar et al. (Vasaikar et al., 2019) also used WXS to
identify a core set of 17 genes most commonly mutated across their 106 CRC tumour tissue samples, 13

of which were also reported by TCGA.

The Oncomine™ Tumor Mutation Load (TML) Assay (ThermoFisher Scientific) uses targeted next-
generation sequencing (NGS) to sequence 409 cancer-related genes in order to detect low-frequency
single nucleotide variants (SNVs) as well as insertion/deletion (INDEL) mutations. The impact of each
variant is annotated as being either synonymous, missense, nonsense, frameshift, splice variant or of
unknown effect. Furthermore, it provides a tumour mutational burden (TMB) score that shows the
number of mutations per megabase (Mb) of sequenced DNA. The TML assay is a PCR-based method which
employs primer pairs for each of the 409 genes to produce an amplicon library by amplifying the genetic
regions of interest. Each library is produced from an individual sample, and barcodes which are unique to
each library are ligated to the amplicons. In this way, up to 8 libraries can be combined and sequenced in
a single reaction to ensure equal amplification, reduce reagents and save time. This targeted approach
allows greater sequencing depth than whole genome sequencing and higher confidence in low-frequency
variants. Overall, the TML assay covers ~1.7 Mb of the genome, with about 70% of this comprising exonic
sequences (1.2 Mb). A variant calling algorithm removes germline mutations before data analysis and
does not require the matched NC tissue in order to do so, leaving only the somatic cancer-related

mutations to be analysed.
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The primary tissue-derived cell lines are not characterised before being banked in the GMRITB.
Therefore, it was important to determine whether the CA tissue-derived primary cell lines for this project
reflected the original CA tissue from which they were derived. The aim of this chapter was to sequence
the DNA of the matched CA tissues and CA-derived primary cell lines using the Oncomine™ TML assay to
assess whether the mutational signatures for key CA-related genes were shared between the two sample

types, and therefore determine the suitability of the cells as an in vitro model of the tumour.

3.2 Results

3.2.1 DNA Quality Assurance
For this project, a total of 4 LGCA-derived and 4 HGCA-derived primary cell lines were used. DNA was
extracted from all 8 cell lines and patient-matched FFPE CA tissue samples. PCR was carried out using the
TagMan™ RNase P Detection Reagents Kit (cat # 4316831, ThermoFisher Scientific) to ensure the DNA
quality was sufficient for sequencing, which found that all the samples except for LGCA4 were above the
threshold for sequencing. The DNA samples from all 8 CA tissues and 8 CA-derived cell lines were sent to
ThermoFisher Scientific (Australia) for DNA sequencing to be performed. Unfortunately, no reliable data
was produced for LGCA4, so analysis was conducted on the tissues and cells from the remaining 7 (3 LGCA

and 4 HGCA) patients.

3.2.2 Summary of Oncomine™ TML Assay data
ThermoFisher provided the DNA sequencing data, which was uploaded to the cloud-based analysis
platform, lon Reporter, where the data could be accessed and analysed. The pre-defined Oncomine Tumor
Mutation Load w3.2 analysis workflow was launched for each individual tissue and cell sample, which
calculated the TMB score for each sample, identified and annotated variants within the 409 genes, and
assigned an impact level to each variant. Following this, paired analyses were performed to compare each

tissue with its matched cell line.

The TMB scores were higher in the FFPE tissues than their patient-matched cell lines for 6 of the
7 patients, with the exception of HGCA4 (Table 3.1). CA-derived cells had more consistent TMB scores,
with 6 out of 7 having a score below 4 and no significant difference between LGCA and HGCA-derived
cells, whereas the FFPE tissues had TMB scores ranging from 4.63 to 38.65. Unsurprisingly, HGCA tissues
had higher TMB scores than LGCA tissues.
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Similarly, 5 out of 7 FFPE CA tissue samples had more unique variants within the 409 genes than
the cell lines derived from them, but LGCA1 and LGCAS3 cell lines had more unique variants than their
matched FFPE tissues. The total number of variants across both sample types was relatively similar for 6
of the 7 patients (2023-2182), however HGCA4 displayed a lower variant count within the TML gene panel
(1643) despite having the highest TMB scores. This suggests that HGCA4 contains a larger proportion of
non-synonymous variants than the other samples, as synonymous variants are not considered when
calculating the TMB score, or that it contains more mutations outside of the exons. When considering the
impact of these variants, all 7 samples were relatively consistent, with the number of total impactful
variants per patient ranging from 266 to 319 within these 409 genes. The number of unique impactful
variants was proportional to the total number of unique variants for each sample, with the HGCA tissues

and cells containing a lower proportion of shared impactful variants than the LGCA samples.

Table 3.1: Summary of TML assay results for CA tissues and CA-derived primary cell lines

Samples TMB (mutations/Mb) Total variants Impactful variants
Cells Tissues Cells Tissues Shared Cells Tissues Shared

LGCA1 3.36 4.63 154 40 1856 23 6 263
2050 292

LGCA2 1.67 5.92 44 | 63 | 1986 4 | 9 | 291
2093 304

LGCA3 1.67 6.01 58 | 40 | 1925 5 | a4 |
2023 281

HGCA1 2.51 7.75 64 | 163 | 1932 7 | 27 | 278
2159 312

HGCA2 2.51 10.49 95 [ 519 [ 1445 17 | 97 | 201
2059 315

HGCA3 1.68 38.65 165 | 477 | 1540 24 | e5 | 230
2182 319

HGCA4 20.69 17.67 83 | 124 | 1436 24 | 53 | 189
1643 266

Tumour mutational burden (TMB) score, the total number of variants within the 409 TML assay genes and the number
of variants that impact the gene product (i.e. missense, nonsense, etc.) are displayed. For each CA sample, the number
of variants unique to the cells and to the tissues and those shared by both are reported, with the total number of
variants listed directly below.

Overall, these data suggest that the CA-derived cell lines contain a subset of the mutations present
within their matched FFPE tissues, given that the cells tended to have fewer total and impactful variants

and lower TMB scores.
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3.2.3 Mutational signatures of CA tissues and CA-derived cells

To confirm whether the mutations detected in the cells were the same as those in the tissues and thereby
determine the similarity of the cells to their parent tissues, several CA-related genes were selected and
the specific mutations within these genes in the cells and tissues were explored (Table 3.2). Mutations
with low frequency (<6%) and/or coverage depth (<300 reads), which were unique to 1 sample type
(either the FFPE tissues or cells from a patient, but not both) and/or unique to 1 patient, were considered
to be read errors and were disregarded. Table 3.3 details the average coverage depth for each sample.
The APC, TP53, KRAS, BRAF, PIK3CA and FBXW?7 genes were identified by other studies as being relevant
to CRC (Cancer Genome Atlas, 2012; Dos Santos et al., 2019; Vasaikar et al., 2019), and the MSH2, MSH6
and MLH1 genes are vital to DNA MMR and MSI.

Table 3.2: Mutations to CA-related genes in FFPE CA tissues and CA-derived primary cell lines

Gene Mutation LGCA1 | LGCA2 | LGCA3 | HGCA1l | HGCA2 | HGCA3 | HGCA4
c.646 C>T Tissue - - v - - - -
Cells - - - - - - -
c.688 _689ins | Tissue - - v - - - -
ACTTC Cells - - - - - - -
c.1458 T>C Tissue v v v v - v v
Cells v v v v v v -
c.1743+19 Tissue - v - - - - -
APC A>G Cells _ Vv _ _ - - _
c.1476 C>G Tissue _ _ - - - - -
Cells - - - v - _ -
c.3871C>T Tissue _ v - - - - -
Cells - _ - - - - -
c.4118del C | Tissue - - - v - - -
Cells - - - - - - -
c.4479 G>A Tissue v v v v - - -
Cells v v v v v v -
c.5034 G>A Tissue v v v v v v v
Cells v v v v v v v
c.5268 T>G Tissue - v v v - v v
Cells v v v v v v _
¢.5880 G>A Tissue - v v v - v v
Cells v v v v v v -
€.7201 C>T Tissue - v - - _ _ -
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Cells _ v - - -
€.215 C>A Tissue v v v v -
Cells v v v v -
€391 A>T Tissue v - - - -
Cells - _ _ - -
€.524 C>T Tissue - - - v -
Cells _ _ - - -
P53 €.538 G>T Tissue _ v - - -
Cells - _ _ _ -
c.754 del C Tissue _ _ v - -
Cells - _ _ - -
c.844 G>A Tissue _ _ _ _ -
Cells _ _ _ - -
€.919+1 G>A | Tissue _ _ - - v
Cells _ _ _ _ v
c.483 C>T Tissue v v v v -
Cells v v v v -
KRAS
c.*5598 A>G Tissue - - - - -
Cells _ _ _ - -
€.980+27 C>T | Tissue v v - -
Cells v v - -
BRAF
€.1518-48 G>A | Tissue v v - - -
Cells v v _ _ -
c.21149C>G | Tissue v _ v - -
Cells v _ v - -
MSH2
€.2006-6 T>C | Tissue - - v - -
Cells _ _ v _ -
.186 C>A Tissue - R - - v
Cells - _ - - -
(with Tissue - v - - -
FBXO11:)
c.3647-
70_3647-54
del Cells _ v - - -
TTTTTGTTTTA
ATTCCT,
c.*1985
AGGAATTAAA
ACAAAAAT>T
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€.116 G>A Tissue - v v - _ _ -

Cells _ v v - - - -

MSH6 .540 T>C Tissue - v - - - - -
Cells - v - - - v _

€.642 C>T Tissue - v - _ _ - -

Cells _ v - - - v -

c.1186 C>G Tissue - - - v - - -

Cells - - - v _ _ -

c.3306 T>A Tissue - - v - - - -

Cells _ _ v - - - -

.3438+14 A>T | Tissue v - - v - - -

Cells v _ - v - _ -

€.3646+29 36 | Tissue v v v v _ - -
46+32del e [ v v v v v _

CTAT

€.3646+35 36 | Tissue - - - v _ - -

46+40 indel T Cells _ _ v v _ _ _
.3646+91 T>C | Tissue v v v v - - -

Cells v v v v v _ -

€.655 A>G Tissue v - - - - v -

Cells v _ - - _ v -
MLH1 c.1558+14 Tissue _ v _ _ v _ v
G>A Cells i v i i v - v

c.1668-19 A>G | Tissue v v - - - - -

Cells v v - - - v -
c.1060-17 C>A | Tissue - v - - - v v

Cells v v _ _ v v -

c.1173 A>G Tissue _ _ - - - - -

PIK3CA Cells - - - - - v -
€.2295-57 C>G | Tissue v v - - - - -

Cells v v _ _ v v -

.2416+67 Tissue - - v - - - -

A>G Cells - - v - - - -

.1855+67 Tissue v - - - _ _ -

EBXW7 G>A Cells v - - - - - -
c.1972 G>A Tissue - - - - - - v

Cells v
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% mutations shared by tissuesand | 78.9% | 91.3% | 77.8% | 80.0% | 15.4% | 46.7% | 44.4%

cells)
Mutations detected in the FFPE CA tissues and CA-derived cells for 9 CA-related genes are displayed. Presence (v) or
absence (-) of mutations are indicated. Green font is used for mutations that were detected in both the CA tissue and
CA-derived cells from one patient, and red font for mutations only found in one sample type from each patient.
Mutation types are substitutions (>), deletions (del), insertions (ins) and insertion + deletion mutations (indel). The
percentage of mutations shared by the CA tissue and the CA-derived cell line from each patient were calculated by
dividing the number of mutations shared by tissues and cells (green ticks) by the total number of mutations across
the tissues and/or the cells (green and red ticks), and are displayed at the bottom of each column.

The APC gene was the most commonly mutated, with the c¢.5034 G>A mutation present in the
tissue and cells for all 7 samples. Other common mutations to the APC gene were ¢.1458 T>C, c.4479 G>A,

¢.5268 T>G and ¢.5880 G>A.

Other frequent mutations were in the TP53 (c.215 C>A), KRAS (c.483 C>T) and MSH6 (c.3646+91
T>C SNV and c.3646+29 3646+32 deletion) genes. Overall, the mutational patterns seemed random,
although TP53 mutations in FFPE were most likely to be absent in the tissue-derived cell lines, whereas

some PIK3CA mutations in the tissue-derived cell lines were absent in their parent FFPE tissue.

The number of mutations present in the 9 CA-related genes and shared by both sample types (the
FFPE CA tissues and the CA-derived cell lines) was calculated manually from the raw sequencing data (BAM
files). These are displayed in Table 3.2 above. The green ticks signify that an identical mutation was present
in both sample types, whereas a red tick identifies a mutation seen only in the tissue or the cell line.
Overall, 78 out of 115 (67.8%) mutations were shared by the FFPE CA tissue samples and the matched CA-
derived cell lines based on the analysis of the 9 genes. There were 71 occasions of a shared SNV, plus 6
instances of shared MSH6 deletions and 1 instance of a shared MSH6 INDEL (Table 3.2, all shown in green).
Of the 37 mutations present in 1 only sample type per patient (either the tissue or the cells) and not the
other (32.2%), 13 were only in FFPE CA tissue samples and 24 only in cell lines (Table 3.2, red). As expected,
13 of these 37 mutations were only observed in 1 out of 7 patients, representing very low-frequency

mutations and possibly present through sequencing errors.

3.2.4 Types of nucleotide substitutions
Next, the types of substitutions were analysed (Table 3.3). Transition substitutions were predominant in
HGCA tissue samples, with the most common being C>T and T>C transitions. However, transversions
ranked amongst the most common substitutions in tissue samples and cell lines from all 3 LGCA patients

and HGCA1, predominantly C>G and C>A transversions.
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Table 3.3: Summary of coverage depth and DNA substitutions

Average coverage depth Substitutions (frequency)
LGCA1 Tissue 1407 C>T (50%), T>A (25%), T>C (25%)
Cells 1549 C>G (75%), C>T (25%)
LGCA2 Tissue 888 C>T (71.4%), C>G (14.3%), C>A (14.3%)
Cells 1837 C>A (50%), C>G (50%)
LGCA3 Tissue 1399 C>T (60%), C>A (40%)
Cells 2255 C>A (100%)
HGCA1 Tissue 1177 C>T (57.1%), C>G (14.3%), T>C (14.3%), T>A (14.3%)
Cells 1549 T>C (33.3%), C>G (33.3%), C>T (33.3%)
HGCA2 Tissue 925 C>T (100%)
Cells 1631 C>T (33.3%), C>A (33.3%), T>C (33.3%)
HGCA3 Tissue 2655 C>T (79.2%), T>C (16.7%)
Cells 2002 T>C (100%)
HGCA4 Tissue 2247 C>T (83.3%), T>C (16.7%)
Cells 398 C>T (88.9%), T>C (11.1%)

Average depth of sequencing coverage and the predominant substitution types for each sample.

3.3 Discussion

The data summarising the overall Oncomine™ TML assay suggests that the tissues are highly variable,
reflecting the heterogenous nature of CA tumours. Evidence for this is the high proportion of unique
mutations and the wide range of TMB scores across the FFPE CA tissue samples. This was also observed
in the study by TGCA (Cancer Genome Atlas, 2012), which found that mutation rates were highly variable
between samples. In contrast, the CA-derived primary cell lines contained fewer unique mutations and
had similar TMB scores, therefore appearing more homogenous. The high TMB scores in tissues may also
reflect that the in vivo tumour contains necrotic regions and cells with lower fitness, some of which may
die due to their mutational burden. Tissue-derived cells need to be more robust in order to survive the
transition to culture conditions and therefore might be expected to carry fewer mutations. Alternatively,
some cells with high mutation frequencies may contain mutations beneficial to growing in culture leading

to their dominance in vitro.

When the analysis was narrowed to just 9 CA-relevant genes, common mutations present in the
CA tissue samples were usually also present in the CA-derived cell lines. Furthermore, there were more
mutations within these 9 genes which were unique to cells (24) than to tissues (13), suggesting that further
mutations may have arisen during cell culture. Alternatively, a low-frequency mutation in the tissues may

have been filtered out by the algorithm, but cells derived from this tissue which contain this mutation may

64



be enriched in the culture, increasing the prevalence of the mutation in the population and preventing it
from being filtered out by the algorithm. This also suggests that many of the mutations detected in the
tissues are passenger mutations which may not be directly relevant to the initiation or progression of the

cancer.

The FFPE tissues and cell lines from all 3 LGCA patients plus HGCA1 had a higher frequency of
mutations to the MSH2 and MSH6 genes, and more mutations overall within the 9 genes analysed.
However, IHC staining performed as part of the diagnosis at the hospitals found that LGCA1 and LGCA3,
as well as HGCA2, had normal staining patterns for MSH2, MSH6 and MLH1, while the other 4 samples
were not tested for MMR/MSI during diagnosis (Appendix Table Al.1). This suggests that though these
samples contain similar MSH6 gene mutations, the function of the MSH6 protein may still be intact. This
is exemplified by the low TMB scores for these 4 CA tissue samples. MSH6 mutations are common in CRC,
but there are redundant mechanisms to allow DNA mismatches to be repaired, provided the mutations

to MMR genes are not germline (Salem et al., 2020).

The relevance of specific substitutions to CMS and MSI status have previously been reported
(Vasaikar et al., 2019), which associated transition mutations with MSI-H and transversion mutations with
MSS tumours. CMS1 is characterised by hypermutation, hypermethylation and MSI-H. The most likely
cause of MSI-H has been reported to be MLH1 promoter methylation (Salem et al., 2020). Furthermore,
MSI-H tumours are more likely to have a high TMB score (Salem et al., 2018). Collectively, this provides a
link between hypermethylation, MSI-H and a high mutation rate. HGCA3 and HGCA4 had the highest TMB
scores and contained transition substitutions almost exclusively (Table 3.3), which supports this assertion
and aligns them most closely with the CMS1 category, despite a lack of BRAF mutations (Guinney et al.,
2015). The 3 LGCA and the HGCA1 tissue samples, which all had low TMB scores, exhibited predominantly
transversion substitutions (Table 3.3). They also had a higher prevalence of KRAS mutations, which seems
to place them closest to the CMS3 category (Guinney et al., 2015). Furthermore, along with the
substitution types displayed, somatic MMR mutations occur in less than half of MSI-H tumours, further
evidence that these samples do not fall into the MSI-H/CMS1 category. Despite the tissue-derived cells
having lower TMB scores than their patient-matched FFPE tissue samples, they are still very similar in the

sense that they contain the same mutations to key genes.

There have been reports of mutations that are an artefact of the formalin fixation process. These
are typically deamination mutations that cause substitutions (C>T and G>A) (Prentice et al., 2018).

Deamination events typically occur when tissue is left in formalin for more than 48 h, and the ideal fixation
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protocol has been suggested as 24 h in 10% formalin (Einaga et al., 2017; Prentice et al., 2018). However,
the frequency of formalin-induced deamination mutations is generally less than 2%, so they should be
filtered out by the variant calling algorithm (Prentice et al., 2018). Deamination events at methylated
cytosines, such as in CpG sites, produce uracils that are either repaired or spontaneously transition to
thymines (Do et al., 2015). One method of reducing these artefactual mutations is to treat the DNA with
uracil-DNA glycosylase (UDG) before amplification, which removes the uracil to leave an abasic site or a
1-3 base deletion (Do et al., 2015). Treatment of DNA with UDG before sequencing has been shown to
greatly reduce the presence of deamination artefact (Do et al., 2015). All DNA samples were treated using
UDG before being sequenced for the Oncomine™ TML assay, so there can be a high degree of confidence
that the C>T and G>A transition mutations in these FFPE tissue samples are not artefacts. Furthermore,
this is validated by the presence of the same mutations in the patient-matched cell lines which were

derived from small samples of the CA tissues before fixation.

To ensure that the data for identified mutations were reliable, the BAM files containing aligned
sequences were opened using the Integrative Genomics Viewer (IGV) tool on the lon Reporter server to
assess the coverage depth and frequency of each mutation. In this way, mutations with low frequency
(<6%) or low read depth (<300 reads) could be excluded. The sequencing depth of flanking regions was

also checked to ensure that the chromosomal region being sequenced was reliable overall.

3.4 Conclusion

While the FFPE CA tissue samples were variable in terms of their unique mutations and TMB scores, the
cell lines derived from them shared 78 of the 115 SNVs identified within 9 key CA-related genes. The HGCA
tissue samples with high TMB scores have a mutational signature that aligns with the CMS1 category,
whereas the LGCA tissue samples have fewer mutations and a mutational signature more similar to the
CMS3 category. Based on the sequencing data, it can be concluded that although they do not fully reflect
the heterogeneity of the tumour tissues, the cells have a high degree of similarity to the parent tissues in
terms of mutations to CA-relevant genes (67.8%), and therefore they are likely to be useful as an in vitro

model for functional studies.
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Chapter 4: Cancer Stem Cell Subpopulations in Primary Colon

Adenocarcinoma

4.1 Introduction

The cancer stem cell (CSC) concept hypothesises that tumour growth is driven by CSCs, a small
subpopulation of cancer cells with stem cell characteristics (Khalek et al., 2010; Kreso et al., 2014;
Shimokawa et al., 2017; Zheng et al., 2013). CSCs produce identical daughter cells which are pluripotent
and can self-renew, as well as progenitor cells which are more committed and sit on a hierarchy between
CSCs and terminally differentiated cancer cells (Gage, 2000; Seaberg et al., 2003; Tang, 2012). Cells within
this hierarchy can be identified by their expression of different combinations of markers (A. Bradshaw et
al., 2016; Seaberg et al., 2003). Tang (Tang, 2012) postulates that progenitor cells are responsible for
uncontrolled growth.

The most common markers used to identify colon CSCs are CD133, LGR5 and EpCAM, though it is
now widely accepted that they are not expressed by all colon CSCs, and are present in some non-stem
cells (Guo et al., 2011). One way to enhance the identification of CSCs may be to introduce panels of
markers which are more likely to be expressed, or at a higher level, in CSCs than in non-CSC tumour cells.
CSCs are considered pluripotent, and so the aberrant expression of markers associated with pluripotency
and development might be good candidates for a CSC identification panel.

Takahashi and Yamanaka first used OCT4, SOX2, KLF4 and c-MYC to produce induced-pluripotent
stem cells (iPSCs) from mouse fibroblasts (Takahashi et al., 2006) and adult human fibroblasts (Takahashi
et al., 2007). The Thomson laboratory also successfully produced iPSCs from human fibroblasts using
OCT4, SOX2, NANOG and LIN28 (J. Yu et al., 2007).

Primary CA, the most common type of CRC, is categorised as low-grade CA (LGCA; well and
moderately differentiated tumours with greater than 50% crypt and gland composition) or high-grade CA
(HGCA; poorly differentiated tumours with densely packed tumour cells) (Fleming et al., 2012). Although
CSCs have been previously studied in CRC, the putative subpopulations of CSCs are yet to be fully
characterised.

The aims of this chapter were to investigate the level of iPSC marker gene transcription in CA
tissues (n=12) using RT-qPCR and in situ hybridisation (ISH), and to determine their distribution within CA
using IHC (n=18) and immunofluorescence (IF) staining (n=6). It was hypothesised that c-MYC and KLF4

expression would be relatively widespread due to their function in the NC, but that OCT4, SOX2 and
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NANOG would be present in a limited number of cells — the CSCs or early progenitors. The presence of
established colon CSC markers CD133, LGR5 and EpCAM was investigated to see whether the inclusion of
these markers could help to verify the utility of iPSC markers in a CSC panel. Using these data, the
expression levels and localisation of iPSC and CSC markers were assessed in LGCA and HGCA tissue

samples compared to their patient-matched NC tissues.

4.2 Results

4.2.1 EpCAM expression in the normal colon and CA
EpCAM is a cell surface protein expressed exclusively by epithelial cells and overexpressed in cancers of
epithelial origin (Dalerba et al., 2007; van der Gun et al., 2010). CA tissues and their patient-matched NC
samples were probed with an antibody against EpCAM to distinguish between epithelial cells and stromal
cells. It was found that EpCAM expression was restricted to epithelial cells in all NC, LGCA and HGCA tissues
(Fig 4.1). This specificity was utilised when attempting to distinguish tumour epithelium from stroma in
tumours with highly chaotic architecture. Overall, EpCAM expression was weak to moderate in NC, and
moderate to strong in LGCA. Some HGCA samples exhibited very strong EpCAM staining, but others were

weak to negative and presumably represent poorly differentiated tumours.
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Figure 4.1: IHC staining for EpCAM. Representative IHC staining images showing protein expression of
EpCAM (brown) in NC (A), LGCA (B&C), and HGCA (D&E). In all normal and tumor samples, EpCAM was
expressed only by the epithelial cells and not by stromal cells. Negative control = F. Nuclei were counter-
stained with hematoxylin (blue). Original magnification: 400x.
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SOX2
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Figure 4.2: iPSC marker IHC staining. Representative IHC staining images showing protein expression of
iPSC markers OCT4 (A-C, brown), SOX2 (D-F, brown), NANOG (G-I, brown), KLF4 (J-L, brown) and c-MYC
(M-0, brown) in NC (A,D,G,J,M), LGCA (B,F,H,K,N) HGCA (C,F,l,L,0) tissue samples. Nuclei were counter-
stained with hematoxylin (blue). Original magnification: 400x.

4.2.2 OCT4 is expressed in the CA stroma
Very strong staining for OCT4 (Fig 4.2A-C) was detected in the cytoplasm of a small proportion of epithelial
cells in the NC tissues (Fig 4.2A). The staining pattern was almost identical to that seen by Alexander et al.
(Alexander et al., 2014), who attributed this to OCT4 expression by enterochromaffin cells, a type of

neuroendocrine cell. Other than neuroendocrine cell staining, the NC tissues did not express OCT4. In
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contrast, OCT4 was found in the cytoplasm of some elongated stromal cells in LGCA (Fig 4.2B) and HGCA
(Fig 4.2C) tissues, with little or no expression in the tumour epithelium and an absence of obvious
neuroendocrine cell staining.

OCT4 mRNA was detected by RT-gPCR in all CA tissues and all but one NC tissue sample, with
significant upregulation seen in two HGCA cases and significant down regulation in one LGCA and one
HGCA case (Fig 4.3A). When assessed by ISH, there was a noticeable stepwise increase in OCT4 mRNA
abundance from NC to LGCA and from LGCA to HGCA (Fig 4.4A-C, brown).

4.2.3 SOX2 is expressed in CA
The expression of SOX2 was investigated in 3 LGCA and 3 HGCA tissues and their patient-matched NC
tissues by IHC staining. SOX2 (Fig 4.2D-F) was generally not expressed in NC tissues, but in 2 out of 6
samples there were occasional crypts with positive staining in the nuclei (Appendix Figure A4.1A). Only 1
LGCA sample displayed weak nuclear staining (Fig 4.2E), however all 3 HGCA cases showed SOX2 nuclear
staining which was weak and scattered in 2 cases and strong in the other (Fig 4,2F). Furthermore, 1 of the
3 HGCA tissues showed weak to moderate cytoplasmic staining of epithelial cells.

S0X2 mRNA abundance was measured in 6 LGCA and 6 HGCA tissues. When measured by RT-
gPCR, SOX2 mRNA was below the detection threshold in the NC and CA tissue samples from 3 HGCA and
3 LGCA cases, with significant upregulation in 2 HGCA cases (Fig 4.3B). ISH demonstrated the presence of
S0X2 mRNA (Fig 4.4D-F, brown) at very low levels in the epithelial cells, though it was more abundant in

CA tissues than NC tissues.

4.2.4 The NANOG protein is expressed in CA but not NC
NANOG (Fig 4.2G-l) was not detected by IHC staining in NC tissues (Fig 4.2G) but was present in 3 out of
10 LGCA cases (Fig 4.2H) and 5 out of 8 HGCA cases (Fig 4.2l). Staining was predominantly seen in the
cytoplasm, and the intensity was greater in HGCA tissues than LGCA tissues. These results were verified
using an alternative antibody (ab62734) on 2 LGCA and 2 HGCA samples which had positive staining with
the first antibody (Appendix Figure A4.1B-D). The new antibody resulted in slightly weaker staining in the
positive control tissue (seminoma) despite using double the concentration. Furthermore, while both LGCA
tissues stained positively, albeit with a greater presence of nuclear staining, only 1 of the 2 HGCA samples
stained positive.

NANOG mRNA was detected in all 12 NC tissue samples; 3 out of 6 LGCA cases had significant
upregulation of NANOG relative to their matched NC samples, with 2 LGCA and 2 out of 6 HGCA showing
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significant downregulation (Fig 4.3C). ISH revealed that NANOG mRNA was predominantly expressed by

epithelial cells, but occasionally seen in CA stromal cells (Fig 4.4G-1, brown).
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Figure 4.3: RT-gPCR data from tissues. Expression of iPSC genes OCT4 (A), SOX2 (B), NANOG (C), KLF4 (D)
and c-MYC (E) detected by RT-qPCR. Data displayed as the relative abundance of mRNA in tumour samples
relative to their patient-matched NC sample (Y-axis). A cohort of six LGCA tissue samples and six HGCA
tissue were analysed (X-axis). ACT and fold-change data are displayed in Appendix Table A4.1.
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Figure 4.4: In situ hybridization. Representative images of in situ hybridization, showing mRNA expression
of iPSC genes OCT4 (A-C, brown), SOX2 (D-F, brown), NANOG (G-I, brown), KLF4 (J-L, brown) and c-MYC
(M-0O, brown) in epithelial cells (arrows) and stromal cells (arrowheads) of NC (A,D,G,J,M), LGCA
(B,E,H,K,N) and HGCA (C,F,I,L,0) tissue samples. Nuclei were counter-stained with hematoxylin (blue).
Positive and negative controls are shown in Appendix Figure A4.5. Original magnification: 1000x.
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4.2.5 KLF4 abundance is inversely proportional to CA grade
KLF4 (Fig 4.2J-L) showed perinuclear expression in NC epithelial cells (Fig 4.2J). Nuclear staining was more
prevalent in the epithelial cells of HGCA (Fig 4.2L) than in those of LGCA (Fig 4.2K) and NC (Fig 4.2J). Stromal
KLF4 staining was more abundant in HGCA-matched NC tissues than it was in LGCA-matched NC tissues.
Similarly, the stroma of HGCA tissues displayed more widespread KLF4 staining than the stroma of LGCA
tissues.

As expected, KLF4 mRNA was detected in all 12 NC samples. Furthermore, while it was
significantly upregulated in 1 LGCA and 1 HGCA sample, it was significantly downregulated in 4 LGCA and
4 HGCA samples (Fig 4.3D). This was validated using ISH, which confirmed that KLF4 mRNA was more
highly expressed in the epithelium of NC tissues than that of CA tissues, though LGCA appeared to have

the lowest levels (Fig 4.4])-L, brown).

4.2.6 NC and CA express high levels of c-MYC
c-MYC (Fig 4.2M-0) generally demonstrated moderate to strong nuclear staining in the epithelial cells of
all NC and CA tissues. Some NC tissues (Fig 4.2M) stained weakly, and most LGCA tissues (Fig 4.2N) had a
similar staining intensity to their matched NC. Staining intensity in HGCA tissues (Fig 4.20) was variable,
but generally stronger than LGCA, and most HGCA tissues stained more strongly than their matched NC
tissues.

There was significant upregulation of c-MYC mRNA in 3 LGCA and 3 HGCA tissues and
downregulation in 1 LGCA and 1 HGCA tissue (Fig 4.3E). ISH revealed that the NC contained relatively low
levels of c-MYC mRNA, with significantly more detected in LGCA and HGCA tissues (Fig 4.4M-O, brown).

4.2.7 CD133 and LGR5 IHC staining
IHC staining for CD133 (Fig 4.5A-C) was stronger in tumours than their matched NC tissues, with
expression seeming to be localised to the luminal surface of epithelial cell membranes. The CD133
antibody seemed to be taken up non-specifically in some areas of mucin and necrosis in HGCA tissues, but
also stained with specificity in the cytoplasm of tumour epithelial cells.

LGR5 expression was localised to pockets within the tumour, but specifically around the edge of
tumour nests (Fig 4.5D-F). In most cases, expression was noticeably higher in CA tissues relative to their

matched NC samples.
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Figure 4.5: Stem cell marker IHC staining. Representative IHC staining images showing protein expression
of CD133 (A-C, brown) and LGR5 (D-F, brown) in NC (A,D), LGCA (B,E) and HGCA (C,F) tissue samples.
Nuclei were counter-stained with hematoxylin (blue). Positive and negative controls are shown in
Appendix Figures A4.2 and A4.3, respectively. Original magnification: 400x.

4.2.8 IF staining
Based on IHC staining for iPSC markers, two potential CSC subpopulations were identified: one within the
CA epithelium, with 3 of 10 of LGCA and 5 of 8 of HGCA cases expressing NANOG; and the other within
the CA stroma expressing OCT4 in both LGCA and HGCA tissue samples, but not in the stroma of NC tissues.
IF staining expanded on the findings of IHC staining by interrogating the localisation of two iPSC markers
simultaneously.

OCT4 (Fig 4.6, green) was expressed in the cytoplasm of cells within the stroma of LGCA (Fig
4.6B,E,H,K,N) and HGCA (Fig 4.6C,F,l,L,0) tissue samples, and by neuroendocrine cells in NC crypts (Fig
4.6A,D,G,J,M).

KLF4 (Fig 4.6A-C, red) stained positively in the cytoplasm of epithelial cells in NC (Fig 4.6A), LGCA
(Fig 4.6B) and HGCA (Fig 4.6C), and a few stromal cells in LGCA and HGCA tissues. However, these KLF4*
stromal cells did not express OCT4.

NANOG (Fig 4.6D-F, red) was absent in the NC (Fig 4.6D), and despite staining positively in IHC
staining it was difficult to detect in the cytoplasm of epithelial cells in LGCA (Fig 4.6E) and HGCA (Fig 4.6F)

samples by IF staining.
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IHC staining showed that SOX2 was only present in the nuclei of NC epithelial cells, and so the red
staining seen in the cytoplasm in NC by IF staining was not considered to be true SOX2 staining (Fig 4.6G).
SOX2 (Fig 4.6G-I, red) was widely expressed in the nuclei of epithelial cells in LGCA (Fig 4.6H) and HGCA
(Fig 4.61) tissue samples by IF staining. However, OCT4 was not expressed by SOX2* stromal cells.

Nuclear c-MYC staining (Fig 4.6J-L, red) was seen in the epithelial cells of NC (Fig 4.6J), LGCA (Fig
4.6K) and HGCA (Fig 4.6L).

CD133, a potential CSC marker, was restricted to the luminal membrane surface of many epithelial
cells, but it did not co-localise with OCT4 (Fig 4.6M-0). As with the IHC staining, the CD133 antibody
seemed to non-specifically bind mucin in one HGCA case (Fig 4.60, arrowheads) but was also expressed
on the luminal membrane and cytoplasm of epithelial cells (Fig 4.60, arrows).

From the above IHC and IF staining data, it was inferred that there was one possible CSC
subpopulation in the epithelium which co-expressed NANOG, SOX2, KLF4, c-MYC, CD133 and EpCAM.
Another subpopulation of cells in the tumour stroma expressed only OCT4 and it is therefore unclear

whether this is a CSC subpopulation.

Figure 4.6: IF staining (page 76). Representative immunofluorescence images showing protein expression
of iPSC markers OCT4 (A-O, green), KLF4 (A-C, red), NANOG (D-F, red), SOX2 (G-I, red), c-MYC (J-L, red)
and CD133 (M-O, red) in NC (A,D,G,J,M), LGCA (B,E,H,K,N) and HGCA (C,F,I,L,0) tissue samples. Cell nuclei
were counterstained with 4’, 6’-diamidino-2-phenylindole (DAPI; blue). Negative controls are shown in
Appendix Figure A4.4. Original magnification: 400x.
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4.3 Discussion

This chapter investigated the mRNA and protein expression of OCT4, SOX2, NANOG, KLF4 and c-MYC to
identify their presence in CA and, by inference from their localisation, the expression phenotypes of
possible CSC subpopulations.

It has become clear that finding single markers to identify CSCs from different cancers is not a
feasible endeavour due to the heterogeneity inherent to cancers, and the plasticity which allows them to
change their phenotype in response to treatment or other stresses (Guo et al., 2011). Therefore, panels
of markers could be employed to better differentiate between normal cells, non-tumourigenic cancer cells
and functional CSCs.

LGRS is one of the current candidates for identifying colon CSCs. However, it is expressed by
normal adult stem cells as well as progenitor or transit amplifying cells in a wide range of tissues (Kemper
et al., 2012). Nonetheless, it may be useful as a functional marker of colon CSCs because the binding of R-
spondin to LGR5 enhances the phosphorylation of LRP5/6 and therefore contributes to Wnt signalling
(Kemper et al., 2012). When LGR5" cells are targeted for ablation, LGR5/KRT20* cells revert to an LGR5*
state to replace the ablated cells and allow tumour growth to continue (Shimokawa et al., 2017). This
reveals a high degree of plasticity in the tumour and suggests that differentiated tumour cells can revert
to a more stem-like LGR5* state to enhance growth. Furthermore, the de-differentiation or plasticity of
cancer cells provides an explanation for observations of cells initially negative for LGR5 having CSC
capabilities (Guo et al., 2011). The IHC data presented above revealed low to moderate LGR5 expression
in NC tissues and moderate to strong levels in pockets of the tumour, often at the edge of tumour nests
where other CSC markers, including NANOG, have been documented (W. Luo et al., 2013). Accordingly, if
a tumour is poorly differentiated then it might be expected that a majority of tumour cells express LGR5
and possibly the iPSC markers.

Similarly, CD133 was identified as an early CSC candidate which has subsequently been
questioned as a definitive CSC marker. It was seen on the luminal membrane of epithelial cells in LGCA
and HGCA. However, it was also relatively widespread in NC epithelial cell cytoplasm, lending weight to
the suggestion that it is not selective enough as a CSC marker on its own.

RT-gPCR and ISH data for SOX2 corroborated each other, with RT-qPCR failing to detect SOX2 in
three NC samples and two CA samples, and ISH showing SOX2 to be the least abundant in terms of the
number of cells containing mRNA. However, the SOX2 protein seemed to be more abundant than the
MRNA levels would suggest. Other studies have also shown an abundance of SOX2 protein in both the

nuclei and cytoplasm of CRC tumour cells even when mRNA levels are low (Amini et al., 2014; Talebi et
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al., 2015). ISH showed an abundance of c-MYC mRNA, predominantly in the epithelium, which mirrored
the results of IHC staining which showed moderate to strong nuclear staining.

KLF4 has been previously studied in CRC and shown to be associated with EMT, cell migration and
metastasis (Hadjimichael et al., 2015). However, studies on the role of KLF4 in cancer often yield
conflicting results (Muller et al., 2016). In the normal colon, KLF4 helps direct epithelial progenitor cells
down the goblet cell lineage, the most abundant epithelial cell type in colonic crypts (May et al., 2010).
As the grade of CA increases, tumours become less differentiated, and this may explain the observation
of decreased KLF4 in both LGCA and HGCA tumours relative to NC tissues. This has been reinforced by
other reports of lower KLF4 levels in cancer, and with low KLF4 expression conferring a poor prognosis
(Ghaleb et al., 2016; Hashimoto et al., 2017; Hsu et al., 2014). Decreased cytoplasmic KLF4 specifically
correlates with worse outcomes, further evidence that differential sub-cellular localisation is responsible
for aspects of the disease state (Z. Y. Chen et al., 2000; Z. Liu et al., 2013; Y. Ma et al., 2017). CRM1
facilitates the translocation of proteins including KLF4 from the nucleus to the cytoplasm in a nuclear
export signal-dependent manner (Y. Liu et al., 2013). In the cytoplasm of vascular smooth muscle cells,
KLF4 has been shown to stabilise the cytoskeleton and promote stress fibre formation by interacting with
actin (Y. Liu et al., 2013). The spliced variant KLF4a is associated with promotion of tumourigenesis, and
it has lost its nuclear localisation signal causing accumulation in the cytoplasm (Le Magnen et al., 2013).
However, it is unclear whether the interaction of cytoplasmic KLF4 or its spliced variant KLF4a with actin
promotes tumorigenesis, and the antibodies and PCR probes used in this study are unable to distinguish
between the two.

As highlighted in this chapter, elevated KLF4 and OCT4 protein expression in stromal cells of HGCA
may reflect the migration of cancer cells away from the epithelium via EMT, which has been postulated
as a major factor in CRC progression (Loboda et al., 2011). Furthermore, when applying the concept of a
stem cell hierarchy in cancer (A. Bradshaw et al., 2016; Gage, 2000; Seaberg et al., 2003), it may be that
cells at different levels of this hierarchy will express different combinations of these markers. For instance,
OCT4 is known to be expressed by primitive stem cells such as ESCs (Hadjimichael et al., 2015; Shi et al.,
2010) as well as by migratory cells, whereas KLF4 is associated with a more differentiated, non-
proliferative phenotype (R. Hu et al,, 2011; May et al., 2010), and so a cell co-expressing both of these
markers may be in an intermediate state on the hierarchy between primitive and differentiated.
Furthermore, it may be that cancer cells can flow up and down the hierarchy depending on the cues they

receive.
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In this study, IF staining identified two distinct subpopulations of cells. The first was a
NANOG*/OCT4 subpopulation localised to the epithelium and thought to be a CSC subpopulation. The
second was an OCT4*/NANOG" subpopulation within the stroma. The stromal OCT4* subpopulation did
not co-express other iPSC markers. Similarly, in the epithelium, SOX2, KLF4 and CD133 staining was
widespread but comparatively few of these cells were also NANOG®*. Based on the staining patterns of
these markers, the presence of one predominant yet low-abundance CSC subpopulation in the epithelium
of CA could be inferred, with a co-expression phenotype of NANOG*/SOX2*/KLF4*/c-
MYC*/CD133*/EpCAM"*. This indicates that the inclusion of CD133 and EpCAM along with iPSC markers
may help to increase the accuracy of a CSC identification panel.

The literature correlating OCT4 with EMT and metastasis provides evidence supporting a stromal
subpopulation expressing OCT4 that migrates away from the tumour (Dai et al., 2013; Muller et al., 2016;
J. Neumann et al., 2011). Furthermore, NANOG is associated with maintenance of the stem-like
phenotype of CSCs within the tumour, consistent with the observation of NANOG expression by what may
be considered resident CSC-like cells within the CA tissues (J. Zhang et al., 2013). KLF4 and c-MYC are
associated with proliferation and differentiation and it is therefore not unexpected that these two
markers were co-expressed by epithelial cells within CA (Halim et al., 2018; R. Hu et al., 2011; M. Martini
et al., 2016).

Some stromal cells within CA that stained positively for OCT4 did not express SOX2, KLF4 or c-
MYC. It is possible that the OCT4* stromal cells are cancer-associated fibroblasts recruited by the tumour
and induced to express OCT4 (Som et al., 2016).

One intriguing hypothesis to explain the widespread expression of various iPSC markers,
specifically in the context of tumour cell plasticity, is that pluripotency is better described as a function of
a population rather than a phenotype of individual cells. It has been shown that cancer cells display a large
degree of plasticity, including the replenishment of LGR5*/KRT20" colon CSCs from LGR5/KRT20*
differentiated cells (Shimokawa et al., 2017). This model of pluripotency suggests that the expression of
key markers such as NANOG are stochastically dynamic, with fluctuations between periods of expression
and of non-expression, allowing cells to respond to extracellular stimuli and retain balance within the cell
population as a whole (MacArthur et al., 2013). One function attributed to CSCs is the ability to respond
to stimuli such as chemotherapy by replenishing the sensitive cells which are ablated by the treatment.
This model goes further by suggesting that there is no dedicated subpopulation of CSCs, but rather that
at any point in time some of the cancer cells within the tumour are primed to replenish the depleted cells

due to being in a suitable phase of gene expression. Accordingly, the expression patterns seen in the CA
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cases explored in this study are representative of a single point in time, influenced by the specific
extracellular stimuli and environment at that time. This model does not diminish the importance of
targeting cells with CSC characteristics to treat cancer, but could prompt a shift in perspective from
thinking of CSCs as a discrete subpopulation to considering them to be a fluid subset of cells which happen
to have the expression profile at that time to enable survival, resistance, recurrence and migration.
Furthermore, it emphasises the need for combination treatments which target different cell states, such
as differentiation-primed and stem-like cells.

There are various limitations to this body of work. First, it must be kept in mind that the patient-
matched ‘normal colon’ samples used as a control may not represent true normal colon; although NC
samples were excised from a region of colon away from the tumour (i.e. “non-involved” and/or “non-
adjacent”), it is feasible that despite the regular appearance of crypt architecture the cells may be
abnormal in other ways. Secondly, the issue of antibody specificity and suitability for IHC staining can
influence the results of a study. Originally, SOX2 IHC staining was carried out using the PA1-094 antibody
from ThermoFisher Scientific. However, due to incorrect localisation, including the degree of cytoplasmic
staining seen in this and other studies within our lab, these results were deemed to be unreliable; it is
suspected that the antibody had expired. A new antibody from Abcam (cat # ab97959) was obtained, and
a sub-cohort of 3 LGCA and 3 HGCA cases were stained using the new antibody. Similarly, after staining
for c-MYC had been carried out, Abcam updated the product data sheet for our original c-MYC antibody
(cat # ab32; Abcam) to reflect that it was no longer recommended for the detection of full-length c-MYC
protein in human samples. Once it became clear that it was unsuitable, it was replaced with an extensively
validated alternative (cat # ab32072), which, along with the antibodies used for OCT4 (cat # MRQ-10) and
NANOG (cat # 443R-16), is of diagnostic grade suitable for clinical use. Finally, in-house validation of
antibodies was ongoing throughout the time of this project and some antibodies were not able to be
optimised for the IF workflow despite being used reliably for IHC staining. This, as well as species cross-
reactivity, limited the number of combinations possible for IF staining. Originally, the co-expression of
NANOG and c-MYC had been interrogated by using rabbit anti-NANOG and mouse anti-c-MYC primary
antibodies, but the replacement c-MYC antibody was raised in rabbit, and a mouse anti-NANOG primary

was not able to be optimised for IF staining at the time of submission.

4.4 Conclusion

The aim of this chapter was to examine the expression of iPSC markers and other stem cell markers in CA

tissues and patient-matched NC samples. While most markers were present in the NC, the extent and
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localisation of expression differed between CA and NC tissues. Notably, all iPSC markers besides OCT4
were co-expressed by a small subpopulation of cells within the epithelium, which also expressed CD133
and LGR5, while OCT4 was expressed by stromal cells within CA but not in NC tissue. The significance of
these expression patterns will be addressed by using functional assays involving cells derived from these
tissues.

Once validated, interpretation of localisation and expression levels of novel combinations of iPSC
markers with established CSC markers may provide a valuable tool to help guide patient management by
further stratifying tumour grade, identifying cases with higher potential for metastasis or relapse, or

tracking response to therapy.
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Chapter 5: Colon Adenocarcinoma-derived Cells that Express Induced-

Pluripotent Stem Cell Markers Possess Stem Cell Function

5.1 Introduction

It has been hypothesised that markers of pluripotency may be used to identify subpopulations of CSCs,
due to their documented expression in a range of cancers and their capacity to cause de-differentiation.
However, there is a need to demonstrate that tumour cells expressing these markers exhibit functional
characteristics of stem cells, and to determine whether they are suitable markers for identifying CSCs.
There are now a range of validated in vitro tests for pluripotency which mitigate the reliance on both
animal testing, such as patient-derived xenografts with their inherent ethical considerations, and
teratoma assays, which are not standardised and are therefore inconsistent. In place of in vivo work, stem
cell function is typically demonstrated by confirmation of the expression of pluripotency markers,

tumoursphere formation assays and multilineage differentiation capability.

The aim of this chapter was to assess the expression of the iPSC markers and test the stem cell
functionality of primary cell lines derived from CA tissue samples, with the hypothesis that a small number
of CA-derived cells would express the combinations of iPSC markers seen in the CA tissues and would
demonstrate in vitro stem cell functionality. The pluripotent stem cell 4-marker Immunocytochemistry
(ICC) Kit (cat # A24881, ThermoFisher Scientific), an established method for identifying pluripotent cells,
was used to investigate the expression of verified pluripotency markers TRA-1-60 and SSEA-4 and iPSC
markers OCT4 and SOX2 in primary CA-derived cells. Cells were also grown in suspension culture using
StemXVivo media (R&D Systems) to assess their tumoursphere-forming capacity. Furthermore, directed
differentiation assays were employed to determine whether they had the potential to develop ectoderm,

endoderm and mesoderm lineage phenotypes.

5.2 Results

5.2.1 Co-localisation of pluripotency markers by Immunocytochemistry
CA-derived primary cell lines were seeded and fixed on 8 chamber cell culture slides to assess their

expression of pluripotency markers by using the PSC 4-marker ICC kit, which includes two of the iPSC
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markers of interest, OCT4 and SOX2, as well as two validated pluripotency markers, SSEA4 and TRA-1-60,

to verify whether the cells expressing OCT4 and SOX2 were pluripotent.

SSEA4 (Fig 5.1A-D) was expressed by all cell lines and co-expressed with OCT4 in 2 of the 6
EpCAM'"" and 4 of the 6 EpCAM"" cell lines. Similarly, TRA-1-60 (Fig 5.2A-D) was expressed in all cell lines
and co-expressed with SOX2 in 4 of the 6 EpCAM"“" and 5 of the 6 EpCAM"&" cell lines.

Commercial cell lines NTERA-2 and CaCo2 were used as the positive controls for RT-qPCR and
tumoursphere formation assays, respectively, and so their expression of key pluripotency markers was
also assessed by ICC. Both cell lines contained cells that co-expressed each of the four PSC markers: OCT4

and SSEA4 (Fig 5.1E,F), and SOX2 and TRA-1-60 (Fig 5.2E,F).

Figure 5.1: Representative SSEA4/0CT4 ICC images (page 84). EpCAM™" (A) and EpCAM"&" (B) cells from
LGCA-derived primary cell lines, and EpCAM"" (C) and EpCAM"&" (D) cells from HGCA-derived primary cell
lines, showing expression of SSEA4 (green) and OCT4 (red). LGCA (n=3); HGCA (n=3). Positive control
NTERA-2 (E) and CaCo2 (F) cells were stained for SSEA (green) and OCT4 (red). Original magnification:
400x; scale bar =20 um.

Figure 5.2: Representative SOX2/TRA-1-60 ICC images (page 85). EpCAM"“" (A) and EpCAM"&" (B) cells
from LGCA-derived primary cell lines, and EpCAM"" (C) and EpCAM"&" (D) cells from HGCA-derived
primary cell lines, showing expression of SOX2 (green) and TRA-1-60 (red). LGCA (n=3); HGCA (n=3).
Positive control NTERA-2 (E) and CaCo2 (F) cells were stained for SOX2 (green) and TRA-1-60 (red). Original
magnification: 400x; scale bar = 20 um.
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5.2.2 HGCA-derived cells form tumourspheres
EpCAMMe" and EpCAM'" cells derived from 3 LGCA and 3 HGCA tissue samples were cultured in ultra-low
adherence plates with StemXVivo tumoursphere media. The threshold for positive tumoursphere
formation was chosen to be an average diameter of 50 pum across all measured spheres per field of view

(Hou et al., 2017; Pizon et al., 2016; X. Zhou et al., 2015).

The tumoursphere forming assay was carried out with three concurrent technical triplicates for
each biological replicate. These results are displayed in Table 5.1, which shows that there was

considerable variation between each of the biological replicates.

Table 5.1. Analysis of tumoursphere formation assay data

Sample ID Average maximum diameter, pum | Average maximum | Average maximum
(days to maximum diameter) + SD diameter, um (days) £ SD | diameter, um (days) £ SD
HGCA1l 102.6 (1) £26.93
EpCAMLw
HGCA2 50.82 (3) +9.08 HGCA EpCAM*"
EpCAMLw 70.79 (3.0) £ 28.26
HGCA3 64.54 (5) + 13.25
EpCAMLow EpCAML°W
LGCAL 60.25 (6) + 10.96 54.74(5.7) £ 23.32
EpCAM'w
LGCA2 32.35(10)£9.71 LGCA EpCAM'*"
EpCAMLow 48.10 (83) +17.32
LGCA3 32.31(9) +9.65
EpCAM'w
HGCAl 99.46 (2) £ 11.48
EpCAMHigh ‘
HGCA2 66.06 (6) + 14.28 HGCA EpCAM"e"
HGCA3 65.85 (6) £ 6.21 EoCAMHEh
EpCAMHieh P
P 80.86 (5.5) + 38.27
LGCA1 114.69 (4) £42.55
EpCAM"ieh _
LGCA2 33.20 (7) £ 5.93 LGCA EpCAM"e"
EpCAMFEh 88.10 (6.3) £ 49.22
LGCA3 47.88 (8) + 7.35
EpCAMHieh

Primary cell lines derived from 3 LGCA and 3 HGCA tissues samples were sorted into EpCAM"" and EpCAM""
fractions. Tumoursphere diameter was measured in um. Diameter values in column 1 represent the average
maximum diameter of all measured tumourspheres across technical replicates for each biological replicate. Column
2 shows the average maximum sphere size across the 4 conditions (HGCA EpCAMY", LGCA EpCAM"", HGCA
EpCAM"9" and LGCA EpCAM"9"). Column 3 displays the average sphere diameters for all EpCAM'“" cells and
EpCAM"a" cells.
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The EpCAM"E" and EpCAMY™" cells derived from the LGCA1l sample (Fig 5.3A,B) formed
tumourspheres (114.69 um and 60.25 um, respectively), but the EpCAM"&" cells derived from LGCA2 and
the EpCAM'Y cells derived from LGCA2 and LGCA3 did not reach the size threshold (33.32 um, 32.35 pm
and 32.31 pm, respectively). Tumourspheres formed by LGCA3-derived EpCAM"€" cells were just below
the diameter threshold (47.88 um), and this was regarded as a negative result. Both the EpCAM"&" and
EpCAM"Y cells from all three HGCA-derived primary cell lines attained a positive result for tumoursphere

formation (Fig 5.3C,D).

Interestingly, the EpCAM™e" and the EpCAM"“" cells that were capable of forming tumourspheres
reached the size threshold after a comparable number of days. However, the average size of the
tumourspheres produced by EpCAM™e" cells tended to be larger (80.86 pm after 5.5 d) than those
produced by EpCAM"Y cells (54.74 um after 5.7 d).

HGCA-derived cells produced tumourspheres that reached an average maximum diameter of
71.42 pm after 4.7 d for EpCAM™&" cells and 60.11 um after 3.0 d for EpCAM“¥ cells. In comparison, when
LGCA cells were capable of producing tumourspheres, they reached an average maximum diameter of
60.11 pum after 6.3 d for EpCAM"" cells and 45.92 um after 8.3 d for EpCAM™ cells. Overall, both the
EpCAMMe" and EpCAM“" cells from 1 of 3 LGCA and all 3 HGCA were capable for forming tumourspheres

that reached the size threshold.

Tumourspheres derived from 2 cell lines, 1 from a LGCA and the other from a HGCA, were
passaged to confirm formation of true tumourspheres as opposed to cell clusters (Table 5.2). The
EpCAMMe" and EpCAM"“" cells derived from the LGCA sample both produced tumourspheres in their
second passage. This took longer for the LGCA-derived EpCAM'" cells in the second passage (53.29 um
after 7 d) than in their first passage (60.25 um after 6 d).

For the LGCA-derived EpCAM"E" cells, the difference in time taken to reach the maximum
tumoursphere diameter was even more pronounced. On average, tumourspheres reached a maximum

diameter of 114.69 um after 4 d in the first passage versus 81.09 um after 9 d in the second passage.

The HGCA sample formed tumourspheres which reached the diameter threshold for both the
EpCAMMg" and EpCAM" cells (53.02 um and 55.49 um, respectively). However, this took considerably

longer in the second passage (5 d and 6 d, respectively) than the first passage (2 d and 1 d, respectively).
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Table 5.2. Data from passaged tumourspheres

Sample ID

Average diameter at maximum, pm (Days to maximum diameter)

LGCA1 EpCAMMieh

81.09 (9) + 21.65

LGCA1 EpCAM"™

53.29 (7) + 4.46

HGCA1 EpCAM"ien

53.02 (5) £ 7.44

HGCA1 EpCAM"¥

55.49 (6) + 10.90

Tumourspheres from 1 LGCA and 1 HGCA-derived primary cell line were passaged. Tumourspheres were isolated and
separated into single cells to reform tumourspheres. Tumoursphere diameter was measured in um. Diameter values
represent the average diameter of all measured tumourspheres across three technical replicates for each biological

replicate.

Figure 5.3: Representative images of tumoursphere formation assays. Tumoursphere formation in
EpCAM"" (A) and EpCAM"e" (B) cells from LGCA-derived primary cell lines, and EpCAM“" (C) and
EpCAMMe" (D) cells from HGCA-derived primary cell lines. LGCA (n=3); HGCA (n=3). Original magnification:

400x; scale bar = 50 um.
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5.2.3 CA-derived cells display multilineage differentiation capacity
To further explore the stem cell functionality of these CA-derived cells, differentiation down the three

embryonic germ lineages — mesoderm, endoderm and ectoderm — was induced.

For mesodermal differentiation, cells were incubated in StemPro® Osteogenesis media, and after
up to 14 d in culture they were fixed and stained with Alizarin Red dye which binds specifically to calcium
at pH 4.2. All 3 LGCA and 3 HGCA cell lines showed positive staining to varying degrees (Fig 5.4), suggesting

the capacity to differentiate down the mesodermal lineage.

Figure 5.4: Representative images of Mesoderm differentiation. Primary tumour-derived EpCAM"" (A)
and EpCAM"&" (B) LGCA cells, and EpCAM" (C) and EpCAM"&" (D) HGCA cells, were grown in chambered
slides for differentiation assays. Alizarin Red stain (pH 4.2) was used to detect calcium deposits. LGCA
(n=3); HGCA (n=3). Original magnification: 400x; scale bar = 50 um.

Endodermal differentiation was induced using StemXVivo® Endoderm media and confirmed using

an antibody against SOX17. When imaged by confocal microscopy, all 3 LGCA and 3 HGCA cell lines
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expressed SOX17 following incubation with the differentiation media, confirming the ability of these cells
to differentiate down the endodermal lineage (Fig 5.5). These cells also expressed SOX17 when grown in
regular culture media, but at much lower levels than when in differentiation media (Appendix Fig A5.12).

This is consistent with the endodermal origins of colon.

Figure 5.5: Representative images of Endoderm differentiation. Primary tumour-derived EpCAM" (A)
and EpCAM"e" (B) LGCA cells, and EpCAM"“" (C) and EpCAM"&" (D) HGCA cells, were grown in chambered
slides for differentiation assays. NorthernLights™ fluorescent secondary antibody (red) detected the

rabbit anti-SOX17 primary antibody. LGCA (n=3); HGCA (n=3). Original magnification: 400x; scale bar = 20
um.
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Figure 5.6: Representative images of Ectoderm differentiation. Primary tumour-derived EpCAM"" (A)
and EpCAM"e" (B) LGCA cells, and EpCAM"“" (C) and EpCAM"&" (D) HGCA cells, were grown in chambered
slides for differentiation assays. NorthernLights™ fluorescent secondary antibody (red) detected the
rabbit anti-Otx2 primary antibody. LGCA (n=3); HGCA (n=3). Original magnification: 400x; scale bar = 20
um.

The StemXVivo® Ectoderm kit was used to induce ectodermal differentiation, using Otx2 as an
ectodermal marker. Surprisingly, all control cells grown in regular media (Appendix Fig A5.15) expressed

Otx2 at similar levels to the cells incubated in the differentiation media (Fig 5.6).
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5.2.4 RT-gPCR
To investigate the mRNA expression of iPSC genes by the 2 sorted cell subpopulations, RNA was extracted
from cells and analysed by RT-qPCR, using the pooled results from 4 NC tissue samples as a reference for

relative abundance (Fig 5.7).

OCT4 mRNA was detected in all CA-derived primary cell lines and was found to be more abundant
in the EpCAM"" cells than the EpCAM"" cells derived from all 3 LGCA samples. However, it was more
abundant in the EpCAM"&" cells than the EpCAM'" cells derived from 2 of the 3 HGCA samples (Fig 5.7A).

Surprisingly, all cells had lower levels of OCT4 expression than the NC reference tissues.

SOX2 mRNA was present in the EpCAM™" and EpCAM"" cells from 1 LGCA-derived cell line at
higher levels than the NC reference. However, besides low levels being detected in 1 HGCA-derived

EpCAM™¥ cell line, SOX2 was not detected in any other cells (Fig 5.7B).

NANOG was below the detection threshold in all cell lines but was detected at low levels in all 4

NC tissue samples (Fig 5.7C).

KLF4 mRNA was more abundant in LGCA-derived cells than HGCA-derived cells, with detection
above the threshold in all EpCAM"“" cells but only in the EpCAM** and EpCAM"&" cells from 1 HGCA cell
line (Fig 5.7D). This was in line with data from other studies, with the highest levels of KLF4 expected in
NC and the lowest in HGCA.

Of the 5 iPSC genes, c-MYC was the most highly expressed and was seen in all EpCAM*"* and
EpCAM"e" cells (Fig 5.7E). The EpCAM'™" and EpCAM"" cells from all 3 LGCA-derived and 1 HGCA-derived
cell lines displayed a significant increase in expression relative to the NC reference, while the remaining 2

HGCA-derived EpCAM"“" and EpCAM"&" cells showed no significant change.

Overall, HGCA-derived cells had higher expression of OCT4 and lower expression of KLF4
compared with LGCA-derived cells, however, LGCA-derived cells had higher expression of c-MYC. NANOG

was not detected in any of the cells, and SOX2 expression was very low in all but 1 cell line.
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Figure 5.7: RT-qPCR data from EpCAM*" and EpCAM"" cells. RNA was extracted from EpCAM"“" and
EpCAM"e" cells derived from 3 LGCA and 3 HGCA cases, and RT-qPCR was performed to measure the
mMRNA levels of OCT4 (A), SOX2 (B), NANOG (C), KLF4 (D) and c-MYC (E). The abundance of each marker
was measured relative to the pooled data generated from 4 NC tissues, all run separately as triplicates in
each PCR reaction. The average relative abundance from triplicates are displayed with error bars
representing standard deviation (SD). LGCA (n=3); HGCA (n=3).

5.2.5 Western blotting
The protein products of the 5 iPSC genes were investigated by WB (Fig 5.8A-E) and analysed semi-

guantitatively using densitometry (Fig 5.9).

OCT4, SOX2, KLF4 and c-MYC proteins were detected in both the EpCAM"&" and EpCAM™ cells

from all 3 HGCA-derived primary cell lines.

OCT4 (Fig 5.8A) was present in the EpCAM"&" and EpCAM"" cells derived from 2 of the LGCA
samples, and only the EpCAM™" cells derived from the third sample. Similarly, SOX2 (Fig 5.8B) was
detected in the EpCAM"Y cells derived from 1 LGCA sample, but it was undetectable in the other 2 LGCA
samples. Very faint bands corresponding to the NANOG protein (Fig 5.8C) were seen in EpCAM"®" cells
derived from 2 LGCA and 2 HGCA samples, and EpCAM"" cells derived from 3 LGCA and 2 HGCA samples.
KLF4 (Fig 5.8D) was the only marker to be detected in both the EpCAM"&" and EpCAM"" cells from all
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LGCA and HGCA samples. c-MYC (Fig 5.8E) was present in the EpCAM"&" and EpCAM"" cells derived from
1 LGCA sample. Of the other 2 LGCA samples, c-MYC was only expressed in EpCAM"€" cells derived from
1 sample and only in the EpCAMY" cells derived from the other sample. Overall, there was a greater

amount of c-MYC protein found in EpCAM"“" cells than EpCAM"&" cells.

When comparing the levels of marker expression between LGCA and HGCA cell lines, only SOX2
showed a statistically significant increase (Fig 5.9C; p=0.0037). The difference in OCT4 expression between
LGCA and HGCA cell lines was noticeable but was just below statistical significance (Fig 5.9A; p=0.07).
There were no statistically significant differences in marker expression between EpCAM"&" and EpCAM"“%

cells (Fig 5.9B,D,F,H,J).

CD133 was not detected by WB in any of the cells, but a strong band was present in the NTERA-2

and CaCo2 positive controls (Fig 5.8F).

Figure 5.8: Western blotting for iPSC and stem cell markers in cells (page 95). Protein extractions from
EpCAMME" (+) and EpCAM'" (-) cells derived from 3 LGCA and 3 HGCA cases were probed for OCT4 (A; 40
kDa), SOX2 (B; 40-43 kDa), NANOG (C; 37-40 kDa), KLF4 (D; 54 kDa), c-MYC (E; 42 kDa and 57 kDa) and
CD133 (F; 97 kDa). NTERA-2 cells were used as the positive control for all iPSC markers. NTERA-2 and
CaCo2 cells were used as the positive controls for CD133. a-Tubulin was used as a loading control (G; 50
kDa). EpCAM"e" and EpCAM'¥ cells were also probed for their expression of EpCAM (H; bands from ~30-
40kDa) and a-SMA (I; 42kDa). HepG2 and 3T3 cells were used as the positive controls for EpCAM and a-
SMA, respectively.
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Figure 5.9: Densitometry performed on western blot. Densitometry provided semi-quantitative data for
protein abundance. The intensity values of all LGCA cell lines (both EpCAM"&" and EpCAM'"") and all HGCA
cell lines (both EpCAM"&" and EpCAM'"*) were combined and the average intensity calculated, and these
are shown for OCT4 (A), SOX2 (C), NANOG (E), KLF4 (G) and c-MYC (). The intensity values of all EpCAM‘%
cells (both LGCA and HGCA) and all EpCAM"&" cells (both LGCA and HGCA) were combined and the average
intensity calculated, and these are shown for OCT4 (B), SOX2 (D), NANOG (F), KLF4 (H), c-MYC (J), EpCAM
(K) and a-SMA (L). Individual intensity values were normalised against the loading control a-tubulin before
being combined and averaged. Error bars show standard deviation (SD).

To assess the efficiency of the EpCAM sort and the characteristics of the resultant subpopulations
of cells, protein extracts from all 6 EpCAM'“" and 6 EpCAM"&" cell lines were probed for EpCAM (Fig 5.8H)

and a-SMA (Fig 5.8l). All the cells expressed EpCAM, however the corresponding bands for EpCAM were
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stronger in the EpCAM"&" cells than the EpCAM"" cells when assessed using densitometry (Fig 5.9K). The
observed bands seemingly correspond to un-glycosylated EpEX (the extracellular domain of EpCAM;
30kDa), glycosylated EpEX and un-glycosylated full-length EpCAM (~35kDa), and glycosylated full-length
EpCAM (40kDa in HepG2). The same cells were then probed using an antibody against a-SMA, a stromal
marker, to see whether there might be an inverse relationship between the expression levels of EpCAM
and a-SMA. This appeared to be the case, with stronger staining for a-SMA in EpCAM™¥ cells than in
EpCAMMi" cells (Fig 5.9L).

5.3 Discussion

Based on results demonstrating the expression of iPSC markers in primary LCGA and HGCA tissue samples
(Chapter 4), this chapter assessed whether primary cell lines derived from CA tissue samples contain cells

with stem cell characteristics, including tumoursphere formation and multilineage differentiation.

When induced to differentiate down the three embryonic lineages, these CA-derived cells were
capable of undergoing endodermal, ectodermal and mesodermal differentiation, as evidenced by their
expression of SOX17 (endoderm) and Otx2 (ectoderm), and formation of calcium deposits
(mesoderm/osteogenesis) which are specifically bound by Alizarin Red dye at pH 4.2. This was validated
by comparing with negative controls in which the cells were grown in their regular culture media, as well
as by the omission of the primary antibody. However, somewhat unexpectedly, cells were found to be
widely positive for Otx2 when grown in both the ectoderm differentiation media and regular media.
Notably, there have been some concerns regarding the specificity of Otx2 as a marker for ectoderm (Kuang
et al., 2019). The Human Protein Atlas suggests Otx2 is expressed weakly in the colon, specifically by the
goblet cells. There is also some evidence suggesting Otx2 is expressed by cells within the renal tubules,
bile ducts and seminiferous ducts of the testis, and neuronal and glial cells, as highlighted by the Human

Protein Atlas.

In Chapter 4, the expression pattern of EpCAM in NC and CA tissues was assessed by IHC staining,
which revealed that EpCAM expression is restricted to epithelial cells in NC and CA tissues. Therefore, the
next step was to culture cells derived from these tissues and then isolate the epithelial and stromal
subpopulations by sorting using an anti-EpCAM antibody bound to magnetic beads. After 2 passages post-
sorting to allow cells to recover, total protein was extracted from EpCAM"&" and EpCAM"" cells from all
CA-derived primary cell lines for WB. When probing for EpCAM, bands were detected at the expected

molecular weight in EpCAM"e" cells, but also in the EpCAM"" cells. Furthermore, when WB was
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performed for the stromal marker a-SMA, it was observed that both EpCAM"“" and EpCAM"€" populations
expressed a-SMA. However, EpCAM expression was higher in EpCAM"e" cells than in EpCAM"¥, and a-
SMA expression was higher in EpCAM™" cells than in EpCAM"&", This suggests that there are some

phenotypic differences between the two subpopulations resulting from the EpCAM sort.

When growing a primary cell line from a tissue sample, it has been observed that the expression
of up to 10% of genes is altered within five passages (E. Neumann et al., 2010). In general, there is a
selection pressure which favours an adherent and proliferative phenotype (Januszyk et al., 2015). The
expression profile of these cells tends to drive them towards a more robust and stem-like phenotype
(Januszyk et al., 2015). In fact, it has been widely observed that cells derived from different tissues all
become more similar to each other when grown in culture (Mehrian Shai et al., 2005; Zaitseva et al., 2006).
Furthermore, Sandberg and Ernberg (Sandberg et al., 2005) have shown that when gene expression is
analysed, cancer tissue samples are more similar to their patient-matched normal tissue samples than to
the primary cell strains derived from them. Amongst the genes most commonly upregulated in cell culture
relative to their primary tissue source are the adhesion molecules. The CA-derived cells used in this study
had been in culture for 7-10 passages at the time of sorting, so it is possible that any EpCAM-negative cells
present when establishing the primary cell culture were outcompeted or acquired EpCAM expression
before sorting. Alternatively, there could be an emergence of EpCAM expression in the EpCAM™" cells
after sorting (Zaitseva et al., 2006). This raises the possibility that most of the cells were already expressing
EpCAM and the antibodies on the beads became saturated, leaving some EpCAM positive (or possibly

EpCAM™¥) cells to be collected in the EpCAM “negative” fraction.

The method of establishing cell lines before banking contributes to selection for certain cell
phenotypes. The GMRITB uses an explant method, in which a small piece of tumour tissue is embedded
in Matrigel and cells migrate from the tissue into the matrix. Following this, the matrix and tissue piece
are dissociated using dispase and pelleted by centrifugation. A range of cell types are present when the
pelletis transferred to a culture flask, including red blood cells which are eliminated after the first passage,
suggesting that multiple tumour cell types could be present. Indeed, a range of cell morphologies are
observed at early passages. However, this method of procurement may favour cells with a migratory and
possibly proliferative phenotype at the expense of other cell types, thus not fully reflecting the cellular
heterogeneity of the original tumour tissue. This potential limitation was taken into account when
analysing our results and is a subject of future work, as is the establishment of tissue type-specific media

formulations. Cell culture remains a valuable experimental tool, although when designing an experiment,
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the effects of cell culture on gene and protein expression should be considered. These concerns may be
mitigated by using cells with a very low passage number for functional work whenever possible, or by

using tissue samples when available for assays such as RT-qPCR and WB.

Further evidence of the influence of EpCAM expression was observed in the ICC PSC marker assays
and tumoursphere formation assays carried out in this study. The ICC PSC kit was employed as a
standardised way to assess the expression of validated pluripotency markers (Abujarour et al., 2013;
Boulting et al., 2011; International Stem Cell et al., 2007; Quintanilla et al., 2014; Valamehr et al., 2012).
Validated pluripotency markers SSEA4 and TRA-1-60 were expressed by a subset of cells in all cell lines
assayed, which also co-expressed OCT4 in 2 of the 6 EpCAM'“" and 4 of the 6 EpCAM"&" cell lines and
SOX2 in 4 of the 6 EpCAM™" and 5 of the 6 EpCAM"e" cell lines. The co-expression of OCT4, SOX2, SSEA4
and TRA-1-60 suggests that a subpopulation of stem-like cells is present within these cultured cell strains.
There seemed to be a noticeable difference between EpCAM"e" and EpCAM'“" cells in terms of OCT4
expression, which was seen in 4 of the 6 EpCAM"&" cells lines but only in 2 of the 6 EpCAM"" cell lines.
However, this differed from the results of tissue samples analysed in Chapter 4, in which OCT4 was
expressed in the tumour stroma by EpCAM-negative cells. This may indicate selection for, or drive
towards, a stem-like phenotype and similarities in gene expression in culture, whereby EpCAM-negative
cells may begin to express EpCAM, cells positive for EpCAM begin to express OCT4, or both. Interestingly,
OCT4 mRNA levels were higher in LGCA-derived EpCAM'"" cells than EpCAM"" cells, a result which is
consistent with the experiments in tissues, but was lower in the EpCAM"" cells from 2 of the 3 HGCA-

derived cell lines than in the EpCAM"e" cells.

Furthermore, in the tumoursphere formation assays, EpCAM"e" cells consistently performed
better than EpCAM™" cells, suggesting a functional difference between these two subpopulations,
possibly due to the expression of EpCAM and the correlation between EpCAM and iPSC marker expression
levels. When the average diameters were calculated across the three biological replicates from each
condition group, the size of tumourspheres produced by each condition increased in the order of LCGA
EpCAM™", HGCA EpCAM'“", HGCA EpCAM"&" and LGCA EpCAM"®" though the average for LGCA2
EpCAMM" cells was much higher than those for LGCA1 and LGCA3, which caused the overall average to
be the highest but with a large SD value (Table 5.1). The results presented in Table 5.1 and Fig 5.3 show
that there is variation between each of the biological replicates. The size of tumourspheres produced by
each cell line was relatively proportional to their vigour of growth as a monolayer in culture, and indeed

reflects the inherent heterogeneity that exists between tumours from different individuals. Whilst each
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sample is graded as HGCA or LGCA for convenience, in reality tumours are represented on a spectrum
which takes into account a wide range of factors and all cases of a given grade will be different to each
other in various parameters. However, the large variation between samples, as revealed by the SD values
in Table 5.1, suggests that caution must be taken when interpreting the above results and that it would

be worthwhile repeating these experiments in the future with a larger sample size (210).

The functional ability of HGCA-derived cells to form tumourspheres of a larger size than LGCA-
derived cells mirrors the WB results, which showed that HGCA-derived cells expressed higher levels of
OCT4, SOX2, NANOG and c-MYC proteins than LGCA-derived cells. The iPSC markers, especially OCT4,
SOX2 and NANOG, are linked to stem-like characteristics such as tumoursphere formation and
maintenance of pluripotency (Amini et al., 2014; Hadjimichael et al., 2015; Munro, Wickremesekera, Peng,
et al., 2017), and so it was not surprising to find that the cells which produce larger tumourspheres have
higher expression of iPSC markers. It has been suggested that KLF4 expression is inversely correlated with
CA tumour grade, with HGCA expressing less KLF4 than LGCA tumours, and the highest expression seen in
the NC adjacent to tumours (R. Hu et al., 2011). This was also demonstrated in the PCR results, where two
HGCA samples had significantly lower levels of KLF4 mRNA than all 3 of the LGCA samples. WB showed
that protein abundance was relatively similar in LGCA and HGCA cell lines. Another interesting example
of this is the LGCA2 sample, which when compared to the other two LGCA samples had higher mRNA
expression for OCT4, SOX2 and NANOG and much lower levels of KLF4 mRNA, perhaps placing it
somewhere near the boundary between low-grade and high-grade. There is a well-documented
discrepancy between SOX2 mRNA levels and protein level, whereby SOX2 mRNA abundance is almost
always much lower than the protein levels (Amini et al., 2014; Talebi et al., 2015), which was also observed

in these CA-derived primary cell lines.

Due to the financial and time costs associated with animal studies, as well as the ethical
implications of such work, alternatives to xenograft and teratoma experiments in animals is the focus of
much review (Buta et al., 2013). While they remain valuable and perhaps essential for applications such
as safety testing of stem cell therapies, there are a range of in vitro tests for assessing pluripotency that
negate the need for animal testing. Teratoma assay protocols are often vague and inconsistent, and are
not highly standardised and reproducible (Buta et al., 2013). To determine whether a cell population
includes pluripotent cells, it is sufficient to employ directed or spontaneous differentiation, tumoursphere
formation which can be sustained over multiple passages, and an analysis of pluripotency marker

expression (Buta et al., 2013). It has become more acceptable to use markers including OCT4, SOX2,
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NANOG, SSEA4 and TRA-1-60 to identify cells which are pluripotent (Kramer et al., 2013; Takahashi et al.,
2007; Takahashi et al., 2006; J. Yu et al., 2007). Chapter 8 will explore further the serial passage of

tumourspheres formed by CA-derived cell lines.

5.4 Conclusion

These experiments demonstrated that primary cell lines derived from LGCA and HGCA tissue samples are
capable of forming tumourspheres, which can be recapitulated upon passaging, and can differentiate
down the three embryonic lineages. This supports the presence of a CSC-like pluripotent subpopulation
which was postulated in Chapter 4 in the CA tissue samples. The observation of iPSC markers having
distinct expression profiles in HGCA-derived and LGCA-derived primary cell lines indicates that it may be

possible to use iPSC markers in a prognostic context and to aid in grading of these tumours.
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Chapter 6: Changes in the Proteomes of Colon Adenocarcinoma Tissues

and Cell Lines Compared to the Normal Colon

6.1 Introduction

Proteomics is the study of all expressed proteins, including their function, abundance, modifications and
interactions (Greening et al., 2017; Tyers et al., 2003). It is considered to be the most comprehensive
method for the analysis of “almost everything post-genomic” (Tyers et al., 2003). Bottom-up proteomics,
or discovery proteomics, is best suited to the high-throughput identification and quantification of proteins
in an unbiased manner (Greening et al., 2017). The most effective tool for proteomics is mass
spectrometry (MS), which enables the measurement of protein abundance, isoform expression ratios,
turnover rate, subcellular localisation, PTMs and protein-protein interactions (Larance et al., 2015).
Recent advancements allow for many parameters to be investigated simultaneously. MS is characterised

by high sensitivity, throughput, speed and dynamic range (Larance et al., 2015).

For discovery proteomics, a complex protein sample is subjected to tryptic digestion and the
resulting tryptic peptides are then separated through a column made of silicon or synthetic beads with
grafted aliphatic chains of various lengths (e.g. C18) by high-performance liquid chromatography (HPLC).
This allows the separation of the peptides based on their hydrophobicity (Yates et al., 2009). As the sample
is eluted from the HPLC column, the peptides in an acidic solution are ionised into positively charged ions
in the ion source, situated at the interface of the HPLC and the mass spectrometer, through a process
called electrospray ionisation (ESI). These cationic precursor peptides are corralled into the mass
spectrometer where they are resolved in the mass analyser (e.g. ion trap, quadrupole, orbitrap) according
to their mass-to-charge (m/z) ratios and detected by the detector (e.g. multiplier). The intensities and the
corresponding m/z values of the peptide ions detected are recorded with a computer and displayed as a
spectrum; this is called an MS scan (precursor peptide ion scan). In the tandem mass spectrometry
(MS/MS) mode, the precursor peptide ion of a particular m/z value from the MS scan is selected and
fragmented into fragment ions via collision induced dissociation (CID), high-energy collision-induced
dissociation (HCD), or electron-transfer dissociation (ETD), and the fragment ions are then resolved,
detected and recorded, generating the MS/MS spectrum. Finally, unbiased annotation of MS/MS peaks
via a database search is performed to identify and quantify the relative abundance of the proteins in the

input sample (Yates et al., 2009). For this project, label-free quantitation LC-MS/MS was performed using
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the state-of-the-art Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (ThermoFisher Scientific),
which contains a continuous ESI source coupled to Quadrupole, lon Trap and Orbitrap tribrid mass
analysers in the mass spectrometer. The instrumental method was as described in Section 2.6 in the
Method chapter. Briefly, the MS scan was detected in Orbitrap and the MS/MS scan in lon Trap with top
20 most intense ions from the MS scan selected for MS/MS scans, which was the optimal method to give

the maximum number of protein identifications.

The aim of this chapter was to investigate proteomic changes in CA relative to NC, and HGCA
relative to LGCA, with the hypothesis that proteomic analysis would reveal changes to key processes in
CA relative to the NC. MS was performed on the following biological replicates: tumour tissue samples
from 4 patients with LGCA and 4 patients with HGCA and the corresponding 8 patient-matched NC
samples, as well as primary cell lines derived from these 8 CA tissues plus 1 unmatched NC cell line.
Identified proteins were filtered based on statistically significant changes in abundance. The effects of

these changes were investigated by looking at the gene ontology terms assigned to the affected proteins.

6.2 Results

6.2.1 Protein identification
The spectral data output from the mass spectrometer was analysed using Proteome Discoverer 2.4
software (ThermoFisher Scientific), firstly using a workflow to identify which proteins were present. The
output listed the protein groups identified in each of the 3 technical replicate LC-MS/MS runs for each
biological replicate. Each protein group consists of proteins with very high sequence homology, such as
different isoforms of a protein, meaning that they are essentially indistinguishable. Throughout this

chapter, the protein groups identified by Proteome Discoverer will be referred to as “proteins”.

To assess the reproducibility of the MS runs, the 3 technical replicates from each cell line were
compared using Venny. The number of proteins identified in each technical replicate for each of the cell

lines are displayed in Table 6.1.

Across the 4 LGCA-derived cell lines, 66% of identified proteins were shared by the 3 technical
replicates (Fig 6.1), and this was slightly lower for the 4 HGCA-derived cells at around 64% on average (Fig
6.2).
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Table 6.1: Number of proteins identified in each technical replicate LC-MS/MS run for each CA-derived
cell line

Biological replicates (cell lines) Technical replicates % Shared
LGCAl 3071 3043 3041 65.6%
LGCA2 3086 3111 3079 66.3%
LGCA3 2933 2986 2983 66.0%
LGCA4 2899 2881 2774 65.8%
HGCA1 2386 2465 2096 58.5%
HGCA2 1336 1429 1437 55.5%
HGCA3 3259 3208 - 75.5%
HGCA4 3227 3203 3232 67.9%

LC-MS/MS runs for each cell line biological replicate were repeated 3 times (3 technical replicates). The number of
proteins identified in each cell line per technical replicate are displayed above, as well as the percentage of proteins
shared between all 3 technical replicates.

Next, the combined lists for each biological replicate were consolidated to give lists of all proteins
identified in each of the tissue samples and all proteins identified in each of the cell lines. The number of
proteins identified in each biological replicate for cell lines and tissues are displayed in Table 6.2 and Table

6.3, respectively.

Table 6.2: Total number of proteins identified in each CA-derived cell line biological replicate across
three LC-MS/MS technical replicate runs

Biological replicates

LGCA-derived cell lines 3764 3800 3662 3510

HGCA-derived cell lines 2976 1839 3685 3908

The total number of proteins identified across 3 LC-MS/MS runs (technical replicates) were calculated for each CA-
derived cell line (biological replicates) and are displayed above.
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Table 6.3: Total number of proteins identified in each CA tissue biological replicate across three LC-

MS/MS technical replicate runs

Biological replicates
LGNC tissues 2732 2870 1491 2539
HGNC tissues 3324 3031 1447 2186
LGCA tissues 2274 2337 1793 2933
HGCA tissues 2422 3128 3270 3445

The total number of proteins identified across 3 LC-MS/MS runs (technical replicates) were calculated for each CA
tissue (biological replicates) and are displayed above.

In this way, a total of 4767 proteins were identified across all tissue samples (4 HGCA, 4 LGCA, 16
NC), and a total of 4711 proteins were identified across cells lines (4 HGCA-derived, 4 LGCA-derived, 1 NC-
derived). Complete lists of the proteins identified from tissue samples and from cell lines are available in
Supplementary Files 1 and 2, respectively. The similarity of biological replicates for each condition were
assessed for the tissues and cell lines. The 4 LGCA-derived cell lines shared 46.2% of identified proteins

(Fig 6.3A), while the 4 HGCA-derived cell lines shared 30.6% (Fig 6.3B).
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Figure 6.1: The distribution of proteins identified in each LC-MS/MS technical replicate run for each
LGCA-derived cell line. Venn's diagrams showing the degree of overlap between the 3 technical replicates
for each of the LGCA-derived cell line biological replicates, LGCA 1 (A), LGCA 2 (B), LGCA 3 (C) and LGCA 4

(D).
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Figure 6.2: The distribution of proteins identified in each LC-MS/MS technical replicate run for each
HGCA-derived cell line. Venn’s diagrams showing the degree of overlap between the 3 technical replicates
for each of the HGCA-derived cell line biological replicates, HGCA 1 (A), HGCA 2 (B), HGCA 3 (C; only 2
technical replicates) and HGCA 4 (D).

Figure 6.3: The distribution of proteins identified in each tissue biological replicate (page 108). Proteins
identified by each technical replicate were combined to give a single list of identified proteins per
biological replicate. The proteins shared between biological replicates for LGCA-derived cell lines (A) and
HGCA-derived cell lines (B), LGNC tissues (C) and HGNC tissues (D), and LGCA tissues (E) and HGCA tissues
(F), are shown.
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The tissues were more variable than the cell lines. NC tissue sample biological replicates from
LGCA and HGCA patients shared 31.4% and 26.9% of identified proteins, respectively (Fig 6.3C,D). The 4
LGCA tissues shared 36.3% of proteins and the 4 HGCA tissues had 38.1% in common (Fig 6.3E,F).

One of the strengths of this project is the proteomic analysis of primary tissue-derived cell lines,
a point of difference from most proteogenomic studies which tend to analyse tissue samples and
occasionally blood samples. The protein identification data revealed that the cell lines had a higher degree
of similarity to each other than the tissue samples, representing a purer population compared to the

heterogeneous nature of the tissue.

6.2.2 Label-free quantification
The raw protein identification data were subsequently run through a quantification workflow. Relative
abundance was determined for the following comparisons: HGCA/LGCA, HGCA/NC, and LGCA/NC. The
criteria for selecting identified proteins for analysis were a fold change of 2 or greater (log; fold change
>1), and a p-value of 0.05 or smaller (-logio p-value 21.30103). This produced a list of proteins which were
significantly upregulated or downregulated in one group compared to another. Each comparison shows
the change in the first group versus the second, so that HGCA/LGCA shows the number of proteins higher
and lower in HGCA than in LGCA, for example. A list of all the proteins with significant abundance changes

can be found in Supplementary Files 1 (tissues) and 2 (cell lines), and summarised below in Table 6.4.

Table 6.4: Mass spectrometry summary data

Comparison Number of upregulated Number of downregulated
proteins proteins
CA and NC tissues HGCA v LGCA 124 137
LGCA v NC 135 186
HGCA v NC 148 243
Tissue-derived cell HGCA v LGCA 192 152
lines
LGCA v NC 639 119
HGCA v NC 642 142

Number of proteins with significantly different abundances in each group (HGCA, LGCA and NC) relative to each
other group, for CA tissues and CA-derived cells.
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The largest difference was seen between the LGCA and HGCA cell lines and the NC cell line, which

had 639 and 642 significantly upregulated proteins, respectively.

6.2.3 Functional analysis of differentially expressed proteins
Gene Ontology (GO) is used to assign proteins to categories and terms which describe their functional role
and distribution within the cell. The GO categories are “biological process” (BP), “molecular function” (MF)
and “cellular component” (CC), and each of these categories comprise a list of descriptive terms, such as
“RNA processing” (BP), “protein binding” (MF), or “nucleus” (CC). To determine which GO terms (BP, MF,
CC) and KEGG pathways were enriched in each condition (NC, LGCA, HGCA), the string-db.org (STRING)
online tool (Szklarczyk et al., 2019) was utilised. This is a database of known protein interactions which
produces an interaction map for the input list. From these interactions, the specific functions and
processes whose alterations are enriched in each input group can be elucidated based on the GO terms

and KEGG pathways assigned to the proteins and their interactions with each other.

Quantification data were visualised as heat maps to assess global changes in protein abundance
between NC, LGCA and HGCA. Biological replicates were pooled to give 3 data sets — NC, LGCA and HGCA
— for tissues and for cell lines. From these heat maps, various clusters of proteins with differential
expression were examined. GO analysis was carried out on the lists of differentially expressed proteins
identified from these clusters (Fig 6.4 and Fig 6.10) to gain insight into the collective contribution of these
significantly altered proteins. Lists of proteins in each cluster from the heat maps are found in

Supplementary Files 3 (tissues) and 4 (cell lines).

The branching above the heat maps (Fig 6.4 and Fig 6.10) revealed that the HGCA and LGCA tissues
were more similar to each other that they were to the NC tissues. The branching on the y-axis represents
the way in which proteins were clustered, and those which cluster together may have similar functions.
Therefore, clusters within the heat maps that displayed differential expression between CA and NC tissues
were selected, and GO analyses were performed using STRING to determine the functions enriched within

each cluster.
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Figure 6.4: Heat map displaying the relative abundances of all quantified proteins in NC, HGCA and LGCA
tissues. Heat map produced using Proteome Discoverer 2.4 showing the relative abundances of all
proteins identified in tissue samples. Clusters of proteins with differential expression between conditions
have been labelled, with 5 of these proceeding to further analysis. Biological and technical replicates were
pooled to give 3 categories based on the conditions that were compared: NC, HG and LG. Relative
abundances are shown as: green = low, black = moderate, red = high, white = not detected.

There were 8 clusters identified from the tissues heat map (Fig 6.4) which had differential
expression across the three conditions. Upon analysis, 3 of these clusters did not show strong enrichment
for any specific pathways or processes, and analysis was performed of the remaining 5 clusters which did

exhibit significant enrichment for interesting and relevant functions.
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Figure 6.5: Cluster 1 from the tissue sample heat map. A) STRING analysis of proteins from cluster 1, with
GO terms or KEGG pathways coloured as follows: red = antigen processing and presentation (KEGG), blue
= antigen processing and presentation via MHC class | (BP), green = chronic inflammatory response (BP),
yellow = complement activation (BP), purple = canonical glycolysis (BP). B) Table displaying the KEGG
pathways that were upregulated in CA tissues relative to NC tissues. p-values subject to Benjamini-

Hochberg correction.
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Figure 6.6: Cluster 2 from the tissue sample heat map. A) STRING analysis of proteins from cluster 2, with
GO terms or KEGG pathways coloured as follows: red = regulation of RNA binding (BP), blue = translation
factor activity, mRNA binding (MF), green = ribosome biogenesis in eukaryotes (KEGG). B) Table displaying
the KEGG pathways that were upregulated in CA tissues relative to NC tissues. p-values subject to
Benjamini-Hochberg correction.
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Figure 6.7 Cluster 3 from the tissue sample heat map. A) STRING analysis of proteins from cluster 3, with
GO terms or KEGG pathways coloured as follows: green = oxidative phosphorylation (BP), blue = oxidative
phosphorylation (KEGG), red = electron transport chain (KEGG). B) Table displaying the KEGG pathways
that were upregulated in LGCA tissues relative to NC tissues, and downregulated in HGCA tissues relative
to LGCA tissues. p-values subject to Benjamini-Hochberg correction.
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Figure 6.8: Cluster 4 from the tissue sample heat map. A) STRING analysis of proteins from cluster 4, with
GO terms or KEGG pathways coloured as follows: red = renin-angiotensin system (KEGG), blue =
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Figure 6.9: Cluster 5 from the tissue sample heat map. A) STRING analysis of proteins from cluster 5, with
GO terms or KEGG pathways coloured as follows: red = cell junction assembly (BP), blue
organisation (BP), yellow = focal adhesion (KEGG), green = muscle contraction. B) Table displaying the
KEGG pathways that were downregulated in CA tissues relative to NC tissues. p-values subject to
Benjamini-Hochberg correction.
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Cluster 1 showed that there were stepwise increases from NC to LGCA tissues and LGCA to HGCA
tissues for the complement cascade, canonical glycolysis, and immune functions including antigen
presentation and chronic inflammation (Fig 6.5). A similar pattern of sequential increase from NC to LGCA
to HGCA was seen in cluster 2 for mRNA translation and the regulation of ribosomes binding to mRNA
molecules (Fig 6.6). Cluster 3 contained proteins which were significantly upregulated in LGCA relative to
NC tissues, but then decreased in HGCA compared to LGCA, and were primarily involved in mitochondrial
respiration (Fig 6.7). Clusters 4 (Fig 6.8) and 5 (Fig 6.9) contained proteins which were less abundant in
LGCA and HGCA compared to NC tissues. Cluster 4 was characterised by a reduction in mitochondrial
ribosome components and RAS components AGT, chymase and mast cell carboxypeptidase A. Cluster 5

revealed significant downregulation of ECM organisation, cell junction assembly and focal adhesions.

The proteins significantly upregulated in CA tissues compared to NC showed enrichment for
involvement in the functions and components of mitochondria. This was verified by focusing on heat map
cluster 3 (Fig 6.7), which revealed a significant increase of mitochondrial respiration components in LGCA
tissues relative to NC tissues, suggesting that the tumour cells are responding to an increased energy
demand as the cancer becomes established. The shift from NC to LGCA also included a decrease in
cytoskeletal binding and organisation, including cell junctions, focal adhesions, cell-matrix adhesion and
ECM organisation (Fig 6.9). These trends hint at the increasing migratory capacity of cancer cells to enable
invasion and metastasis. Similarly, dysregulation of mRNA translation highlighted by cluster 2 (Fig 6.6) is
likely to be related to the changes in gene transcription inherent to cancer cells. Interestingly, cluster 1
revealed that HGCA tissues had the highest expression of proteins involved in immune activity,
inflammation, and the complement cascade (Fig 6.6). These are characteristics of the CMS1 and CMS4
subtypes (Guinney et al., 2015), reflecting the DNA sequencing data in Chapter 6 which also aligned 3 of
the 4 HGCA tissues with the CMS1 and CMS4 subtypes.

A heat map was also produced from cell line protein quantification data, from which 10 clusters
were investigated. Of these clusters, 5 contained interesting protein abundance changes and were chosen
for further analysis (Fig 6.10). As shown in Table 6.4, the majority of differentially expressed proteins in
CA-derived cell lines relative to the NC cell line were upregulated, and similarly, the heat map clusters for
downregulated proteins did not show as many relevant pathway enrichments as the clusters of
upregulated proteins. Accordingly, the 5 clusters analysed below all contain proteins with a higher

abundance in LGCA and HGCA-derived cell lines relative to the NC cell line.
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Figure 6.10: Heat map displaying the relative abundances of all quantified proteins in NC, HGCA and
LGCA-derived cell lines. Heat map produced using Proteome Discoverer 2.4 showing the relative
abundances of all proteins identified in tissue-derived cell lines. Clusters of proteins with differential
expression between conditions have been labelled, with 5 of these proceeding to further analysis.
Biological and technical replicates were pooled to give 3 categories based on the conditions that were
compared: NC, HG and LG. Relative abundances are shown as: green = low, black = moderate, red = high,
white = not detected.
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Figure 6.11: Cluster 1 from the cell lines heat map. A) STRING analysis of proteins from cluster 1, with GO
terms or KEGG pathways coloured as follows: red = RNA localisation (BP), blue = RNA processing (BP),
yellow = spliceosome (KEGG), green = ribosome (KEGG), purple = RNA degradation (KEGG), orange = Wnt
signalling (KEGG). B) Table displaying the KEGG pathways that were upregulated in CA-derived cell lines
relative to the NC cell line. p-values subject to Benjamini-Hochberg correction.
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Figure 6.12: Cluster 2 from the cell lines heat map. A) STRING analysis of proteins from cluster 2, with GO
terms or KEGG pathways coloured as follows: red = oxidative phosphorylation (KEGG), blue =
mitochondrial transport (BP), yellow = RNA binding (BP), green = RNA processing (BP), purple =
mitochondrion (CC). B) Table displaying the KEGG pathways that were upregulated in CA-derived cell lines
relative to the NC cell line. p-values subject to Benjamini-Hochberg correction.
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Figure 6.13: Cluster 3 from the cell lines heat map. A) STRING analysis of proteins from cluster 3, with GO
terms or KEGG pathways coloured as follows: red = translation (BP), blue = ribosome biogenesis (BP),
yellow = spliceosome (KEGG), purple = ribosome (KEGG), green = RNA processing (BP). B) Table displaying
the KEGG pathways that were upregulated in CA-derived cell lines relative to the NC cell line. p-values
subject to Benjamini-Hochberg correction.
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Figure 6.14: Cluster 4 from the cell lines heat map. A) STRING analysis of proteins from cluster 4, with GO
terms or KEGG pathways coloured as follows: red = mRNA processing (BP), blue = protein targeting to ER
(BP), yellow = protein export from the nucleus (BP), purple = protein targeting (BP), green = RNA transport
(KEGG). B) Table displaying the KEGG pathways that were upregulated in CA-derived cell lines relative to
the NC cell line. p-values subject to Benjamini-Hochberg correction.
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Figure 6.15: Cluster 5 from the cell lines heat map. A) STRING analysis of proteins from cluster 2, with GO
terms or KEGG pathways coloured as follows: red, blue and green = unique pathways of antigen
presentation (BP), yellow = RNA processing (BP), purple = chromatin binding (BP). B) Table displaying the
KEGG pathways that were upregulated in CA-derived cell lines relative to the NC cell line. p-values subject
to Benjamini-Hochberg correction.
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Cluster 1 was characterised by proteins involved in RNA binding and RNA processing, including
splicing, metabolic and catabolic processes, transport and localisation, as well as Wnt signalling (Fig 6.11).
Similarly, clusters 2 (Fig 6.12), 3 (Fig 6.13) and 4 (Fig 6.14) revealed that there were stepwise increases
from the NC cell line to the LGCA-derived cell lines and from the LGCA to HGCA-derived cell lines of
proteins involved in RNA processing, transport and translation, protein transport, and mitochondrial
components. Cluster 5 contained proteins which were absent from the NC cell line but detected at low
abundance in the LGCA-derived cell lines and at high abundance in the HGCA-derived cell lines, and that
were implicated in unique pathways by which endogenous and exogenous peptides are presented as

antigens by MHC class | molecules (Fig 6.15).

In summary, when compared to the NC cell line, the LGCA and HGCA-derived cell lines
predominantly exhibited increases in proteins involved in RNA-related processes, and were especially
enriched for members of the splicecosome KEGG pathway. Multiple clusters of differentially expressed
proteins as identified from the heat map were enriched for RNA binding and processing by ribosomes and
spliceosomes, and the localisation, translation and degradation of RNA (Fig 6.11-14). This highlights that
in the CA-derived cells, RNA processing is upregulated, which is likely to be a mechanism by which the

cancer cells cope with higher levels of gene transcription.

To further investigate the proteomic changes between NC and LGCA and between LGCA and
HGCA, all proteins with significantly differential expression (fold change >2, p-value <0.05) between each
condition were extracted from the lists of all proteins identified in cells lines and tissues, without
performing clustering via a heat map. This was done to analyse whether specific processes or functions
are implicated in tumour initiation (NC to LGCA) or progression (LGCA to HGCA). Venny was used to
determine which proteins were unique to each list (e.g. only upregulated in HG compared to LG) and

which were shared (e.g. upregulated in HG/LG and HG/NC).

Proteins that were significantly upregulated in HGCA and LGCA tissues relative to NC tissues were
primarily enriched for involvement in RNA processing (G0:0006396; p=0.01) and RNA degradation
(KEGG:hsa03018; p=0.033), and included the exosome complex components EXOSC1 and EXOSC6.
Proteins significantly downregulated in HGCA and LGCA tissues compared to NC tissues were highly
enriched for cytoskeletal and muscle systems (Table 6.5), in which tropomyosin 1 and 2 were strongly
implicated. The loss of proteins involved in normal muscle function in both LGCA and HGCA tissues is a
reflection of the considerable architectural changes which occur in the colon tissue as a result of CA, and

the resulting impairment of normal function.
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Table 6.5: Functions of proteins significantly downregulated in LGCA and HGCA tissues compared to NC
tissues

GO category Identifier p-value
Cytoskeleton organisation G0:0007010 0.00001
Cytoskeletal protein binding G0:0008092 0.00001
Contractile fibre G0:0043292 0.00008
Striated muscle thin filament G0:0005868 0.0078
Muscle thin filament tropomyosin G0:0005862 0.0088

GO categories that were enriched in the list of proteins that were significantly downregulated in both LGCA and HGCA
compared to NC tissues. Significance is given by Benjamini-Hochberg corrected p-values.

Similarly, protein abundance changes that were unique to the comparison of LGCA tissues and
HGCA tissues revealed processes that may be important in CA progression. Proteins that were significantly
upregulated in HGCA relative to LGCA were enriched for protein degradation and antigen presentation
(Table 6.6), whereas proteins which were downregulated in HGCA compared to LGCA were involved in

drug metabolism (Table 6.7).

Table 6.6: Functions of proteins significantly upregulated in HGCA tissues compared to LGCA tissues

GO category / KEGG pathway Identifier p-value
Antigen processing and presentation KEGG: hsa04612 0.0134
MHC protein complex G0:0042611 0.0034
Lysosome G0:0005764 0.001
Vacuole G0:0005773 0.001

GO categories that were enriched in the list of proteins that were significantly upregulated in HGCA compared to
LGCA tissues. Significance is given by Benjamini-Hochberg corrected p-values.

Table 6.7: Functions of proteins significantly downregulated in HGCA tissues compared to LGCA tissues

GO / reactome category Identifier p-value
Drug catabolic process G0:0042737 0.0095
Antibiotic metabolic process G0:0016999 0.0097
Cytosolic sulfonation of small molecules Reactome: HSA-156584 0.00008

GO categories that were enriched in the list of proteins that were significantly downregulated in HGCA compared to
LGCA tissues. Significance is given by Benjamini-Hochberg corrected p-values.

These changes would suggest that the progression from LGCA to HGCA in some way involves

increased levels of protein turnover and a potential immune response to the tumour via the presentation
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of antigens which may include cancer-specific neoantigens, and a reduction in drug metabolism that may

indicate changes in cancer cell sensitivity to drugs.

In the cell lines, there was a significant enrichment for proteins involved in DNA packaging and
replication in CA-derived cell lines relative to the NC cell line (Table 6.8). This was highlighted by the
significant upregulation of histone subunits, histone chaperone ASF1A, and the interphase-to-mitosis
condensing complex subunit 1 (NCAPD1). Conversely, the CA-derived cell lines had significantly reduced

expression of peptidase inhibitors and other proteins which function in the lysosome (Table 6.9).

Table 6.8: Functions of proteins significantly upregulated in LGCA and HGCA-derived cell lines compared
to the NC cell line

GO category / KEGG pathway Identifier p-value
DNA packaging G0:0006323 5.13x107
Chromatin binding G0:0003682 0.00001
Nucleus G0:0005634 8.12x10°%®
DNA replication KEGG: hsa03030 0.0145

GO categories that were enriched in the list of proteins that were significantly upregulated in LGCA and HGCA-derived
cell lines compared to the NC cell line. Significance is given by Benjamini-Hochberg corrected p-values.

Table 6.9: Functions of proteins significantly downregulated in LGCA and HGCA-derived cell lines
compared to the NC cell line

GO category / KEGG pathway Identifier p-value
Negative regulation of endopeptidase activity | GO:0010951 1.27x1012
Complement and coagulation cascades KEGG: hsa04610 1.73x10°®
Lysosome KEGG: hsa04142 0.00001

GO categories that were enriched in the list of proteins that were significantly downregulated in LGCA and HGCA-
derived cell lines compared to the NC cell line. Significance is given by Benjamini-Hochberg corrected p-values.

The abundance of some proteins was only significantly different when comparing the HGCA-
derived cells to the LGCA-derived cells. Upregulated proteins functioned in the endoplasmic reticulum,
highlighted by CAV3 overexpression (Table 6.10), whereas downregulated proteins were involved in cell

adhesion (Table 6.11), which included the membrane-cytoskeleton linker protein ANK3.

Overall, this shows that the CA-derived cell lines differ from the NC cell line in terms of increased
chromatin remodelling to facilitate higher levels of gene transcription and DNA replication, and a

reduction in peptidase inhibitors to allow greater activity within lysosomes. Furthermore, HGCA-derived
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cells are in a more migratory state when compared to LGCA-derived cells as evidenced by their

downregulation of adhesion proteins.

Table 6.10: Functions of proteins significantly upregulated in HGCA-derived cell lines compared to the
LGCA-derived cell lines

GO category / KEGG pathway Identifier p-value
Endoplasmic reticulum G0:0005783 0.00024
Endocytosis KEGG: hsa04144 0.0435

GO categories that were enriched in the list of proteins that were significantly upregulated in HGCA-derived cell lines
compared to the LGCA-derived cell lines. Significance is given by Benjamini-Hochberg corrected p-values.

Table 6.11: Functions of proteins significantly downregulated in HGCA-derived cell lines compared to
the LGCA-derived cell lines

GO category / KEGG pathway Identifier p-value
Regulation of cell adhesion G0:0030155 0.0334
Cell adhesion molecule binding G0:0050839 0.0493
Cytoskeletal protein binding G0:0008092 0.0445

GO categories that were enriched in the list of proteins that were significantly downregulated in HGCA-derived cell
lines compared to the LGCA-derived cell lines. Significance is given by Benjamini-Hochberg corrected p-values.

6.2.4 Comparison of protein changes seen in CA tissues and CA-derived cells
Protein abundance changes in the CA tissues were compared to those in the CA-derived cells to give an
insight into how similar the tumour-derived cell lines are to their parent tissue samples. Overall, the cells
seemed to have less variability than the tissues, reflecting the fact that the tissue is a heterogeneous mix
of cell types whereas the cell lines are comparatively homogenous. For example, there were extensive
reductions in muscle structure and function, cell junctions and ECM organisation in the CA tissues which
were not reflected in the CA-derived cells. Furthermore, the abundance of proteins involved in chronic
inflammation and the complement cascade increased proportionally to CA grade in the tissues, but these
enrichments were not seen in the tissue-derived cell lines, and in fact complement cascade components

were reduced in CA-derived cell lines relative to the NC cell line.

However, the CA tissues and CA-derived cells both exhibited enrichment for RNA-related
processes, as well as aspects of cellular metabolism including oxidative phosphorylation. The conservation
of these changes in the CA-derived cells suggest that they are intrinsically important to the function of CA

tumour cells.

Overall, this suggests that within the complexity of the tumour tissue there are many unique

physiological and structural changes occurring that are important aspects in the context of normal
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physiological function and the response of the body to the tumour, but that the specific changes which
manifest in colon cancer cells relative to the normal colon cells predominantly drive intracellular processes
such as increased mitochondrial respiration and alterations to gene transcription, mRNA splicing and

translation.

6.2.5 Validation of mass spectrometry results by western blotting
In order to validate the MS results, WB was performed on selected proteins which had large differences
in relative abundance with high statistical significance. Densitometry was carried out on blots, and this
method of semi-quantification was compared with the MS quantification data for each individual sample.
Ideally, protein samples used for WB and for MS would be derived from the same extraction. However,
this was not possible, and a new extraction was performed from tissues for WB. Therefore, the relative
abundances for MS and WB compared below were used mainly to provide a rough comparison between

MS and WB.

CDA44 is a cell surface receptor for hyaluronic acid, mediating adhesion to the ECM. It has been
investigated as a CSC marker and is of particular interest in CRC as it seems to be expressed by the majority
of colon tumour cells and its transcription is partially mediated through Wnt signalling (Jaggupilli et al.,
2012; Wielenga et al., 1999). CD44 was selected to validate the LC-MS/MS result due to its significant
upregulation in HGCA-derived cell lines relative to the LGCA cell lines, its relevance as a potential stem
cell marker, and its abundance ratio of 2.3 for HGCA/LGCA. WB confirmed this trend, with a strong signal
detected in the NC cell line and 4 HGCA cell lines, and weaker bands seen in the 4 LGCA cell lines (Fig
6.16A) at ~75 kDa. Densitometry revealed that the normalised intensity value ratio for HGCA/LGCA was
1.22 (Fig 6.16C), but this difference was not statistically significant (Fig 6.16B). However, the WB confirms
the result seen in LC-MS/MS, in that CD44 was more abundant in the HGCA-derived cells than in the LGCA-

derived cells.
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Figure 6.16: CD44 Densitometry for NC and CA-derived cell lines. A) Western blotting was performed for
CD44 (A, red) on protein extracts from CA-derived cells, with a-tubulin as a loading control (A, green). B)
Fluorescence of CD44 bands was normalised against a-tubulin, and then the abundance in CA-derived cell
lines relative to the NC-derived cell line (y-axis) was calculated and displayed as an average + SD. C) The
abundance ratios for HGCA/LGCA are displayed for LC-MS/MS (MS) and densitometry (WB) data.

Fibronectin (FN1) is one of many ECM proteins with aberrant expression in cancer (J. P. Wang et
al., 2017). It is a large glycoprotein (260-280 kDa) which binds transmembrane proteins and influences cell
growth, differentiation, migration, wound healing and blood coagulation (J. P. Wang et al., 2017; Ye et al.,
2020; Yi et al., 2016). In cancers, FN1 in associated with angiogenesis, invasion via MMP activation, self-
renewal, proliferation, and resistance to therapy (J. P. Wang et al., 2017; Yi et al., 2016). FN1 associates
with various membrane proteins to activate PI3K/AKT signalling (via a/B1-integrins), EMT gene expression

(via a-integrins) and migration (via FAK/STAT3) (J. P. Wang et al., 2017). It also has a bi-directional
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association with SOX2, whereby FN1/integrin binding upregulates SOX2 expression, and SOX2
overexpression leads to increased FN1 expression (J. P. Wang et al., 2017; Ye et al., 2020). FN1 was
selected to validate the LC-MS/MS result in cell lines due to the reliability of the primary antibody and the
significant downregulation of FN1 in HGCA cell lines relative to the LGCA cell lines, with an abundance
ratio for HGCA/LGCA of 0.52. WB was performed for FN1 in the CA-derived cell lines (Fig 6.17A, red). When
densitometry was performed (Fig 6.17B), it revealed a reduction in HGCA-derived cell lines relative to the
LGCA-derived cell lines, with an intensity ratio for HGCA/LGCA of 0.54 (Fig 6.17C), which was very similar
to the abundance ratio for LC-MS/MS (HGCA/LGCA = 0.52).
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Figure 6.17: FN1 Densitometry for NC and CA-derived cell lines. A) Western blotting was performed for
FN1 (A, red) on protein extracts from CA-derived cells, with a-tubulin as a loading control (A, green). B)
Fluorescence of FN1 bands was normalised against a-tubulin, and then the abundance in CA-derived cell
lines relative to the NC-derived cell line (y-axis) was calculated and displayed as an average + SD. C) The
abundance ratios for HGCA/LGCA are displayed for LC-MS/MS (MS) and densitometry (WB) data.
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S100A8 (MRP8) and S100A9 (MRP14) are commonly found as a heterodimer called calprotectin.
Calprotectin binds Ca?* and Zn?* ions and plays an important role in inflammation caused by infection,
autoimmunity or metabolic diseases (S. Wang et al., 2018). Together, S100A8 and S100A9 account for
almost half of the total protein content of neutrophils and are released to induce chemotaxis of
leukocytes, cytokine release and apoptosis (Nakatani et al., 2005; Ryckman et al., 2003; S. Wang et al.,
2018). Expression of S100A8 and S100A9 is upregulated during inflammation, a key aspect of CRC (S. Wang
et al., 2018). Accordingly, other studies have reported significant overexpression in CRC (Saleem et al.,
2019; Vasaikar et al., 2019). S100A8 and S100A9 were selected to validate LC-MS/MS results in tissues
because there was a sequential increase in abundance ratio for LGCA/NC (1.66 and 1.81), HGCA/LGCA
(2.43 and 2.52) and HGCA/NC (4.42 and 4.86) in the tissue samples. This was verified by WB, which showed
that HGCA tissues had stronger bands for S100A8 at ~16 kDa (Figure 6.18A) and S100A9 at ~13 kDa (Figure
6.18B) than the LGCA tissues, and bands were faint or absent in the NC tissues. This difference was
quantified by densitometry, which revealed HGCA/LGCA abundance ratios of 1.41 for SI00A8 and 2.81
for S100A9, which confirm the upregulation seen in LC-MS/MS with ratios of 2.80 (S100A8) and 2.40
(S100A9).
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Figure 6.18: S100A8 and S100A9 Densitometry for tissues. A) Western blotting was performed for SI00A8
(A, red) and S100A9 (B, red) on protein extracts from NC, LGCA and HGCA tissues, with a-tubulin as a
loading control (A&B, green). Fluorescence of S100A8 (C) and S100A9 (D) bands were normalised against
a-tubulin, and then the abundance in CA tissues relative to the NC tissues (y-axis) was calculated and
displayed as an average % SD. E) The abundance ratios for HGCA/LGCA are displayed for LC-MS/MS (MS)

and densitometry (WB) data.
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6.3 Discussion

6.3.1 Comparing CA-derived cell lines to CA tissues
By performing a search against the UniProt Homo sapiens reference database, a total of 4767 proteins
were identified across all tissue samples and a total of 4711 proteins were identified across cell lines. The
biological replicates for LGCA and HGCA-derived cell lines shared 46.2% and 30.6% of identified proteins,
and the LGCA and HGCA tissues shared 36.3% and 38.1% of proteins.

The tissue samples represent a complex collection of cell and tissue types, including muscle, blood
vessels, immune cells and fat, leading to large changes in protein abundance due to the loss of normal
architecture and function as a dense bulk of tumour cells forms. Accordingly, the CA tissues exhibited
significant decreases in proteins involved in muscle structure and contraction (Table 6.5), which was not
reflected in the CA-derived cells. Furthermore, increases in the CA tissues of proteins that regulate
defence responses and immune system processes suggests that changes in the way the cancer cells
interact with the immune system, in terms of suppression or avoidance of immune cells and tolerance of
inflammation, is involved in tumour initiation and progression. These global changes are an important
aspect of cancer biology; however, the cell lines, which are a pure population (without the muscle, blood
vessels, fat, etc.) that has retained the mutational signatures of the original tumour tissue, may reveal
changes which are more relevant to the signalling within and between tumour cells without these changes

being overwhelmed by those seen in the tissues.

Looking beyond these general tissue changes, the CA tissues displayed increased levels of
ribosomal components (MRPS2, MPRS6, MRPS18A), RNA processing (EXOSC1, EXOSC6), mitochondrial
gene expression (MRPS7, MRPS22, MRPL16) and components of mitochondrial respiration (NAHD
dehydrogenases), and decreased cytoskeletal binding (ANK2) and focal adhesion. CA-derived cells also
displayed upregulation of components of RNA processing and degradation (40s and 60s ribosomal
proteins: RPL5, RPL7A, RPS2, RPS18), as well as chromatin binding (HIST1H1) and mitochondrial
respiration (NADH dehydrogenases), and the HGCA-derived cells exhibited downregulation of cell
adhesion proteins (ANK3). Collectively, these changes reflect that the tumour is in a state of heightened
transcriptional and translational activity with increased energy demands associated with biogenesis. As
the cancer cells possess a higher rate of proliferation, there is an increased demand for new and recycled
cellular components, partially enabled by the downregulation of peptidase inhibitors (Table 6.9). In order
to achieve this, the energy demands of the cell are greater, and this need appears to be met by increased

oxidative phosphorylation and ATP production in the mitochondria. This is highlighted by significant
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upregulation of various structural and functional components of the mitochondria in both the CA tissues
and tissue-derived cell lines. Furthermore, this change in metabolic focus by the cancer cells appears to
come at the expense of, or is enabled by changes to, normal physiological processes such as the regulation
of peptidases by inhibitors (Table 6.12), RNA processing and splicing leading to alternative protein
products, and proper protein folding and PTMs. This will affect the regulation of gene transcription in
terms of which genes are transcribed and to what extent. In the context of the tissue, it is also apparent
that the tumour cells are being primed for migration and invasion by downregulating adhesion
components; however, the tissue-derived cell lines do not share these protein changes, most likely due
to the differences in adhesion requirements between in vivo and in vitro conditions and for growth in a
cell culture environment that lacks the structure present in vivo. Importantly, the similarity between
tissues and cell lines with respect to the GO categories and KEGG pathways discussed above justifies the

use of these CA-derived primary cells as an in vitro model.

Table 6.12: Peptidase inhibitors with differential expression in CA-derived cell lines compared to the NC
cell line.

Gene Symbol Accession | Abundance | GO categories
Number changes
C3, P01024 JLG/NC; Regulated exocytosis (BP)
SERPINE1 (PAI-1) P0O5121 JHG/NC Negative regulation of endopeptidase activity (BP)

Peptidase regulator activity (MF)

Endopeptidase inhibitor activity (MF)
Complement and coagulation cascade (KEGG)
Secretion (BP)

A2M P01023 JLG/NC Regulated exocytosis (BP)

Negative regulation of endopeptidase activity (BP)
Peptidase regulator activity (MF)

Endopeptidase inhibitor activity (MF)
Complement and coagulation cascade (KEGG)

TIMP1/3, P01033 JLG/NC; Regulated exocytosis (BP)
AHSG, P35625 JLG/NC Negative regulation of endopeptidase activity (BP)
LTF, P02765 Peptidase regulator activity (MF)
ITIH3 P02788 Endopeptidase inhibitor activity (MF)

Q06033 Secretion (BP)
SERPIND1, P0O5546 JLG/NC Negative regulation of endopeptidase activity (BP)
SERPINC1 P01008 Peptidase regulator activity (MF)
(antithrombin 111) Endopeptidase inhibitor activity (MF)

Complement and coagulation cascade (KEGG)

SERPINA7, P05543 JLG/NC Negative regulation of endopeptidase activity (BP)
SERPINA10, Q9UK55 Peptidase regulator activity (MF)
AMBP, P02760 Endopeptidase inhibitor activity (MF)
ITIH1 P19827
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WB and densitometry were performed using a selection of proteins identified by the proteomic
analysis in order to verify the MS results. However, there are two main limitations to the densitometry
data. First, different protein extractions were used for the MS and for the WB. A trial blot was run prior
to optimisation of the antibodies used for validation, which revealed sample degradation. Extractions
were repeated and resulted in protein of higher quality, except for the LG3 and LG4 samples which were
again degraded. It is suspected that these two samples may have been handled improperly between the
time of surgery and fixation, which on occasion can exceed 18 hours. This was reflected in the DNA
sequencing data in Chapter 3, for which no DNA of sufficient quality was obtained from LG4. Second,
densitometry has inherent difficulties which cannot always be avoided. The images used for densitometry
must not be “detector-saturated”, which occurs if the membrane is exposed for too long (Butler et al.,
2019). Blots for S100A8 in tissue samples reached saturation within 1-2 sec, so they were repeated with
5 ug of protein per lane rather than 20 pg. Furthermore, the data itself can become “saturated”, after
which point any further abundance increases are unable to be accurately measured, causing misleading
comparisons (Butler et al., 2019). One important issue is that normalisation against a-tubulin is only valid
if the intensity data fits a directly proportional model — intensity as measured by the detector does not
have a linear relationship with the actual abundance of the protein at higher protein concentrations due
to saturation (Butler et al., 2019), after which a hyperbolic model fits better than a linear model. One way
to reduce the influence of saturation is to widen the area of band detection and reduce exposure time
(Butler et al., 2019). Finally, band “ghosting” can occur at high loading concentrations, where the band
appears washed out and the intensity of the band is underestimated. Blots of FN1 were repeated due to
this “ghosting” effect by loading 4 ug per lane, which helped by reducing the intensity of bands. Overall,
it is important to remember that densitometry is semi-quantitative and is not perfectly suited to

determining the magnitude of differences in abundance.

6.3.2 Similarities with other publications
The proteomics findings from this chapter were compared with data from two other prominent CRC

proteogenomics papers to identify similarities and differences.

The Cancer Genome Network (TCGN) carried out a comprehensive molecular characterisation of
CRC in 2012 (Cancer Genome Atlas, 2012). This study identified frequently mutated genes and the
pathways which they are involved in. They confirmed that common pathways implicated in CRC include

Wnt, Ras-MAPK, PI3K, TGF-B, p53 and DNA MMR pathways. The Wnt pathway was altered in 93% of
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tumours, usually due to APC inactivation and/or B-catenin activation. Tumours fell into two categories:
hypermethylated, which were usually MSI-H and had CIMP; and non-hypermethylated, which were highly
likely to be MSS and CIN tumours. More than half of the non-hypermethylated tumours had activating
mutations to KRAS, NRAS and BRAF, which have a high degree of mutual exclusivity as previously

discovered. These tumours also frequently had inactivating mutations in APC, TP53, PIK3CA and SMADA4.

A list of 67 genes from the TCGA study which had a high degree of correlation with either LG-CRC
or HG-CRC was matched against the lists of differentially expressed proteins for the HGCA, LGCA and NC
tissues and cell lines. Overall, 22 of 67 genes identified by TCGA were present in this data (Table 6.13),
including DNA MMR genes MSH2, MSH6 and POLE, CRC-associated KRAS, and PI3K signalling pathway
members PIK3AP1, PIK3C2A and PIK3R1.

Table 6.13: Comparison with TCGA study.

Gene Gene name/description Abundance changes (cells) Abundance changes
Symbol (tissues)
POLE DNA polymerase epsilon MLG/NC;
subunit PMHG/NC
MSH2 DNA mismatch repair MLG/NG;
MNHG/NC
MSH6 DNA mismatch repair MLG/NC; JLG/NC;
MHG/NC JHG/NC
KRAS GTPase KRAS MLG/NC;
MHG/NC
MYO1C Unconventional myosin MLG/NG;
MNHG/NC
PIK3R1 PI3K p85 regulatory subunit MLG/NC;
MNHG/NC
PIK3C2A Phosphotidylinositol 4- MLG/NC;

phosphate 3-kinase C2 domain- | THG/NC
containing subunit a

CLEC3B Tetranectin: binds plasminogen | (LG/NC;
JHG/NC
SLC38A7 Putative sodium-coupled
neutral amino acid transporter
7
GBP6 Guanylate-binding protein 6 JLG/NC;
JHG/NC
CDC27 Component of anaphase MLG/NC;

promoting complex/cyclosome: | L HG/LG
cell cycle control
GPC6 Gypican-6: cell surface PLG/NC;
glycoprotein co-receptor JHG/LG
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SLC20A1 Sodium-dependent phosphate JLG/NC;
transporter 1 TMHG/LG
SLC38A5 Sodium-coupled neutral amino MHG/NC; JLG/NG;
acid transporter 5 PHG/LG PHG/LG
ARL6IP4 ADP-ribosylation factor-like PLG/NG;
protein 6-interacting protein 4: JHG/LG
modulates alternative pre-
mRNA
TTN Titin: key component of striated | THG/NC;
muscle MHG/LG
TSC22D RNA polymerase Il component MHG/NC;
MHG/LG
SLC39A8 Zinc transporter ZIP8 PHG/NC;
MHG/LG
PIK3AP1 Phosphoinositide 3-kinase MNHG/NC;
adapter protein MHG/LG
CDIPT CDP-diacylglycerol-inositol 3- JHG/NC;
phosphatidyltransferase JHG/LG
FBXO30 F-box only protein 30: substrate JHG/NC;
recognition component of an E3 JHG/LG
ligase
APOM Apolipoprotein M: lipid JHG/NC;
transport JHG/LG

Significantly mutated or CRC-correlated genes identified by TCGA whose protein products were significantly up- or
down-regulated in either the CA tissues or CA-derived cells.

In 2019, Vasaikar et al. (Vasaikar et al., 2019) published the first comprehensive prospective
proteogenomic study on CRC, which included label-free proteomics, TMT-labelled proteomics,
phosphoproteomics, WXS, RNA-seq and miRNA-seq, and SNP arrays. They found that MS methods
outperformed RNA-seq in terms of predicting gene function in CRC, though TMT labelling of the proteins
was more effective than the label-free method. In this cohort, non-hypermethylated MSI-H tumours were
enriched for DNA MMR, POLE, and BRAF activity. Chromosomal deletions were identified which were
predicted to confer a repression of endocytosis; similarly, in the data from CA-derived cell lines there
appeared to be an impairment of “regulated exocytosis” and “lysosome” functions in HGCA and LGCA
cells relative to NC cells, but an increase in “endocytosis”-related proteins in HGCA cells relative to LGCA
cells (Table 6.14). Encouragingly, these data confirmed the detection of CEACAMS5, currently the most

widely used CRC biomarker, as well as fellow family member and heterodimerisation partner CEACAMS6.

From this data set, a list of 43 genes was matched against the tissue and cell line data, with 16 found to
be shared between the two data sets (Table 6.14). Overall, the TCGA study had more overlap with proteins

identified from the CA-derived cell lines than from the CA tissues. However, proteins identified by Vasaikar
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et al. had greater overlap with the CA tissue data than data from the CA cell lines. Both studies analysed

tissue samples rather than primary cell lines, and Vasaikar et al. also used blood samples.

Overall, the detection of many proteins that have previously been identified in CA

proteogenomics studies validates the results presented in this chapter, and those which are unique to this

study provide avenues for further investigation.

Table 6.14: Comparison with Vasaikar et al.

Gene Gene name/description Abundance (cells) Abundance (tissues)
Symbol
COL12A1 Type Xl Collagen a TMLG/NG;
MHG/NC
S100P Calcium sensor and contribution MLG/NG;
to calcium signalling MHG/NC
S100AS8, Calcium and zinc binding PHG/LG
S100A9 proteins
CEACAMS, Carcinoembryonic antigen- MHG/NC;
CEACAMG related cell adhesion molecules PHG/LG
5and 6
SERPINBS Tumour suppressor MHG/NC;
MHG/LG
SERPINH1 Binds collagen MHG/LG
GPRC5C Retinoic acid-inducible GPCR MLG/NG;
MNHG/NC
FAP Prolyl endopeptidase: ECM JLG/NC;
degradation, tumour growth JHG/NC
PKM Pyruvate kinase isoform M1 JHG/NC
HMGA2 Transcriptional regulator MLG/NC;
JHG/LG
IGF2BP3 Insulin-like GF 2 mRNA-binding JLG/NC;
protein 3 MHG/LG
MXRA5 Matrix-remodelling-associated MHG/LG
protein 5
THBS2 Thrombospondin-2: cell-cell and MHG/LG
cell-matrix adhesion
VSNL1 Visinin-like protein 1: calcium- MHG/LG
dependent inhibition of
rhodopsin phosphorylation

Cancer-associated proteins identified by Vasaikar et al. (2019), and significantly up- or down-regulated in either the
CA tissues or CA-derived cells.
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6.3.3 Detection of RAS components by LC-MS/MS
A few RAS components were detected by MS, but none of the 5 iPSC markers were detected. In tissues
samples (Table 6.15), AGT, ACE2, PRR, and cathepsins B (CTSB), D (CTSD) and G (CTSG) were detected.
AGT abundance was higher in all LGCA tissues and lower in all HGCA tissues compared to their patient-
matched NC tissues, but this was not statistically significance except for HGCA1 and HGCA3. ACE2 was
detected in all HGCA tissues plus LGNC4, and abundances were significantly higher in all CA tissues relative
to patient-matched NC tissues. Cathepsins B, D and G were detected at higher levels in all CA tissues
compared to their patient-matched NC tissues, except for HGCA2 and LGCA4 for cathepsin G. However,
there was no statistical significance for the differences in abundance of any cathepsins. The confidence
levels for PRR detection in the tissues was low, and so no relative abundance data was produced. In the
cell lines (Table 6.16), PRR was detected in LGCA1, HGCA3, HGCA4 and the NC cell line, with lower
abundance in all CA-derived cells relative to the NC cells but with no statistical significance. Cathepsins B
and D were detected in all CA-derived cells at lower levels than were detected in the NC cell line, except
for cathepsin D in the LGCA2 cells. These abundance changes were only significant for cathepsin B in

LGCA1, LGCA4 and HGCAS3 cell lines.

Table 6.15: RAS components detected in tissues by LC-MS/MS

Abundance ratios (p-values)
HGCA1 / HGCA2 / HGCA3 / HGCA4 / LGCAl1 / LGCA2 / LGCA3 / LGCA4 /
HGNC1 HGNC2 HGNC3 HGNC4 LGNC1 LGNC2 LGNC3 LGNC4
AGT 0.493 0.960 0.565 0.982 2.166 1.780 2.206 1.397
(0.041) (0.258) (0.042) (0.110) (0.916) (0.735) (0.982) (0.992)
ACE2 100 100 100 100 100 100 100 6.091
(<0.0001) | (<0.0001) | (<0.0001) | (<0.0001) | (<0.0001) | (<0.0001) | (<0.0001) | (0.0008)
PRR - - - - - - - -
CTSB 2.773 8.216 14.758 9.967 1.718 7.048 2.002 0.527
(0.923) (0.561) (0.700) (0.688) (0.988) (0.711) (0.997) (0.206)
CTSD 3.387 6.905 12.781 11.963 1.644 5.833 2.833 0.620
(0.850) (0.673) (0.762) (0.591) (0.999) (0.817) (0.827) (0.438)
CTSG 1.129 0.577 4.324 2.837 2.535 1.473 1.598 0.551
(0.752) (0.119) (0.956) (0.832) (0.805) (0.493) (0.951) (0.224)

Abundance ratios for RAS components in CA tissues relative to their patient-matched NC tissues, with p-values in

brackets. A p-value<0.05 indicates a significant result.
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Table 6.16: RAS components detected in cell lines by LC-MS/MS

Abundance ratios (p-values)
HGCA1 / HGCA2 / HGCA3 / HGCA4 / LGCAl1l/ LGCA2 / LGCA3 / LGCA4 /
NC NC NC NC NC NC NC NC
PRR 0.01 0.01 0.449 0.542 0.379 0.01 0.01 0.01
(<0.0001) | (<0.0001) | (0.347) (0.608) (0.179) (<0.0001) | (<0.0001) | (<0.0001)
CTSB 0.187 0.167 0.295 0.283 0.149 0.550 0.463 0.198
(0.503) (0.428) (0.022) (0.093) (<0.0001) | (0.537) (0.635) (0.009)
CTSD 0.106 0.147 0.467 0.334 0.381 1.915 0.625 0.398
(0.262) (0.378) (0.219) (0.176) (0.059) (0.733) (0.842) (0.246)

Abundance ratios for RAS components in CA-derived cell lines relative to the NC-derived cell line, with p-values in
brackets. A p-value<0.05 indicates a significant result.

6.3.4 Integration of the RAS with other signalling pathways
To assess the relevance to the scope of this thesis of proteins with significant abundance changes in the
CA tissue and cell lines, the upstream and downstream signalling pathways that influence the RAS and

pluripotency signalling were investigated.

The RAS is widely documented to sit both downstream and upstream of numerous signalling
pathways. Most research has focussed on the AT;R due to its association with adverse or cancer-related
outcomes. ATiR is activated when bound by its ligand, ATIl. AT,R is a G-protein coupled receptor (GPCR)
and so it can directly activate G-proteins to initiate signalling cascades. ATII binds AT;R to activate it,
allowing AT;R to phosphorylate G-proteins. However, AT:R can also function independent of G-proteins
by transactivating receptor tyrosine kinases (RTKs) such as EGFR, PDGFR and the insulin receptor

(Balakumar et al., 2014; Mehta et al., 2007).

When ATII binds AT;R it can cause receptor internalisation in either a B-arrestin-mediated or a
caveolin-1 (CAV1)-mediated manner (Mehta et al., 2007), though receptor internalisation is not essential
for signalling to occur (Hunyady et al., 2000). B-arrestin-mediated internalisation terminates G-protein
signalling, but leads to activation of the MAP kinase ERK without requiring G-proteins (Mehta et al., 2007).
ATII causes AT;R to associate with CAV1 and be trafficked to caveolae, where AT:R activates the G-protein
Racl to initiate MAP kinase signalling, and non-receptor tyrosine kinase c-Src which then activates EGFR

downstream signalling (Mehta et al., 2007).

Various caveola-related proteins were detected in the tissue and cell line samples, however there
was a discrepancy between cells and tissues (Table 6.17). CAV1 and CAV2 were higher in LGCA cells than
in the NC cell line, and CAV1 was higher again in HGCA cells than LGCA cells; however, CAV1 and CAV2
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were lower in both LGCA and HGCA tissues relative to NC tissues. CAV3 was upregulated in HGCA cells
relative to LGCA cells, and was unchanged in LGCA and HGCA tissue samples relative to NC tissues. The
caveolin-associated proteins (CAVIN) CAVIN1 and CAVIN2 were both downregulated in LGCA and HGCA
tissue relative to NC tissues; furthermore, CAVIN1 was lower in HGCA cells than LGCA cells. However,
CAVIN2 was more abundant in LGCA cells than in the NC cell line. CAVIN3 was unchanged in the cell lines
but downregulated in both the LGCA and HGCA tissues. CAVIN4 levels were lower in HGCA tissues and
HGCA and LGCA cells relative to NC tissues and the NC cell line, respectively. Collectively, this suggests
that in the tumour tissues the formation of caveolae is impaired, implying that B-arrestin-mediated
internalisation may be favoured. However, either the cultured cells have regained their expression of

caveola-related proteins, or growing the cells in culture conditions favoured those which retained their

caveolae.

Table 6.17: Caveolae-related proteins detected in NC and CA tissues and tissue-derived cell lines

Gene name Description Abundance (cells) Abundance (tissues)
CAV1 Forms a heterodimer with CAV2. Mediates MLG/NC; JLG/NC;
recruitment of CAVINs and also B-catenin.
Internalises and degrades TGFBR1. THG/LG VHG/NC
CAV2 Required for insulin-stimulated nuclear MNHG/NC; JLG/NC;
translocation of MAPK1 and STAT3
MHG/LG JHG/NC
CAV3 Mediated recruitment of CAVIN2 and 3 MNHG/NC; No change
MHG/LG
CAVIN1 Essential for caveolae formation in all tissues JHG/NC; JLG/NC;
and for CAV1 recruitment.
JHG/LG JHG/NC
CAVIN2 Induces membrane curvature to form caveolae | PTLG/NC JLG/NCG;
JHG/NC
CAVIN3 Regulates caveolae trafficking and budding No change JLG/NC;
JHG/NC
CAVIN4 Regulates localisation and stabilisation of JLG/NG; JHG/NC;
CAV3. Recruits MAPK1/3.
JHG/NC JHG/LG

AT:R phosphorylates the regulatory p85 subunit of phosphotidylinositol (Ptdins) 3-kinases (PI3Ks)
to initiate PI3K signalling (Fig 6.19) (Zhao et al., 2014). Once active, PI3Ks phosphorylate Ptdins4,5-
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bisphosphate (PIP;) to become PtdIns3,4,5-triphosphate (PIPs), which binds AKT and brings it into contact
with PDK1 and mTORC2, both of which phosphorylate AKT. PIP, plays its own role in signalling:
phospholipase C (PLC) converts PIP; into diacylglycerol (DAG) and IP3 (Mehta et al., 2007). AT1R activates
PLC, as well as PLA; and PLD, by phosphorylating them via coupling with G and Gg, G-protein complexes
(Balakumar et al., 2014; Mehta et al., 2007). DAG activates protein kinase C (PKC) which goes on to
phosphorylate and activate many other signalling components, and IP; binds receptors on the smooth

endoplasmic reticulum (ER) to release Ca?* which is vital to AT;R-mediated EGFR and JAK/STAT signalling

(Balakumar et al., 2014).

The reverse reaction to that of PI3K is catalysed by PTEN, which converts PIP3 back into PIP;
(Papadatos-Pastos et al., 2015). This is an important regulatory mechanism to control the extent of PI3K
signalling, and PTEN is a known tumour suppressor which is frequently mutated and silenced by promoter

methylation in cancer (Papadatos-Pastos et al., 2015).
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Figure 6.19: AT:R-PI3K/AKT signalling. When activated by ATII, AT:R can initiate AKT/mTOR signalling via
PI3K.
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As mentioned above, PI3K signalling activates AKT. AKT is at the top of the mTOR signalling
cascade; it phosphorylates mMTORC1 and mTORC2, leading to the transcription of antiapoptotic genes via
NF-kB and the degradation of the pro-apoptotic protein p53 (Papadatos-Pastos et al., 2015). There is a
tendency for AKT mutations to occur in proximal CRC tumours which the TCGA study also associated with
non-hypermutation and alterations to APC and KRAS, than in distal tumours which TGCA found were more
likely to be hypermutated, hypermethylated and MSI-H, and which tend to have BRAF mutations and a

poorer prognosis (Cancer Genome Atlas, 2012; Johnson et al., 2010).

Four members of PI3K signalling were detected by MS (Table 6.18). The PI3K regulatory subunit
p85a was higher in LGCA tissues than NC tissues, and PIK3AP1, an adapter protein which links toll-like
receptor and B-cell receptor signalling to PI3K/AKT pathways, was higher in HGCA tissues than LGCA and
NC tissues. In LGCA and HGCA cell lines, there were higher levels of PI3K catalytic subunit p110y, and
PIK3C2A, which releases insulin in response to glucose and generates PtdIns3-phosphate in response to
insulin. Furthermore, CDP-diacylglycerol-inositol 3-phosphatidyltrasnferase (CDIPT), which helps to
regulate the levels of free Ptdins and was identified in the TCGA study, was significantly reduced in LGCA
and HGCA cells, highlighting a possible cause for increased PI3K signalling. AKT2 was detected at
significantly higher levels in LGCA and HGCA cells relative to NC. Similarly, calcium sensing and binding
proteins S100P, S100A8 and S100A9, also identified by Vasaiker et al. (Vasaikar et al.,, 2019), were

significantly upregulated in LGCA and HGCA tissues relative to NC tissues.

Table 6.18: PI3K signalling-related proteins detected in NC and CA tissues and tissue-derived cell lines

Gene name Description Abundance (cells) Abundance (tissues)
PIK3R1 PI3K regulatory p85 subunit a No change MLG/NC
PIK3CG PI13K catalytic p110 subunit y MLG/NC No change
PIK3C2A Glucose-induced insulin release via AKT1. MLG/NC; No change
Insulin-induced PtdIns3P synthesis.
MHG/NC
PIK3AP1 Adapter protein between TLR/BCR and No change MHG/NC;
PI3K/AKT
MHG/LG
CDIPT Ptdins biosynthesis and inositol exchange JLG/NC; No change
JHG/NC
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AKT2 One of three closely related serine/threonine MLG/NG; No change
kinases (AKT1, AKT2, AKT3)

MHG/NC
S100P Contributes to cellular calcium signalling No change MLG/NG;
MHG/NC
S100A8/9 Calcium and zinc binding, regulation of No change MHG/LG

inflammatory processes and immune response
via ERK1/2, PI3K/AKT and NF-kB signalling.
Usually found as a heterodimer called
calprotectin.

Ras is a small G-protein which can be activated by GPCRs and RTKs (Fig 6.20). The genes KRAS and
NRAS code for ras proteins and commonly have activating mutations in CRC (Cancer Genome Atlas, 2012;
Vanhaesebroeck et al., 2010). EGFR is one RTK that activates ras, allowing it to initiate the Raf-MEK1/2-
ERK1/2 MAP kinase cascade and to activate PI3Ks (Papadatos-Pastos et al., 2015; Vanhaesebroeck et al.,
2010). Similarly, PDGF is able to stimulate the production of Ptdins3-phosphate to create a pool of
substrate for the formation of other PIP molecules. In addition, active ras causes PLC to become active
and convert PIP; into DAG and IPs. KRAS and EGFR were detected in CA-derived cells and in the CA tissues,
respectively. KRAS was higher in HGCA and LGCA cells relative to the NC cell line, and EGFR was unchanged

in cells but was lower in HGCA tissues than LGCA and NC tissues.

c-Src is a key mediator of ATII effects (Fig 6.21) (Mehta et al., 2007). It performs kinase roles in a
non-RTK-dependent manner by associating with GPCRs such as AT1R. Once recruited to active AT:R, c-Src
is phosphorylated and goes on to activate Pyk2 (Mehta et al., 2007). In this capacity, Pyk2 contributes to
further c-Src activation, as well as activating PDK1 which is the link between PI3K and AKT (Mehta et al.,
2007; Papadatos-Pastos et al., 2015). Furthermore, Pyk2 recruits c-Src to phosphorylate JAK2 at the top
of the JAK/STAT signalling cascade (Balakumar et al., 2014). AT:R can activate this pathway in two ways.
The firstis G-protein-independent, whereby AT;R recruits the c-Src/SHP-2 complex to phosphorylate JAK2.
The second involves AT1R phosphorylating a Gqq protein complex to activate PLC and convert PIP; into
DAG and IPs, as discussed above. IPs causes Ca®* release from the ER and DAG activates PKC-§; then PKC-
d activates Pyk2 in a Ca?*-dependent manner (Balakumar et al., 2014). JAK2 phosphorylates STAT1/3/6
and Rho kinase to affect gene transcription and cause vasoconstriction, respectively (Balakumar et al.,
2014). ATiR can produce DAG via a second mechanism. ATiR recruits Gqi13 and Gg, complexes to

phosphorylate c-Src and RhoA, which go on to activate PLD. PLD converts phosphatidylcholine into

144



phosphatidic acid (PA), which is subsequently converted by PA phosphohydrolase into DAG (Balakumar et
al., 2014). As mentioned above, DAG-induced PKC activation and IPs-induced Ca?* release are required for
AT;R-mediated EGFR transactivation and JAK/STAT signalling (Balakumar et al., 2014). The JAK/STAT
pathway is also downstream of MAP kinase signalling, as the STATs can be phosphorylated by ERK1/2, p38
and JNK. JAK1 was detected at significantly higher levels in LGCA and HGCA cells relative to NC; however,
as opposed to JAK2, JAK1 is primarily involved in inferferon signalling and not the JAK/STAT pathway.
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Figure 6.20: AT;R-MAP kinase signalling. When activated by ATIIl, AT:R can initiate MAP kinase signalling
via ras and rac.

TGF-B signalling is involved in the synthesis of ECM components fibronectin and collagen and the
production of tissue inhibitors of metalloproteinases (TIMPs), fibroblast proliferation, and EMT (Wolf,
2006). For these reasons, it is often implicated in the tumour microenvironment, including
immunomodulation, fibrosis and tumour stroma production, and with migration and metastasis. TGF-
binds to the type 2 TGF-B receptor (TGFBR2), which then recruits the type 1 receptor (TGFBR1). TGFBR1

causes the phosphorylation of SMADs, which influence gene transcription.
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Figure 6.21: AT;R-c-Src-JAK/STAT signalling. When activated by ATII, AT1R can initiate JAK/STAT signalling
via G-proteins or the non-receptor tyrosine kinase c-Src.

AT1R sits upstream of EGFR-induced TGF-p signalling (Wolf, 2006). ATIl stimulation of AT1R causes
the transactivation of EGFR to induce a cascade via Ras/Rac/MEKK1/JNKK to activate JNK, which then
activates the c-Jun/c-Fos transcription factor complex (AP-1 early response transcription factor complex)
to upregulate transcription of TGF-B. It has also been shown that AT;R can directly phosphorylate SMADs
in a TGF-B-independent manner, via ERK1/2 and the stress response p38 MAP kinase pathway (Wolf,
2006). Target genes of TGF-B signalling include those for p53, SMAD1 and c-Myc (Wolf, 2006).
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Fibrosis, which can result from TGF-f signalling, is a physical barrier which prevents immune cell
infiltration into a tumour, increases hypoxia and acidification, and exerts physical pressure on blood
vessels (Pinter et al., 2017). ATII via ATR stimulates the release of IL-1, IL-6, IL-8 and VEGF from tumour-
associated macrophages (TAMs) and cancer-associated fibroblasts (CAFs), stimulates TGF- release and
ECM deposition by CAFs, and promotes VEGF-mediated tumour angiogenesis (Pinter et al., 2017). The
AT1R blocker (ARB) losartan has been shown to partially alleviate these ATll-induced outcomes (Pinter et

al., 2017).

PRR signalling also influences TGF-B-related pathways. When pro-renin or renin bind PRR, it
activates p42/p44 MAP kinase signalling to upregulate profibrotic genes such as TGF-B, plasminogen
activator inhibitor 1 (PAI-1/SERPINE1), FN1, collagen-1, and proinflammatory cytokines TNF-a and IL-1
(Balakumar et al., 2014). It also induces ERK1/2 and p38 MAP kinase signalling independent of the RAS (G.
Nguyen, 2011); ERK1/2 activation by PRR leads to downstream profibrotic effects via TGF-B1, plasminogen
activator inhibitor 2 (PAI-2/SERPINB2), collagen, FN1 and COX2 (Ramkumar et al., 2019). Interestingly,
angiotensin IV (ATIV) increases PAI-1/SERPINE1 via the type 4 angiotensin receptor (AT4R) (Wolf, 2006);
the SERPINSs inhibit proteases including cathepsins and MMPs which are involved in RAS redundancy, cell

migration and metastasis.

The relative abundance of PRR was not able to be determined in CA tissues due to the low
confidence of identification, but it was found to be less abundant in CA cells relative to the NC cell line.
PAI-1/SERPINE1 and PAI-2/SERPINB2 were significantly downregulated in HGCA cells relative to the NC
cell line, and PAI-1/SERPINE1 was also significantly lowered in LGCA cells, but both were unchanged in

tissue samples.

There were numerous RAS-related proteins detected in the cell lines and tissues. ACE2, which
antagonises the adverse effects of AT:R signalling by converting ATl into Ang1-9 and ATIl into Ang1-7, was
detected at elevated levels in LGCA and HGCA tissues relative to NC tissues. Aminopeptidase N (ANPEP)
was detected with a greater abundance in LGCA cells than the NC cell line, which then fell again in HGCA
cells, suggesting a role in tumour initiation. Cathepsins B and D are known to act as bypass mechanisms
for the RAS, potentially allowing the RAS to continue functioning when classical targets are blocked by
medications such as ARBs and ACEls. Cathepsin B, which proteolytically activates renin, was significantly
downregulated in CA-derived cells relative to the NC cell line. Similarly, there was a non-significant

reduction of cathepsin D, which proteolytically activates renin and converts ATl to ATII, in HGCA and LGCA
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cell lines. Taken together, these findings suggest that CRC tumours may have some capacity to bypass RAS

blockade via ARBs or ACEls.

6.3.5 Convergence of the RAS and Wnt signalling
PRR was found to be a vital component of the Wnt signalling receptor complex. The PRR transmembrane-
ICD fragment and full length PRR provide a vital link between the Wnt receptor Frizzled (FZD) and low-
density lipoprotein receptor-related protein (LRP) 5/6 (G. Nguyen, 2011; Nusse, 2005). Wnt proteins bind
the FZD receptor, causing Dishevelled (Dvl) to be recruited and allowing LRP5/6 to polymerise with FZD
(C. Gao et al., 2010; Khalek et al., 2010). PRR then provides a vital link between LRP5/6 and V-ATPase: to
become active via phosphorylation, LRP5/6 must be in an acidic environment, and this is achieved through
PRR co-localisation with proton pump V-ATPase, which acidifies the region in close proximity to LRP5/6
(G. Nguyen, 2011; Nusse, 2005; Ray, 2010). Once active, LRP5/6 binds Axin to prevent it from participating
in the B-catenin destruction complex (Nusse, 2005). Importantly, PRR enables Wnt/B-catenin signalling to
occur via a mechanism which is independent of pro-renin or renin binding to PRR (L. Zhou et al., 2015).
Interestingly, c-MYC, EpCAM, and RAS components ACE, AT:R, AT;R and PRR are among the Wnt-targeted

genes which are transcribed by the B-catenin/Tcf/Lef complex (L. Zhou et al., 2015).

Two coiled-coil domain-containing (CCDC) proteins were found to influence the crosstalk between

Wnt, RTK and GPCR signalling: CCDC88A/Girdin and CCDC88C/Daple.

Daple is a Dvl-binding protein which dissociates from Dvl when FZD is bound by the WNT5A ligand
(Aznar et al., 2018). When this occurs, Daple binds FZD by displacing Dvl to stop canonical Wnt signalling;
Daple then recruits G protein complexes and releases Gg, complexes to inhibit cAMP signalling and
initiate PI3K/AKT and MAP kinase signalling, respectively (Aznar et al., 2018). Dvl and G, bind to Daple in
a mutually exclusive manner due to allosteric inhibition, so that when Dvl is overexpressed it is capable of
saturating available Daple, preventing it from associating with Gy and thereby favouring canonical Wnt
signalling (Aznar et al., 2018). In this mechanism of action, Daple compartmentalises B-catenin with other
Whnt-signalling components to enhance canonical Wnt (Aznar et al.,, 2017). However, multiple RTKs
including EGFR, and non-RTKs including c-Src, are able to phosphorylate Daple in a manner which favours
Gqibinding over Dvl. This increases downstream signalling via Racl and AKT, promotes EMT, and leads to

B-catenin accumulation with E-cadherin at the cell membrane, therefore reducing canonical Wnt
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signalling (Aznar et al., 2018; Aznar et al., 2017). Disruption of the Daple-AKT axis allows canonical Wnt

signalling to proceed without restriction (Aznar et al., 2017).

Girdin is a guanine nucleotide exchange factor (GEF) which associates with RTKs and non-RTKs.
Similar to Daple, Girdin binds Gq complexes to inhibit cAMP and therefore reduce proliferation, and
releases Gg, complexes which induce PI3K/AKT signalling (Gupta et al., 2016). Girdin is able to recruit
phosphorylated p85 PI3K subunits to the EGFR to enable EMT, cell migration and metastasis via actin
remodelling (Garcia-Marcos et al., 2011; Jun et al., 2013). It also induces PI3K to activate AKT1, which
phosphorylates GSK3B and reduces B-catenin degradation. Unlike Daple, which accelerates EGFR
degradation, the Girdin/Gq complex prolongs EGFR signalling from the cell membrane, and when Girdin
is not bound to G, complexes it prolongs EGFR signalling from endosomes via MAPK/ERK (Gupta et al.,

2016).

Daple and Girdin were both detected by MS. Girdin, which enables metastasis and is a prognostic
indicator in CRC (Garcia-Marcos et al., 2011; Jun et al., 2013), was significantly more abundant in HGCA
cellsthan LGCA cells. Daple, a key regulator of Wnt signalling, was significantly upregulated in LGCA tissues
relative to NC. WNT5A was found to be significantly upregulated in HGCA and LGCA cells and was the only
Whnt ligand to be detected.

6.3.6 The RAS and pluripotency
As discussed above, the RAS via ATII/AT1R stimulates signalling pathways including PI3K/AKT, JAK/STAT
and TGF-B pathways (Fig 6.22). It has also been shown that these pathways are involved in complex

networks which influence the transcription of pluripotency markers.
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Figure 6.22: Synthesis of relevant pathways. Colours are simply to make it easier to see; however, bold type signifies commonly mutated proteins
in CRC.
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The core pluripotency factors are OCT4, SOX2 and NANOG (Takahashi et al., 2007; Takahashi
et al.,, 2006). The OCT4/SOX2 complex is capable of transcribing NANOG, and the SOX2/NANOG
complex is able to control OCT4 transcription (Masui et al., 2007; Niwa et al., 2009; G. Pan et al., 2007).
In mouse ESCs, Niwa et al. (Niwa et al., 2009) demonstrated that the JAK/STAT pathway activates KLF4
which then activates SOX2, and the PI3K-AKT pathway leads to NANOG activation. The
OCT4/SOX2/NANOG complex transcribes STAT3 to further potentiate this pathway, as well as
transcribing components of TGF-B signalling which in turn increases SOX2 expression via SMADs
(Ikushima et al., 2009). Expression of c-MYC is also induced by STATSs, as well as by AKT and ERK (Mehta
et al., 2007). However, SMADs reduce c-MYC transcription and MAP kinase signalling lowers AKT-
induced NANOG transcription (Niwa et al., 2009).

As outlined above, the activation of the RAS via ATII/ AT4R initiates signalling via RTKs and
GPCRs, including EGFR, TGFBR1/2 and AT1R itself. This occurs through pathways such as PI3K/AKT,
MAPK/ERK, JAK/STAT and TGF-B/SMAD. Each of these pathways, plus B-catenin/Wnt signalling,
contribute in some way to the transcription of pluripotency genes OCT4, SOX2, NANOG, KLF4 and c-
MYC, and RAS components PRR, ACE, AT:R and AT;R. Therefore, taking into account the
downregulation of RAS bypass members (CTSB/D, ANPEP) and upregulation of the beneficial ACE2 in
CA samples, modulation of the RAS via classic targets such as AT;R and ACE may be able to target CSCs

by reducing the expression of pluripotency drivers and thereby attenuate their function.

6.4 Conclusions

Proteomic analysis revealed that when compared to their NC controls, the CA tissues and CA-derived
cell lines are enriched for proteins which are involved in RNA processing and mitochondrial
respiration. MS identified abundance changes in members from a range of different signalling
pathways which integrate with the RAS, often being activated via PRR or AT;R. This includes the Wnt
signalling pathway which is crucial to CA and initiates gene transcription for RAS components and iPSC
markers by the B-catenin transcription complex. Various components which can bypass the RAS or
cause it to branch, including ACE2 and cathepsins B and D, were detected in CA tissue and cell samples,
highlighting that treatment with RAS modulators could be circumvented. The alignment of MS data
from both the CA tissues and CA-derived cell lines with each other and with published data from other
CRC proteogenomic studies suggests that the cell lines will be a useful in vitro model for CA tumours,

though they are not a complete reflection of the complex CA tissues.
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Chapter 7: Primary Colon Adenocarcinoma Stem Cells Express

Components of the Renin-Angiotensin System

7.1 Introduction

The classical RAS maintains blood pressure and fluid levels by controlling sodium absorption, vascular
tone and hormone release (Fountain et al., 2019), and its involvement in cancer is an emerging field
of research (Munro, Wickremesekera, Davis, et al., 2017). The RAS is summarised in Section 1.5 of the
general discussion (Fig 1.4). Many studies have shown that the RAS is involved in cancer-related
processes such as angiogenesis, proliferation, tumourigenesis and metastasis (Munro,
Wickremesekera, Davis, et al., 2017; Roth et al., 2019). Furthermore, downstream effects of AT:R and
AT,R seem to play antagonistic roles — AT:R has an association with adverse or cancer-related
outcomes, especially when dysregulated, whereas AT,R may promote activity which prevents or
reduces malignancy (Fountain et al., 2019; Munro, Wickremesekera, Davis, et al., 2017). AT1R and AT,R
are localised to the plasma membrane and AT;R to the nuclei of CRC cells, promoting ATII-induced
tumour growth, invasion and VEGF-A secretion (Zhou et al., 2014). Investigations into the role of the
RAS in CRC have included retrospective studies showing that CRC patients taking RAS inhibitors display
reduced incidence of polyp formation, CRC and metastasis (Childers, 2015). Specifically, AT:R
inhibition has been observed to have the greatest effect in reducing the development and metastasis
of solid tumours (Childers, 2015). A large-scale meta-analysis found a positive trend in CRC patient
survival associated with angiotensin receptor blockers (ARBs) and ACE inhibitors (ACEls), with up to
20% increases in DFS, PFS and OS rates (Sun et al., 2017).

EMT is thought to be vital to metastasis (L. Nguyen et al., 2016). The downstream effects of
ATII binding to AT,R are consistent with those seen in EMT, including increased cellular migration (L.
Nguyen et al., 2016). This suggests that the RAS may play a key role in CRC metastasis.

Cathepsins are known to be involved in cancer by activating angiogenic growth factors and
proliferative cytokines and by degrading the ECM to allow tumour invasion and metastasis (S. Chen et
al.,, 2017; Ruan et al., 2015; Turk et al., 2012). However, there is evidence of redundancy between the
cathepsins, making them a difficult therapeutic target, especially given their crucial roles in normal
physiology (Aggarwal et al., 2014; S. Chen et al., 2017). Cathepsins B and D are two of the most
commonly studied cathepsins in a range of cancers (S. Chen et al., 2017). Despite there being elevated
levels of cathepsins in CRC relative to normal tissue, there is no correlation between cathepsin levels
and tumour grade in CRC (Kuester et al., 2008). In fact, despite a lack of focus on the activity of

cathepsins in the stroma, there is evidence that the expression levels of cathepsin D by tumour-
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associated macrophages has a greater influence on prognosis than its expression by cancer cells
(Kuester et al., 2008). There is some evidence that cathepsin B influences local invasion more than
distant metastasis (Kuester et al., 2008), including in CRC (Bian et al., 2016). This is partly through its
degradation of E-cadherin to reduce cell-cell adhesion (Ruan et al., 2015), thereby leading to tumour
budding, the process by which single or small clusters of tumour cells migrate away from the tumour
nests (Kuester et al., 2008). Tumour budding is associated with poor prognosis and is strongly
correlated with the expression levels of cathepsin B, but not that of cathepsin D, by the budding cells
(Kuester et al., 2008). Interestingly, cathepsin G activity increases the formation of E-cadherin/B-
catenin complexes and therefore cell-cell adhesion, reducing cell motility and causing cells to clump
together (Kudo et al., 2009). Research regarding the role of cathepsins in distant metastasis has found
that they enhance the success of metastatic cells once they arrive at their secondary site by deriving
growth factors, amino acids and nutrients from the ECM via nutrient recycling (Garcia et al., 1996).

Cathepsin B is upregulated by the p38, MAP kinase and K-ras signalling pathways (Kuester et
al., 2008). Cathepsin B is expressed at low levels in the epithelium of normal colon where it is found
near the luminal surface; however, it is upregulated in CRC and found deeper in the crypts, often seen
diffusely in the cytoplasm of poorly-differentiated tumours (Gondi et al., 2013; Kuester et al., 2008).
It can be secreted in exosomes by tumour cells to act extracellularly by degrading the ECM to enhance
invasiveness and migration (Bian et al., 2016). Localisation of cathepsin B to the basal membrane and
its secretion from the cell coincides with KRAS activation, a common mutation in CRC, and occurs
around the time of malignant transformation from an adenoma to adenocarcinoma (Bian et al., 2016).
However, an increase in cathepsin B mRNA levels occurs early in CRC, associated with mutation of the
APC gene, which is considered to be one of the initiating mutations of CRC (Bian et al., 2016). Cathepsin
B expression in the tumour cells of CRC has previously been investigated, collectively finding that more
than 70% of CRC cases express cathepsin B but that its abundance does not increase with tumour
grade (Bian et al., 2016; Chan et al., 2010; Khan et al., 1998). In mouse models of pancreatic and breast
cancer, cathepsin B depletion reduces tumour burden (Turk et al., 2012). Furthermore, it has been
proposed as a prognostic marker in human cancers, especially in breast cancer, where its serum levels
correlate with the presence of metastasis (Garcia et al., 1996; Turk et al., 2012).

Pro-cathepsin D is secreted extracellularly by cancer cells and tumour-associated
macrophages where it has a pro-tumoural effect by increasing proliferation, invasion and survival of
fibroblasts, and activation of MAP kinase signalling (Benes et al., 2008; Liaudet-Coopman et al., 2006).
These actions are independent of its proteolytic activity and are likely to be induced through receptor
binding, because cathepsin D does not have enzymatic activity at a neutral pH (Liaudet-Coopman et

al., 2006). Secreted inactive pro-cathepsin D binds to the extracellular domain of LRP1 on fibroblasts,
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preventing the phosphorylation and activation of LRP1 and triggering fibroblast outgrowth (Derocq et
al., 2012; Liaudet-Coopman et al., 2006).

Kanber et al. (Kanber et al., 2002) used IHC to analyse the expression of cathepsin D in CA and
found that 100% of their samples expressed cathepsin D in the stroma, and 90.3% showed weak to
moderate staining of the tumour epithelial cells.

Although cathepsins B and D are expressed in a range of cancers by tumour cells, infiltrating
immune cells and sometimes microvessels, cathepsin G appears to be restricted to neutrophils and
mast cells (Featherston et al., 2017; Koh et al., 2017; Mehrotra et al., 2018; R. M. A. Rahman et al.,
2019), and so its ability to produce ATIl in vivo depends on cathepsin G being released into the tumour
microenvironment.

The aim of this chapter was to assess the expression and localisation of components of the
RAS, including cathepsins, in CA tissue samples, tissue-derived primary cell lines, and patient-matched
NC tissue. The first hypothesis was that RAS components, including cathepsins, would be expressed
by CA tissues and cells, and that some of the RAS components would be expressed by the proposed
CSCs that also express iPSC markers. Furthermore, it was also hypothesised that as the CA grade
increased, the abundance of PRR, ACE and the cathepsins would increase and the abundance of ACE2
and AT,R would decrease.

IHC staining was carried out to determine protein localisation within CA tissue. 10 LGCA and
8 HGCA tissue samples were investigated for the distribution and abundance of PRR, ACE and AT;R. A
sub-cohort of 6 LGCA and 6 HGCA tissues were probed for cathepsins B, D and G. A selection of 3 LGCA
and 3 HGCA tissues were stained for ACE2. EpCAM-sorted CA-derived primary cell lines, as described
in Chapter 5, were interrogated for their expression of RAS components and cathepsins B and D using
WB. RT-qPCR confirmed gene transcription in tissues and cell lines. Finally, IF staining was carried out
to co-localise components of the RAS with cells expressing iPSC markers in the tumour epithelium and
stroma. Based on the protein expression of iPSC markers as outlined in Chapter 4, a subpopulation of
CSCs in the CA epithelium has been proposed, expressing NANOG, SOX2, KLF4, c-MYC, CD133 and
EpCAM. A subpopulation of cells in the stroma expressed OCT4, and may represent migratory cancer
cells, cancer-associated fibroblasts, or cells which are undergoing induced de-differentiation (Munro
et al., 2019). This chapter sought to clarify whether these subpopulations expressed components of

the RAS.
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7.2 Results

7.2.1 ACE and ACE2 are expressed variably by CA tissues and CA-derived cell lines
ACE was not detected by IHC staining in NC tissues (Fig 7.1B,D,F,H), except for the endothelial layer of
microvessels. In CA tissues, ACE appeared to be weakly positive in the epithelial cytoplasm, and more
pronounced on the luminal surface of epithelial cell membranes. Overall, the staining was weaker in
HGCA tissues (Fig 7.1E,G) compared to LGCA tissues (Fig 7.1A,C). The antibody was also non-
specifically seen in red blood cells. Only one NC sample displayed positive staining for ACE2 (Fig 7.2F),
where it was seen on the luminal surface of crypt epithelial cells. In all 6 CA tissues, epithelial cells (Fig
7.2A,C,E,G) exhibited moderate staining in the cytoplasm, with stronger membranous staining at the
luminal surface and occasionally at the stromal surface.

Neither ACE nor ACE2 were detected by WB in any cell lines, but were present in the positive
controls at approximately 195 kDa and 110 kDa, respectively (Fig 7.3A,B).

ACE was detected by RT-gPCR in all LGCA tissues and patient-matched NC tissues (Fig 7.4A)
with mRNA levels significantly higher in 3 of the tumours relative to NC, not statistically different in 2
cases, and significantly reduced in 1 case. ACE mRNA was detected in all HGCA tissues and patient-
matched NC tissues, with 1 sample displaying significantly higher expression than its matched NC
tissue and another having significantly decreased expression in the tumour. There was no difference
in ACE mRNA expression between the CA tissues and their matched NC tissues from the other 4
patients.

In the cell lines, ACE mRNA was detected by RT-qPCR in all of the CA-derived EpCAM"e" (+)
and EpCAM™¥ (-) cells, but at significantly lower levels than the pool of NC tissues used as a reference
(Fig 7.5A). ACE2 mRNA was detected in EpCAM"" (+) and EpCAM"“" (-) cells from samples LGCA2 and
HGCAZ2, and in the EpCAM"" (-) cells from LGCA1 and the EpCAM"&" (+) cells from LGCA3. However,

the abundance was much lower than in the pooled NC tissue reference (Fig 7.5B).
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Figure 7.1: IHC staining for ACE. Representative images showing IHC staining for ACE, including 2 LGCA
(A, C) and their patient-match NC tissue (B, D), and 2 HGCA (E, G) and their patient-matched NC tissue
(F, H). Original magnification: 400x.




Figure 7.2: IHC staining for ACE2. Representative images showing IHC staining for ACE2, including 2
LGCA (A, C) and their patient-match NC tissue (B, D), and 2 HGCA (E, G) and their patient-matched NC
tissue (F, H). Original magnification: 400x.
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Figure 7.3: Western blot for RAS components. Protein extractions from LGCA (n=3) and HGCA (n=3)
cell lines that had been sorted into EpCAM"&" (+) and EpCAM"" (-) subpopulations were probed for
ACE (A; 195 kDa), ACE2 (B; 110 kDa), AT2R (C; 45 kDa), PRR (D; 35 kDa), cathepsin B (E; 24 kDa and 27
kDa) and cathepsin D (F; 43 kDa and 46 kDa). Positive controls included tonsil (PRR), mouse lung (ACE),
human kidney (ACE2) and HepG2 cells (AT:R, Cath B, Cath D). a-Tubulin (G; 50 kDa) was used as a
loading control.
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Figure 7.4: RT-qPCR for RAS components in CA tissues. RNA was extracted from LGCA (n=6) and HGCA
(n=6) tissue samples and patient-matched NC tissue, and RT-qPCR was carried out to measure the
mMRNA levels of ACE (A), AT.R (B) and PRR (C).The abundance of each marker in each tumour tissue
was measured relative to their patient-matched NC tissue sample. The average relative abundance
from triplicate values are displayed, with error bars representing standard deviation.
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Figure 7.5: RT-qPCR for RAS components in CA-derived cells. RNA was extracted from EpCAM"e" (+)
and EpCAM"Y (-) cells derived from 3 LGCA and 3 HGCA cases, and PCR was performed to measure
the mRNA levels of ACE (A), ACE2 (B), AT;R (C), PRR (D), Cathepsin B (E) and Cathepsin D (F). The
abundance of each marker was measured relative to the pooled data generated from 4 NC tissues, all
run separately as triplicates in each PCR reaction. The average relative abundance from triplicates are
displayed, with error bars representing standard deviation.
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7.2.2 AT2R expression in CA tissues is proportional to grade
In NC tissues, AT2R (Fig 7.6B,D,F,H) IHC staining was negative-to-weak overall, and seemed to be
cytoplasmic or concentrated to the luminal membrane of epithelial cells when present, with some
possible nuclear staining. Staining for AT,R across CA samples (Fig 7.6A,C,E,G) ranged from negative
to strong; most positive cases displayed uniform moderate staining in the cytoplasm of epithelial cells,
with some cases also displaying a more granular pattern within the cytoplasm. Some stromal cells
stained positive, most of which could be attributed to immune cells, though some elongated
fibroblast-like cells also had staining.

A band corresponding to AT;R was detected by WB in all EpCAM"&" and EpCAM™" cells (Fig
7.3C) at approximately 45 kDa.

AT,R mRNA was detected in 2 of the 6 LGCA tissues, with 1 showing similar abundance to its
matched NC tissue, and 1 with significantly reduced levels (Fig 7.4B). Conversely, in was detected in 5
of the 6 HGCA tissues but only in 2 of the patient-matched NC samples, where AT,R mRNA levels were
lower in 1 NC and similar in the other NC relative to their matched CA tissues. AT,R mRNA was below

detectable levels in all CA-derived EpCAM"€" (+) and EpCAM"“" (-) cell lines (Fig 7.5C).

7.2.3 PRRis upregulated in CA tissues and CA-derived cells
IHC staining for PRR in NC tissues (Fig 7.7B,D,F,H) was strong in the layer of smooth muscle (muscularis
mucosae) below the crypts and stroma (Fig 7.7B), and negative or weak in the cytoplasm of crypt
epithelial cells. In CA samples (Fig 7.7A,C,E,G), staining was predominantly moderate in the cytoplasm
of epithelial cells, and often moderate-to-strong at the cell membrane.

PRR was detected by WB at the expected molecular weight of 35 kDa (Fig 7.3D) in all EpCAM"&h
and EpCAM"" cell lines.

PRR mRNA was detected in NC, LGCA and HGCA tissues (Fig 7.4C). Expression levels were
significantly upregulated in 1 LGCA tumour, significantly downregulated in 3 LGCA tumours, and at
similar levels in 2 LGCA tumours relative to their matched NC tissues. Similarly, PRR mRNA was
significantly upregulated in 2 HGCA tissues, downregulated in 1 HGCA tissue, and not significantly
different in the remaining 3 HGCA tissues relative to their patient-matched NC tissues. All CA-derived
EpCAM"e" (+) and EpCAM™" (-) cells expressed significantly more PRR mRNA than the pooled NC tissue

reference (Fig 7.5D).
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Figure 7.6: IHC staining for AT.R. Representative images showing IHC staining for AT;R, including 2
LGCA (A, C) and their patient-matched NC tissue (B, D), and 2 HGCA (E, G) and their patient-matched
NC tissue (F, H). Original magnification: 400x.




Figure 7.7: IHC staining for PRR. Representative images showing IHC staining for PRR, including 2 LGCA
(A, C) and their patient-matched NC tissue (B, D), and 2 HGCA (E, G) and their patient-matched NC
tissue (F, H). Original magnification: 400x.




7.2.4 Cathepsins are expressed in the CA epithelium and stroma
IHC staining found that cathepsin B (Fig 7.8) and cathepsin D (Fig 7.9) were highly expressed by
immune cells in the stroma of NC and CA tissues, as well as by occasional crypt cells in NC tissues
thought to be neuroendocrine cells. Epithelial cells in NC samples expressed low levels of cathepsin B,
seen as a weak stain (Fig 7.8B,D,F,H). Cathepsin D was not expressed on the epithelium of most NC
samples, and was weakly positive in a minority (Fig 7.9B,D,F,H). However, the epithelial cells of CA
tissues stained weak-to-moderate for both cathepsins B (Fig 7.8A,C,E,G) and D (Fig 7.9A,C,E,G), with
cathepsin D appearing more granular with spots of strong staining, possibly showing lysosomes or
endosomes in which cathepsins generally function. Interestingly, staining for both cathepsins B and D
was stronger in the epithelial cells of LGCA tissues than HGCA tissues. Cathepsin G (Fig 7.10) was
expressed by scattered cells within the stroma, thought to be mast cells which typically express
cathepsin G, as well as some tumour infiltrating immune cells. The stain also appeared non-specifically
in necrotic areas (Fig 7.10A).

Bands for Cathepsin B (Fig 7.3E) were detected by WB in all CA-derived EpCAM"&" and
EpCAM™¥ cell lines. Two prominent bands were observed, corresponding to the heavy chain of
cathepsin B with and without glycosylation (27 kDa and 24 kDa, respectively). Cathepsin D (Fig 7.3F)
was detected in all HGCA-derived cell lines, and in two of the three LGCA-derived cell lines (both
EpCAMMe" and EpCAM™Y cells), where it was predominantly more abundant in EpCAM"&" cells. Bands
of two different sizes were detected, which represented pre-pro-cathepsin D (43 kDa), and
glycosylated pro-cathepsin D (46 kDa).

RT-qPCR detected mRNA for Cathepsins B and D in all CA-derived EpCAM"€" (+) and EpCAM""
(-) cells. All of the cell lines had significantly higher levels of cathepsin B mRNA relative to the pooled
NC tissue reference (Fig 7.5E). Cathepsin D expression in cell lines was similar to that of the NC pool
for 3 LGCA-derived and all 6 HGCA-derived cell lines, and significantly upregulated in the EpCAM"&" (+)
and EpCAM"™¥ (-) cells from LG2 and the EpCAM"&" (+) cells from LG3 (Fig 7.5F).
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Figure 7.8: IHC staining for cathepsin B. Representative images showing IHC staining for cathepsin B,
including 2 LGCA (A, C) and their patient-match NC tissue (B, D), and 2 HGCA (E, G) and their patient-
matched NC tissue (F, H). Original magnification: 400x.
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Figure 7.9: IHC staining for cathepsin D. Representative images showing IHC staining for cathepsin D,
including 2 LGCA (A, C) and their patient-match NC tissue (B, D), and 2 HGCA (E, G) and their patient-
matched NC tissue (F, H). Original magnification: 400x.
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Figure 7.10: IHC staining for cathepsin G. Representative images showing IHC staining for cathepsin
G, including 2 LGCA (A, C) and their patient-match NC tissue (B, D), and 2 HGCA (E, G) and their patient-
matched NC tissue (F, H). Original magnification: 400x.




7.2.5 Cells expressing OCT4 and NANOG co-express RAS components
IF staining was carried out using combinations of various iPSC markers with RAS components to
determine whether colon stem-like cells express components of the RAS.

OCT4 (Fig 7.11A-l; green) was expressed by neuroendocrine cells within the crypts of NC
tissues, and in the cytoplasm of elongated stromal cells in LGCA and HGCA tissues. Some of these
OCT4" cells stained positive for AT,R in the nucleus (Fig 7.11B,C; red; arrowheads). AT;R was also
present in the cytoplasm and plasma membrane of epithelial cells in CA tissues.

Cathepsins B (Fig 7.11D-F; red) and D (Fig 7.11G-I; red) were expressed in the cytoplasm of
epithelial cells in NC and CA tissues, and were abundant within immune cells in the stroma. There did
not appear to be any co-expression of either cathepsin B or cathepsin D with OCT4 in the CA stromal
cell subpopulation.

NANOG (Fig 7.11J-L; red) was not present in NC tissues but was seen in the cytoplasm and
nuclei of epithelial cells in CA tissues. ACE2 (Fig 7.11J-L; green) was localised to the cytoplasm, and
particularly to the luminal membrane, of CA crypt epithelial cells that also expressed NANOG. The
mouse anti-NANOG primary antibody (Fig 7.11M-0; green) produced a weaker stain than the rabbit
anti-NANOG (Fig 7.11J-L; red), but was detected in the cytoplasm of tumour epithelial cells, which also
expressed AT,R (Fig 7.11M-0O; red) in the cytoplasm, often concentrated around the plasma
membrane.

Based on IHC staining data, AT:R, PRR and cathepsin D were overexpressed in CA tissues
relative to NC tissues, whereas ACE and cathepsin B had a similar degree of staining in CA tissues
compared to NC tissues, with cathepsin G predominantly negative. Overall, the IF staining suggests
that the OCT4* and NANOG® subpopulations both co-express AT,R, and that the NANOG"
subpopulation also expresses ACE2 and is likely to express cathepsins B and D. Taking into account the
IHC and IF staining from Chapter 4, the proposed epithelial CSC subpopulation expresses
NANOG/SOX2/KLF4/c-MYC/CD133/EpCAM/AT,R/ACE2, and possibly LGR5, PRR and cathepsins B and
D.

Figure 7.11: Co-localisation of iPSC markers with RAS components by IF staining (page 169).
Representative immunofluorescence images showing protein expression of OCT4 (A-l, green) with
AT3R (A-C, red), cathepsin B (D-F, red) and cathepsin D (G-I, red). A rabbit anti-NANOG antibody (J-L,
red) was co-stained with ACE2 (J-L, green). A mouse anti-NANOG antibody (M-O, green) was co-
stained with AT,R (A-C, red). NC (A,D,G,J,M), LGCA (B,E,H,K,N), HGCA (C,F,I,L,0). Cell nuclei were
counterstained with DAPI (blue). Original magnification: 400x.
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7.2.6 Cathepsin activity assays
The presence and distribution of cathepsins B and D were determined by IHC staining, IF staining and
WB. However, the presence of cathepsins is only relevant if they are active within the CA tissues and
CA-derived cells. They have a wide range of substrates and physiological roles, including involvement
in the RAS. Cathepsin activity assays were performed by extracting total protein from 3 LGCA and 3
HGCA tissues, and EpCAM"&" and EpCAM“¥ cell lines derived from all 6 of these tissue samples. Briefly,
protein extract was diluted in assay buffer and incubated with substrate at 37°C for 30 min. The
average fluorescence was normalised against the amount of protein added, giving a relative
fluorescence intensity unit (FIU) per ug of protein. Tonsil tissue was used as a positive control.

Activity of cathepsins B and D was detected in all tissue and cell samples (Figure 7.12A-D). In
CA tissues, cathepsin B activity ranged from 2.84 to 6.95 FIU per pg of protein, with tonsil having 3.58
FIU per pg (Figure 7.12A). Cathepsin D activity was between 0.09 and 0.56 FIU per ug, with tonsil
having 0.41 FIU per pg (Figure 7.12B). It was expected that the tissues would have higher cathepsin
activity due to the presence of immune cells throughout the stroma as identified by IHC. However, the
cells had higher cathepsin activity per ug of total protein than the tissues. The range of activity in cells
was 2.27 to 33.23 FIU per pg for cathepsin B (Figure 7.12C) and 0.61 to 2.70 FIU per pg for cathepsin
D (Figure 7.12D).

Cathepsin B activity was higher in the EpCAM'“" cells derived from 3 CA tissues and in the
EpCAMMe" cells from 2 CA tissues, with equal activity in the EpCAM"&" and EpCAM"“" cells derived
from the other tissue. Similarly, cathepsin D activity was higher in EpCAM™" cells derived from 4 CA
tissues and in the EpCAM"e" cells from the other 2 tissues.

These results show that the cathepsins present in CA tissues and cell lines are active and
theoretically capable of functioning in the RAS, and that their activity tends to be higher in EpCAM"Y
cells than in EpCAM"e" cells.
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Figure 7.12: Cathepsin activity assays. Activity assays were performed for cathepsin B CA tissues (A)
and cells (C), and for cathepsin D in CA tissues (B) and CA-derived cells (D). Fluorescence intensity units
(FIU) were divided by the total amount of protein added to give a measure of activity per ug of protein.
The average FUl per pg of protein across 2 technical replicates is displayed, with error bars
representing standard deviation.

7.3 Discussion

This chapter investigated the expression and localisation of components of the RAS to determine
whether there were any differences between CA tissues and their patient-matched NC tissues.
Furthermore, based on the presence of a potential CSC subpopulation in the tumour epithelium and
an OCT4* subpopulation in the tumour stroma, combinations of iPSC markers with RAS components

were visualised simultaneously via IF staining to determine whether RAS components are expressed

by CSCs.
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IHC staining revealed higher levels of PRR and cathepsins B and D in CA tissues than in their
matched NC samples, and they were predominantly seen in the cytoplasm or luminal membrane of
epithelial cells. Contrary to the hypothesis, ACE2 and AT,R proteins were also more abundant in CA
tissues. This may indicate that ACE2 and AT:R act in a manner contrary to predictions, potentially due
to differential outcomes dependent on the context. Interestingly, cathepsins B and D were more
abundant in the LGCA epithelium than the HGCA epithelium, suggesting that they influence early
tumourigenesis more than the progression from LGCA to HGCA. This aligns with previous work which
determined that mRNA levels for cathepsins B and D increase concurrently with APC gene mutations
that initiate the adenoma to adenocarcinoma sequence (Bian et al., 2016). This also appeared to be
the case for ACE, which was rarely seen in the NC except for on the endothelium of blood vessels.
However, it was occasionally seen on the luminal membranes of CA tumour epithelial cells and was
weaker in the HGCA epithelium than in LGCA. However, when visualising ACE expression via IF
staining, the tumours appeared negative, raising concerns that the weak blush seen by IHC staining
may not have been true positive staining because IF staining is considered to be more sensitive than
IHC staining.

The overexpression of PRR mRNA and protein in CA-derived cells reflects its importance in
facilitating Wnt signalling. Furthermore, its ability to activate pro-renin to participate in the initial
reactions of the RAS may hint at the relevance of the RAS in these cells.

Cathepsin G acts redundantly to ACE but is mainly expressed by mast cells and other immune
cells. The lack of cathepsin G expression by CA tumour cells may relate to the finding that it increases
cell-cell adhesion and therefore reduces metastasis (Kudo et al., 2009).

AT1R is usually associated with adverse effects, unlike AT;R which opposes these outcomes.
Therefore, ATiR is of interest when investigating the ways in which the RAS may influence cancer.
However, there are currently no reliable or specific antibodies available to carry out IHC staining, IF
staining or WB. One laboratory tested six commonly-cited anti-AT;R antibodies using various knock-
out models and cells known to be negative for AT;R, and found that the antibodies all detected bands
at around 43 kDa (the predicted size of AT;R) in these knock-outs, and produced a variety of staining
intensities and localisations when used for IHC staining which were evidently not specific for AT;R
(Benicky et al., 2012). AT:R was not detected in CA tissue or cell line samples when analysed by mass
spectrometry, as discussed in Chapter 6. Therefore, despite its promise as a target for RAS modulation
in the context of cancer, measurements of AT;R localisation and abundance were excluded from this
project.

The species in which primary antibodies were raised limited the possible combinations for IF

staining and meant that OCT4, one of the few primaries raised in mouse, was used in many
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combinations. The most common species for raising primary antibodies is rabbit, and primary
antibodies raised in mouse are less-frequently cited. NANOG and LGRS antibodies raised in mouse
were purchased to allow for more combinations. However, other unresolved issues with the IF
workflow prevented much of this work from going ahead. Specifically, the 594 (red) channel on the
confocal microscope was not performing as expected, at times showing no signal in positive control
tissues and with discrepancies between IHC and IF staining, especially when using the c-MYC and AT.R
rabbit primary antibodies. At the time of writing, the GMRI was exploring options and the issue had
not yet been resolved, so no further staining was performed. This may have included combinations of
mouse anti-NANOG with rabbit-raised antibodies against SOX2, KLF4, c-MYC, PRR, CD133 and
cathepsins B and D, to further verify the inferred co-expression phenotype of the epithelial
subpopulation.

An LGR5 antibody raised in mouse was purchased to allow for co-localisation with iPSC
markers in an effort to relate iPSC marker expression to colon CSC marker expression, as was done
with CD133. However, the LGR5 antibody was unable to pass the in-house validation workflow due to
issues with WB, and so because of this and the IF issues, LGR5 WB and IF staining were abandoned.
When used for WB, a band for LGR5 was expected at a molecular weight of 84-100 kDa, however a
band at 70 kDa was observed. After consulting the technical support personnel at two independent
suppliers, it was recommended that the clean band at 70 kDa was evidence of specificity for the LGRS
protein and that some variation from the expected size is anticipated due to variable WB conditions.
However, the band was not always present in the positive controls and so the antibody was
abandoned for WB and IF staining. The LGR5 antibody was extensively validated for IHC staining by
using multi-tissue blocks which included known positive tissues. The staining patterns were
reproducible and compared favourably to those expected based on the literature and databases
including the product data sheet references, European Bioinformatics Institute and Human Protein
Atlas, and so the IHC data for LGR5 was considered reliable.

Overall, IF staining for iPSC markers and RAS components revealed that the cells which were
characterised as being positive for NANOG/SOX2/KLF4/c-MYC/CD133 and likely to express EpCAM and
LGR5 were also positive for AT,R and ACE2, and possibly PRR and cathepsins B and D. Expression of
these RAS components was typically higher in CA tissues than patient matched NC tissues. This result
was encouraging as it provided some rationale for targeting potential CSCs with RAS modulators.
Chapter 8 will explore the effects of RAS modulators on the metabolism of CA-derived primary cell
lines and their expression of iPSC marker mRNA.

Research investigating cathepsins in CRC has focussed on their ability to facilitate cancer cell

migration by degrading ECM components, leading to tumour budding, as well as growth factor
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activation and nutrient recycling (S. Chen et al., 2017; Kuester et al., 2008; Ruan et al., 2015; Turk et
al., 2012). However, angiotensins are also proven substrates for cathepsins, with cathepsin G recently
found to have a similar capacity as ACE for converting ATI to ATII (Rykl et al., 2006). The finding that
cathepsins B and D are active in CA tissues, that their activity is higher in CA-derived cell lines, and that
they are expressed by the majority of tumour epithelial cells suggests that the cathepsins are likely to
be participating in the RAS in cancer, and possibly in the CSCs.

There appeared to be differential cathepsin activity between the two sorted cell populations.
EpCAM"Y¥ cells derived from LGCA2 and LGCA3 both had much higher cathepsin B activity but lower
cathepsin D activity than their patient-matched EpCAM"e" cells. HGCA2-derived EpCAM™" cells had
higher activity of both cathepsins B and D than EpCAM"" cells. EpCAM"“" cells derived from the 3
remaining tissues had similar or lower cathepsin B activity levels, but significantly higher cathepsin D
activity, than EpCAM"&" cells. This observation aligns with the proposed function of cathepsins in the
migration of cancer cells. The precise function of cathepsins in these tissues and cells is beyond the
scope of this project, but the presence of active cathepsins lends support to their involvement in the
RAS in CA. This implies RAS inhibitors could be bypassed by cathepsins. For example, despite
administering ACEls, cathepsin G can produce ATII from AGT and ATI. Similarly, aliskiren can be used
to inhibit renin, but cathepsin D is still capable of converting AGT into ATI. Therefore, blockade at
either end of the pathway via B-blockers (to prevent pro-renin production) and antagonists of AT;R
(ARBs) and AT2R may be the best way to prevent RAS bypass.

Finally, the quality and quantity of RNA extracted from CA tissues was low, which limited the
extent of markers analysed by RT-gPCR. The snap-frozen tissue pieces from the GMRITB had a high fat
content resulting in low RNA yields and depletion of available tissue. Therefore, DNA sequencing and

mass spectrometry were prioritised for the remaining tissue.

7.4 Conclusions

The aim of this chapter was to investigate the expression of RAS components, including cathepsins B,
D and G, in CA tissue samples, CA-derived cells, and patient-matched NC tissue. AT.R, PRR and
cathepsin D were found to be upregulated in CA tissues, whereas the abundance of ACE and cathepsin
B was similar in CA tissues compared to NC tissues. This suggests that RAS signalling is present within
CA, possibly to a greater extent than in the healthy colon. Co-localisation via IF staining revealed that
the NANOG" subpopulation of CSCs expresses AT,R and ACE2 and is likely to express PRR and
cathepsins B and D, and that OCT4* stromal cells express AT2R which is localised to the nucleus. RAS
modulating drugs may therefore be used to target CSCs in CA and hinder their function by reducing

the influence of signalling pathways mediated by the RAS, such as those outlined in Chapter 6.
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Furthermore, B-blockers and AT.R antagonists may have the greatest effects because they are not

bypassed by cathepsins.
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Chapter 8: The Effects of Renin-Angiotensin System Modulation on
Metabolism and Stem Cell Phenotype of Colon Adenocarcinoma

derived Primary Cell Lines

8.1 Introduction

The RAS maintains blood pressure and fluid volumes, and various components of the RAS can be
pharmacologically targeted to treat hypertension. Three drug classes are commonly used to lower
blood pressure: B-blockers, which reduce renin production; ACE inhibitors (ACEls); and angiotensin

receptor blockers (ARBs), which antagonise ATiR.

There has been recent interest in the role of the RAS in cancer and the influence of RAS
modulators on cancer incidence and outcomes. This has led to retrospective studies investigating the
incidence of CRC in patients who take RAS modulators compared to those who do not, and the
outcome of CRC patients with or without RAS modulator administration. These studies have reported
that RAS modulators lead to an overall reduction in polyp formation and lower incidence of primary
or metastatic CRC (Childers, 2015). AT1R antagonism via ARBs has been reported to have the greatest
effect in reducing the development and metastasis of solid tumours (Childers, 2015). A large-scale
meta-analysis found a positive trend in the survival of CRC patients administered ARBs and ACEls, and
increases in DFS, PFS and OS rates of up to 20% (Sun et al., 2017). However, it is still unclear whether
the enhanced outcomes are due to the effect of RAS modulators on cancer cells directly, or by

alleviating the comorbidities which they classically target, namely hypertension.

8.1.1 B-Blockers
B-blockers are antagonists of the adrenergic receptors which bind epinephrine and norepinephrine as
a part of the sympathetic nervous system (Weber, 2005). It is a diverse class of drugs, each having
specific pharmacologic properties, and therefore different B-blockers produce different clinical
outcomes and side effects. The three main adrenergic receptors are B1, B2 and ai. The B: receptors
are most commonly expressed in the heart and kidneys (Wiysonge et al., 2007). Second-generation
selective B-blockers have a higher affinity for B1 receptors, which are the main target for hypertension
treatment (Akbar et al., 2014). First-generation B-blockers have an equal affinity for the B, B2 and a;
receptors and are known as non-selective B-blockers (Wiysonge et al., 2007). The B, adrenergic
receptors are predominantly expressed in the lungs and gastrointestinal tract (Wiysonge et al., 2007).

The a; receptors are expressed by endothelial cells and cause vasoconstriction when activated, so
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selective antagonism of these receptors by third-generation B-blockers causes vasodilation to relieve
hypertension (Weber, 2005; Wiysonge et al., 2007). As a drug class, B-blockers are relevant to the RAS
because they block one of the three mechanisms by which juxtaglomerular cells produce renin, those
being prolonged adrenergic stimulation, reduced blood supply (ischaemia), and low sodium (Sparks et
al., 2014).

The first B-blocker available for clinical use was propranolol, a non-selective adrenergic
receptor antagonist originally used to treat angina before its role in the sympathetic nervous system
was elucidated (Akbar et al.,, 2014; Srivastava et al., 1964). The binding of epinephrine or
norepinephrine to adrenergic receptors causes muscle contractions via G-protein/adenylyl cyclase
signalling, which manifests as increased heart rate and vasoconstriction (Akbar et al., 2014).
Therefore, blocking adrenergic receptors with B-blockers relaxes the muscles in the blood vessels and
the heart. Propranolol is lipophilic and undergoes rapid uptake in the Gl tract before first-pass hepatic
clearance, leaving about 25-35% of the dose bioavailable (Pantziarka et al., 2016). Propranolol’s
lipophilicity allows it to cross the blood-brain barrier (Aronson, 2008; Mantyla et al., 1983). It has a
plasma half-life of 3-6 h and a peak plasma concentration 1.5-3 h after administration (Pantziarka et
al., 2016). Propranolol has two enantiomers: S(-)-Propranolol and R(+)-Propranolol, though it is
administered as a racemic mixture due to the costs associated with purifying the two forms. S-
propranolol has up to 100x greater binding affinity than R-propranolol for B-adrenergic receptors, and
due to stereoselective hepatic clearance more of the R-propranolol is eliminated (Gilmore et al., 1992;
Overman et al., 2019). Due to this difference in activity, S-propranolol is more effective for alleviating
hypertension; however, R-propranolol is better suited to treating arrhythmia (Stark et al., 1989; Yang
et al., 2015). It is unproven whether the different enantiomers of propranolol would affect cancer in
different ways.

Propranolol is one of the most highly studied B-blockers in relation to cancer. A 12-year large
cohort study with over 12,000 patients taking propranolol and over 12,000 who were not taking
propranolol reported lower incidence of head and neck, oesophageal, gastric, colorectal and prostate
cancers in those taking propranolol (Chang et al., 2015). Conversely, a more recent meta-analysis of
post-operative administration of non-selective B-blockers, including propranolol, to cancer patients
reported no effect on recurrence rates (Yap et al., 2018). Furthermore, DFS and OS outcomes varied
between cancer types, with better outcomes for melanoma and ovarian cancer patients, but poorer
OS in lung cancer and DFS in endometrial cancer (Yap et al., 2018).

Timolol is a non-selective B-blocker which is primarily used to treat glaucoma, but can also be
prescribed for hypertension and anxiety (Dunn et al.,, 1981; Maenpaa et al., 2016; Mantyla et al.,

1983). Timolol differs from propranolol in a number of ways. It has no membrane stabilising activity
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which can dampen the cardiac membrane action potential (Dunn et al., 1981). Timolol is less lipid
soluble than propranolol, which leads to comparatively little timolol being removed by the liver during
first-pass clearance (Aronson, 2008). However, up to 90% is metabolised into 4 different metabolites
(Mantyla et al., 1983). It has a half-life in plasma of around 3 h (Mantyla et al., 1983) and it can induce
vasodilation of peripheral blood vessels, whereas it is unclear whether propranolol can do the same
(Aronson, 2008). Timolol has occasionally been used for large studies investigating the effect of B-
blockers on cancer outcomes (Yap et al., 2018), and although there has been little research into the
different effects of the R- and S-enantiomers, they seem to produce comparable outcomes
(Czechowicz-Janicka et al., 1998). Both the R- and S-enantiomers of each B-blocker were tested in this
project to see whether they have different effects on the growth of CA-derived cells, which has not
been tested before.

Due to the variability of results in vivo, attempts to elucidate the action of B-blockers on cancer
cells have been continued in vitro. Propranolol has been shown to restore the sensitivity of resistant
cells to first-line treatments such as doxorubicin, 5-FU and paclitaxel (Pantziarka et al., 2016). It also
reduces SW480 cell migration, while Bi-selective B-blockers were unable to do the same, suggesting
a mechanism specific to B, adrenergic receptors (Masur et al., 2001). Proliferation and viability of
colon cancer cell lines were both decreased by propranolol, with IC50 values of 119.5 uM (SW620),
86.38 uM (Col0205), 69.1 uM and 65.4 uM (both HT29) (Coelho et al., 2015; Pantziarka et al., 2016).

8.1.2 ACE Inhibitors

Captopril was the first orally active ACEIl to be developed (Duchin et al., 1988). It is one of the only
ACEl compounds that is not administered as a prodrug (Duchin et al., 1988). Captopril has a relatively
short half-life of 2-4 h and a bioavailability of 65% when taken without food; oral administration at
mealtimes decreases the bioavailability but also reduces clearance (Duchin et al., 1988). Captopril has
a 30,000x greater affinity for ACE than for AT;1R, demonstrating high specificity for its intended target
(Duchin et al., 1988).

Cilazapril is administered as a prodrug and is metabolised to cilazaprilat (Waterfall, 1989).
When administered as cilazapril, the bioavailability of the resulting cilazaprilat is approximately 57%
(Waterfall, 1989). It is more potent than captopril and has better absorption following oral
administration (Waterfall, 1989). Cilazaprilat remains active in the plasma for up to 8 h, where it binds

ACE with high specificity (Fasanella d'Amore et al., 1987).
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8.1.3 Antagonists of AT1R and AT;R
ARBs are a class of drugs that antagonise ATiR and are used for treating hypertension. They bind
competitively over ATIl and have a slow dissociation from their target (Aulakh et al., 2007).

Losartan was the first clinically approved oral ARB (Aulakh et al., 2007). Most of its action is
due to the active metabolite EXP3174, which has a longer half-life (6-9 h) compared to Losartan (2 h)
and is up to 40x as potent as unmetabolised Losartan (Aulakh et al., 2007). It binds AT;:R with 1000x
more affinity than for AT,R. Candesartan is administered as a prodrug to increase absorption, and in
the Gl tract it is completely metabolised to its active form which binds AT;R with 10x greater affinity
than EXP3174 (Aulakh et al., 2007). It has a relatively long half-life of 9 h (Aulakh et al., 2007).

There are currently no AT;R antagonists used clinically. However, one candidate, EMA401, has
undergone multiple phase | clinical trials to prove its tolerability and a phase Il trial for treatment of
neuropathic pain (Keppel Hesselink et al., 2017; Smith et al.,, 2015). EMA401, also known as
olodanrigan, is the S-enantiomer of the EMA400 compound (PD126055) (Smith et al., 2013). Its
binding affinity for AT,R is 20-30x greater than that of the R-enantiomer, EMA402 (Smith et al., 2015),
and its binding affinity for AT,R is >10,000x higher than for AT;R (Keppel Hesselink et al., 2017). Aside
from having the greatest affinity for AT,R, EMA401 also has a bioavailability of 30% after oral
administration, higher than the 6-7% for related compounds EMA200 (PD123319) and EMA300
(PD121981) (Smith et al., 2015). EMA401 relieves neuropathic pain by preventing activation of
ATII/AT,R-mediated p38 and p42/p44 MAP kinase signalling pathways (Smith et al.,, 2015). This
signalling can be driven by AT;R expressed by either the peripheral nerves or macrophages, suggesting
some interplay between the RAS and inflammation in neuropathic pain, and possibly in inflammatory
cancers such as CRC (Shepherd et al., 2018; Smith et al., 2015).

The second ATR antagonist to be used in this project is the proprietary compound SMMO02,
developed by our collaborator Dr Sean Mackay (University of Otago).

Results from Chapter 7 suggest that AT,R antagonists may have a greater effect than ACEls on
the CA-derived primary cell lines used in this study because WB and IF staining revealed that these
cells expressed AT,R but not ACE. It is expected that AT,R antagonism would have a positive effect on
cancer cell growth by allowing ATiR signalling to proceed unopposed. Despite the presence of ACE
expression being in doubt, ACEls were administered to the cells due to reports that they reduce the
incidence and mortality of CRC. As discussed, AT1R protein abundance and localisation could not be
assessed due to a lack of reliable antibodies. Despite this, ARBs were still administered during cell
assays to determine whether they affect these CA-derived cells.

Renin can be directly antagonised using aliskiren, however administration of aliskiren is

generally avoided in favour of drugs with fewer side effects and higher bioavailability (Parving et al.,
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2012). Therefore, rather than directly blocking renin, cells were exposed to B-blockers to reduce the
production of renin. It is important to keep in mind that because of their wide-ranging physiological
significance, antagonism of B-adrenergic receptors may lead to changes in cell metabolism or growth
unrelated to renin levels.

This chapter aimed to explore the effects of RAS modulators on the metabolism of CA-derived
primary cell lines and their iPSC marker mRNA expression. Based on the literature regarding RAS
modulators and cancer outcomes, it was hypothesised that B-blockers and ARBs would be able to
reduce CA cell metabolism, but that due to ACE appearing negative in the cells ACEls would have little
effect. Furthermore, because AT.R opposes AT:R, administration of AT,R antagonists was
hypothesised to increase CA cell metabolism. Finally, it was hypothesised that if RAS modulators were
capable for targeting CSCs, this would manifest as reductions in iPSC marker transcription and
tumoursphere formation. Drugs from the four classes outlined above were selected, including two
drugs from each class in order to determine whether any effect is drug-specific or a possible class
effect. These were propranolol and timolol, captopril and cilazapril, losartan and candesartan, and
EMA401 and SMMO02. Cell metabolism was measured by using the RealTime-Glo™ Cell Viability Assay
(Promega), and the mRNA levels of OCT4, SOX2, NANOG and KLF4 were assessed by RT-qPCR.

8.2 Results

8.2.1 Cell metabolism assays
An initial assay was carried out on 1 HGCA-derived primary cell line to determine the appropriate
range of doses for each drug, based on previous work in our lab. The assay involves a proprietary
substrate which is reduced by metabolically active cells, allowing it to participate in a reaction
catalysed by luciferase to produce a luminescent signal that is measured by a plate reader and used
to assess the metabolic activity of the cells. The assay is non-lytic and lasts for 72 h, so the same plate
was able to be read multiple times over the 72 h time course. Any increase or decrease in metabolism
of less than 25% relative to the control cells (grown in the absence of any drug) was considered to be
within the natural variation expected between cultures and not a significant result. If metabolism
increased or decreased by more than 25%, the drug was considered to have had an effect on cell
metabolism. In the initial assay, propranolol had the largest effect on both metabolism and
confluency, and doses of 50 uM, 10 uM and 1 uM were chosen. All other drugs were administered at
100 uM, 50 uM and 10 pM. The final assays were performed on 4 HGCA-derived primary cell lines.
Cells were dosed every 24 h for 3 d, beginning 24 h after seeding to allow for the cells to adhere.

Propranolol administered at 50 uM consistently led to a 96-99% reduction in cell metabolism

and visible cell death in the CA-derived primary cells (Figure 8.1A-L), an effect greater than that
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expected given the IC50 of approximately 65 UM as reported by Coelho et al. (Coelho et al., 2015). In
contrast, timolol, which has been reported to be 10x as potent as propranolol at antagonising B-
adrenergic receptors (McMahon et al., 2012), appeared to have a lesser effect on cell metabolism,
with only the 100 uM doses causing a decrease of greater than 25% (Figure 8.2A-H). Interestingly, the
two enantiomers of each B-blocker produced almost identical results. The R- and S-enantiomers of
propranolol were administered separately and as a racemic mixture, and a 50 uM dose of either
enantiomer alone or of the racemic combination caused greater than 90% inhibition of metabolic
activity by 48 h in all 4 cell lines. Doses of 10 uM and 1 uM did not make a significant difference at any
time point. Similarly, 72 h after a 100 uM dose, metabolism was inhibited by 30-50% by the R-
enantiomer of timolol in 3 cell lines, and by the S-enantiomer in 2 of these same cell lines. The
metabolism of the HGCA3 cell line was unaffected by any dose of either timolol enantiomer (Figure
8.2C,G).

Due to the uncertainty around ACE protein expression as determined by WB and IF staining,
ACEls were not expected to have an effect on the metabolism of the CA-derived primary cell lines.
Accordingly, neither captopril nor cilazapril caused any significant changes to metabolism in any of the
4 cell lines at any concentration (Figure 8.3A-H).

As outlined in Chapter 7, there are currently no reliable antibodies for AT;R (Benicky et al.,
2012) and so its presence in these samples is undetermined. However, previous work in published
literature suggests that ARBs are beneficial to CRC patients. Surprisingly, candesartan and losartan
were unable to affect cell metabolism in any of the 4 cell lines by the 72 h time point (Figure 8.4A-H).
The HGCA1 and HGCA2 cell lines appeared to have lower metabolism relative to control cells 48 h
after beginning daily 100 uM doses of either candesartan or losartan, but this had normalised by 72
h, suggesting that the cells were able to overcome any early effects of the drugs despite daily dosing
(Figure 8.4A,B,E,F).

AT3R is known to oppose the actions of AT1R; therefore, it was expected that antagonism of
AT,R would allow ATiR signalling to proceed unchecked and lead to increased metabolism and
proliferation. However, EMA401 led to a clear reduction of metabolism, with the level of inhibition
proportional to the dose administered (Figure 8.5A-D). In all 4 cell lines, doses of 100 uM and 50 uM
consistently caused reductions in metabolism of around 80% and 50%, respectively, whereas the 10
UM dose did not affect metabolism. SMMO02 was trending in the same direction until the 72 h time
point, where despite the inhibition remaining above 25% for the 100 uM dose in all 4 cell lines,

metabolism seemed to be recovering (Figure 8.5E-H).
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Figure 8.1: Effect of propranolol on the metabolism of HGCA-derived cell lines. Four HGCA-derived cells lines were exposed to R-propranolol (A-D), S-
propranolol (E-H) and racemic propranolol (I-L) at doses of 50 uM (e), 10 uM (B) and 1 uM (A ). Luminescence produced by cells exposed to propranolol was
measured and used to measure the inhibitory effect of treatment on metabolic activity. The y-axis represents the extent of metabolic inhibition in the treated
cells relative to the untreated control cells, and because the assay seeks to measure metabolic inhibition, the positive values indicate inhibition and the
negative values indicate increased metabolic activity in the drug-treated cells. The x-axis shows the time after initial dose of each luminescence measurement.
Each data point is the average of 3 technical replicates, with error bars showing standard deviation.
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Figure 8.2: Effect of timolol on the metabolism of HGCA-derived cell lines. Four HGCA-derived cells lines were exposed to R-timolol (A-D) and S-timolol (E-
H) at doses of 100 uM (e), 50 uM (M) and 10 uM (A ). Luminescence produced by cells exposed to propranolol was measured and used to measure the
inhibitory effect of treatment on metabolic activity. The assay was developed to measure metabolic inhibition, and so the positive values on the y-axis
represent a positive outcome in terms of inhibiting metabolism. Therefore, positive values show the extent of metabolic inhibition in the treated cells relative
to the untreated control cells, and the negative values indicate increased metabolic activity in the drug-treated cells. The x-axis shows the time after initial
dose of each luminescence measurement. Each data point is the average of 3 technical replicates, with error bars showing standard deviation.
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Figure 8.3: Effect of ACEls on the metabolism of HGCA-derived cell lines. Four HGCA-derived cells lines were exposed to captopril (A-D) and cilazapril (E-H)
at doses of 100 uM (e), 50 uM (M) and 10 uM (A ). Luminescence produced by cells exposed to ACEls was measured and used to measure the inhibitory
effect of treatment on metabolic activity. The assay was developed to measure metabolic inhibition, and so the positive values on the y-axis represent a
positive outcome in terms of inhibiting metabolism. Therefore, positive values show the extent of metabolic inhibition in the treated cells relative to the
untreated control cells, and the negative values indicate increased metabolic activity in the drug-treated cells. The x-axis shows the time after initial dose of
each luminescence measurement. Each data point is the average of 3 technical replicates, with error bars showing standard deviation.
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Figure 8.4: Effect of ARBs on the metabolism of HGCA-derived cell lines. Four HGCA-derived cells lines were exposed to candesartan (A-D) and losartan (E-
H) at doses of 100 uM (e), 50 uM (M) and 10 uM (A ). Luminescence produced by cells exposed to ARBs was measured and used to measure the inhibitory
effect of treatment on metabolic activity. The assay was developed to measure metabolic inhibition, and so the positive values on the y-axis represent a
positive outcome in terms of inhibiting metabolism. Therefore, positive values show the extent of metabolic inhibition in the treated cells relative to the
untreated control cells, and the negative values indicate increased metabolic activity in the drug-treated cells. The x-axis shows the time after initial dose of
each luminescence measurement. Each data point is the average of 3 technical replicates, with error bars showing standard deviation.
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Figure 8.5: Effect of AT,R antagonists on the metabolism of HGCA-derived cell lines. Four HGCA-derived cells lines were exposed to EMA401 (A-D) and
SMMO02 (E-H) at doses of 100 uM (e), 50 uM (M) and 10 uM (A ). Luminescence produced by cells exposed to AT2R antagonists was measured and used to
measure the inhibitory effect of treatment on metabolic activity. The assay was developed to measure metabolic inhibition, and so the positive values on the
y-axis represent a positive outcome in terms of inhibiting metabolism. Therefore, positive values show the extent of metabolic inhibition in the treated cells
relative to the untreated control cells, and the negative values indicate increased metabolic activity in the drug-treated cells. The x-axis shows the time after
initial dose of each luminescence measurement. Each data point is the average of 3 technical replicates, with error bars showing standard deviation.
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Overall, the R-, S- and racemic propranolol consistently caused reductions in cellular
metabolism at doses of 50 uM, as did EMA401 at doses of 100 uM and 50 uM. ACEls did not affect
metabolism, and ARBs had an early influence in 2 cell lines before metabolism returned to levels
similar to control cells. SMMO02 may also inhibit metabolism, but the cells appeared to be adjusting or

recovering partially by 72 h.

8.2.2 Effect of RAS modulation on tumoursphere formation
Based on the initial metabolic assays, cells were dosed with a concentration of drug estimated to cause
a significant change in metabolism without extensive cell death, to allow a sufficient number of cells
to be harvested and seeded for tumoursphere assays. Cells were seeded in 24-well plates and exposed

to R-propranolol (20 uM), EMA401 (50 uM) and losartan (100 uM).

Due to questionable ACE expression and no effect seen on cell metabolism when using ACEls,
cells were not exposed to ACEls for this assay. However, despite losartan having no effect on
metabolism, it was chosen for this assay to see whether it might alter the level of iPSC marker mRNA
expression without influencing metabolism. The R- and S-enantiomers of both B-blockers showed
similar effects on metabolism, so R-propranolol was selected over S-propranolol for this assay because
when administered to patients it would not cause the cardiac effects of the S-enantiomer. Cells grown

without any RAS modulators were seeded concurrently as tumoursphere assay controls.

Table 8.1. Analysis of tumoursphere formation from treated cells.

Sample Passage Average maximum diameter + SD
Control R-propranolol EMA401 Losartan

1 55.39(3) £+ 11.92 29.06 (4) £ 4.76 50.71 (4) + 15.95 74.24 (4) £ 26.07
HGCA1 2 32.30(2) +7.44 N/A 3422 (2)+4.43 N/A

3 N/A N/A N/A N/A

1 60.38 (7) + 12.86 50.58 (3) + 6.80 45.15 (3) £ 9.02 51.17 (3) £ 11.78
HGCA2 2 44.32 (3) £9.77 N/A N/A N/A

3 N/A N/A N/A N/A

1 72.20 (4) + 18.87 42.75(3) £5.10 43.87 (4) £10.70 46.06 (3) £9.72
HGCA3 2 53.92 (4) £ 13.70 N/A N/A N/A

3 32.25(3)+7.56 N/A N/A N/A

1 59.52 (4) + 14.21 52.90 (3)+11.15 | 41.31(3)+11.12 | 56.82(3)+12.32
HGCA4 2 38.12 (6) + 7.29 31.75(3)+£3.70 N/A N/A

3 N/A N/A N/A N/A

Primary cell lines derived from 4 HGCA tissue samples were exposed to 3 RAS modulators before being seeded
for tumoursphere assays. Tumoursphere diameter was measured in um. The number of days taken to reach the
maximum diameter are shown in brackets. Diameter values represent the average diameter of all measured
tumourspheres across multiple technical replicates for each biological replicate, with SD values shown.
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Figure 8.6: Effect of RAS modulators on tumoursphere formation. Four HGCA-derived cells lines were
exposed to losartan (E-H), EMA401 (I-L) and R-propranolol (M-P). Untreated cells were used as a
control (A-D). Images show first-passage tumourspheres. Original magnification: 100x.

An average diameter of 50 um across measured tumourspheres was chosen as the threshold
for successful tumoursphere formation by a cell line. Control cells from all 4 cell lines were able to
reach the threshold in the first passage (Figure 8.6A-D), and while all 4 cell lines formed sphere-like
structures in the second passage only HGCA3 reached the 50 um threshold (Table 8.1). This result
suggested that there were few sphere-forming cells present in each cell line. When exposed to
losartan, each cell line still formed tumourspheres which had an average diameter near or greater
than the threshold (Figure 8.6E-H), but could not be recapitulated in a second passage (Table 8.1).
HGCA1 cells dosed with losartan produced larger tumourspheres than the control cells in passage 1
but failed in passage 2. Cells exposed to EMA401 reached the threshold in HGCA1 but fell just short in
the other 3 cell lines (Figure 8.61-L; Table 8.1). Similarly, cells dosed with R-propranolol reached the
threshold in 2 cell lines (Figure 8.6M-P; Table 8.1). Overall, the RAS modulators had a variable effect

on tumoursphere formation in the first passage, but appeared to limit the ability of cells to
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recapitulate tumourspheres in the second passage, with EMA401 reducing tumoursphere size the

most consistently.
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Figure 8.7: mRNA levels of iPSC markers in HGCA-derived cells treated with RAS modulators. RNA
was extracted from 4 HGCA-derived cell lines that had been exposed to RAS modulators, as well as
untreated controls, and the relative abundance of OCT4 (A), SOX2 (B), NANOG (C) and KLF4 (D) mRNA
from these cell lines relative to the NC tissues was calculated (y-axis). Error bars show standard
deviation from the average of technical replicates after removing outliers (CT value +/- 0.5 from
average).

8.2.3 RT-gPCR on treated cells
Based on the initial metabolic assays, cells were dosed with a concentration of drug estimated to cause
a significant change in metabolism without extensive cell death, to allow enough RNA to be collected
for RT-gPCR. Cells were grown in 24-well plates and exposed to R-propranolol (30 uM and 10 uM), R-
timolol (100 uM and 50 uM), EMA401 (50 uM and 10 puM), SMMO02 (100 uM) and losartan (100 puM),

before lysis and RNA collection.

OCT4 mRNA expression (Figure 8.7A) was lower in the untreated control cells than the pooled
NC tissues they were derived from, and was unable to be detected in HGCA3 untreated cells. However,
cells exposed to all 5 RAS modulators expressed significantly less OCT4 than untreated cells in 3 of the
cell lines. Conversely, OCT4 mRNA was detected in treated HGCA3 cells despite being below the

detection threshold in untreated cells.
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SOX2 mRNA (Figure 8.7B) was expressed in 3 of the untreated cell lines, but was below
detectable levels in HGCA3. Exposure to any of the RAS modulators caused a reduction in SOX2 mRNA

levels, which could not be detected in any treated cells.

Similarly, NANOG (Figure 8.7C) was present in all 4 untreated cell lines, though at very low

levels in HGCA3, and was below the detection threshold in all cells treated with any RAS modulator.

The highest KLF4 expression levels are reportedly observed in the NC, with decreased levels
in LGCA and the lowest expression in HGCA. Cells treated with 50 uM doses of EMA401 or 100 uM
doses of SMMO02 exhibited upregulation of KLF4 mRNA in 4 and 3 cell lines, respectively. Similarly, 30
UM of R-propranolol or 100 uM R-timolol caused an increase in KLF4 mRNA levels in 3 and 4 cell lines,
respectively. All 5 RAS modulators at all concentrations led to increased KLF4 mRNA levels in the

HGCA1 and HGCA2 cell lines.

Overall, the RAS modulators caused a reduction in the mRNA levels of pluripotency markers
OCT4, SOX2 and NANOG, and increased the expression of the goblet lineage differentiation-associated
marker KLF4. Despite the lack of effect of the ARBs on metabolism, losartan was able to slightly hinder
tumoursphere formation in 3 cell lines and to change the expression patterns of iPSC markers. R-
propranolol, EMA401 and SMMO0?2 inhibited metabolism and altered iPSC gene expression, while R-
propranolol and EMA401 also reduced the size of tumourspheres formed by treated cells relative to

untreated controls.

8.3 Discussion

The aim of this chapter was to assess the effects of RAS modulators on the metabolism, tumoursphere
forming capacity and iPSC marker transcription in CA-derived primary cell lines. As hypothesised, -
blockers but not ACEls were able to reduce cell metabolism. However, unexpectedly, ARBs had no
effect on metabolism, but AT2R antagonists did cause a reduction in metabolic activity. Furthermore,
although the ARB losartan did not affect metabolism, it was able to reduce iPSC gene transcription, as

were R-propranolol, R-timolol, EMA401 and SMMO02.

The tumoursphere assay is a method to enrich a cell line for pluripotent cells, which grow as
colonies in suspension in low-attachment plates, as opposed to differentiated cells which undergo
anoikis. Tumourspheres should be able to be maintained for many passages, and typically adapt to
the conditions of suspension culture within 3 passages. Therefore, the aim for these tumoursphere
assays was to complete 3 serial passages in which the average tumoursphere diameter reached 50

um. However, only 1 untreated cell line managed to reach the third passage, where it failed to reach
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the threshold. This suggests that by the time the cell lines were used for the tumoursphere assays,
there were few, if any, pluripotent cells remaining, or that the tumoursphere culture conditions were
not ideal. The method by which a cell line is established is vital to ensuring that the desired cell types
are present in the cell line. The cell lines in the GMRITB were derived by explant in Matrigel, as
described in Chapter 5, and then expanded in DMEM media with 10% FCS supplement. These
conditions tend to induce cellular differentiation and favour the growth of fibroblasts, and so it is
possible that any CSCs in the parent tissue had differentiated or died in culture before the cell line was
banked. However, the sequencing results from Chapter 3 showed that the cell lines do contain the
same mutational signatures as the parent tissue, and so they are a suitable in vitro model of the
original tumour. Furthermore, they were capable of being induced to differentiate down specific

lineages, as presented in Chapter 5.

In this context it is interesting to consider pluripotency as a phenotype of a population rather
than of individual cells, as touched on in Chapter 4 (MacArthur et al., 2013). The various differentiation
media used in Chapter 5 are supplemented with factors that guide cells towards a particular lineage.
For example, the endodermal differentiation kit includes FGF, Activin A and Wnt3a supplements. If
the cancer cells are growing in an environment which favours the development and growth of
endodermal cells, then some members of the population which are poised to revert to a pluripotent
state may now have the impetus to do so, in order to differentiate down the endodermal lineage and
exploit the changed conditions. This is analogous to cancer cells responding to a change in their
microenvironment, such as the removal of tumour bulk by chemotherapy or radiotherapy, which tip
the balance in favour of reversion to a more pluripotent state in order to replenish the lost tumour
cells. In line with this, if the cancer cells were not grown in the correct media from the time they were
isolated, then it may be possible to prime them into a more stem-like state by growing them in a
defined media before performing the tumoursphere assays. Therefore, because the CA-derived cells
retain the mutational signature of the original tumour, some of them could be induced into a sphere-
forming capacity due to the StemXVivo™ media and suspension culture conditions, though at a lower

capacity than cells maintained in the optimal conditions from the time of isolation.

With the exception of HGCA3, untreated cells expressed detectable levels of OCT4, SOX2 and
NANOG, which were all downregulated by administration of RAS modulators (Figure 8.7A-C).
Furthermore, while KLF4 was detected in untreated cells, its expression was significantly lower than
in the NC tissue, and cells treated with R-propranolol or EMA401 recovered KLF4 expression to levels
close to that of the NC tissue (Figure 8.7D). This change in the expression of pluripotency genes was
seen at doses which caused minor changes to metabolism. These results highlighted that RAS

modulators may be capable of targeting CSCs by attenuating iPSC gene expression and guiding them
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away from a pluripotent phenotype. If this is the case, it may enhance the effect of standard therapies
on CA tumours by making CSCs more susceptible and therefore dampening their ability to cause
recurrence and metastasis. In the future, it would be interesting to investigate whether CA-derived
cells have lower resistance to drugs such as 5-FU, OX and IR if simultaneously exposed to RAS

modulators, and the effect this might have on iPSC marker expression and stem cell functionality.

ACEIs have been shown to be beneficial in cancer patients. The ACE protein was not detected
in CA-derived cells by WB or in CA tissues by IF staining, with weak staining detected on the luminal
membrane of CA epithelial cells via IHC staining. This weak staining was considered to be a non-specific
blush due to the lack of staining by the more sensitive IF method. In Chapter 7, RT-qPCR detected ACE
mRNA, and generally at higher abundance in CA tissues than the matched NC samples, but mRNA was
below detectable levels in the CA-derived cells. The expression of ACE mRNA in the tissues could
suggest that the IHC staining was true and that despite a lack of effect from ACEls on cells in the drug
assay, there may be benefits in vivo where ACE in transcribed and possibly translated in CA tumours.
Despite the lack of effect on cell metabolism, the ACEIl losartan caused reductions in OCT4, SOX2 and
NANOG mRNA levels, but only increased KLF4 relative to untreated cells for 1 HGCA cell line. This
shows that an effect on metabolism does not necessarily accompany a change in gene expression, and
so in the future it would be interesting to assess the effect of ARBs on iPSC gene expression. Without
the detection of ACE in the cells, however, it might be that the cell lines used were derived from a cell
type negative for ACE or have lost their expression of ACE, and are not a suitable model for studying

ACEI efficacy on CA cells.

To determine whether any observations were specific to single drugs or were a class effect, 2
drugs from each class were investigated. Propranolol and timolol did not elicit comparable results,
suggesting the effects of B-blockers may vary depending on their individual characteristics, such as
lipophilicity, membrane stabilising effect or selectivity for adrenergic receptor types. This result was
interesting because propranolol and timolol are both non-selective B-blockers and renin release is
triggered via both the B; and B, adrenergic receptors (S. M. Kim et al., 2012). This indicates that the
difference in efficacy is either due to the other differences in their properties, that the effects on
metabolism are not related to renin release, or that the relative potency of propranolol and timolol is
the reverse in cell culture compared to in vivo. Masur et al. (Masur et al., 2001) found that SW480 cell
migration seems to be mediated by B, receptors because B-blockers selective for the 1 receptor could
not prevent migration whereas propranolol could, and propranolol also reduces colon cancer cell
proliferation and viability (Coelho et al., 2015; Pantziarka et al., 2016). This indicates that the B,
receptor is mediating the effects of B-blockers on colon cancer cells, which makes sense in that the

type 2 receptors predominate in the Gl tract (Wiysonge et al., 2007). Therefore, future experiments
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using B1 or B, receptor knock-out cells would reveal whether any effects are mediated by B-adrenergic
receptors and, if so, clarify the significance of each receptor type in the response of cancer cells to -
blockers. It would also be interesting to measure renin levels before and after B-blocker treatment to
see whether the effects are due to reduced renin and therefore reduced RAS signalling, or due to other

B-adrenergic receptor-mediated outcomes.

Up until the 72 h time point, both AT,R antagonists affected the cell lines very similarly,
suggesting that it is a class effect of AT,R antagonists. ATiR is internalised and then recycled to the cell
membrane when it binds ATII, whereas AT,R is not internalised (Hein et al., 1997), therefore the
difference in efficacy at 72 h should not be due to differing effects of the two drugs on the
internalisation and recycling speed of the receptor. However, it could be due to the amount of time
which the antagonist stays bound to AT;R. One limitation of this experiment was the 72 h time frame;
if repeated in the future, it would be worthwhile to modify the assay to enable readings beyond 72
hours. This may be achieved by setting up multiple plates and harvesting 1 per day, perhaps over the
course of a week or more. A longer assay would provide a better idea of whether the drugs continue
to affect the cells in the same way over time and resolve the observation of a possible plateau in
efficacy or a loss of sensitivity, visualised in the drug assays for ARBs (Fig 8.4) and AT,R antagonists
(Fig 8.5). Furthermore, it would provide the drugs with more time to take effect, particularly on gene

and protein expression.

Interestingly, the efficacy of B-blockers and AT,R antagonists aligns with the hypothesis stated
in Chapter 7, which proposed that cathepsins acting as bypass loops of the RAS would be capable of
circumventing ACE inhibition, but that blockade at either end of the RAS would not allow cathepsins
to act in this way. Accordingly, B-blockers and AT,R antagonists seemed to have the greatest effects

on metabolism, tumoursphere formation and iPSC mRNA expression by HGCA-derived cells.

8.4 Conclusions

The aim of this chapter was to investigate the effects of RAS modulators on the metabolism and CSC
phenotype of primary CA-derived cell lines. Though there were smaller impacts on metabolism than
expected based on published in vivo studies, the changes in gene expression and tumoursphere-
forming capability suggest that RAS modulators may attenuate the functionality of CSCs. Furthermore,
the role of AT;R in CA may be greater than first thought, with EMA401 able to inhibit cancer cell
metabolism in a dose-dependent manner, reduce iPSC gene expression and hinder tumoursphere
formation. It is yet to be determined whether RAS modulators may work synergistically with standard

chemotherapeutic agents by influencing treatment-resistant CSCs.
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Chapter 9: General Discussion

9.1 Key findings
The CA-derived primary cell lines were compared to their parent CA tissues using DNA sequencing.
Proteomics was performed to investigate the differences between proteomes of CA tissues and CA-
derived cells, and each of these CA sample types relative to their matched NC counterparts. Expression
and relative abundance of iPSC markers in the CA tissues and CA-derived cells was measured by WB,
RT-gPCR and ISH. The localisation of iPSC markers and conventional CA CSC markers in CA tissues and
patient-matched NC tissues was determined using IHC staining on tissue sections, and co-expression
profiles were determined via IF staining. Furthermore, the RAS components were investigated using
IHC staining, WB and RT-qPCR, and the co-localisation of iPSC markers with RAS components was
visualised by IF staining. To assess whether the proposed CSCs identified using iPSC marker expression
had stem cell function, tumoursphere formation assays and multilineage differentiation assays were
performed. Tumoursphere formation, metabolic activity and iPSC marker gene transcription were
then measured in CA-derived cell lines which had been treated with RAS modulators to determine
whether RAS modulators could target CSCs. To the best of our knowledge, this is the first study to
interrogate the expression of RAS components by colon CSCs, to test whether RAS modulators affect
the metabolism or function of CSCs and to assess whether the R- and S- enantiomers of B-blockers
behave differently to each other in this respect, and to examine the effects of RAS modulation on the
expression of iPSC genes. Some key findings from the experiments outlined above are discussed

below.

DNA sequencing was performed to validate the primary cell lines derived from the CA tissue
samples. For the functional cell culture assays, it was important to know how representative the cell
lines were of the patient-derived tumour tissue samples. Sequencing revealed that the majority of
mutations detected within each patient were shared by both the FFPE CA tissues and the CA-derived
cell lines, and were often shared between patients. The retention of identical mutations to key CA-
related genes, including APC and TP53, confirms that the primary cell lines are a suitable model for in
vitro experiments, but the lower TMB scores in cells suggest that they do not reflect the full

heterogeneity of the tumour tissues.

The HGCAL1L tissue sample and cell line clustered with the LGCA samples for multiple
parameters. Initial analysis of the DNA sequencing data indicated similarity between HGCA1 and the
3 LGCA patients in terms of their alignment with the CMS3 category. Tissue samples from these 4
patients displayed a roughly equal proportion of epithelial and stromal cells with relatively low

immune cell infiltration (Fig 9.1A-D), and shared the same c.483 C>T KRAS mutation which was absent
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from the other 3 HGCA tissues. However, although the CMS2 and CMS3 categories are relatively
similar to each other morphologically, CMS2 is predisposed to the distal colon whereas CMS3 is more
common in the proximal colon (Loree et al., 2018; G. Martini et al., 2020). LGCA1, LGCA3 and HGCA1
were removed from the distal colon indicating they may be CMS2, whereas LGCA2 was from the
proximal colon and is therefore more likely to be CMS3. CRC tumours are known to be heterogeneous
and usually do not fit perfectly into a single CMS category but contain aspects of multiple categories,
maybe reflecting transition between categories during tumour progression (Guinney et al., 2015;
Sveen et al.,, 2019). Compared to the other 3 HGCA cell lines, untreated HGCA1 cells formed the
smallest tumourspheres during passage 1 and 2, and its TMB score (7.75) was more similar to the 3
LGCA tissues (4.63, 5.92, 6.01) than to the other 3 HGCA tissues (10.49, 17.67, 38.65). As well as having
a high mutation rate, these 3 HGCA tissues exhibited a much higher degree of immune cell infiltration
and were located in the proximal colon, all of which seem to indicate they would be categorised as
CMS1 (Guinney et al., 2015; Loree et al., 2018). HGCA3 and HGCA4 also bore similarity to CMS4 by
containing dense nests of tumour epithelial cells surrounded by large amounts of stroma (Fig 9.1F,G)
(Loree et al., 2018; G. Martini et al., 2020). The HGCA4 tissue and cell samples were from the only
patient tested for MSI at the hospital during diagnosis where it appeared normal for MMR proteins by
IHC staining, but the CMS categories for all samples would need to be verified by further MSI testing,
DNA methylation analysis, or by analysing RNA-seq gene expression profiles using the “Single Sample
Predictor” tool available as part of the CMS Subtype Classifier package in R software (Guinney et al.,
2015). LGCA4 was unable to be used for DNA sequencing, and did not undergo IHC staining but was

included for cell culture assays and the proteomics study.

IHC and IF staining were employed to compare the expression of iPSC markers and RAS
components by CA tissues and their patient-matched NC tissues. OCT4 was found in the stroma of CA
but never in the stroma of the NC, whereas NANOG was present in CA epithelial cells but absent in
the NC tissues. The NC epithelial cells contained AT,R and weakly expressed ACE and cathepsins B and
D, while the muscle below the crypts stained strongly for PRR. Relative to patient-matched NC
samples, CA tissues overexpressed AT;R, PRR and cathepsin D, expressed ACE2 at normal levels, and
ACE and cathepsin B at low levels. IF staining revealed the presence of a subpopulation of cells in the
CA epithelium which co-expressed iPSC markers NANOG, SOX2, KLF4 and c-MYC, RAS components
AT,R and ACE2, and likely also express PRR, cathepsins B and D, and colon CSC markers LGR5, CD133
and EpCAM. Cells derived from CA tissues had variable expression profiles, especially for mRNA levels
as measured by RT-gPCR. WB detected strong bands for KLF4, c-MYC, AT:R, PRR and cathepsin B, and
weak bands for NANOG and cathepsin D in cell lines derived from 3 LGCA and 3 HGCA tissues, while
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OCT4 and SOX2 were detected in all HGCA-derived cell lines. However, ACE and ACE2 were below

detectable levels in all cell lines.

There was alignment across the data from multiple techniques which validated these results.
IHC staining of LGCA2 tissue sections showed moderate levels of cathepsins B and D in the epithelial
cells. LGCA2 cells had the largest bands corresponding to cathepsin B and relatively strong bands for
cathepsin D by WB, and moderate to high levels of mRNA for both cathepsins relative to the other cell
lines as measured by PCR. Accordingly, LGCA2 had the highest activity levels of both cathepsins in both
the cells and the tissues. Conversely, LGCA1 cells expressed the lowest levels of cathepsin B mRNA
and similar levels of cathepsin D mRNA compared to the other cell lines, and weak epithelial staining
for both cathepsins by IHC staining. Cathepsin activity corresponded to the mRNA and protein
expression levels, with LGCA1 exhibiting the lowest activity of both cathepsins in tissues and the

lowest cathepsin B activity in cells.

While quantitative assessment of iPSC marker expression in tissues by IHC staining was not
undertaken, it was observed that the abundance of OCT4, SOX2 and c-MYC was generally higher in
HGCA tissues than LGCA tissues. Furthermore, WB densitometry results confirmed that OCT4 and
SOX2 were more abundant in HGCA cells than LGCA cells. Initially, manual cell counting was performed
on the IHC stained CA tissues in this study (data not shown), and revealed that all cases could be
accurately graded (canonical correlation r=0.981, Wilke’s lambda variance A=0.037) based on 4
elements of data: KLF4 in the stroma of NC (p=0.020) and CA (p=0.034), and OCT4 (p=0.001) and
NANOG (p=0.026) in CA epithelial cells. However, quantfication from IHC stained sections was not
completed due to re-staining with new SOX2, NANOG and c-MYC antibodies, and because of the biases
inherent to manual quantitation. It was hoped that iPSC markers might be able to be used in a
prognostic capacity, but this would need to be validated with further work. Ideally, this would involve
scanning full images of IHC stained slides and uploading them to an unbiased whole-slide image
analysis tool such as QuPath (Bankhead et al., 2017), in order to generate quantitative data regarding

the abundances of iPSC proteins in tissue.

Large-scale label-free quantitative proteomic analysis was carried out on the CA tissues and
CA-derived cell lines. The proteomics data revealed that CA tissues were enriched for components of
mitochondrial respiration and oxidative phosphorylation, reflecting the increased energy demand of
the cancer cells compared to the NC, and for inflammatory markers. Furthermore, the increased
potential for migration, invasion and metastasis was highlighted by the significant reduction in
adhesion molecules, and the effect on normal gut function was revealed by the loss of proteins

involved in muscle structure and function. The CA-derived cell lines were particularly enriched for
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proteins involved in RNA processing and translation, chromatin binding, DNA replication, and
especially in spliceosome activity, which emphasise the higher levels of gene transcription, alternative
mMRNA splicing and DNA synthesis within cancer cells in response to dysregulated gene expression,
uncontrolled cell proliferation, and tumour growth. Proteomic study found elevated levels of
components of signalling pathways that are important to CA, including Wnt and PI3K signalling. PI3K
subunits PIK3R1 and PIK3GC and Wnt-related proteins Rho-associated kinase 2 (ROCK2), casein kinase
and SMADs were found to be upregulated, and these pathways are known to sit both upstream and
downstream of the RAS. The influence of these pathways may be a factor in the results of RAS
modulating experiments, where B-blockers and AT.R antagonists caused reductions in iPSC marker

transcription, as discussed below.

CA-derived cell lines were exposed to RAS modulators to assess whether they could alter their
metabolism and stem cell characteristics. ACEls and ARBs had no effect on cell metabolism, but
propranolol and EMA401 doses greater than 10 uM consistently reduced the metabolic activity of CA-
derived cells. The effect of each RAS modulator on tumoursphere formation was cell line-specific.
Relative to untreated cells, HGCA1 cells formed larger tumourspheres when treated with losartan, and
smaller tumourspheres when treated with R-propranolol. R-propranolol, EMA401 and losartan all
caused HGCA3 cells to form smaller tumourspheres. HGCA2 and HGCA4 cells were able to form
tumourspheres of a similar or slightly reduced size compared to untreated cells when treated with any
of the drugs. This highlights the heterogeneity of CA tumours and the fact that different patients
respond differently to treatments. Interestingly, RAS modulators affected iPSC marker gene
transcription even with no discernible change to metabolism. After treatment with R-propranolol, R-
timolol, EMA401, SMMO2 or losartan, expression of SOX2 and NANOG mRNA could no longer be
detected in any cell line, and expression of OCT4 was reduced in 3 out of 4 cell lines. Furthermore,
KLF4 mRNA expression was increased by RAS modulator treatment. Across all the cell lines, HGCA4
had the highest TMB score and the highest OCT4, SOX2 and NANOG mRNA expression by untreated
cells. HGCA3 FFPE tissue had the highest TMB score but its matched cell line had a low TMB score, and
the untreated cells expressed the lowest levels of OCT4, SOX2 and NANOG mRNA. Interestingly, these
results were mirrored in the tumoursphere assays following treatment with RAS modulators. HGCA4
appeared to be the least affected by RAS modulators in terms of tumoursphere forming capacity, and
saw the smallest increases in KLF4 mRNA expression, though still exhibited reductions in OCT4, SOX2
and NANOG mRNA. Meanwhile, untreated HGCA3 cells reached the 50 pum threshold in the first 2
passages but formed significantly smaller tumourspheres after treatment with each of the 3 RAS
modulators tested. This could indicate that higher basal levels of iPSC marker expression are related

to a higher tumour grade and confer resistance to RAS modulation, and that lower iPSC marker
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expression leaves the cells more susceptible; yet it also reveals that RAS modulators have the potential
to reduce iPSC marker gene expression. Furthermore, reductions to iPSC genes without affecting
overall metabolism may suggest that the RAS modulators affect CSCs to a greater extent than they
affect more differentiated tumour cells, or that they encourage tumour cells to shift towards a more

differentiated phenotype.
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Figure 9.1: Representative images of CA cases used for DNA sequencing, mass spectrometry and cell
culture (page 199). Representative images captured from sections of FFPE tissue, showing the general
architecture of the LGCA1-3 (A-C) and HGCA1-4 (D-G) tumours. LGCA4 was unable to be used for DNA
sequencing, and did not undergo any IHC staining but was included for cell culture assays and MS.
Original magnification: 400x, except C (200x).

9.2 Clinical Significance
Over the last decade, there has been increasing focus on the role of the RAS in cancer. While many
retrospective studies and meta-analyses have been published, there are increasing numbers of

prospective clinical trials, studies in animal models and in vitro mechanistic experiments.

This project explored the influence of the RAS on just a few aspects of cancer cell biology,
namely metabolic activity, iPSC marker expression and tumoursphere formation, whereas there are
many published studies that offer a glimpse into other interactions. For example, breast cancer cells
treated with ATIIl exhibit reduced expression of integrin proteins and cellular adhesion molecules, and
this was reversed by the ARB losartan but not by the AT,R antagonist PD123319 (Puddefoot et al.,
2006). ARBs and ACEls have been shown to act on cancer in two ways: by lowering cancer cell
proliferation and by reducing neovascularisation (S. T. Kim et al., 2012). This is an important reminder
that not all of the anti-cancer activity displayed by RAS modulators is due to direct action on tumour
cells, but also on aspects of the microenvironment and the patient’s normal physiology. In this respect,
it is not surprising that only B-blockers and AT,R antagonists showed consistent effects on CA-derived
primary cell lines, especially given the relatively limited range of experiments undertaken. In Chapter
8, ACEls and ARBs did not have significant influence over cell metabolism. However, most of the
beneficial effects which they exert in a cancer context are not involved directly in cancer cell
intracellular activity. For example, candesartan enhances the effects of radiation therapy by reducing
intra-tumoural angiogenesis (Ohnuma et al., 2009). Nevertheless, the experiments reported in
Chapter 8 have led to the conclusion that any beneficial effects which cancer patients receive from
ACEIl or ARB administration are not due to their direct influence on cancer cell metabolism, however,
the B-blockers and AT;R antagonists may act in such a way. Published in vivo data have shown that
macrophage recruitment is stimulated by ATII/AT;R signalling and reduced by ATII/AT.R signalling,
indicating that AT,R antagonists may also aid the anti-tumour immune response by increasing immune
infiltration (Ager et al., 2008). Collectively, this shows that the RAS has the potential to influence CSCs
directly, such as by regulating gene transcription, or indirectly, by modulating their interactions with

the tumour microenvironment and the immune system.
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Attention has been given to the prospect that RAS modulators in combination with standard
therapies can improve patient outcomes. Losartan and candesartan have been observed to increase
the anti-tumour activity of gemcitabine in a mouse model of pancreatic cancer (Noguchi et al., 2009),
and improve the OS and PFS of patients receiving gemcitabine for advanced pancreatic cancer (Nakai
et al., 2010). In a mouse xenograft study, captopril alone reduced the size of gastric adenocarcinoma
tumours by ~40%, which was enhanced to 70% when administered with cisplatin (Williams et al., 2005)
Similarly, synergy between apoptosis-inducing platinum-based chemotherapeutics and anti-
angiogenic ACEls and ARBs improved control of bladder cancer in a mouse xenograft model (Kosugi et
al., 2009), improved OS in patients with recurrent or metastatic gastric cancer (S. T. Kim et al., 2012),
and increased median survival of non-small cell lung cancer (NSCLC) patients from 8.6 months to 11.7
months (Wilop et al., 2009). The same synergistic potential has been observed with B-blockers, most
notably in combination with vinblastine, paclitaxel and/or radiation in inoperable cases of advanced
angiosarcoma, a tumour of vascular origin which was hypothesised to be susceptible to the anti-
angiogenic effects of RAS modulators (Pasquier et al., 2016). 5-FU, one of the front-line treatments
for CA, had an additive effect with propranolol on reducing the proliferation of breast cancer cells
(Pasquier et al., 2011). While there have been few prospective studies investigating 5-FU, or any other
chemotherapeutics for CA, in combination with RAS modulators, these results collectively encourage
further work in this area. To the best of our knowledge, there are no studies which investigate the
effects of RAS modulators on the expression of the iPSC markers in CA, and the results of this thesis

indicate that further investigation is merited.

Improved outcome in cancer patients administered RAS modulators is in part due to their
ability to reduce the side effects of conventional treatments. Specifically, ATIl has been associated
with cardiotoxicity, especially left ventricular dysfunction, arrhythmia and structural changes to the
heart (Pinter et al., 2018). Radiotherapy has been shown to increase ATIl production, which induces
fibrosis, inflammation and ROS generation (Pinter et al., 2018). RAS modulators could therefore lead
to reduced doses of radiotherapy or chemotherapy without a loss of therapeutic effect, and prevent
late-onset cardiac damage (Pinter et al., 2018). However, given that most of the cathepsin expression
within the tumour is due to immune cells within the stroma, it is unclear whether RAS bypass loops

will be more apparent in vivo and therefore attenuate the effects of ACEls and ARBs to some degree.

9.3 Limitations and Future Directions

The cell lines in the GMRITB were derived from CA tumour tissues and had been banked between

2015 and 2018. One limitation of the project was that these cells had not been characterised before
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being banked, and the explant method of cell line derivation meant that the nature of the cells was
unclear. If this project were to be repeated, it would be better to isolate the cells via a dissociation
and cell sorting method, followed by expansion in a culture media formulated specifically for the cell
type of interest. In this way, there could be more confidence in the relevancy of results from cell-based
experiments. However, this alternative was not suited to this PhD project due to uncontrollable factors
such as the frequency of operations and tissue donation rates, which would have prevented
experimental replicates from being performed in parallel and may have resulted in lower numbers of

samples, and so it was beneficial to have a repository of pre-banked cell lines to draw from.

To fully explore the effects of RAS modulators on cancer cell activity, and specifically on CSC
phenotype, further functional assays can be explored, including angiogenesis, migration and invasion
experiments. This will allow for the roles of each class of RAS modulator to be delineated. The use of
two members of each RAS modulator class in this project was insufficient to determine whether there
were any “class effects”. While the two ARBs and the two ACEls produced comparable results in the
metabolic activity assay, the two B-blockers elicited differing responses, which may be due to potency,
but does not confirm whether there is a class effect. Extending the experiment beyond 72 h may help
to resolve these ambiguities. If pursued further in the future, these experiments would be enhanced
by including a larger cohort to reduce the effect of variation between samples and strive for statistical
significance, and a larger range of RAS modulators. ACEls and ARBs may perform better in vivo because
they seem to have fewer direct effects on tumour cells (S. T. Kim et al., 2012), and so animal studies
may be required to simulate the complex in vivo environment in which these drugs may have a more
apparent influence. This project tested the R- and S-enantiomers of propranolol and timolol to
determine whether there was any difference in effect between the two isoforms. Previous studies
have shown that only S-propranolol exerts anti-adrenergic effects, whereas R-propranolol is anti-
angiogenic (Overman et al., 2019; Sasaki et al., 2019). R-propranolol acts as a direct inhibitor of mutant
varieties of the SOX18 transcription factor, preventing the expression of hemangioma markers and
inhibiting the differentiation of hemangioma stem cells into endothelial cells (Overman et al., 2019).
Interestingly, the wild-type SOX18 protein is equally inhibited by the R- and S-enantiomers, and so the
stereoselectivity is thought to be due to the change in conformation of mutant SOX18, leading to
preferential binding of R-propranolol (Overman et al., 2019). It is possible that R- and S-propranolol
act as small molecule inhibitors in CA to affect the transcription of iPSC genes. It appears that the R-
enantiomer is responsible for reduced expression of VEGF and angiopoietin-like 4 to allow vascular
regression, mediated by angiopoietin-2, in hemangioma patients (Sasaki et al., 2019). Racemic
propranolol is more toxic than either of the enantiomers alone (Overman et al.,, 2019), so

administration of R-propranolol alone would greatly reduce the side-effects caused by B-adrenergic
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receptor antagonism and possibly allow for a higher dose. Propranolol was found to induce cell death
independently of B-adrenergic receptor expression in hemangiomas (Overman et al., 2019), so it
would be useful to confirm the expression of B-adrenergic receptors in CA tissues and CA-derived cells
using IHC staining and RT-qPCR, and to then knock out the 1 and B2 adrenergic receptors to delineate
the mechanism by which B-blockers affect CA-derived cells. Overall, these results suggest that RAS
modaulators, specifically B-blockers, may function through mechanisms which are currently unknown
to target stem cells by modulating gene expression, independently of B-adrenergic receptors, and in

a manner that might vary between drug isomers.

There is a need for alternative or combinatorial approaches to treat CA due to its high rates
of mortality and metastasis, especially to the liver. CSCs are thought to be responsible for recurrence
as they resist conventional cancer treatments. The RAS is now acknowledged to play a role in cancer,
with many of its downstream effects promoting cancer functions, including proliferation,
inflammation, EMT and migration. The expression of RAS components by CSCs potentially offers a
novel therapeutic target using commonly available low-cost medications. One of the latest
developments in RAS biology is the discovery of an intracellular RAS, alongside the classical endocrine
RAS and the tissue-specific paracrine RAS. Evidence of an intracellular RAS emerged around 2004 with
the observation that intracellular ATII produced from a plasmid caused cardiac hypertrophy in mice
within 48 h, without causing increased blood pressure or ATIl levels in circulation (Baker et al., 2004).
Numerous studies have found that AT1R is more abundant in the nuclear homogenate from brain cells
than the whole cell homogenate, and that the nucleus and cytoplasm both contain AGT, ATiR, AT2R
and PRR (Garrido-Gil et al., 2013; Villar-Cheda et al., 2017). IF staining in Chapter 7 revealed the AT,R
was occasionally localised to the nucleus of CA stromal cells. The intracellular RAS predominantly
involves AT:R localised to the nuclear membrane, which binds intracellular ATIlI leading to
internalisation of the receptor to the nucleus (Villar-Cheda et al., 2017). This leads to increased gene
transcription, specifically of TGF-B and IGF-1 (Villar-Cheda et al., 2017). It has been shown that the
intracellular RAS counteracts the oxidative stress induced by paracrine ATIl acting on AT:R at the
plasma membrane, partly through AT:R acting in the nucleus and partly due to AT;R in the
mitochondria (Villar-Cheda et al., 2017). It is possible that this mechanism could control the expression
of other genes and establish the early reprogramming events that lead to disease, and that ARBs might
inhibit this process (Villar-Cheda et al., 2017). This may explain how losartan reduced the expression
of iPSC markers OCT4, SOX2 and NANOG and increased KLF4 transcription in CA-derived cell lines

without affecting overall metabolism.

The observations of reduced iPSC marker gene transcription in response to RAS modulators

presented in Chapter 8 encourages further work to determine whether a combination of conventional
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therapeutics and RAS modulators could be employed to target the tumour bulk and make CSCs more
susceptible to conventional therapies, while reducing angiogenesis, enhancing anti-tumour immune
infiltration and reducing cardiotoxic side effects to improve patient outcomes. In terms of the view of
pluripotency as a population phenotype rather than that of single cells (MacArthur et al., 2013), the
reduction in iPSC marker expression caused by RAS modulators may reflect a shift in the balance from

a resistant, stem-like state to a state which is less adaptable and more susceptible to treatment.

There are two further avenues of research which warrant mention here. Standard 2D cell
culture systems cannot reflect the complexity of human organ systems and have therefore led to a
bottleneck between in vitro models and their clinical application (Kim et al., 2020). However, animal
models do not always faithfully represent human physiology and have inherent ethical issues (Kim et
al., 2020). Organoid cultures are spontaneously self-assembling 3D in vitro models of human organs,
which can be produced from iPSCs or adult stem cells (ASCs) (Drost et al., 2018; Kim et al., 2020).
Tissue biopsy-derived ASCs produce organoids that recapitulate key aspects of the organs they are
derived from, including biological processes that cannot be modelled in animals or 2D cultures (Drost
et al.,, 2018; Kim et al., 2020). ASC-derived organoids create simpler models than iPSC-derived
organoids because iPSCs can form a wider range of cell types. iPSCs can be created be reprogramming
patient-derived cells, allowing for a more representative drug screening platform for developing
personalised treatments (Drost et al., 2018; Kim et al., 2020). Furthermore, organoids can be produced
from normal cells and manipulated via CRISPR to address specific questions, such as the sequence in
which different mutations arise during carcinogenesis (Ringel et al., 2020). This system would go some
way towards addressing the discrepancies between the 2D in vitro experiments presented in this
thesis and in vivo trials in terms of modelling the documented effects of RAS modulators in a more
complex system. Secondly, it has been shown that certain bacteria are enriched in the microbiomes
of CRC patients, and this dysbiosis is thought to influence gene expression and contribute to
carcinogenesis (Purcell et al., 2017). In CRC, the specific bacterial species present varies depending on
the CMS category of the tumour, and it is hypothesised that the microbiota which are present in the
patient’s gut contribute to the characteristics of the tumour (Purcell et al., 2017). In this context, it is
possible that specific microorganisms may cause dysregulation of iPSC genes, encouraging a CSC
phenotype and leading to carcinogenesis. Organoid culture could be employed to replicate the tumour
environment and allow a CA patient-derived microbiome to survive ex vivo in order to explore the

effects of the microbiome on drug efficacy.
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9.4 Concluding Remarks
CRC is one of the most common and life-threatening cancers worldwide and its poor prognosis is
linked to recurrence and metastasis. Therefore, treating the causes of these phenomena is a focus of
much research. CSCs, one proposed origin of cancer, can resist therapy to initiate recurrence and

metastasis.

This thesis explored two main hypotheses. The first was that CSCs in CA could be identified by
their expression of the genes used to create iPSCs and that control pluripotency, a characteristic of
ESCs and also CSCs. To address this, the thesis aimed to identify and characterise the CSC
subpopulations in FFPE tissues via IHC staining, in-situ hybridisation and RT-pPCR, and to assess the
stem cell properties of cell lines derived from the same tissues by performing tumoursphere and
differentiation assays. It was found that iPSC marker abundance increased with CA grade, as did the
tumoursphere formation capability of CA-derived cell lines. The second hypothesis was that these
CSCs would express RAS components, and that the RAS may play a role in CSC regulation. IHC and IF
staining were used to assess the co-expression of iPSC markers with RAS components, and suggested
that CA CSCs express RAS components. When treated with RAS modulators, these cells exhibited
reduced expression of iPSC markers. AT,R antagonists showed unexpected promise as a class of
compounds for reducing cancer cell metabolism and CSC phenotype, and warrants further

exploration.

These results encourage future work to elucidate whether low-cost RAS modulating
medications, which are already in clinical use, may be able to work in tandem with conventional
therapies by dampening the cancer stem cell phenotype and thereby rendering them more sensitive

to treatment.
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Case Sample DoD Mets/ recur? | Age | Ethnicity | Gender | Stage/Grade Lab report Molecular testing | Comorbidity Medication
15-199 LG1 N/A No 53 NZ Euro M pT3 Nla Mx | Irregular cribriform glands; | Normal for MLH1, Yes Cilazapril
/ LGCA pleomorphic columnar cells | MSH2, MSH6,
PMS2
15-242 - N/A No NZ Euro Ulceration, aberrant crypt
foci, lymphoid aggregates.
pT3 Nla Mx | High grade dysplasia, Atenolol,
79 M / LGCA intramucosal Unknown Yes Atorvastatin
15-258 - 28/08/17 | Yes —mets to NZ Euro Mucinous foci. Irregular Diagnostic criteria
chest, pelvis, and cribriform glands; for testing not
abdomen pT3 pN1b Invades within met (no IHC or
85 M Mx / LGCA | desmoplastic stroma seq) Yes Cilazapril
15-259 - N/A Yes — NZ Euro KRAS mutation,
hyperplastic not BRAF.
polyp Ulcerated, mucinous. Abnormal loss on
removed pT4a pN2b | Invades within MSI enzyme Yes - Lynch
08/18 54 F pMO / LGCA | desmoplastic stroma testing syndrome Cilazapril
15-361 - 24/01/18 No NZ Euro S-100 positive;
neg for CD34,
Ulcerated, embedded in a SMA, desmin,
desmoplastic stroma; EMA, GLUT1 =
trabecular, mucinous, benign mucosal
pT3 pNO MO | transmural lymphoid Schwann cell
91 F / HGCA aggregates proliferation Yes ?
15-398 - N/A No NZ Euro Cribriform glands lined by
moderately pleomorphic
pT3 pNla columnar epithelium within
75 M MO / LGCA | a desmoplastic stroma Unknown Yes ?
16-059 - N/A No NZ Euro Mucinous features. Invades Yes - Prostate
T3 N1 Mx/ | within desmoplastic carcinoma + Cilazapril,
69 M LGCA stroma. Unknown others Simvastatin
16-127 HG1 26/05/18 Yes — liver, NZ Euro pT3 NO Mx/ | No records - presumed
lung 50 M HGCA private surgery Unknown ? ?
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16-146 HG2 8/10/17 Yes 81 NZ Euro ?/ HGCA Mucinous component Unknown ? ?
16-243 - N/A Yes — treated NZ Euro
2019, clear pT3 pN2a Mx | Mod diff adenoca., no
01/20 78 / LGCA lymph nodes (0/7) Unknown ? ?
16-285 - 29/10/17 Yes — liver, Chinese pT2 pNO Mx | Fungating; desmoplastic
lung 71 / LGCA stroma. Unknown Yes ?
16-337 LG2 N/A No NZ Euro pT3 pNla+ | Several small foci of high
67 Mx / LGCA | grade noted. Unknown Yes ?
17-020 HG3 N/A No Indian Tumour invades through
T3 N1 Mx/ | muscularis propria into the
74 HGCA serosa Unknown ? ?
17-146 - N/A Yes — liver: NZ Euro MSH6 and MSH2
treated positive staining;
2018, clear MLH1 and PSM2
12/19 Mucin, strips of neoplastic | show abnormal Yes -
pT4 N2b Mx | mildly pleomorphic loss; BRAF not yet | Meningioma Metoprolol,
78 / LGCA columnar epithelium tested grade 2 Quinapril
17-228 - 4/03/18 Yes — liver NZ Euro Sheets and cords of
(not moderate pleomorphic
treatable) T3 NOMx/ | polygonal cells with some SATB?2 positive,
87 HGCA signet ring forms CDX2 negative ? ?
17-235 - N/A ? NZ Euro MLH1, PMS2,
T4b N1b Mx | Invades through muscularis | MSH6, MSH2
84 / HGCA propria normal (positive) ? Amolodopine
17-279 LG3 N/A No NZ Euro Yes — COPD,
hyperthyroid, | Carbimazole,
Spread to pericolic fat but MLH1, PMS2, benign Salbutamol,
T3 N2a Mx/ | not invasive though MSH6, MSH2 papillary Striverdi
60 LGCA muscularis normal (positive) | mesothelioma respimat
17-455 - N/A ? NZ Euro Predominantly low grade
but foci of high grade. MLH1, PMS2,
pT3 NO Mx/ | Private operation - few MSH6, MSH2
37 HGCA details normal (positive) ? ?
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18-069 HG4 N/A ? NZ Euro MLH1, PMS2,
pT4b N2a Mx | Invades through muscularis | MSH6, MSH2
70 M / HGCA propria. Treated privately normal (positive) ?
18-282 LG4 N/A ? 73 NZ Euro ? T3 N1b Mx/ | 1/32 lymph nodes, MLH1, PMS2,
LGCA extramural tumour MSH6, MSH2
deposits; perineural normal (positive)
invasion. Treated privately ?

Appendix Table Al.1: Patient data

Case = unique anonymised identification number assigned at GMRI. Sample = name which the sample is referred to within the thesis. DoD = date of death.
Mets/recur? = has the tumour metastasised, or recurred since surgery? Stage/grade = TNM staging and tumour grade (LG or HG).

229




Appendix Figure A4.1: Supplementary iPSC marker IHC-stained images.

Representative IHC staining images showing nuclear SOX2 expression (brown) in one crypt of a normal
colon sample (A); seminoma positive control stained with the second NANOG antibody (ab62734) (B);
and representative IHC stained images of LGCA (C) and HGCA (D) stained with the second NANOG
antibody (ab62734). Nuclei were counter-stained with hematoxylin (blue). Original magnification:
400x.
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Appendix Figure A4.2: iPSC marker IHC staining positive controls.

Representative IHC stained images of human positive control tissues demonstrating the expected
staining patterns on seminoma for OCT4 (A) and NANOG (C), skin for SOX2 (B), normal breast tissue
for KLF4 (D), normal colon for c-MYC (E) and EpCAM (F), and placenta for CD133 (G) and LGR5 (H).
Nuclei were counterstained with hematoxylin (blue). Original magnification: 400X.
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Appendix Figure A4.3: iPSC marker IHC staining negative controls.

Images showing the negative control slides from IHC staining of OCT4 (A), SOX2 (B), NANOG (C),
KLF4 (D), c-MYC (E), EpCAM (F), CD133 (G) and LGR5 (H). Negative controls for IHC were produced
by using an isotype control antibody. Cell nuclei were counter-stained with 4’6-diamino-2-
phenylinodole (DAPI; blue). Original magnification: 400X.
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Appendix Figure A4.4: iPSC marker IF staining negative controls.

.
.

Images showing the negative control slides from IF staining of OCT4/KLF4 (A), OCT4/NANOG (B),
OCT4/S0OX2 (C), OCT4/c-MYC (D) and OCT4/CD133 (E). Negative controls for IF were produced by
omitting the primary antibody. Cell nuclei were counter-stained with 4’6-diamino-2-phenylinodole
(DAPI; blue). Original magnification: 400X.
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Appendix Figure A4.5: In situ hybridisation controls.

‘i

In-situ hybridisation positive human control tissues for OCT4 (A, brown), NANOG (B, brown) and KLF4
(C, brown) on seminoma; SOX2 (D, brown) on normal skin, and c-MYC (E, brown) on normal colon.

Negative control (F) to confirm the specificity of probes were produced using a probe for Bacillus
(NM_L38424). Original magnification: 1000x.
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Appendix Table A4.1: Supplementary data for iPSC marker RT-qPCR in tissues

ACT (tumour) Average ACT AACT (T-N) 27N (AACT)
(normal)

-10.34 -10.27 -0.07 0.95
-11.21 -0.94 0.52
LG1 -10.71 -0.44 0.74
-9.18 -9.71 0.53 1.44
-9.05 0.66 1.58
LG2 -9.06 0.65 1.57
-12.47 -13.3 0.83 1.77
-12.30 0.95 1.93
LG3 -12.67 0.63 1.54
-10.68 -0.90 0.54
-10.85 -9.78 -1.07 0.48
LG4 -10.86 -1.08 0.47
-10.59 -9.86 -0.74 0.60
-10.79 -0.94 0.52
LG5 -11.27 -1.42 0.37
-10.32 -8.86 -1.46 0.36
-10.67 -1.81 0.28
oCT4 LG6 -10.87 -2.01 0.25
-16.58 -14.29 -2.29 0.20
-16.75 -2.46 0.18
HG1 -15.92 -1.63 0.32
-8.73 -10.16 1.43 2.69
-9.02 1.14 2.20
HG2 -9.02 1.14 2.20
-15.16 -1.57 0.34
-15.03 -13.59 -1.44 0.37
HG3 -15.40 -1.81 0.28
-11.09 0 -11.09 oo

-11.31 -11.31 oo

HG4 -11.09 -11.10 oo
-8.97 -10.13 1.16 2.23
-9.28 0.85 1.80
HG5 -9.19 0.94 1.92
-10.09 -9.08 -1.01 0.50
-9.87 -0.79 0.58
HG6 -10.08 -1 0.50
-5.31 -4.67 -0.64 0.64
-5.40 -0.73 0.60
LG1 -5.35 -0.68 0.62
-14.77 -14.67 -0.10 0.94
-14.93 -0.26 0.84
LG2 -14.56 0.11 1.08
-12.09 -7.70 -4.40 0.05
-12.12 -4.43 0.05
LG3 -12.28 -4.59 0.04
-11.00 -4.04 -6.96 0.01
-11.13 -7.09 0.01
LG4 -11.07 -7.03 0.01
24.75 -15.32 40.07 0

24.75 40.07 0

LG5 24.75 40.07 0
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22.19 24.78 -2.60 0
22.19 -2.60 0
SOX2 LG6 22.19 -2.60 0
-10.16 -9.38 -0.78 0.58
-11.06 -1.68 0.31
HG1 -10.07 -0.69 0.62
21.75 22.94 -1.19 0
21.75 -1.19 0
HG2 21.75 -1.19 0
-8.48 -11.46 2.98 7.89
-8.12 3.34 10.13
HG3 8.3 3.16 8.94
-16.17 0 -16.17 o0
-16.33 -16.33 o0
HG4 -16.73 -16.73 o0
24.25 9.26 14.99 0
24.25 14.99 0
HG5 24.25 14.99 0
24.23 0 24.23 0
24.23 24.23 0
HG6 24.23 24.23 0
-10.53 -13.56 3.03 8.17
-11.01 2.55 5.86
LG1 -11.27 2.29 4.89
-10.76 -11.39 0.62 1.54
-10.67 0.71 1.64
LG2 -10.83 0.55 1.47
-12.63 -14.17 1.54 2.91
-13.18 0.99 1.99
LG3 -12.64 1.53 2.89
-8.78 -10.10 131 2.91
-9.13 0.96 1.99
LG4 -9.01 1.08 2.89
-13.68 -11.09 -2.59 0.17
-13.50 -2.41 0.19
LG5 -13.57 -2.48 0.18
-11.42 -9.74 -1.68 0.31
-11.34 -1.60 0.33
NANOG | LG6 -11.79 -2.05 0.24
-14.29 -11.83 -2.46 0.18
-14.77 -2.94 0.13
HG1 -14.97 -3.14 0.11
-8.57 -8.69 0.12 1.09
-8.50 0.19 1.14
HG2 -8.68 0.01 1.01
-14.24 -14.52 0.28 1.21
-14.30 0.22 1.16
HG3 -14.08 0.44 1.36
-9.88 -8.09 -1.79 0.29
-9.99 -1.90 0.27
HG4 -10.20 -2.11 0.23
-8.33 -9.07 0.73 1.66
-8.36 0.70 1.63
HG5 -8.25 0.81 1.76
-8.49 -8.59 0.10 1.07
HG6 -8.52 0.07 1.05
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-8.53 0.06 1.04

-5.98 -8.74 2.76 6.79

-5.66 3.08 8.48

LG1 -5.50 3.24 9.47
-11.04 -8.42 -2.62 0.16

-10.62 -2.20 0.22

LG2 -10.45 -2.03 0.24
-11.45 -11.01 -0.45 0.73

-10.91 0.09 1.07

LG3 -11.43 -0.43 0.74
-11.06 -8.90 -2.17 0.22

-10.66 -1.77 0.29

LG4 -10.70 -1.81 0.29
-8.99 -7.05 -1.94 0.26

-8.72 -1.67 0.31

LG5 -8.80 -1.75 0.30
-8.45 -5.56 -2.90 0.13

KLF4 -8.44 -2.89 0.14
LG6 -8.35 -2.80 0.14
-12.58 -8.74 -3.84 0.07

-12.39 -3.65 0.08

HG1 -12.87 -4.13 0.06
-10.85 -9.34 -1.50 0.35

-11.24 -1.89 0.27

HG2 -10.94 -1.59 0.33
-12.25 -11.77 -0.48 0.72

-12.10 -0.33 0.80

HG3 -12.22 -0.45 0.73
-10.37 -7.64 -2.73 0.15

-10.66 -3.02 0.12

HG4 -10.70 -3.06 0.12
-9.11 -11.80 2.69 6.45

-8.71 3.09 8.51

HG5 -9.97 1.83 3.56
-9.56 -8.00 -1.55 0.34

-9.72 -1.71 0.31

HG6 -9.92 -1.91 0.27
-6.30 -11.71 5.41 42.62

-6.02 5.69 51.74

LG1 -5.99 5.72 52.83
-4.49 -5.75 1.26 2.39

-4.68 1.07 2.10

LG2 -4.02 1.73 3.32
-8.01 -7.72 -0.29 0.82

-7.97 -0.25 0.84

LG3 -7.66 0.06 1.04
-4.32 -3.31 -1.01 0.50

-3.94 -0.63 0.65

LG4 -4.01 -0.70 0.61
-8.52 -4.91 -3.62 0.08

-6.67 -1.77 0.29

LG5 -8.08 -3.18 0.11
-6.70 -9.25 2.55 5.84

-7.15 2.10 4.28

c-MYC LG6 -6.54 2.71 6.52
HG1 -10.14 -8.35 -1.80 0.29
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-10.14 -1.79 0.29
-10.52 -2.17 0.22
-2.16 -5.52 3.36 10.29
-2.32 3.20 9.21
HG2 -2.48 3.04 8.24
-8.09 -8.81 0.72 1.65
-8.03 0.78 1.72
HG3 -8.01 0.80 1.74
-4.85 -7.08 2.24 4.71
-4.68 2.41 5.30
HG4 -5.06 2.03 4.07
-4.34 -6.23 1.88 3.69
-4.47 1.75 3.37
HG5 -4.95 1.27 2.42
-4.79 -5.49 0.70 1.63
-4.94 0.55 1.47
HG6 -5.18 0.31 1.24

RT-gPCR data showing expression of iPSC markers OCT4, SOX2, NANOG, KLF4 and c-MYC. ACT values
calculated by comparing the gene of interest to housekeeper GAPDH, and AACT values by comparing
high-grade (HG) and low-grade (LG) tumours to their patient-matched normal colon samples. AACT
values used to calculate fold changes using the equation 2*(AACT).
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Appendix Figure A5.1: Representative images of ICC negative controls.

Negative controls were run for the control cells by omitting the primary antibodies for SSEA4/0CT4
(A) and SOX2/TRA-1-60 (B) in NTERA-2 cells, and for SSEA4/0OCT4 (C) and SOX2/TRA-1-60 (D) in CaCo2
cells. Original magnification: 400x; scale bar = 20 um.
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Appendix Figure A5.2: Representative images of ICC staining for sample LGCA1.

EpCAM™¥ cells from sample LGCA1 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"e" cells from LGCA1 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 um.
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Appendix Figure A5.3: Representative images of ICC staining for sample LGCA2.

EpCAM™¥ cells from sample LGCA2 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"e" cells from LGCA2 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 um.
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Appendix Figure A5.4: Representative images of ICC staining for sample LGCA3.

EpCAM™¥ cells from sample LGCA3 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"e" cells from LGCA3 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 pm.
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Appendix Figure A5.5: Representative images of ICC staining for sample HGCAL1.

EpCAM"Y cells from sample HGCA1 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"ie" cells from HGCA1 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 pm.
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Appendix Figure A5.6: Representative images of ICC staining for sample HGCA2.

EpCAM"Y cells from sample HGCA2 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"ie" cells from HGCA2 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 um.
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Appendix Figure A5.7: Representative images of ICC staining for sample HGCA3.

EpCAM"Y cells from sample HGCA3 were stained for SSEA4 (green; A) and OCT4 (red; A), and for SOX2
(green; C) and TRA-1-60 (red; C). EpCAM"ie" cells from HGCA3 were stained for SSEA4 (green; B) and
OCT4 (red; B), and for SOX2 (green; D) and TRA-1-60 (red; D). Original magnification: 400x; scale bar =
20 um.
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Appendix Figure A5.8: Representative images of tumoursphere formation assay positive controls.

CaCo2 cells were used as a positive control for tumoursphere formation assays, here showing
tumoursphere formation at day 7. Original magnification: 100x; scale bar = 200 um.

Appendix Figure A5.9: Mesodermal differentiation positive controls.

3T3 cells (A) and CaCo2 cells (B) were used as positive controls for mesodermal differentiation.
Negative controls were run by growing 3T3 cells (C) and CaCo2 cells (D) in regular culture media rather
than differentiation media before being exposed to Alizarin Red (pH 4.2). Original magnification: 40x;
scale bar = 50 um.
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Appendix Figure A5.10: Mesodermal differentiation negative controls.

As a negative control, EpCAM"" (A) and EpCAM"¢" (B) LGCA-derived cells and EpCAM"“" (C) and
EpCAM"e" (D) HGCA-derived cells were grown in regular culture media rather than differentiation
media before being exposed to Alizarin Red (pH 4.2). Original magnification: 40x; scale bar = 50 um.
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Appendix Figure A5.11: Endodermal differentiation negative controls.
Negative controls were performed for EpCAM"™" (A) and EpCAM"®&" (B) LGCA-derived cells and

EpCAM™" (C) and EpCAM"e" (D) HGCA-derived cells by omitting the anti-SOX17 primary antibody.
Original magnification: 400x; scale bar = 20 um.
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Appendix Figure A5.12: Endodermal differentiation negative controls.
Negative controls were performed for EpCAM"" (A) and EpCAM"e" (B) LGCA-derived cells and
EpCAM'™" (C) and EpCAM"&" (D) HGCA-derived cells by growing them in regular culture media rather

than differentiation media before being exposed to anti-SOX17. Original magnification: 400x; scale
bar =20 um.
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Appendix Figure A5.13: Endodermal differentiation control cell line.

CaCo2 cells were used as a positive control for endodermal differentiation (A). CaCo2 cells were also
grown in regular culture media as a control (B, C). A negative control was performed by omitting the
anti-SOX17 primary antibody from CaCo2 cell grown in differentiation media (D). Original
magnification: 400x; scale bar = 20 um.
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Appendix Figure A5.14: Ectodermal differentiation negative controls.

Negative controls were performed for EpCAM™" (A) and EpCAM"®" (B) LGCA-derived cells and
EpCAM'™" (C) and EpCAM"e" (D) HGCA-derived cells by omitting the anti-Otx2 primary antibody.
Original magnification: 400x; scale bar = 20 um.
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Appendix Figure A5.15: Ectodermal differentiation negative controls.

-
e
Negative controls were performed for EpCAM"™" (A) and EpCAM"®&" (B) LGCA-derived cells and

EpCAM™¥ (C) and EpCAM"&" (D) HGCA-derived cells by growing them in regular culture media rather
than differentiation media before being exposed to anti-Otx2. Original magnification: 400x; scale bar

=20 pm.

Appendix Figure A5.16: Ectodermal differentiation control cell line.

CaCo2 cells were used as a positive control for ectodermal differentiation (A). CaCo2 cells were also
grown in regular culture media as a control (B). A negative control was performed by omitting the
anti-Otx2 primary antibody from CaCo2 cell grown in differentiation media (D). Original magnification:
400x; scale bar =20 um.
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Appendix Figure A5.17: Unmodified western blot images.
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Uncropped images of western blotting membranes before adjusting for background fluorescence,
showing OCT4 (A), SOX2 (B), NANOG (C), KLF4 (D), c-MYC (E), CD133 (F), a-tubulin (G), EpCAM (H) and
a-SMA (1).



Appendix Fig A6.1: Heat map for individual tissue samples.
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X-axis shows: NC tissues = green, LGCA tissues = yellow, HGCA tissues = red. Within the heat map,
relative abundances are shown as: Green = low, Black = moderate, Red = high, White = not detected
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Appendix Fig A6.2: Heat map for individual cell lines.

HGCA 2

X-axis shows: NC cell line = green, LGCA-derived cell lines = yellow, HGCA-derived cell lines = red.
Within the heat map, relative abundances are shown as: Green = low, Black = moderate, Red = high,
White = not detected
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Appendix Figure A7.1: IHC staining positive and negative controls.

Positive controls for ACE (A; kidney), ACE2 (C; kidney), AT2R (E; kidney), PRR (G; placenta), Cathepsin
B (I; placenta), Cathepsin D (K; breast), and Cathepsin G (M; tonsil), and negative controls for ACE (B),
ACE2 (D), AT:R (F), PRR (H), cathepsin B (J), cathepsin D (L), and cathepsin G (N). Original magnification
= 400x.



Appendix Figure A7.2: Unmodified western blot images.

Uncropped images of western blotting membranes before adjusting for background fluorescence for
ACE (A), ACE2 (B), AT,R (C), PRR (D), cathepsin B (E), cathepsin D (F) and a-tubulin (G).

257



Appendix Figure A7.3: iPSC marker IF staining negative controls.

Images showing the negative control slides from IF staining of OCT4/AT,R (A), OCT4/cathepsin B
(B), OCT4/cathepsin D (C), NANOG/ACE2 (D) and NANOG/AT:R (E). Negative controls for IF were
produced by omitting the primary antibody. Cell nuclei were counter-stained with DAPI (blue).
Original magnification: 400x.
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Appendix Table A7.1: Supplementary data for RAS component RT-qPCR in tissues and cells

Tissues ACT (tumour) Average ACT AACT (T-N) 27N (AACT)
(normal)
-10.99 -11.06 0.07 1.05
-11.32 -0.26 0.83
LG1 -10.69 0.37 1.29
-10.53 -10.14 -0.39 0.76
-10.35 -0.21 0.86
LG2 -10.38 -0.24 0.84
-12.49 -13.35 0.86 1.82
-12.47 0.88 1.84
LG3 -12.03 1.32 2.50
-10.50 -11.47 0.96 1.95
-10.21 1.25 2.38
LG4 -10.02 1.44 2.72
-9.28 -11.92 2.64 6.23
-8.76 3.16 8.94
LG5 -8.98 2.94 7.67
-9.37 -8.01 -1.37 0.39
-9.90 -1.90 0.27
ACE LG6 -9.58 -1.58 0.34
-14.10 -13.78 -0.32 0.80
-13.35 0.43 1.35
HG1 -13.60 0.18 1.13
-10.40 -11.03 0.64 1.55
-9.94 1.10 2.14
HG2 -10.48 0.56 1.47
-15.25 -14.74 -0.51 0.70
-15.29 -0.55 0.68
HG3 -15.40 -0.66 0.63
-10.48 -9.05 -1.43 0.37
-11.25 -2.20 0.22
HG4 -10.95 -1.90 0.27
-8.05 -9.22 1.17 2.24
-8.22 1.00 2.00
HG5 -8.42 0.80 1.74
-7.59 -8.80 1.21 2.31
-7.35 1.45 2.73
HG6 -7.28 1.52 2.87
-10.98 -11.88 0.90 1.87
-11.21 0.67 1.59
LG1 -11.44 0.44 1.36
- -9.02 - 0
- - 0
LG2 -14.28 -5.26 0.03
- -11.94 - 0
- - 0
LG3 - - 0
- -11.18 - 0
-14.75 -3.57 0.08
LG4 - - 0
- -11.56 - 0
- - 0
LG5 - - 0
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LG6

AT:R . - .
HG1 - - -
- -12.31 - 0
-13.55 -1.24 0.42
HG2 -11.73 0.58 1.49
-11.58 - -33.05 oo
-11.35 -32.82 oo
HG3 -11.16 -32.63 oo
-11.96 - -40.67 oo
-12.15 -40.86 oo
HG4 -12.05 -40.76 oo
-11.63 -13.32 1.69 3.22
-10.64 2.68 6.39
HG5 -10.27 3.05 8.26
-9.56 - -35.33 oo
-9.98 -35.75 oo
HG6 25.87 P -
-3.62 -3.55 -0.07 0.95
-3.33 0.22 1.16
LG1 -3.39 0.16 1.12
-3.92 -2.18 -1.74 0.30
-3.95 -1.77 0.29
LG2 -3.69 -1.51 0.35
-7.89 -6.07 -1.83 0.28
-7.77 -1.71 0.31
LG3 -7.42 -1.36 0.39
-4.64 -3.19 -1.45 0.37
-4.70 -1.51 0.35
LG4 -4.63 -1.44 0.37
1.39 -5.16 6.55 93.70
1.14 6.30 78.79
LG5 1.42 6.58 95.67
-3.28 -2.70 -0.59 0.67
-3.09 -0.40 0.76
PRR LG6 -3.28 -0.59 0.67
-10.56 -9.25 -1.31 0.40
-10.58 -1.33 0.40
HG1 -10.73 -1.48 0.36
-2.37 -1.73 -0.64 0.64
-2.56 -0.83 0.56
HG2 -2.27 -0.54 0.69
-8.34 -9.73 1.39 2.63
-7.94 1.79 3.47
HG3 -8.01 1.72 3.30
-2.84 -3.42 0.59 1.50
-2.81 0.62 1.53
HG4 -2.80 0.63 1.54
-2.73 -2.31 -0.42 0.75
-2.52 -0.21 0.86
HG5 -2.85 -0.54 0.69
-1.41 -3.88 2.47 5.55
HG6 -1.62 2.26 4.80
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-1.68 2.20 4.61
Cells ACT (tumour) Average ACT AACT (T-N) 27 (AACT)
(normal)
-7.38 -4.65 -2.73 0.15
-7.42 -2.77 0.15
LG1+ -7.19 -2.54 0.17
-6.11 -3.24 -2.87 0.14
-6.15 -2.91 0.13
LG1- -6.19 -2.95 0.13
-7.87 -4.65 -3.22 0.11
-8.09 -3.44 0.09
LG2+ -7.90 -3.25 0.11
-7.09 -3.24 -3.85 0.07
-7.21 -3.97 0.06
LG2- -7.22 -3.98 0.06
-6.70 -4.65 -2.05 0.24
-6.53 -1.88 0.27
LG3+ -6.80 -2.15 0.23
-5.13 -3.24 -1.89 0.27
ACE -4.97 -1.73 0.30
LG3- -4.76 -1.52 0.35
-6.47 -4.51 -1.95 0.26
-6.45 -1.93 0.26
HG1+ -6.51 -1.99 0.25
-6.01 -3.98 -2.03 0.25
-6.15 -2.17 0.22
HG1- -6.13 -2.15 0.23
-7.62 -4.51 -3.11 0.12
-7.57 -3.06 0.12
HG2+ -7.56 -3.05 0.12
-6.69 -3.98 -2.71 0.15
-6.62 -2.64 0.16
HG2- -6.41 -2.43 0.19
-5.87 -4.51 -1.36 0.39
-5.78 -1.27 0.42
HG3+ -5.89 -1.38 0.38
-5.84 -3.98 -1.86 0.28
-6.01 -2.03 0.24
HG3- -5.96 -1.98 0.25
- -5.87 - 0
- - 0
LG1+ - - 0
-13.30 -5.29 -8.02 0.00
- - 0
LG1- - - 0
- -5.87 -0.29 -
-11.68 -0.25 0.02
LG2+ - 0.06 -
-12.90 -5.29 -7.62 0.01
- - 0
LG2- -12.09 -6.81 0.01
- -5.87 - 0
- - 0
LG3+ -15.16 -9.28 0.00
- -5.29 - 0
LG3- - - 0
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0
ACE2 - -5.59 - 0
- - 0
HG1+ . . 0
- -5.82 3.36 10.29
- 3.20 9.21
HG1- - 3.04 8.24
-12.28 -5.59 -6.69 0.01
- - 0
HG2+ . . 0
- -5.82 - 0
- - 0
HG2- -13.80 -7.98 0.00
- -5.59 - 0
- - 0
HG3+ - - 0
- -5.82 - 0
- - 0
HG3- - - 0
- 9.22 - 0
- - 0
LG1+ . - 0
- 9.17 - 0
- - 0
LG1- - - 0
AT:R - 9.22 - 0
- - 0
LG2+ . - 0
- 9.17 - 0
- - 0
LG2- - - 0
- 9.22 - 0
- - 0
LG3+ - - 0
- 9.17 - 0
- - 0
LG3- - . 0
- 9.26 - 0
- - 0
HG1+ . - 0
- -8.88 - 0
- - 0
HG1- - - 0
- 9.26 - 0
- - 0
HG2+ . - 0
- -8.88 - 0
- - 0
HG2- - - 0
- 9.26 - 0
- - 0
HG3+ - - 0
- -8.88 - 0
- - 0
HG3- - - 0
LG1+ 0.97 -1.317 2.28 4.86
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0.50 1.82 3.53

0.75 2.07 4.20

0.59 -0.983 1.57 2.98

0.52 1.50 2.83

LG1- 0.67 1.65 3.14
1.19 -1.317 2.50 5.66

PRR 1.15 2.46 5.51
LG2+ 1.25 2.56 5.90
1.16 -0.983 2.14 4.42

0.87 1.85 3.62

LG2- 1.04 2.02 4.07
0.94 -1.317 2.26 4.78

0.83 2.15 4.43

LG3+ 0.87 2.19 4.55
1.28 -0.983 2.26 4.78

1.10 2.08 4.22

LG3- 1.33 2.31 4.95
1.93 -0.202 2.13 4.38

1.73 1.93 3.81

HG1+ 2.01 2.21 4.63
2.06 -0.173 2.23 4.68

1.88 2.05 4.13

HG1- 1.91 2.08 4.22
1.67 -0.202 1.88 3.67

1.69 1.90 3.72

HG2+ 1.45 1.66 3.15
1.47 -0.173 1.64 3.13

1.33 1.50 2.84

HG2- 1.31 1.48 2.80
1.49 -0.202 1.69 3.23

1.43 1.63 3.10

HG3+ 1.48 1.68 3.21
1.73 -0.173 1.90 3.74

1.45 1.62 3.08

HG3- 1.28 1.45 2.73
0.28 -1.20 1.48 2.79

0.44 1.64 3.12

LG1+ 0.28 1.48 2.79
-0.20 -1.89 1.69 3.22

-0.10 1.79 3.45

LG1- -0.19 1.70 3.24
crse 1.84 -1.20 3.04 8.20
1.75 2.95 7.70

LG2+ 2.05 3.25 9.48
1.80 -1.89 3.69 12.90

1.77 3.66 12.63

LG2- 1.52 3.41 10.62
2.50 -1.20 3.70 12.98

2.24 3.44 10.84

LG3+ 2.22 3.42 10.69
2.98 -1.89 4.87 29.15

2.94 4.83 28.36

LG3- 2.61 4.50 22.56
1.01 -1.16 2.17 4.49

1.10 2.26 4.78

HG1+ 1.16 2.32 4.98
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0.76 -1.48 2.25 4.74

0.79 2.28 4.84

HG1- 0.88 2.37 5.15
1.27 -1.16 2.43 5.40

1.17 2.33 5.03

HG2+ 1.31 2.47 5.55
0.81 -1.48 2.29 4.91

0.79 2.27 4.84

HG2- 0.94 2.42 5.37
1.61 -1.16 2.77 6.81

1.39 2.55 5.85

HG3+ 1.32 2.48 5.57
1.40 -1.48 2.88 7.36

1.36 2.84 7.15

HG3- 1.48 2.96 7.78
-2.46 -3.40 0.94 1.92

-2.36 1.04 2.06

LG1+ -2.33 1.07 2.10
-1.91 -2.36 0.45 1.36

-1.66 0.70 1.62

LG1- -1.47 0.89 1.85
CTsb -0.23 -3.40 3.17 9.01
-0.35 3.05 8.29

LG2+ 0.02 3.42 10.72
0.81 -2.36 3.17 8.97

0.62 2.98 7.86

LG2- 0.74 3.10 8.54
-1.99 -3.40 1.42 2.67

-2.00 141 2.65

LG3+ -2.00 141 2.65
-2.10 -2.36 0.25 1.19

-2.16 0.19 1.14

LG3- -2.18 0.17 1.13
-2.05 -2.74 0.68 1.61

-2.20 0.53 1.45

HG1+ -2.13 0.60 1.52
-2.47 -2.87 0.40 1.32

-2.54 0.33 1.26

HG1- -2.24 0.63 1.55
-1.93 -2.74 0.80 1.74

-1.94 0.79 1.73

HG2+ -1.89 0.84 1.79

- -2.87 - 0

-2.33 0.55 1.46

HG2- -2.33 0.55 1.46
-2.45 -2.74 0.29 1.22

-2.21 0.53 1.44

HG3+ -2.41 0.33 1.26
-2.07 -2.87 0.81 1.75

-2.26 0.62 1.53

HG3- -2.23 0.65 1.57

RT-gPCR data showing expression of iPSC markers ACE, AT.R and PRR in CA tissues, and ACE, ACE2,
AT3R, PRR, CTSB (cathepsin B) and CTSD (cathepsin D) in CA-derived cells. ACT values calculated by
comparing the gene of interest to 2 housekeeper genes (UBC and PUM1). AACT values calculated by
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comparing CA tissues to their patient-matched NC samples, and CA-derived cells to the pooled data
from 4 NC tissues. AACT values used to calculate fold changes using the equation 2*(AACT).
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Appendix B: List of Publications

The following manuscripts were published during the course of this project. They have been updated
as new data came to light, modified with further editing, and formatted to fit within the thesis as a
whole. Permissions for use of the review paper published in J Clin Path (2017) have been obtained
and attached to the Statement of Authorship and Thesis Length for Doctoral Candidates. The two
papers published in PLoS One (2019 & 2020) are open-access and do not require further permissions

to use in this thesis.
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