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Abstract

Background

Colorectal cancer (CRC) is a huge global problem, being the 3™ most common
cancer worldwide. It is caused by an interplay between genetic and chromosomal
aberrations as well as dietary and lifestyle factors. Calcium channel receptor
signalling is important in a number of cancers, in particular calcium release-
activated calcium (CRAC) channel signalling and more recently PIEZO1. The
hypothesis is that modulating these channels will have physiological effects on

cancer growth in CRC.
Key Results

A novel ORAI1 inhibitor, named JPIlIl, demonstrated better pharmacokinetic
properties than existing CRAC channel inhibitors, and inhibited ORAI1 channel
function in both CRC and human umbilical vein endothelial cells (HUVECs).
Furthermore, JPIIl suppressed cell viability, migration and invasion in both CRC and
endothelial cells. ORAI1 channel inhibition inhibited cell viability without causing
cell death in HUVECs. JPIIl reduced cell viability and clonogenicity of CRCs.
Furthermore, JPIII treatment activated autophagy whilst simultaneously inhibiting
AKT phosphorylation. In addition, a role for PIEZO1 in CRC tumourigenesis is
described for the first time. PIEZO1 channels are functionally expressed, and PIEZO1
siRNA knockdown inhibited CRC viability and resulted in an increase in G2/M cell
cycle arrest. The Cancer Genome Atlas (TCGA) transcriptome data revealed that
ORAI1 and PIEZO1 are differentially overexpressed in CRC relative to normal colon.
However, calcium signalling and ion transport processes on the whole are
downregulated in CRC. ORAI1 and PIEZO1 expression does not vary across disease
stage or survival outcomes. However, expression of both channels was inversely
associated with lymphatic invasion. Both ORAI1 and PIEZO1 expression
demonstrated a tumour-specific correlation with one another that was not present
in normal colon, and expression associated with IGF2R, postulating a potential

oncogenic process for further research.
Conclusion

This work has demonstrated that both ORAI1 and PIEZO1 are involved in CRC

molecular signalling.
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Chapter 1: Introduction

1.1. Colorectal cancer: clinical aspects

1.1.1. Epidemiology
Cancer is a significant problem worldwide. There were an estimated 18.1 million

new cases of cancer worldwide in 2018, 43,800,000 prevalent cases and 9.5 million
deaths(Bray et al., 2018). This is particularly endemic in Europe, which accounts for
25% of global cancer incidence and a fifth of cancer mortality despite it being home

to only 9% of the global population(Bray et al., 2018).

Colon cancer is the 3" most common cancer worldwide, with 1.8 million cases in
2018, with an age-standardized incidence rate of 32.1 per 100,000 was 2018(Ferlay,
2018), one of the highest of all cancers (Figure 1.1). In 2012, there were 100,762
diagnoses of colorectal cancer in the UK, 56,369 (56%) in men and 44,393 (44%) in
women(Office of National Statistics, 2016). There were 881,000 deaths in 2018
(Bray et al., 2018). The age-standardized mortality in the UK was 11.1 per 100,000.
The age-standardised incidence (Figure 1.1) and mortality (Figure 1.2) rates vary
across the world, but is highest in Europe, North America, Asia and Australia. These

figures are presented in Table 1.1.



1.1.2. Pathophysiology
There are a number of important molecular and genetic factors at play in colorectal

tumourigenesis. The most commonly described molecular processes include both
somatic and hereditary genetic mutations, that encompass aberrations in the
WNT/APC/B-catenin signalling pathway, the multi-hit phenomenon of the
adenoma-carcinoma sequence, microsatellite instability and chromosomal

instability. We shall now consider each of these in turn.
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Figure 1.1. World map presenting the age-standardized rate (ASR) of incidence of
CRC in 2018 by geographic region. Please refer to the key for the Presented in
numbers of people per 100,000 in 2018. Exported from the International Agency
for Research on Cancer’s Cancer Today database(International Agency for Research

on Cancer, 2019).
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Figure 1.2. World map presenting the ASR of mortality of CRC by geographic region.
Data presented in numbers of people per 100,000 in 2018. Exported from the
International Agency for Research on Cancer’s Cancer Today(International Agency

for Research on Cancer, 2019).



Age-standardised
rate (per 100,000)

incidence

Age-standardised mortality

rate (per 100,000)

Australia 468 91.8
USA 352.2 91
France 344.1 109.8
Canada 334 92.8
UK 319.2 102.6
Germany 313.1 104.2
Spain 273.3 92.3
Turkey 225.1 1215
Russia 222.1 119.2
South Africa 213.5 117
Brazil 217.2 91.3
China 201.7 130.1
Libya 120.3 69.1
India 89.4 61.4

Table 1.1. Table with age-standardised incidence and mortality rates per 100,000

of the population for CRC in different countries around the world. Data obtained

from the International Agency for Research on Cancer’s Cancer Today(International

Agency for Research on Cancer, 2019).



1.1.2.1. Somatic mutations
A number of genetic and epigenetic changes can be either germline or sporadic de

novo mutations that result in neoplasia, genomic instability and subsequent

progression onto colorectal cancer.

1.1.2.1.1. The adenoma-carcinoma sequence
The adenoma-carcinoma sequence (Figure 1.3) describes a sequence of genotypic

and phenotypic changes that underlie transformation of normal tissue into

colorectal cancer.

The first microscopic histological changes are aberrant crypt foci (ACF). These
microscopic lesions are histologically recognised as large, thick crypts upon
methylene blue staining. ACF are thought to precede the development of
adenomas. Adenomas can either be dysplastic or hyperplastic, and can undergo
malignant transformation. Dysplastic ACF are more prevalent in patients with the
syndrome familial adenomatous polyposis (FAP) than in non-FAP
patients(Takayama et al., 2001). There is a positive correlation between the size of
ACF and the number of adenomas, and they are significantly more prevalent in
dysplastic polyps and 100% prevalent in cancer(Takayama et al., 1998). Vogelstein
et al reported further genotypic differences between adenomas and carcinomas.
They found that 73% of tumours had increasing numbers of allelic losses of
chromosomes 5 and 18 across class | to Il adenomas and carcinoma and increasing
numbers of allelic loss in chromosome 17 across adenomas and cancer (Vogelstein
et al., 1988). Further study has identified a number of important genetic mutations
that develop with increasing frequency across increasingly dysplastic and malignant

tissue types, in particular APC, K-Ras, SMAD4 and p53.

APC is classed as a tumour suppressor gene located on chromosome 5 in band 5
g21. The coding region spreads over 15 exons and encodes a 309kDa protein
consisting of 2,843 amino acids. APC has been shown to bind to B-catenin(Rubinfeld
et al., 1993) at the cytoplasmic surface of the cell membrane to facilitate adhesion
and cytoskeletal organisation, in a complex with axin, B-catenin and GSK-33. APC
mutations have been demonstrated to result in a truncated protein product(Smith
et al.,, 1993) that impairs the binding activity of the central pore with B-
catenin(Munemitsu et al.,, 1995), resulting in stabilisation and subsequent
accumulation of B-catenin. Beta-catenin has been shown to translocate to the

nucleus and form a transcriptional activating complex with T-cell specific
5



transcription factor Tcf/LEF-1 family of transcription factors (Graham et al., 2000),
binding to the promoter regions of Wnt target genes and activating transcription.
APC mutations occur early in human tumourigenesis, being present in 78% of
aberrant crypt foci(Takayama et al., 2001), 60% of adenomas and 60% human
tumours(Powell et al., 1992). The consistent mutation rates seen through these

tissues suggest that this mutation may play a key role in driving tumourigenesis.

The RAS genes encode GTPase proteins consisting of 188-189 amino acids. There
are 3 types in humans: H-RAS, K-RAS and N-RAS. They are considered to be
oncogenes because activating mutations of these genes drive tumourigenesis
independent of upstream growth factor signalling, a key example being K-RAS
mutations resulting in cellular insensitivity to inhibition of the EGF receptor
upstream of the K-RAS. Of these genes, K-RAS constitutes 80% of the RAS mutations
seen in adenomas and carcinomas(Vogelstein et al., 1988). K-RAS mutations have
not been found in normal colon tissue(Yan et al., 2015) but have been reported in
13% of ACF samples (Smith et al., 1994), 67% of adenomas(Takayama et al., 2001)
and about a 33-50% of colorectal tumours(Benvenuti et al., 2007, Vogelstein et al.,

1988, Yan et al., 2015).

Similarly, p53 mutations are not found in normal colon(Yan et al., 2015) or aberrant
foci(Shivapurkar et al., 1997) but have been reported in 44% of adenomas(Yan et
al., 2015) and 42-76% of sequenced colonic tumours(Yan et al., 2015, Shivapurkar
et al., 1997). These findings suggest that p53 mutations occur in cancer progression

rather than during the process of tumour initiation.

SMAD4 is encoded on chromosome 18q. Expression is inherent in colonic mucosa
but is lost in up to 33% of cancers(Salovaara et al., 2002). SMAD4 is not mutated in
normal colonic tissue, but mutations occur with increasing frequency in cancerous

tissue: 10% of intramucosal tumour and 7% of invasive carcinomas.

Furthermore, BRAF mutations are present in about 12% of tumours(Benvenuti et
al., 2007). The most negative prognostic mutation is valine to glutamic change at
codon 600, BRAFV®% that is present in almost half of all hypermutated compared
to 3% of non-hypermutated tumours(The Cancer Genome Atlas Network et al.,
2012). It is associated with worse outcome, with a reported median overall survival
of 13.4 months compared to 37.1 months in BRAF-naive patients in patients with

metastatic CRC(Cremolini et al., 2015a).
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BRAF

|

Wnt
signalling
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Hypermethylation (CIMP)
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Figure 1.3. A-B: lllustration of the stepwise sequence of genetic changes in the
adenoma carcinoma sequence that result in the development of adenoma and

subsequently carcinoma.

APC mutation results in truncated protein that is unable to regulate Wnt signalling
resulting in accumulation of beta-catenin, which has been associated with aberrant
crypt formation (ACF), depicted in brown on the colon epithelium figure. K-RAS
activating mutation also occurs, these changes drive adenomatosis. Activating K-
RAS mutations and BRAF mutation have also been associated with subsequent
dysplastic change. Tumour-specific genotypic changes include loss of p53 (TP53)
and SMAD4 as well as chromosome 18q, inactivation of mismatch repair (MMR)

genes with subsequent chromosomal instability as well as hypermethylation.

Image created using Biorender at https://app.biorender.com.



1.1.2.1.2 Microsatellite instability
Microsatellites consist of short tandem repeats of 1-6 base pairs found throughout

all genomic sequences, both coding and non-coding. These account for 3% of the
genome. Microsatellite instability (MSI) is defined as alternate sized short tandem
(or dinucleotide) repeats in tumour tissue that are not present in genomic DNA.
Western blot analysis and High Resolution Fluorescent Microsatellite Analysis
(HRFMA) have shown that cell lines that do not express the mismatch repair
proteins hMSH6 and hMLH1 have marked microsatellite instability(Oki et al., 1999),
suggesting that these genes are important in repairing and preventing MSI. Loss of
mismatch repair proteins can be via point mutations making a dysfunctional protein
or by transcriptional silencing by hypermethylation of the promoter sites of these
genes (CpG island methylator phenotype). It occurs in 10% of cases of CRC(The

Cancer Genome Atlas Network et al., 2012)

1.1.2.1.3. Chromosomal instability
Chromosomal instability is defined as an accelerated rate of loss or gain of whole

or parts of chromosomes, and has been demonstrated in 60-70% of colorectal
cancer. Resultant loss or gain of part or all of part of chromosomal alleles results in
aneuploidy, loss of heterozygosity and sub-chromosomal genomic amplifications.
Karyotype analysis has demonstrated losses in the chromosome arms 1p, 5q, 8p,
17p in 52%, 36%, 48%, 42% of sequenced tumours and complete loss of
chromosomes 17 and 18 in 31% and 64% respectively(Thiagalingam et al., 2001). A
meta-analysis of comparative genomic hybridisation (CGH) studies found
incremental increases in the frequency of loss of chromosome arms 4p, 4q, 8p and
18q over progressive disease stages (Diep et al., 2006). Equally, gains have been

reported at 1q, 7p, 8q and 20q(Diep et al., 2006).

In a study looking at the mechanism of chromosomal loss, fluorescent in situ
hybridization (FISH) analysis of colon cancer cells found that partial allelic loss was
due to interchromosomal recombinations and deletions associated with DNA
double-strand breaks. However, total chromosomal loss was concluded to be due
to mitotic nondisjunction, with some segregation of both chromatids to one
daughter cell that in some cases was subsequently duplicated, generating

aneuploidy(Thiagalingam et al., 2001). Important genes involved in colorectal



cancer development are encoded on these chromosomes: the APC gene on

chromosome 5q, p53 on chromosome 17p and SMAD4 on 18q.

Interestingly, the APC protein has been shown to bind to and stabilise microtubules,
preserving their length and protecting them against depolymerization following
nocodazole treatment(Zumbrunn et al., 2001). Karotype analysis has revealed
chromosomal instability in embryonic stem cells with APC mutants generating
truncated APC proteins, and mutants with truncation of the C terminal region that
interacts with EB1 generated chromosomal instability(Fodde et al., 2001).
Therefore, as tumourigenesis progresses, loss of heterozygosity and somatic
mutations of the remaining allele can be seen to further generate chromosomal

instability and tumour development.

1.1.3. Aetiology of colorectal cancer
There are a number of hereditary conditions and inflammatory conditions that

predispose sufferers to a higher risk of colorectal cancer than the background
population. These are thought to constitute approximately 25% of cases. The
remaining cancers are deemed to be sporadic. Lifestyle factors have been shown to

contribute to carcinogenesis.

1.1.3.1. Dietary factors
The highly processed, fibre-poor diet of the western world has been associated with

a higher risk of colorectal cancer, in particular processed and red meats, as well as
alcohol and a sedentary lifestyle(World Cancer Research Fund International and

American Institute for Cancer Research, 2016).

The World Cancer Research Fund reported in 2016 that consumption of wholegrain,
dietary fibre, dairy and calcium supplements is associated with a lower risk of
colorectal cancer. On the other hand, red meat, processed meat, alcoholic drinks
and obesity is associated with an increased risk(World Cancer Research Fund

International and American Institute for Cancer Research, 2016).

1.1.3.2. Hereditary conditions
There are a number of hereditary colon cancer syndromes that have been

described, attributable to genetic mutations.



1.1.3.2.1. Familial adenomatous polyposis
Familial adenomatous polyposis (FAP) is autosomal dominantly transmitted, and

accounts for 1% of all colorectal cancers. There are two phenotypic variants. The
classical condition results in the development of hundreds or thousands of
adenomatous polyps in the colon. The attenuated condition results in a milder
phenotype, with less than 100 polyps and a later disease onset(Nielsen et al., 2007).
Pathogenic mutations of APC are prevalent in 80% of cases with polyposis, mostly
by single base substitutions or deletions. Biallelic mutations in the DNA base
excision repair gene MUTYH are prevalent in 2% of cases(Grover et al., 2012),
causing MUTYH-associated polyposis (MAP), transmitted in an autosomal recessive
manner. The majority are germline, however 30% of cases develop from de novo
mutations. Both germline and sporadic cancers resulting from APC mutation
develop following loss of heterozygosity of chromosome 5qg21-22(Miyaki et al.,
1994). The condition also has extracolonic manifestations, including polyposis of
the upper gastrointestinal tract, desmoid tumours and congenital hypertrophy of
the retinal pigment epithelium(Caspari et al.,, 1995). Furthermore, a base
substitution T>A at APC nucleotide 3920 (11307K) has been described in Ashkenazi
Jews with attenuated polyposis and carcinoma that makes the region
hypermutatable with no truncation of the protein(Laken et al., 1997). There is 100%
penetrance of cancer in FAP by the age of 40 years(Bisgaard et al., 1994), but
disease is delayed by 15 years in AFAP(Knudsen et al., 2010).

1.1.3.2.2. Hereditary non-polyposis colorectal cancer
Hereditary non-polyposis colorectal cancer, or Lynch syndrome, constitutes 1-3%

of all colorectal cancers. It is autosomal dominantly inherited, comprising
inactivating deletions to the sequence of mismatch repair genes
MLH1(Papadopoulos et al., 1994), MSH2(Leach et al., 1993), MSH6(Akiyama et al.,
1997), PMS1 and PMS2(Nicolaides et al., 1994). Phenotypically this disease results
in the development of large adenomas with villous histological components(De
Jong et al., 2004). Lynch syndrome is also associated with extracolonic cancers
including uterine, pancreatic and stomach tumours. There is a combined
penetrance of all cancers of 32% before the age of 50 and 42% before 70(Jenkins et

al., 2006).
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1.1.3.3. Inflammatory bowel disease
Meta-analysis of studies reporting on the risk of colorectal cancer in ulcerative

colitis has reported an increasing incidence over the length of the disease, from
0.91 per 100,000 per year in the first decade to 4.07 and 4.55 in the second and
third decades respectively(Castano-Milla et al., 2014). Incidence rates are higher in
those with extensive colitis, reported 44.4 per 100,000 per year. Meta-analysis of
clinical studies also reported a similar increasing risk of neoplasia over time for
Crohns, with cumulative risk of 2.9%, 5.6% and 8.3% at 10, 20 and 30 years post-
diagnosis with significantly higher cumulative risks in both UC and Crohns than in

the general population (Canavan et al., 2006),.

Meta-analysis also reported lower incidence rates for ulcerative colitis in papers
stratified by date of publication into the last decade (1.21/100,000/y) versus those
published in the 1950s (4.29/100,000/y)(Castano-Milla et al., 2014), which may
reflect an improvement of primary treatment, earlier detection via endoscopic

surveillance and earlier surgical resection.

1.1.3.4. Screening
The UK bowel cancer screening programme is a population screening programme

that aims to detect asymptomatic cancers in the UK population. It is offered to
people inthe UK between 60-74 years of age. It tests human stool samples for blood
that is often secreted by colonic tumours. Traditionally this has been done using a
faecal occult test that detects the presence of haemoglobin in the stool. This test is
completed at home and returned to the laboratory in the post by the patient.
Patients with positive stool tests are then invited for further investigation, usually

a colonoscopy.

Long-term follow-up of a randomised controlled trial of faecal occult blood testing
in asymptomatic patients proposed a 13% reduction in mortality from colorectal
cancer(Scholefield et al., 2002). This was the clinical rationale behind the
introduction of the UK bowel cancer screening programme. The screening
programme was started in 2006 and rolled out nationwide by 2009. Initial results
appeared promising, as positive faecal occult blood tests were found to be cancer
in 11.6% of men and 7.8% of women; high risk adenomatous polyps in 12% of men
and 6.2% of women, and; intermediate risk adenomatous polyps in 19.3% of men
and 14.6% of women(Logan et al., 2012b). In 2018, ministers voted on lowering the
age of eligibility to this screening programme to 50 years of age. Further
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developments include the introduction of a one-off bowel endoscopy for all

patients at 55 years of age.

The clear advantage of the NHS bowel screening programme is detection of
cancerous and pre-cancerous lesions in asymptomatic people that can be removed
prior to cancer development. Furthermore, it has proven to be a cost-effective
measure in detecting cancers at an earlier stage. Retrospective analysis of health
systems data has revealed incidence costs of £17,241 in patients under 65 and
£14,776 in those over 65 years of age, with 5-year prevalence costs for total
healthcare of £216,549 in those under 65 and £458,688 in those over 65 years old.
This analysis revealed that these costs are lower in early stage (Stage 1-2) disease
than advanced stages (Stages 3-4): £14,911 versus £19,187 for those under 65 and;
£14,196 versus £15,411 in over 65(Laudicella et al., 2016), demonstrating a cost
advantage to early diagnosis. In addition, there is benefit to instituting surveillance
measures in those patients who are diagnosed with a hereditary colorectal cancer
syndrome.  However, only 1 in 10 cancers are diagnosed through the UK bowel
screening programme(Office of National Statistics, 2016). The main disadvantage
of the screening programme is the high proportion of false positive screening tests,
which require injection of healthcare resource and cost to investigate. The original
guaiac faecal occult blood test has recently been replaced with a faecal
immunochemical test (FIT)(National Institute of Health and Clinical Excellence,
2017). Advantages of FIT include specificity to human haemoglobin rather than any
haemoglobin that may have been ingested. Furthermore, the sample undergoes
automated analysis with more quantitation in micrograms per gram of faeces,
rather than subjective operator-dependent interpretation of colour change. A
health technology assessment systematic review reported sensitivities of 92.1-
100% and specificities of 85.8-76.6% have been reported and the test was deemed
cost effective for use within the NHS(Westwood et al., 2017). This may help to

reduce the proportion of false positive tests.

Another issue with the screening programme has been low population uptake of
the test. Of the first 2 million tests, only half were returned (49.5% of men, 54.4%
of women), with lower uptake in lower socio-economic and ethnic groups (Logan
et al., 2012a). Interventions such as face-to-face invitation/discussion and
telephone invitation have been shown to increase uptake in these

groups(Shankleman et al., 2014).
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1.1.3.5. Surveillance endoscopy
Certain patient groups should undergo surveillance endoscopy as they are at

greater risk of developing colorectal cancer. These include:

1. Patients who have had adenomas removed at diagnostic endoscopy.
2. Patients with inflammatory bowel disease.

3. Patients with genetic conditions that predispose to colorectal cancer.

Adenomas discovered at endoscopy should be removed where this is technically
feasible and safe to do so and sent for histology. Patients should be stratified into
the risk of progression onto colorectal cancer to determine follow-up. UK
endoscopic guidelines currently do this based on the size and number of adenomas
(Figure 1.4). The benefits of endoscopic follow-up have been reported. Follow-up
surveillance of intermediate-risk patients is associated with a significant reduction
in the incidence rate of colorectal cancer, with a hazard ratios at 1, 2 or 3+ follow-
ups of 0.57, 0.51 and 0.54 respectively(Atkin et al., 2017). More comprehensive
results will hopefully be released from the All Adenoma Study that was funded by
the Health Technology Assessment Programme UK, that ceased recruitment in

February 2019.

Patients with Crohns and ulcerative colitis should undergo surveillance endoscopy.
The frequency of endoscopy is determined by both macro- and microscopic

changes on biopsies and are outlined in Figure 1.5.
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Baseline colonoscopy

Low risk
1-2 adenomas
<1cm in size

No surveillance

OR 5 years depending on age,
comorbidity, family history,
procedural success

[

Intermediate risk
3-4 adenomas <1cm size
At least 1 >1cm in size

High risk
25 small adenomas <1cm
OR 23 with at least 1Tcm in

size
1 year

Findings at Follow-Up

1 negative exam — 3 years
2 negative exams » No FU

Low/intermediate risk — 3 years
High risk adenomas  — 1 year

Findings at Follow-Up

1 negative exam — 3years
2 negative exams — No FU

Low/intermediate risk — 3 years
High risk adenomas — 1 year

Findings at Follow-Up

Negative, low or

intermediate adenomas — 3 years
High risk adenomas  — 1 year

Figure 1.4. Guidelines for subsequent surveillance

removal. Modified from (Cairns et al., 2010).

Screening colonoscopy

Lower risk

Extensive colitis with no
active
endoscopic/histological
inflammation

OR

Left sided colitis

OR

Crohns colitis of <50%
colon

Intermediate risk
Extensive colitis with MILD
ACTIVE
endoscopic/histological
inflammation

OR

Post-inflammatory polyps
OR

Family history of CRC in
FDR <50

Higher risk
Extensive colitis with

moderate/severe active
endoscopic/histological
inflammation OR stricture in
past 5 years OR dysplasia in
past 5 years declining
surgery

OR PSC/transplant for PSC
OR family history of CRC in
FDR < 50 years

after endoscopic adenoma

Figure 1.5. Guidelines for surveillance for patients with inflammatory bowel

disease. Biopsies should be taken from macroscopically abnormal tissue, otherwise

2-4 random biopsies from every 10cm of colorectum. Modified from (Cairns et al.,

2010).
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1.1.3.6. Symptomatic patients
Clinical suspicion of a lower gastrointestinal tract tumour warrants urgent 2 week

wait referral to secondary care for appropriate investigation. This is the most
common route by which patients are diagnosed with colorectal cancer(Cancer
Research UK, 2019a). The referral criteria are set out within the NICE guidance
Suspected cancer: recognition and referral(National Institute for Health and Care

Excellence, 2015) for patients:

e Aged 40 years or more with unexplained weight loss and abdominal pain.
e Aged 50 years or more with unexplained rectal bleeding.
e Aged 60 years or more with either iron deficiency anaemia or changes in
their bowel habit.
e Positive faecal occult blood test.
e Arectal or abdominal mass.
e Aged 50 or more with rectal bleeding plus any of the following:
o Abdominal pain
o Change in bowel habit
o Weight loss

o lron deficiency anaemia.

Patients present as an emergency in approximately 20% of cases with obstruction

or perforation(Kyllénen, 1987).

The referring clinician will perform a digital rectal examination, particularly in
patients presenting with bleeding, to look for pathology that can cause bleeding,
such as haemorrhoids or anal fissure. Patients presenting with these features will
be referred on the 2-week wait pathway for assessment at colorectal clinic. The

most common first-line investigation is either:

e Colonoscopy.
This is the gold standard for investigation. It has high reported global
sensitivity of 92.5% and specificity of 73.2% for diagnosis of pathology
including adenomas and cancer(Martin-Lopez et al., 2014), as it allows
clearer visualisation of the bowel lumen and the ability to take tissue
biopsies for histology. Limiting factors include inadequate bowel

preparation, poor patient tolerance and inability to pass the scope all the
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way to the terminal ileum, which prevent a thorough and complete
examination.
e CT colonoscopy.

CT colonoscopy has been reported to have similar detection rates to
colonoscopy for colorectal lesions, with 10.7% via CT colonography versus
12% via colonoscopy(Atkin et al., 2013). This makes this test more
acceptable as a first line investigation in older patients for whom
preparation for colonoscopy may be more challenging, e.g. patients on
anticoagulation. It also has a higher detection rate than barium
enema(Halligan et al., 2013). However, this is balanced against a higher
requirement for further investigations, reported at 30% versus 8% for those
undergoing colonoscopy(Atkin et al.,, 2013), predominantly for lesions
under 10mm in size.

CT would be used for patients presenting as an emergency with clinical

concern of obstruction or peritonitis from perforated bowel.

1.1.4. Staging
Approximately 95% of all colorectal cancers are adenocarcinoma. Other rarer

subtypes include adeno-squamous carcinoma and high-grade neuroendocrine
carcinoma. Diagnosis via endoscopy or CT colonoscopy then requires staging of the

disease.

1.1.4.1. Imaging
Patients diagnosed by endoscopy and/or pathological biopsy should then undergo

appropriate imaging in order to determine local and distant metastatic spread. This

is important in planning the course of treatment for the patient.

First line imaging of colorectal cancer is usually a contrast CT scan of the chest,
abdomen and pelvis. PET-CT can also be used. Patients with rectal cancer should
undergo magnetic resonance imaging (MRI), then patients with potentially
resectable disease on MRI should be offered endorectal ultrasound to further
assess resection margins(National Institute of Health and Clinical Excellence, 2014).

Results from imaging is used to determine metastases as part of the TNM staging.
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1.1.4.2. AJCC TNM Staging
Clinicians use the TNM staging system. This comprises information regarding

Tumour, regional lymph Nodes and Metastases that are used to decide whether
adjuvant treatment is indicated. TNM staging can be provisionally interpreted from
imaging, where multi-disciplinary team assessment of biopsies and imaging seek to
determine the feasibility of an RO surgical resection of primary and metastatic
disease. However, the ultimate TNM staging is derived from pathological analysis

of resection specimens.

T staging is summarised in Table 1.2, N staging in Table 1.3 and M staging in Table
1.4. Pathologists do not assign the M stage. Carcinoma found within a polyp
warrants resection if there is high grade invasive carcinoma, cancer less than 1mm
of the resection margin or lymphovascular invasion present. Lymph node staging
requires a complete histological resection of the mesorectum containing no less

than 12 lymph nodes in order for accurate staging.

The TNM classification can also be summarised into Stages 0 to 4 (Table 1.5). These

staging systems have superseded the Dukes classification system.

The Office of National Statistics report on cancer diagnosis by stage in the UK in
2012 demonstrate a fairly even proportion of diagnoses by different cancer stages

(Table 1.6).
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T Definition

TX Primary tumour cannot be assessed

TO No evidence of primary tumour

Tis Carcinoma in situ: intramucosal carcinoma involving lamina propria that
does not extend through the muscularis mucosae

T1 Tumour invades submucosa (through muscularis mucosa but not into
the muscularis propria)

T2 Tumour invades muscularis propria

T3 Tumour invades through muscularis propria into pericolorectal tissues

T4

T4a | Tumour invades through visceral peritoneum (including gross
perforation of the bowel through tumour and continuous invasion of
tumour through areas of inflammation to the surface of the visceral
peritoneum)

T4b | Tumour directly invades or adheres to other adjacent organs or

structures

Table 1.2. Summary of the T staging classifications.

N Definition

NX Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

N1 Metastasis in 1-3 regional lymph nodes

Nla | Metastasisin 1 regional lymph node

N1lb | Metastasis in 2-3 regional lymph nodes

N1lc | No positive regional lymph nodes but there are tumour deposits in the
subserosa, mesentery or non-peritonealized pericolic or
perirectal/mesorectal tissues

N2 Metastasis in 4 or more regional lymph nodes

N2a | Metastasis in 4-6 regional lymph nodes

N2b | Metastasis in 7 or more regional lymph nodes

Table 1.3. Summary of the N classification system.
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M Definition

MO No distant metastasis by imaging and no evidence of tumour in
other sites or organs

M1 Distant metastasis

M1la Metastasis confined to 1 organ or site without peritoneal metastasis

M1b Metastasis to 2 or more sites or organs without peritoneal
metastasis

Milc Metastasis to the peritoneal surface, alone or with other site or

organ metastasis

Table 1.4. Summary of the M classification.

Stage T N M
0 Tis NO MO
I T1-T2 NO MO
A T3 NO MO
1B T4a NO MO
Ic T4b NO MO
A T1-T2 N1N1c MO
T1 N2a MO
1B T3-T4a N1/Nic MO
T2-T3 N2a MO
T1-T2 N2b MO
e T4a N2a MO
T3-T4a N2b MO
T4b N1-N2 MO
Stage IVA Any T Any N M1la
Stage IVB Any T Any N M1b
Stage IVC Any T Any N Mlc

Table 1.5. Summary of the Staging classification
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Sex Number of | Stage1 | Stage2 | Stage3 | Staged4 | Unknown

diagnoses | (%) (%) (%) (%) (%)
Male 56,329 16 22 25 22 15
Female 44,393 14 23 24 22 18

Table 1.6. Adults in England diagnosed 2012-2014. Source National Cancer
Registration and Analysis Service Public Health England(Office of National Statistics,

2016).
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Serum carcinoembryonic antigen (CEA) is routinely taken at diagnosis and
measured as part of follow-ups. It is used in combination with clinical assessment
and imaging where appropriate, as it is a poor marker alone for assessing for
recurrence, with a Cochrane review reporting a pooled sensitivity of 82% (95%
confidence interval (Cl) of 78-86%) and pooled specificity of 80% (95% Cl 59-
92%)(Nicholson et al., 2015). However, there is some evidence that CEA trends
during palliative chemotherapy can be useful as the rate of increase of CEA levels

correlates poorly with prognosis(Yu et al., 2018).

There is evidence emerging for the use of mutational analysis for prognostication
in modern pathological tumour tissue analysis. BRAF V600E mutation and K-RAS
mutations have both been shown to negatively impact on overall survival and
progression-free survival of both metastatic (Cremolini et al.,, 2015b) and non-
metastatic(Taieb et al., 2016) tumours. Determination of microsatellite status may
prove helpful in this respect, as BRAF V600E mutation has been shown to negatively
impact on overall survival and disease-free survival in microsatellite stable (MSS)
tumours, whereas it has been associated with longer disease-free survival in

patients with tumours with microsatellite instability (MSI) (Cremolini et al., 2015b).

Mutational analysis can also direct appropriate adjuvant therapies. The monoclonal
antibodies cetuximab and panitumumab target the extracellular domain of the
epidermal growth factor (EGF) receptor. Tumours with activating K-RAS mutations
have been shown in vitro to be more resistant to anti-EGFR antibody
cetuximab(Benvenuti et al., 2007). Subsequent clinical trials have also shown
similar resistance. A meta-analysis of 9 randomised controlled trials testing for
mutations in exons 2, 3, and 4 of K-RAS and exons 2, 3 and 4 of N-RAS demonstrated
significantly improved overall survival and progression-free survival in metastatic
colorectal cancer with wild-type RAS genes, but no survival benefit for those with
K- and N-RAS mutations(Sorich et al., 2014). Consequently, joint guidelines from
the American Society of Clinical Pathology, College of American Pathologists,
Association for Molecular Pathology and the American Society of Clinical Oncology
recommend RAS mutational testing to determine eligibility for anti-EGFR

monoclonal therapy in metastatic CRC (Sepulveda et al., 2017).
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1.1.5. Treatment

1.1.5.1. Surgical resection
Treatment of colorectal cancer is primarily surgical resection. The decision

regarding the feasibility of surgical resection is made at the multidisciplinary team
(MDT) meeting where the patient’s imaging, histopathology from biopsies and
assessment of patient co-morbidities and physical fitness is made by surgeons,
histopathologists and radiologists, and involving the patient in the decision-making
process after this meeting at clinic. About 4% of patients present with synchronous
disease(Mulder et al., 2011), i.e. metastasis at the time of or within 6 months of the
diagnosis of the primary colorectal cancer. Presentation with synchronous
metastases to the liver and/or lungs that are deemed technically resectable are
resected where this is feasible, and the decision is made at MDT regarding whether
metastases should be removed simultaneously or by separate operations. Patients
presenting as an emergency are assessed by the on call surgical team with
emergency imaging and prompt decision is made regarding proceeding to surgical

resection.

1.1.5.2. Left sided colonic stenting
Patients undergoing emergency surgery have been shown to have more advanced

disease, a 4-fold higher mortality rate and lower 5 year survival rates than those
presenting electively(Kyllénen, 1987). Stenting of left sided obstructing tumours is
an alternative, allowing decompression of the bowel and allowing pre-operative
staging and preparation. A meta-analysis of 7 randomised controlled trials has
shown that compared to proceeding to immediate emergency surgery, this
procedure has a lower risk of complications to emergency surgery (relative risk 0.6,
confidence interval (Cl) 0.38-0.958, p=0.032) with a comparable 3 year progression
free survival rate, with odds ratio of 1.429 (95% ClI 0.8-2.55, =0.087) (Foo et al.,
2019).

1.1.5.3. Chemotherapy
Chemotherapy can be used in a number of scenarios:
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1. Adjuvant chemotherapy for high risk stage Il and for all stage Il rectal or
colon cancer.
This is with the aim of reducing the risk of local or systemic recurrence.

2. Advanced or metastatic colorectal cancer.
This can be used for unresectable disease for palliation but can also be used
with the aim of downsizing tumour burden. Where this is successful,
patients may undergo follow-up imaging and be deemed resectable and be

treated with surgery.

Adjuvant chemotherapy regimes commonly used for high risk stage Il or stage Il

colorectal cancer include:

e Capecitabine monotherapy.

e Oxaliplatin, 5-fluorouracil and folinic acid (FOLFOX).

Chemotherapy regimes used in advanced or metastatic colorectal cancers include:

e FOLFOX as first-line treatment followed by irinotecan as second-
line treatment, or;

e FOLFOX as first-line treatment followed by 5-fluorouracil,
irinotecan and folinic acid (FOLFIRI) as second-line treatment, or;

e Oxaliplatin and capecitabine as first-line treatment then FOLFIRI as

second line treatment.

Meta-analysis has found benefit for palliative chemotherapy in inoperable disease,
with a median improvement in survival of 3.7 months, but reporting of symptom
control and quality of life is inconsistent across studies and generally

poor(Colorectal Cancer Collaborative Group, 2000).

Chemotherapy treatment regimes are limited by the patient’s fitness and medical
comorbidities, and are commonly limited by anaphylaxis and pharmacological side
effects. XELOX, FOLFOX and FOLFIRI regimes have been associated with
neutropenia, thrombocytopenia, vomiting, diarrhoea, mucositis, skin changes,
alopecia, fatigue and peripheral neuropathy (Kosugi et al., 2018, Tournigand et al.,

2004). Adverse effects are not reported in a standardised manner across studies,
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making conclusions difficult to draw by meta-analysis(Colorectal Cancer

Collaborative Group, 2000).

1.1.5.4. Radiotherapy
Radiotherapy plays an important role in neoadjuvant treatment in rectal

carcinoma. Patients should undergo MRI plus/minus endoscopic ultrasound (EUS)
to determine the extent of disease and to stratify their risk of recurrence before a
decision is made regarding chemoradiotherapy. NICE guidance recommends that a
short-course of chemoradiotherapy should be offered immediately prior to
resection to those of moderate risk of recurrence(National Institute of Health and

Clinical Excellence, 2014), i.e. any of the following features on MRI or EUS:

e Any tumour staged at pT3b or greater and no threatened surgical
resection margin.

e Any suspicious lymph node disease that threatens the resection
margin

e Extramural vascular invasion

NICE guidance also recommends that a longer course of chemoradiotherapy should
be offered to those who are deemed high risk of recurrence(National Institute of

Health and Clinical Excellence, 2014), i.e.:

e Athreatened (<1mm) or breached resection margin
e Low rectal tumours encroaching onto the inter-sphincteric plane or

with levator involvement.

1.1.6. Prognosis
Recent statistics report a 77.3% and 79.6% 1 year survival and 59.2% and 59% 5

year survival in women and men respectively (Office for National Statistics, 2019).
There has been a steady increase in clinical outcomes for patients diagnosed with
colorectal cancer in the UK over the last few decades, with anincrease in 1- and 10-
year age-standardised survival of 46.2% and 21.8% for those diagnosed between
1971-1972 to 72.6% and 50.8% for those diagnosed between 2005-2006(Cancer
Research UK, 2019b). This is likely related to a combination of factors, including the
use of the UK bowel screening programme, more aggressive surgical management
of extracolonic metastases and the routine use of chemoradiotherapy to downsize

unresectable disease and proceeding on to surgical resection. Multivariate analysis
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reports no difference in relative survival risks in patients who have synchronous or
metachronous disease (hazards ratio 1.02), but higher risks identified in patients
with synchronous disease and disease on the right side of the colon (ascending
colon), increasing age (>70 years old) and distant metastases (HR 9.6) (Mulder et

al., 2011).

Poor 1 year survival has been reported in those presenting over 75 years old,
emergent presentation and with more advanced and inoperable disease(Network,

2012a).

This introduction shall now move on to discuss calcium signalling and the calcium

signalling receptors that have been studied in this thesis, namely ORAI1 and PIEZO1.

1.2. Calcium
Calcium is ubiquitous in all eukaryotic cells. Its first physiological role was identified

by accident by Sydney Ringer who noted that rat hearts suspended in tap water
continued to contract whereas they didn’t in distilled water, later identifying that
this was mediated by calcium salts(Ringer, 1883). It plays a crucial role as a
signalling molecule in a number of signal transduction pathways, for a diverse range
of cellular processes, including muscle contraction, secretion, cell proliferation and
cell death. Calcium initiates muscle contraction by binding to troponin C in both
cardiac(Putkey et al., 1989) and skeletal(Babu et al., 1993) muscle fibres, generating
a conformational change in the tropomyosin complex to allow actomyosin fibres to
bind in a rolling fashion to generate muscle fibre shortening and
contraction(Holthauzen et al., 2004). Cellular proliferation and cell death. Calcium
is implicated in various signalling processes that stimulate in proliferation(Pinto et
al., 2015), including NFAT activation(Kar et al., 2014), NFkB(Theatre et al., 2009),
Akt(Dugourd et al., 2003) and MAPK pathways including JNK(Tfelt-Hansen et al.,
2004) and ERK(Pintus et al., 2003, Huang et al., 2001), which are summarised in
Figure 1.6. Conversely, calcium signalling has been implicated in various cell death
mechanisms including anoikis(Khaw-On et al., 2019) and necrosis(Baek et al., 2017)
as well as apoptosis and autophagy. Apoptosis can be initiated by either ligand-
gated death receptor activation at the cell surface (the extrinsic pathway) or within
the cell at the mitochondria (the intrinsic pathway)(Elmore, 2007), activating the
caspase cascade to initiate cell death (Figure 1.7). Pro-apoptotic members of the
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Bcl-2 family such as tcBID have been shown to propagate ER store calcium release
and mitochondrial uptake(Csordas et al., 2002). Increased intracellular calcium has
been reported to initiate apoptosis, as this calcium can be taken up through the
mitochondrial calcium uniporter (MCU) and result in apoptosis(Brisac et al., 2010),
but the MCU has also been activated by oxidative stress(Dong et al., 2017).
Apoptosis can also occur through caspase-independent signalling by the release of
apoptosis initiating factor (AIF), and calcium can mediate this. The calcium-
dependent protease calpain has been found to induce AIF release from the
mitochondria(Polster et al., 2005). Autophagy is a multi-step process that degrades
and recycles cytoplasmic components during conditions of stress. It can be
cytoprotective during conditions of cell stress or initiate cell death(Orrenius et al.,
2015). Calcium has been shown to both trigger and inhibit autophagy via different
pathways (Figure 1.8), for instance activating autophagy via calcium/calmodulin-
dependent kinase kinase B (CaMKKB)(Hoyer-Hansen, 2007) activating AMPK1 and
ULK1 phosphorylation(Vingtdeux, 2010).

The cytosolic concentration of calcium in an unexcited cell is maintained to
approximately 100nM versus 1.5mM in the extracellular environment. In order to
do this, the cell maintains intracellular calcium stores, mainly within the
sarcoplasmic (SR) or endoplasmic reticulum (ER). This was first discovered using
electron microscopy and calcium ion binding assays in muscle (sarcoplasmic
reticulum)(Ebashi and Lipmann, 1962). Studies using genetic targeting of the
calcium-sensitive photoprotein aequorin and strontium have estimated stores to
be 2mM in concentration(Montero et al., 1995). A small amount is also taken up by
the mitochondria(Rizzuto et al., 1992) but the predominant store is the ER(Brini et
al., 1997). Furthermore, a range of channels mediate calcium flux into and out of
the cell, which are controlled by a number of processes including calcium ATPases

and sodium-calcium exchanger pumps. These are summarised in Figure 1.9.

Calcium signalling is generated by two principal mechanisms, importing calcium
from the extracellular environment or by release from internal stores, termed store
operated calcium release. There is a wide range of intracellular calcium signalling
components that are used in order to generate calcium signalling. Store release is

a universal mechanism for generating calcium signalling in non-excitable cells.
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Figure 1.6. lllustrative figure summarising the intracellular molecular signalling

processes involved in cell proliferation. Modified from (Pinto et al., 2015).
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Figure 1.7. lllustrative figure summarising the intracellular molecular signalling
processes involved in apoptosis. Modified from (Chen et al., 2018a)
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Figure 1.8. lllustrative figure summarising the intracellular molecular signalling
processes involved in autophagy. Modified from (Chen et al., 2018a) and

(Bootman et al., 2018)
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1.2.1. Store operated calcium release
CRAC channel signalling begins at the cell surface via binding of extracellular ligands

such as hormones and neurotransmitters to G protein coupled receptors. The
Goqg/G11 activates phospholipase CB, which catalyses cytosolic 1, 4, 5-inositol
triphosphate (IPs) generation from phosphatidylinositol 4, 5-bisphosphate
(PIP;)(Berstein et al., 1992). Endoplasmic reticulum store release is stimulated by
InsP3(Button and Eidsath, 1996) to the InsPs receptor on the endoplasmic reticulum
membrane. The large cytosolic component of the channel consists of an N-terminal
B- trefoil suppressor domain, an IP3 binding domain (IBC) and 3 a-helical domains,
with the channel domain at the C terminus(Hamada et al., 2017). The channel is
tetrameric, forming homo- and heterodimers with different isoforms. Three
isoforms of the InsP3 channels have been identified and have been found to be
tissue-specific. The large cytosolic domain consists of an IP3 binding core that
results in a conformational change resulting in rotation the alpha helical domains
that activates the calcium channel domain(Hamada et al., 2017), resulting in an

outward current.

Store operated calcium release can be activated experimentally using thapsigargin,
calcium chelators such as EGTA and BAPTA and ionomycin(Hoth and Penner, 1993),

as well as the reversible SERCA pump inhibitor cyclopiazonic acid.

1.2.2. The CRAC channel
Calcium release-activated calcium (CRAC) channels are calcium-selective channels

that are relatively insensitive to monovalent ions and potently blocked by lanthium,
and are activated by store operated calcium release(Hoth and Penner, 1993). The
concept of CRAC channel signalling was first hypothesized by Putney in a paper
proposing the capacitative model in 1986(Putney, 1986b). The term CRAC channel
was devised as the process of CRAC channel signalling was identified before the

genes responsible for the actual channel were identified.

The search for the gene responsible for the CRAC channel was solved in 2006, when
genome-wide RNAi screen and subsequent patch-clamp studies of Drosophila S2R+
cells identified CRACM1 and CRACM2 as modulators of the current (the M standing
for modulator), but with no observed effects from genetic overexpression(Vig et
al., 2006b). Human CRACM1 was identified in an RNAi screen of HEK293 cells by the
same group in the same study(Vig et al., 2006b). Around the same time, the same

channel was identified by Feske and colleagues using modified linkage analysis and
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SNP arrays of families suffering from severe combined immune deficiency (SCID)
alongside functional studies using an RNAi screen of Drosophila cells and named
ORAI1(Feske et al., 2006). ORAI has largely superseded the term CRAC although

many authors use these interchangeably.
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Figure 1.9. Summative illustration of key calcium transporters in the cell. Plasma
membrane channels importing calcium into the cell include CRAC channel (CRAC,
pink), voltage gated calcium channel (VGCC, blue), ligand-gated calcium channel
(LGC, purple). Plasma membrane calcium exporter channels include plasma
membrane calcium ATPase pumps (PMCA, yellow) and sodium-calcium exchanger
(NCX, lilac). Organelle calcium importers include mitochondrial calcium unit (MCU,
green) and SERCA pumps (SERCA, pink). Organelle calcium exporter channels
include InsP3R channels (InsP3R, grey). Modified from (Parekh, 2005) and the KEGG
calcium channel pathway downloaded from the KEGG pathway database

(https://www.genome.jp/kegg/pathway.html). Image created by Biorender at
https://app.biorender.com.
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Subsequent to this, CRACM1, CRACM2 and CRACM3 have subsequently become
known as ORAI1, ORAI2 and ORAI3.

1.2.2.1. CRAC channel activation by STIM
CRAC channel activation is instigated following store depletion by the stromal

interaction molecule (STIM). This is a single-pass ER membrane protein, with a NH2

terminus in the ER lumen and a cytoplasmic COOH terminus.

Endoplasmic reticulum store depletion is sensed by the EF-rich calcium-sensing
motif in the N terminus of the STIM1 molecule(Zhang SL, 2005), a 685 amino acid,
highly conserved ER transmembrane protein consisting of a single membrane
spanning domain that is essential to CRAC channel signalling(Roos et al., 2005)
(Figure 1.10). Dissociation of calcium from the EF hand induces a conformational
change, resulting in oligomerisation and translocation to puncta at endoplasmic
reticulum-plasma membrane (ER-PM) junctions(Liou et al., 2007) where it can
associate with and activate channels to generate calcium influx. FRET co-
localisation studies of CFP- and YFP-conjugated STIM1 molecules in the tumour
mast cell line RBL and Hela cervical cancer cell line using both physiological and
experimental stimulation of IP3-mediated store depletion demonstrated STIM1
oligomerisation and aggregation into puncta at the plasma membrane-endoplasmic
reticulum junctions (Liou et al., 2007). In addition, ionomycin treatment
demonstrated oligomerisation at the ER membrane prior to sequential
translocation to the PM-ER junctions(Liou et al.,, 2007). STIM1 oligomer
translocation is reversible. Reversible ER calcium ATPase inhibitor 2,5-di-(t-butyl)-
1,4-hydroquinone (BHQ) administration with histamine-induced store depletion in
Hela cells resulted in STIM1 punctae formation and translocation that then
dissipated following wash-out and calcium refilling(Liou et al., 2007). Mutational
studies in Hela cells have shown that a polybasic sequence motif in the C terminal
sequence of the STIM1 molecule is important for translocation of puncta to the ER-
PM membrane, but CFP and YFP tagging of this STIM1 mutant showed that

mutation did not affect oligomerisation(Liou et al., 2007).

The channel is constitutively inactive. When calcium stores are depleted, the
resultant STIM1 punctae associate directly with the ORAI pore at both the 107
amino acid CRAC-channel activation domain (CAD) of the C terminus and the coiled-

coil element of the N-terminus(McNally et al., 2013), a process that is required to
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activate the channel(McNally et al., 2012) and resulting calcium influx into the cell.
Its calcium selectivity is conferred from acidic residues in the transmembrane and
extracellular domains(Vig et al., 2006a). A rise in cytosolic calcium entry then
inactivates the channel through changes to the charge of pore residues Y80 and
W76, resulting in a conformational change of the channel(Mullins et al., 2016),

resulting in a transient and self-regulating calcium current.

There is some recent evidence that CRAC channel signalling requires other
molecules to support it. Experiments in Hela and Jurkat cells that the ER resident
molecule TMEM110 is required to support STIM1 clustering and STIM-ORAI
association at the plasma membrane-endoplasmic reticulum junction(Quintana et

al., 2015).

Store operated calcium release and CRAC channel signalling is summarised in Figure

1.6.
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Figure 1.10. lllustrative depiction of store operated calcium release and subsequent
CRAC channel signalling. 1. Extracellular binding of a ligand to its receptor coupled
with a GPCR, activating the Gg/11 subunit which activates PLCB. 2. Activated PLCB
catalyses conversion of PIP2 to IP3. 3. IP3 then binds to the IP3R receptor within
the ER membrane, resulting in calcium release and store depletion. 4. Calcium
depletion results in calcium dissociation from the EF hand domain of the STIM1
molecule (purple subunits). Dimerisation and oligomerisation is not depicted.
However, the interaction of the STIM1 molecule with the ORAI1 receptor through
the STIM1-ORAIl1-activating region (SOAR) is illustrated (brown subunits), which
generates a conformational change in the ORAI1 pore that opens the channel. 5.
Calcium enters through the ORAI1 channel into the cytosol. 6. Calcium is taken up
into the ER by the SERCA pump. Modified from (Soboloff et al., 2018). Image
created by Biorender at https://app.biorender.com.
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1.2.2.2. The ORAI family
Three ORAI channels have been described to date: ORAI1, 2 and 3. All 3 ORAI

channels displayed typical CRAC channel responses to store depletion and
instillation of BAPTA. Patch clamp experiments showed that they can generate
inwardly rectifying current in a store dependent manner (Lis et al., 2007). However,
the current amplitudes of ORAI2 and ORAI3 were seen to be lower than that of
ORAI1 in both endogenous channels of HEK293 or overexpression using vectors

transfected with ORAI2 and ORAI3(Lis et al., 2007).

1.2.2.2.1. ORAI1
The functional significance of the ORAI1 channel was first discovered in T cells. It is

the most characterised of the 3 ORAI channels.

The ORAI1 channel is well conserved across species. It is formed from
transmembrane domains around a central pore. ORAI1 has been shown to be able
to multimerise with itself(Vig et al., 2006a). It was initially reported to be able to
form homotetramers of ORAI1 subunits in STIM1-overexpressing HEK293
cells(Mignen et al., 2008b). However, it was subsequently shown that the channel
can form tetramers with other ORAI subunits such as ORAI3(Mignen et al., 2009).
Furthermore, subsequent crystal structure studies of the Drosophila ORAI1
(dORAI1) channel was shown to form a hexameric structure, with each subunit
formed from 4 transmembrane helices (M1-4) and a cytosolic extension from M4
cytosolic that interact with the M4 extension sequences of other ORAI1 subunits in
the channel to mediate STIM1 binding (Hou et al., 2012) (Figure 1.11). The channel
pore was found to be formed from amino acids from the M1 helix from each
pore(Hou et al., 2012). The Drosophila channel shares 73% sequence homology to

the human channel.

1.2.2.2.2. ORAI3
To date, ORAI3 has been well described as an important component of the

arachidonic acid-regulated calcium (ARC) channel, which is regulated by STIM1 in a
store independent manner(Mignen et al., 2008a). It has been shown to cluster with
ORAI1 to generate a pentameric channel(Mignen et al., 2009). Arachidonic acid

activates ORAI3 through a cytosolic N-terminal domain of
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Figure 1.11. A-B: Ribbon topography of the tertiary structure of the Drosophila
ORAI1 channel.

A. Side view of the ORAI1 channel. B. Extracellular view of the channel.

The 4 helices (or M) of the ORAI1 channel are colour coded for ease of visual
interpretation. M1 (blue), M2 (red); M3 (green); M4 (brown); yellow and grey
represent extension of M4. Calcium ions are depicted as magenta spheres.

Modified from (Hou et al., 2012).
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ORAI3(Thompson et al., 2010). However, ORAI3 is dependent upon the presence of

ORAI1 to generate the current(Mignen et al., 2009).

1.2.3. Calcium removal from the cytoplasm
This rapid increase in cytosolic calcium is transient as it is then removed from the

cell. The sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pump takes
up calcium from the cytosol into the ER. It is a 100kDa P-type ATPase composed of
10 transmembrane helices that span the ER membrane. Amino acid mutagenesis
studies identified crucial sequences in the 4™, 5™, 6™ and 8™ helices responsible for
calcium-dependent phosphorylation and subsequent calcium transport(Clarke et

al., 1989). They are encoded by 3 genes, SERCA1, SERCA2 and SERCA 3.

1.2.4. CRAC channel signalling in health and disease

1.2.4.1. InsP3R
InsP3R1 predominates in brain tissue and has an important role in maintaining

normal morphology of Purkinje cells (PC). Using inducible knockouts of this channel,
InsP3R1-knockout mice have denser and longer PC spines, and develop severe
ataxia(Sugawara et al.,, 2013). Clinical deletion has been identified in families
suffering from spinocerebellar ataxia type 15 (SCA15)(Di Gregorio et al., 2010, Hara
et al., 2008). Mutated presenilin 1 has been shown in vitro to interact with InsP3R
to generate higher levels of calcium release, stimulating processing of amyloid B

that is pathognomonic of Alzheimers(Cheung et al., 2008).

1.2.4.2. ORAI1
ORAI1 has been found to be endogenously present in a wide variety of tissues and

structures. It has been shown to be present and important in the normal function
of skin(Gwack et al., 2008). ORAI1 is expressed in human skin(Vandenberghe et al.,
2013), and is functionally important in keratinocyte viability and migration, as
ORAI1 knockdown reduced both(Vandenberghe et al.,, 2013). Furthermore,
keratinocytes isolated from ORAI1 null transgenic mice had markedly lower CRAC

channel signalling, proliferation and migration(Vandenberghe et al., 2013).

ORAI1 has also been shown to be important in vitro in endothelial cell
proliferation(Abdullaev et al., 2008) and arterial myocyte function(Baryshnikov et

al., 2009). It is present in vascular smooth muscle cells (VSMC) (Li et al., 2011b, Yang
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et al., 2012) and crucial for PDGF-induced vascular smooth muscle cell (VSMC)
migration(Bisaillon et al., 2010). ORAI1 is upregulated and functional in the process
of neointima formation following carotid artery injury(Zhang et al., 2011), as well
as proliferation, migration and hypertrophy occurring in airway smooth muscle cell

remodelling in asthmatic mice(Spinelli et al., 2012).

Furthermore, ORAI1 appears to be important in normal perinatal development.
ORAI1 null transgenic mouse models found ORAI deficiency has been shown to
generate a phenotype, consisting of blepharitis and abnormally thin
keratinocytes(Gwack et al., 2008). In addition, there was a significant increase in

perinatal lethality in ORAI1 null mice(Gwack et al., 2008).

There is an established role for CRAC channel signalling in immune cell function. T
cell activation has been shown to result in upregulation of ORAI1 and
STIM1(Lioudyno et al., 2008), with downstream calcium signalling and activation of
NFkB signalling dependent on STIM and ORAI1 activation(Liu et al., 2016, Lioudyno
et al., 2008). ORAI1 null mice have been shown to display significantly reduced store

operated calcium entry response in both B and T cells(Gwack et al., 2008).

ORAI1 mutation has been linked to pathological immune dysfunction. A critical
function of the channel in human immunity was first reported by Feske and
colleagues in 2006 when patients with a heterozygous SCID phenotype had reduced
rate and peak of thapsigargin-induced intracellular calcium(Feske et al., 2006). SNP
mapping array of genomic DNA from patients from 2 pedigrees of SCID disease
alongside a Drosophila RNAi interference screen identified an SNP in the region of
chromosome 12, and subsequent genomic sequencing revealed a novel missense
mutation in exon 1 of human ORAI1 coding sequence (C->T transition at position
271, R91W)(Feske et al., 2006) that was not present in SNP screening of multi-
ethnic healthy controls. Furthermore, a gene-dosage effect was described between
heterozygous carriers and their homozygous offspring(Feske et al., 2006). This
mutation was validated in vitro, as transfection of wild type ORAI1 in an IRES-GFP
retroviral vector into SCID T cells restored thapsigargin-induced calcium entry in
GFP positive cells(Feske et al., 2006), suggesting the ORAI1 channel is essential for

store operated calcium entry.
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1.2.4.3. ORAI3
ORAI3 signalling has also been described in vascular smooth muscle cells and shown

to be mediated by thrombin and the inflammatory mediator leukotriene C4 in a
store-independent manner(Gonzalez-Cobos et al., 2013), but again requiring both
STIM1 and ORAI1 to generate this signalling(Gonzalez-Cobos et al., 2013). In
addition, VEGF has been shown to induce ORAI3 surface trafficking and calcium

entry in endothelial cells(Li et al., 2015b).

More recently, ORAI3 has been functionally described in vascular smooth muscle
remodelling, with upregulation demonstrated in neointimal neoplasia in carotid

artery injury in vivo(Gonzalez-Cobos et al., 2013).

1.2.4.4. ORAl signalling in cancer
CRAC channel signalling has been studied in a number of human cancers. It is

overexpressed in human tumour samples from non-small cell lung cancers
(NSCLC)(Zhan, 2015), clear cell renal carcinoma(Kim, 2014), oesophageal
carcinoma(Ranade et al., 2014) and glioblastoma multiforme(Motiani et al., 2013a)
compared to neighbouring normal tissues. ORAI1 expression is abundant in human
melanoma cells, with higher expression in metastatic melanoma relative to primary

tumours(Umemura et al., 2014).

In vitro studies provide evidence of an important role of ORAI1 signalling in tumour
development. Pharmacological blockade and siRNA of ORAI1 reduced proliferation
and tumour cell migration of clear cell renal carcinoma(Kim et al.,, 2014),
oesophageal carcinoma(Zhu et al., 2014) and melanoma(Umemura et al., 2014).
STIM1/ORAI1 inhibition in human melanoma cell lines using both shRNA and
pharmacological CRAC inhibitor SFK96365 resulted in a reduction in invadopodia
and tumour invasion into gelatin matrix(Sun et al., 2014). Similarly, both ORAI1
siRNA and pharmacological treatment with SKF96365 inhibited breast cancer cell
migration(Yang, 2009). ORAI1 and STIM1 siRNA transfection in primary human
glioblastoma multiforme cell cultures markedly reduced migration and invasion but
with minimal effect on cell proliferation(Motiani et al., 2013a). However, this
conflicts reports from Liu and colleagues, who used glioblastoma cell lines
established from rat and human, finding that siRNA and pharmacological targeting
of ORAI1 with SFK96365, 2-aminoethoxydiphenyl borate (2-APB) and
diethylstilbestrol (DES) inhibited proliferation of both lines, with increased

apoptosis of the rat cancer cell line(Liu et al., 2011).
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In vivo effects of ORAI1 blockade have also been reported. Intraperitoneal
treatment with SFK96365 resulted in significantly smaller oesophageal tumour
xenograft development in nude mice in vivo(Zhu et al., 2014). Furthermore, breast
cancer metastasis using tail vein seeding of tumour cells treated with ORAI1 or
control siRNA resulted in significantly less systemic metastatic burden in the ORAI1

knockdown(Yang, 2009).

Molecular studies have shown that there is convergence of ORAI1 and ERK
signalling pathways in a number of tumour models, which are responsible for
driving cellular proliferation. siRNA treatment in non-small cell lung cancer cell lines
showed that ORAI1 is important in cell proliferation interacting with the
PI3K/AKT/ERK pathway(Zhan, 2015). Furthermore, STIM1 siRNA and SOCE blockade
with YM58483 in melanoma cells resulted in a reduction of ERK1/2

phosphorylation(Umemura et al., 2014) and cell migration.

There is some evidence that CRAC signalling may be implicated in chemoresistance.
ORAI1 and STIM1 levels were found to be higher in cisplatin-resistant versus
cisplatin-sensitive ovarian cancer cell line A2780, with an associated increase in
SOCE(Schmidt et al., 2014). Furthermore, ORAI1 and STIM1 siRNA treatment in
pancreatic adenocarcinoma cell line Pancl resulted in a small but significant
increase in 5-FU and gemcitabine-induced apoptosis(Kondratska et al., 2014).
Conversely, ORAI1 siRNA treatment of prostate cancer conferred resistance to
cisplatin-induced apoptosis(Flourakis et al., 2010). In addition, augmented CRAC in
the cisplatin-resistant ovarian cancer cell line was also associated with Akt, as

pharmacological inhibition of Akt reduced CRAC (Schmidt et al., 2014).

Upregulation of ORAI1 may also be associated with poorer clinical outcomes. High
ORAI1 expression in patient samples of NSCLC has been correlated with poorer
clinical prognosis and survival(Zhan, 2015). In cervical cancer, STIM1
overexpression was reported in three quarters of cervical cancer samples relative
to normal tissue, with increasing expression associated with development of

metastatic disease and outcome(Chen et al., 2011).

CRAC channel signalling has been shown to be influenced by hormones in cancer.
Activation of membrane androgen receptors in breast cancer cell line MCF7
resulted in a transient increase in ORAI1 expression and CRAC signalling(Liu et al.,
2015). Similarly, androgen receptor-insensitive prostate cancer cell lines have been

reported to have lower ORAI1 expression levels(Flourakis et al., 2010). The
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androgen receptor has been postulated as potentially controlling ORAI1 activity.
Evidence supporting this stems from androgen receptor siRNA treatment of
prostate cancer cell line LNaCP which resulted in reduced ORAI1 mRNA levels and

SOCE(Flourakis et al., 2010).

There is also some evidence of ORAI3 involvement in tumourigenic processes. Both
ORAI1 and ORAI3 have been implicated in prostate tumour proliferation and
progression: together they mediate arachidonic acid-induced calcium entry, with
subsequent tumour cell proliferation that was lost following ORAI1 and ORAI3
siRNA(Dubois et al., 2014). Further evidence of a tumourigenic role of ORAI3 stems
from proliferation studies in prostate cell line stably overexpressing ORAI3, which
had higher rates of proliferation and were more resistant to thapsigargin-induced
apoptosis(Dubois et al., 2014). ORAI3 has also been shown to be important in
oestrogen receptor-positive breast cancer development. ERa knockdown
significantly reduced ORAI3-mediated SOCE(Motiani et al., 2013b). ORAI3
knockdown resulted in downstream reduction in ERK, NFAT and FAK
phosphorylation and signalling without impacting on ERa expression, suggesting
the channel is regulated by ERa(Motiani et al., 2013b). ORAI3 has been found to
mediate both SOCE and cell survival in response to reactive oxygen species in
prostate cancer and prostate epithelial cell lines(Holzmann et al., 2015b), with

greater levels of ORAI3 conferring greater resistance to ROS-induced apoptosis.

1.2.5. Piezo channels
Piezo comes from the Greek piesi, which means ‘pressure’. It is a mechanoreceptor.

Two Piezo channels have been identified, PIEZO1 and Piezo?2.

PIEZO1 and Piezo2 are two large transmembrane proteins that are highly conserved
across vertebrate species. They are non-selective cation channels. Both proteins
were very recently identified as important components of mechanosensation in
murine neuroblastoma cells(Coste et al., 2010a) and Drosophila melanogaster(Kim
et al., 2012). Analysis of a wide range of tissues from different species has revealed
that the two proteins are differentially expressed in different tissues, with greater
levels of expression of PIEZO1 in human skin(Coste et al., 2010a). Coste and
colleagues reported that PIEZO1 forms a tetrameric complex with channel

properties. Its mechanosensitive current is inhibited by ruthenium red, the non-
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specific cationic channel blocker that has been shown to block the pore, both in

whole cell and reconstituted in lipid bilayers (Coste et al., 2012).

1.2.5.1. PIEZO1
PIEZO1 (previously known as FAM38A) is encoded on chromosome 16 at 16g24.3.

It encodes a 287kDa protein. The murine PIEZO1 channel structure was largely
determined in 2017 by Zhao and colleagues by cryo-electron microscopy (EM). This
study identified 9 repetitive units encoding 4 transmembrane helices that form an
extracellular cap with 3 blades forming a propeller distribution with a central region
forming an intracellular beam structure with a hydrophobic pore (Figure 1.12)

(Zhao et al., 2018).

1.2.5.2. Piezo in health and disease
PIEZO1 has been implicated in a number of physiologically relevant processes. It

has been found to be present in the human bladder, where it senses urothelial
stretch with consequent ATP release from the urothelial cell into the extracellular
environment (Miyamoto et al., 2014). PIEZO1 knockdown in zebrafish resulted in
erythrocyte swelling(Faucherre et al.,, 2014). The interplay between PIEZO1
function and red blood cell volume appears to have pathological implications.
Mutations of the human PIEZO1 gene, which carries 54% homology to the zebrafish
gene(Faucherre et al., 2014), has been associated with the clinical conditions
human xerocytosis and haemolytic anaemia(Bae et al., 2013) as well as dehydrated
hereditary stomatocytosis(Andolfo et al., 2013). In addition to red blood cell
volume homeostasis, PIEZO1 has been shown to be important in endothelial cell
alignment in response to shear stress, with PIEZO1 gene knockout resulting in
disordered vascular development in utero and proves embryonic lethal in

homozygous deletion(Li et al., 2014).

43



Figure 1.12. A-C: Topography of the tertiary structure of the murine PIEZO1 channel
derived from cry-EM studies. A. Extracellular view of the central cap and 3 blades
forming a propeller structure; B. Side sliced view of the channel showing the cap
and blades above the central pore region; C. Extracellular view with the cap
removed showing the pore. Images from (Zhao et al., 2018).
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Furthermore, PIEZO1 appears to be important in lymphatic system formation and
function. Whole-exome sequencing identified biallelic mutations in PIEZO1 in
families suffering from congenital lymphatic dysplasia(Lukacs et al., 2015).
Autosomal recessive inheritance of PIEZO1 nonsense and missense mutations have
been associated with generalised lymphatic dysplasia which results in the fatal

condition of non-immune hydrops fetalis(Datkhaeva et al., 2018).

Piezo2 expression has been noted to be relatively lower than that of PIEZO1 across
different species, with lower conductance and more rapid inactivation than
PIEZO1(Coste et al., 2010a). It is highly expressed in the dorsal sensory ganglia,
where the channel is responsible for mechanically induced ion channel currents
(Coste et al.,, 2010a). They have also been described as important for
mechanosensation in cutaneous sensory nerve fibres through testing nerve fibres

from Piezo2 knockout transgenic mouse models(Ranade et al., 2014).

1.2.5.3. Piezo in cancer
More recently, PIEZO1 has been implicated in tumour function. McHugh and

colleagues found that siRNA resulted in a reduction of B1 integrin affinity and
subsequent cell adhesion in Hela cervical cancer cells(McHugh et al., 2010), which
was mediated by R-Ras. They subsequently reported that PIEZO1 expression in
NSCLC cell lines was significantly lower than normal lung epithelial cell
lines(McHugh et al., 2012). Using siRNA treatment in these lung epithelial lines,
they demonstrated that knockdown again reduced integrin affinity and promoted
anchorage-independent survival and integrin-independent migration and Matrigel
invasion(McHugh et al., 2012). Conversely, Li and colleagues found that PIEZO1 is
important in malignant migration of breast cancer cell line MCF7 relative to the
normal mammary epithelial cell line MCF10A(Li et al., 2015a). Rather than use
siRNA, this group used the spider toxin GsMTX4(Li et al., 2015a), that has been
previously been reported to block PIEZO1(Bae C, 2011). PIEZO1 has not been

reported in colorectal cancer.

It is possible that PIEZO1 interplays with store operated calcium entry and
subsequent CRAC channel signalling. PIEZO1 siRNA knockdown has been shown to
reduce endoplasmic reticulum store depletion in Hela cells with a subsequent
reduction in calpain activity(McHugh et al., 2010), which may be dependent on R-

Ras. However, this needs to be explored further.
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1.3. Pharmacology

1.3.1. ORAI1 modulating drugs
A number of ORAI1 channel inhibitors that have been described in the literature

(Table 1.7). Most are commercially available.

Most excitingly, there is one compound RP4010, that has been patented and found
to be effective in reducing viability and inducing apoptosis in diffuse large B-cell
lymphoma (DLBCL) in vitro and in vivo(Locatelli et al., 2017) that is now in a Phase
la/Ib safety and efficacy clinical trial in patients with relapsed or refractory
lymphomas (ClinicalTrials.gov Identifier NCT03119467). A study screening a library
of FDA licensed medicines found 5 drugs that inhibited CRAC channel function in
RBL cells: leflunomide and teriflunomide at clinically therapeutic doses, as well as

lansoprazole, tolvaptan and roflumilast(Rahman and Rahman, 2017).

1.3.2. PIEZO1 modulating drugs
Relative to ORAI1 channel inhibitors, there are only a few PIEZO1 channel

modulating compounds (Table 1.8). The spider toxin GsMTX4 has been shown to
inhibit PIEZO1 function(Bae, 2011). Yodal is the first chemical activator to have
been discovered that activates PIEZO1(Syeda et al., 2015). More recently our
laboratory has characterised the first reversible Yodal antagonist, Dookul(Evans et
al., 2018). These compounds are important experimental tools in the study of

PIEZO1.

1.4. Summary
In summary, there has been a growing body of evidence to support a role for CRAC

channel signalling in most cells of the body since it was initially discovered in T cells,
and a rapid increase in evidence for PIEZO1 channel function also. Furthermore,
there is growing evidence that these channels play an important role in tumour
development and progression, with channel function in proliferation, migration and
invasion in vitro and in vivo, as well as the potential pro-angiogenic functions as
both channels are active in endothelial cell function also. At the time of starting this
project, there were no published studies looking at CRAC channel function and
pharmacological inhibition in colorectal cancer, and no evidence of PIEZO1 function

in colorectal cancer.
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Name In vitro cancer | In vivo cancer Other biological studies Chemical
studies studies structure
RO2959 - - T cell function(Chen et Q
al., 2013) 1T T
J
Synta66 - - Endothelial cell oMe
(S66) function(Li et al., 2011a); | wmo O O o
vascular smooth muscle YO
cells(Li et al., 2011b)
SFK- CRC (Jing et CRC(Jing et al., Urethral smooth muscle 1y ~
96365 al., 2016); 2016); function(Drumm et al., %/
melanoma(Su | oesophageal 2018) LILT .
netal., 2014); | (Zhuetal.,
glioblastoma(L | 2014)
iu etal., 2011)
YM- Melanoma - Asthma(Yoshino et al., N
58483 (Umemura et 2007); allergy(Ohga et “{#‘(*;’H}—@x
al., 2014) al., 2008); T cell function
(Chen et al., 2013) _
GSK- - - Diabetic endothelial S 9 F
7975A function(Sachdeva et al., Ho’©ﬁ ;lﬂiﬁ
2019); urethral smooth
muscle function(Drumm
et al., 2018); glomerular
mesangial
cells(Chaudhari et al.,
2017); embryonic
cortical
neurones(Chauvet et al.,
2016); bronchial smooth
muscle(Chen and
Sanderson, 2017);
pancreatitis(Peng et al.,
2016)
DPB162- | DiffuselargeB | - - ™ r
AE cell lymphoma 43,317,,?.‘\”,“[_*\[3;‘,\\]
(Bittremieux o R
et al., 2018)
2-APB Glioblastoma( | - -
Liu et al., @B'O\/\NHZ
2011) @
DES Glioblastoma( | - - O 8
Liu et al.,
2011) HO

Table 1.7. Table summarising published CRAC channel inhibitors and an overview

of some of the referenced biological studies that they have been used in. /In vivo

refers to murine cancer studies using tumour xenografts.
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Name In vitro In vivo Other biological studies Chemical
cancer (murine structure
studies xenograft)

studies

GsMTX4 Breast(Li | - HEK293 cells(Bae, 2011);
etal., HUVECs(Li et al., 2014)
2015a)

Yodal - - HEK293, reconstituted

mPIEZO1(Syeda et al.,
2015)
Dookul - - HEK293, HUVECs(Evans et N /N\
al., 2018) " 5>\—0 H
Cl

Ruthenium | Neuro2A | - HUVECs(Li et al., 2014)

red murine [“O.NORN H}
neuroblas
toma(Cos
teetal,
2010b)

Gadolinium | Neuro2A | - - Cl
murine
neuroblas /Gd\
toma(Cos cl cl
teetal.,
2010b)

Table 1.8. Table summarising published PIEZO1 channel modulators and an

overview of some of the referenced biological studies that they have been used in.

In vivo refers to murine cancer studies using tumour xenografts.
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CRC is posing a huge disease burden worldwide but particularly in developed
countries. Despite increasingly aggressive surgical treatment regimes, surveillance
programmes for high risk patient groups and the implementation of the UK Bowel
Screening Programme, incidence and mortality remain high. Furthermore, there is
a need for improved chemotherapy treatment regimes with improved anti-cancer

results profiles and fewer side effect profiles.

CRAC channel inhibitors have been patented with a number being commercially
available for research. These have successfully demonstrated anti-cancer effects in
vitro and in vivo and one such agent is now being tested in clinical trials. The main
problem of testing these compounds in vivo is their pharmacokinetic properties
that limit their use in vivo. This has driven the development of novel CRAC channel
inhibitors here at Leeds in the quest to find a compound with better
pharmacokinetic properties. There are no such direct pharmacological inhibitors

for PIEZO1 available.

1.5. Thesis Aims and Objectives

Overall Aim
The overall aim of this thesis is to gain an understanding of calcium channel

physiology and modulation in colorectal cancer, focusing on PIEZO1 and ORAI1.

Hypothesis
Calcium channel signalling through ORAI1 and PIEZO1 channels plays a role in

colorectal cancer cell function and metastatic potential.

Chapter Objectives

Three
e Determine whether ORAI1 channels are functionally expressed in

colorectal cancer cell lines.

e Determine the effectiveness of current and novel CRAC channel
inhibitors on inhibiting SOCE in both colorectal cancer and
endothelial cells.

e Determine the functional effect of CRAC channel inhibition on both
tumour and endothelial cell viability, cell death, migration and

invasion.
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Four

Five

Investigate the downstream effects of CRAC channel inhibition on

molecular signalling of the cancer cell.

Determine whether PIEZO1 channels are functionally expressed in
colorectal cancer cell lines.
Determine the functional effect of PIEZO1 on tumour cell viability,

migration, invasion and cell cycle.

Using TCGA data, the objectives of this chapter are to:

Determine whether ORAI1 and PIEZO1 channels are differentially
overexpressed in cancer relative to normal colon.

Determine whether ORAI1 and PIEZO1 channel expression is
associated with clinicopathological markers of progression, namely
disease stage, lymphatic and venous invasion, overall survival and
progression free survival.

Determine whether ORAI1 and PIEZO1 channel expression
correlates with genes in cancer relative to normal colon.

Explore potential functional pathways of ORAI1 and PIEZO1 with
differentially expressed genes.

Determine whether ORAI1 and PIEZO1 channels associate with

oncogenic signalling targets described in colorectal cancer.

50



Chapter 2. Materials and Methods

2.1. Solutions and reagents

2.1.1. Chemical reagents and antibodies

Reagent Supplier Catalogue Number
1-bromo-3-chloropropane (BCP) | Sigma B62404
Biorad Protein Assay Biorad 5000002
Bovine serum albumin Sigma A2153
Calcium chloride, 1M Sigma 21115
Dimethylsulfide (DMSO) Sigma D8418
Dulbecco’s Modified Eagle | ThermoScientific 31966021
Medium high glucose

GlutaMAX™

Turbo DNase kit: 10xDNAse | ThermoFisher AM1907
buffer, DNase enzyme and | Scientific

Inactivation Enzyme (Ambion)

Ethylene glycol-bis(2- | Sigma E3889
aminoethylether)-N,N,N’,N’-

tetraacetic acid (EGTA)

Ethyl alcohol Sigma 459836
Fura-2AM Invitrogen F1221
FITC Annexin V Apoptosis Kit BD Pharmingen™ | 556547
Gadolinium (lll) chloride Sigma 439770
Gelatin glycerol Sigma GG1
D-glucose Sigma G8270
GsMTx4 toxin from Chilean rose | Pepta Nova 4393
tarantula Grammostola

spatulate

HEPES Sigma H3375
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High Capacity RNA to cDNA Kit | ThermoFisher 4387406

(Applied Biosystems) Scientific

10xRT Buffer; 2xRT enzyme;

25xdNTP; 10xRT primers,

Reverse Transcriptase (50U/pL)

Isopropanol/2-propanol Sigma 19516

Lipofectamine 2000 ThermoFisher 11668019
Scientific

Lipofectamine RNAIMAX ThermoFisher 13778030
Scientific

Magnesium chloride, 1M Sigma M1028

Matrigel Matrix reduced growth | Corning 356230

factor

Methylene blue Sigma M9140

Nonidet 40 lysis buffer Sigma 11754599001

Nuclease free water Sigma W4502

PD98059 Cell Signalling 9900

Phosphate buffered saline (PBS) | Sigma P4417

tablets

Phosphate buffered saline (PBS) | Lonza 17-516F

without calcium and magnesium

Pluronic F-127 Sigma P2443

Potassium chloride Sigma P5405

Propidium iodide flow cytometry | Abcam ab139418

kit

Protease inhibitor Sigma P8340-1ML

Phosphatase inhibitor Sigma P5726
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Roswell Park Memorial Institute | ThermoScientific A1049101
1640 (RPMI 1640) culture
medium
Ruthenium red Sigma 557450
Sodium chloride Sigma S$7653
SuperSignal WestFemto kit ThermoScientific 34095
Synta66 (S66) Sigma SML 1949
SYBR Green Mastermix ThermoScientific 4309155
Thapsigargin Sigma T9033
Tris buffered saline tablets Sigma T5030
Trizma base/Tris Sigma T1503
Trizol reagent Sigma T9424
0.4% trypan blue Sigma T8154
0.0525% trypsin-EDTA ThermoFisher 25300054
Scientific
Tween20 Sigma P1379
WST1 Cell Proliferation Reagent | Sigma 000000011644807001
(Roche)
Yoda-1 (2-[5-[[2,6- | Tocris 5586

dichlorophenyl)methyl]thio]-
1,3,4-thiadiazol-2-yl]pyrazine)
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2.1.2. Antibodies

Antibody Company Catalogue | Species
no.
paa/a2 MAPK | Cell Signalling 9102 Rabbit
(Erk1/2)
Phospho-p44/42 Cell Signalling 9101 Rabbit
MAPK (Erk1/2)
(Thr202/Tyr204)
Phospho-Akt Cell Signalling 9271 Rabbit
(Ser473)
AKt Cell Signalling 9272 Rabbit
Horseradish Jacksons 111-036- Goat anti-
peroxidase antibody | ImmunoResearch | 047 rabbit
Europe Ltd
2.1.3. siRNA
siRNA Company Catalogue
no.
PIEZO1 Silencer Select | ThermoFisher s18891
siRNA (s18891) Scientific
Piezo  Silencer Select | ThermoFisher s138387
siRNA (s138387) Scientific
ON-TARGETplus Human | Dharmacon L-014998
ORAI1 siRNA

2.1.4. Solution Preparations

e Fura-2AM was reconstituted in DMSO to a stock concentration of 1mM,
protected from light and stored at -20°C.

e JPIN (4-(2,5-dimethoxyphenyl)-N-(pyridin-4-ylmethyl)aniline) was

synthesized by the Department of Chemistry at the University of Leeds. The
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compound was derived from Synta 66, which is under patent WO
2005/009954.

Pluronic acid was made from Pluronic F-127 powder reconstituted in DMSO
to a stock concentration of 10% (w/v) and used at a final concentration of
0.01% in experiments.

Thapsigargin was reconstituted in DMSO to a stock concentration of 5mM
and stored at -20°C and used at a final concentration of 1pM.

The tris-buffered solution (TBS) was prepared from tablets reconstituted in
deionized water, or alternatively made from 50mM Tris and 150mM
sodium chloride, with pH adjustment to pH 7.6 using hydrochloric acid.
Ruthenium red was reconstituted in water to a stock concentration of
30mM.

Synta66 (S66) (Sigma) was reconstituted in DMSO to a stock concentration
of 10mM, aliquoted and stored at -20°C.

Gadolinium (lll) chloride (Gd) was reconstituted in water to a stock
concentration of 10mM and stored at room temperature.

Yodal was reconstituted in DMSO to a stock concentration of 10mM,
aliquoted and stored at -20°C.

Methylene blue. 2% (w/v) in 70% ethanol. Stored at room temperature.

2.2. Cell Culture
Cancer cell lines were cultured in vented 75cm? flasks at 37°C with supplementation

of 5% CO, to the air in a Sanyo incubator. All routine cell culture and cell culture

experiments were set up and carried out in a laminar airflow hood in sterile

conditions. Cell lines were maintained in antibiotic-free culture.

2.2.1. Cancer cell lines

HT-29 is an adherent epithelial colon cancer cell line isolated from a 44-year-old

female in 1964. These are reported to form well-differentiated adenocarcinoma

xenografts in nude mice. It was obtained from Sigma (catalogue number

91072201). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% foetal calf serum.

55



HCT116
HCT116 is an adherent epithelial colorectal carcinoma that was isolated from the

tumour of an adult male. These were purchased from ATCC (CCL-247). Cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented

with 10% foetal calf serum.

SW480
SW480 is an adherent epithelial colon cancer cell line isolated from a Dukes B

colorectal adenocarcinoma that had been removed from a 50-year-old Caucasian
male. The cell line was obtained from Sigma Aldrich (catalogue number 8709201).
Cells were cultured in RPMI 1640 medium supplemented with 10% foetal calf

serum.

2.3. Transfections

2.3.1. Small interfering RNAs (siRNA)
Small interfering siRNA (siRNA) technology allows transient knockdown of a protein

of interest. It uses double-stranded RNA (dsRNA) containing siRNAs that can target
the mRNA of a particular gene of interest. This can be introduced into the cell using
a lipid- or amine-based transfection reagent such as lipofectamine 2000. Once it
has entered the cell, the dsRNA is spliced into 21 nucleotide fragments by the Dicer
enzyme. These fragments bind to Argonaute proteins, one strand of dsRNA is
removed and the remaining strand associates with the complementary DNA
through base pairing. The associated Argonaute protein can then either regulate or

destroy the mRNA(Wittrup and Lieberman, 2015).

In vitro siRNA transfections were carried out in Opti-MEM Reduced Serum media
using Lipofectamine 2000 for the PIEZO1 s18891 siRNA sequence and using
Lipofectamine RNAIMAX for the PIEZO1 5138387 siRNA sequence .

Adherent SW480 cells were transfected with 45nM of both PIEZO1 siRNAs for 8
hours in Optim-Mem medium. Following transfection, the transfection solution was

removed and replaced with normal culture medium.

HT-29 cells were reverse transfected with both siRNAs: cells were plated in the
presence of 45nM with lipoRNAiMax in optimum and complete growth medium for

48 hours.
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2.4. Calcium measurement experiments
Intracellular calcium measurements were taken using Fura-2AM dye on the

FlexStation 3 platform. Fura-2AM is a commercially available ratiometric
intracellular calcium indicator dye. The cells are excited at 340nm and 380nm and
has an emission wavelength of 510nm. The ratiometric nature of the dye means it
is less affected by photobleaching, unequal dye loading or dye leak thereby giving
a more accurate intracellular calcium measurement(Grynkiewicz et al., 1985). The
acetoxymethyl ester (AM) attached to the fura-2 dye is membrane permeable and
then cleaved within by the cytosolic esterases to generate a cell-impermeant
fluorescent indicator. Calcium binding creates a shift in the excitation spectrum
resulting in increased fluorescence emission at 340nm and a decrease at 380nm
(Figure 2.1). The ratiometric intracellular calcium was calculated from the 340/380
ratio by the FlexStation SoftMaxPro capture software. An increase in this ratio

(ACa*) correlates with an increase in cytosolic calcium.

Intracellular calcium measurements were taken on the FlexStation Multimode
Microplate Reader (Molecular Devices). All cells were loaded in salt buffered
solution (SBS) containing 130mM NaCl, 5mM KCI, 8mM D-glucose, 10mM HEPES,
1.2mM MgCl; and 1.5mM CacCl..

Calcium-free SBS was used for store depletion which contained 130mM NaCl, 5mM

KCl, 8mM D-glucose, 10mM HEPES, 1.2mM MgCl; and 60uM EGTA.

2.4.1. Cell preparation
Cells were counted with Neubauer haemocytometer and plated into a 96 well plate

(ThermoFisher, catalogue number 167008) at a seeding density that delivered a
confluent monolayer on the day of the experiment and cultured in standard culture

conditions.

2.4.2. Cell loading
Cells were loaded with 1uM Fura2AM in SBS containing 10% pluronic acid in the

dark for 1 hour at 37°C in a CO,-free environment.
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2.4.3. Store depletion and calcium add-back
For store depletion experiments testing CRAC channel inhibitors, the treatment

solution was prepared from calcium-free salt buffered solution with 1uM
thapsigargin final working concentration with a range of treatment concentrations
of the CRAC channel inhibitor, alongside a DMSO vehicle control (referred to as the
vehicle control). Cells were incubated at room temperature for an optimised time

period, which was 20 minutes for HT-29, SW480 and HCT116.

2.4.4. Inhibitor Treatments and Yoda-1
Following Fura2AM loading, loading solution was removed and replaced with SBS.

Cells were treated with any PIEZO1 inhibitors (ruthenium red, GsMTX4, Gd) in SBS
for 30 minutes at room temperature. Yoda-1 compound solution was prepared

from SBS containing 1.5mM calcium.
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39.8 uM free Ca®*

Fluorescence excitation
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Figure 2.1. Fluorescence excitation spectra of fura-2 in different cytoplasmic

calcium concentrations.

Increasing concentrations of intracellular calcium causes fura-2 fluorescence
emission intensity at 510nm to increase at the excitation wavelength 340nm and

decrease at 380nm. Image adapted from (ThermoFisher Scientific, 2010).
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2.4.5. FlexStation recording and addition phase
Calcium add-back and intracellular fluorescence measurements were automated

through SoftMax Pro software on the FlexStation PC console (Molecular Devices).
This is a high throughput fluorescence plate reader that allows kinetic
measurement of calcium traces in either 96-well or 384-well microplates.
Compounds or solutions for addback to the cells are loaded along with a plate of
Fura2-loaded cells and FlexStation tips. This is a kinetic experiment as the software
is programmed by the user to add the solutions or compounds to the cells at a

desired time during fluorescence readings.

Addback solutions were tailored to contain the same concentration of treatment
compound to prevent dilution of the drug concentration in each well. For store
depletion experiments, the compound solution was prepared from salt buffered
solution containing 1.5mM calcium, such that a final concentration of 0.3mM

calcium was delivered to each well.

For store depletion experiments, measurements were taken every 5 seconds over
a 300 second period. For Yoda-1 experiments, measurements were taken for

between 300 or 600 seconds. Experiments were carried out at room temperature.

2.4.6. FlexStation data analysis
The parameters measured for the store depletion experiments were:

e The peak calcium amplitude achieved (peak amplitude), which denoted the
magnitude of calcium entry from baseline. This was calculated by
determining the highest and lowest calcium measurements and subtracting
the difference. This was corrected for any physiological effect seen in
untreated (vehicle) cells by subtracting the mean peak amplitude of vehicle
treated cells from the mean peak amplitude of treated cells prior to further
calculations and are corrected unless specifically stated otherwise.

e The area under the curve (AUC), which gives a standardised numerical
summary of the total amount of CRAC channel calcium entry to allow
comparison across the cell lines. This was calculated using the Integrate

function within Origin Pro 9.

Dose-response curves were calculated using the peak calcium amplitudes in cells

treated with different concentrations of drug. Percentage calcium entry was
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calculated for each concentration relative to the thapsigargin calcium response.
These data points were plotted and fitted with a Hill curve, from which the I1C50
concentration was extrapolated. The residual calcium entry at maximal

concentration is also reported.

2.5. RNA isolation and g-RT-PCR

2.5.1. RNA isolation
Cells were lysed in Trizol (Sigma) reagent either directly from the culture vessel or

immediately following trypsinisation after centrifugation and washing of the cell
pellet. Trizol solution was transferred directly into a 1.5ml Eppendorf, and either
stored at -80°C or processed immediately. To extract the RNA, the Trizol reagent
was vortexed and incubated at room temperature for 5 minutes. Phase separation
of DNA, RNA and protein within the sample was achieved by adding
bromochloropropane (BCP). RNA was removed from the top (aqueous) layer and
concentrated by precipitating it in isopropanol. The resultant RNA was pelleted and
washed in 75% ethanol and then air-dried. The RNA pellet was then dissolved in
RNase-free water at 55°C for a short period. The RNA was treated with 0.04U of
DNase enzyme in buffer at 37°C for 1 hour to break down any contaminating DNA,
and the reaction was stopped using Inactivation Enzyme. The RNA was collected
from the supernatant into an autoclaved Eppendorf following the last

centrifugation.

2.5.3. NanoDrop™ RNA quantification protocol
The NanoDrop™ 2000 (ThermoScientific) is a benchtop micro-volume UV-vis

spectrophotometer that can be used to rapidly and accurately quantify RNA or DNA
concentrations of samples. From each sample 2ul of RNA was loaded onto the
pedestal between 2 optical surfaces to create a sample column, in which the
machine measures the concentration using a xenon lamp and charge-coupled
device (CCD) camera. DNA and RNA was measured at 260nm. The machine takes 2
measurements at 0.2mm and 1mm which can allow it to adjust for any
concentration. The set-up and read-out takes place in the NanoDrop software
provided with the machine. Prior to use, the optical surfaces were cleaned
repeatedly with deionised water, and the machine was zeroed through absorbance

reading of the RNA buffer (RNase free water). For each sample, 1ul was loaded onto

61



the machine. Each sample was read twice to ensure consistency between readings.

Concentration readings were provided in ng/ul in the software.

2.5.4. Reverse transcription
Reverse transcription of the mRNA to cDNA was carried out for all samples using

both enzyme-containing and enzyme-free reactions using the High Capacity RNA-
to-Complementary DNA (cDNA) reverse transcription kit (Applied Biosystems), with
0.5 pg of RNA was mixed with 5 pl 2x RT buffer, 0.5 pl 20x enzyme mix and nuclease-
free water to make a 10 pl total reaction volume. Non-reverse transcribed (-RT)
control solutions were prepared and tested in parallel. The mix was centrifuged and
incubated in the Lifecycler® PCR Machine (Eppendorf) for 1 hour at 37°C, 5 minutes
at 95°C, followed by a 4°C hold step until use. Enzyme-free reactions detect
genomic DNA contamination of samples at the time of the PCR reaction, as the
reaction will use genomic DNA as a template and produce non-specific results. The

resultant cDNA was then stored at -20°C until they were required for use.

2.5.5. Real-Time quantitative polymerase chain reaction (qRT-PCR)
The PCR process amplifies the cDNA to detectable levels. Heating to 95°C denatures

the cDNA by breaking down hydrogen bonds between the double strands to
generate single strand molecules. The primers anneal at a lower temperature
optimised for the particular primer with a DNA polymerase enzyme, which begins
to synthesize new DNA at 72°C and extend the fragment. Incorporation of the
Applied Biosystems™ SYBR Green dye™ (ThermoScientific) into the fragments
allows fluoroscopic detection, as it intercalates with double stranded DNA,
fluoresces when excited at 470nm and emits at 530nm. Each reaction consisted of
0.5ul SYBR Green | mix, 0.8ul MgCl; (4mM), 0.135ul forward primer (0.5uM),
0.135pl reverse primer (0.5uM), 0.5ul cDNA and 2.93pul of nuclease-free water to

make it up to 5ul of reaction product.

Levels of amplified product are normalised against a static (“housekeeping”) gene
such as B-actin and 18S and relative quantification across samples can be made.
Melt curve analysis ensures specificity of binding of the primers to the cDNA. The
threshold cycle (CT) for each gene was detected by the Lightcycler 480° version 1.5
software and adjusted to take values across all samples in the exponential phase of

amplification.
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2.5.6. Primers
ORAI1 expression was normalised against 18S gene expression. PIEZO1 expression

was normalised against B-actin.

Primer sequences are given below:

Gene Forward Sequence Reverse Sequence Predicted
Product
size (bp)

PIEZO1 AGATCTCGCACTCCAT CTCCTTCTCACGAGTCC 180

Orail TGCTCATCGCCTTCAGTGCC CTCACCGCCTCGATGTTGGG 100

B-actin TCGAGCAATCTCAACTCGG TGAAGGTAGTTTCGTTGGATG | 194

18S5 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG | 180

The regions amplified by the PIEZO1 and ORAIL primers are illustrated in Figures
2.2A and 2.2B. Analysis of the gene sequence demonstrates that the primers
amplify the primary protein coding transcript. The EMSEMBLE ID is included in the

figure.

2.5.7. Calculation of relative abundance of target gene
The raw CT values for genes of interest were corrected against the CT values of the

internal control gene to generate the ACT value. The ACT value corrects against the
value against a housekeeping gene of choice. Either 18S or B-actin were used in

these experiments:
ACT = CTeene — AB—actin

The 27(-ACT) calculation was used to reveal the actual expression, upon which
comparative statistical analysis can be performed (with t test or ANOVA testing)
(Schmittgen and Livak, 2008). This was used to determine fold change following

siRNA knockdown relative to an untreated or control sample:
The fold change was then calculated using the equation:

Fold change = 2*AACT
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PIEZO1 (ENST00000301015.14) - Exon 51
CATCATGGGGCTGTACGTGTCCATCGTGCTGGTCATCGGCAAGTTCGTGCGCGGATTCTTCAGCGAGATCTCG

CACTCCATTATGTTCGAGGAGCTGCCGTGCGTGGACCGCATCCTCAAGCTCTGCCAGGACATCTTCCTGG
TGCGGGAGACTCGGGAGCTGGAGCTGGAGGAGGAGTTGTACGCCAAGCTCATCTTCCTCTACCGCTCA
CCGGAGACCATGATCAAGTGGACTCGTGAGAAGGAGTAG
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ORAJI (ENST00000617316.2) - Exon3
GTGGCAATGGTGGAGGTGCAGCTGGACGCTGACCACGACTACCCACCGGGGCTGCTCATCGCCTTCAGT

GCCTGCACCACAGT GCTGGT GGCTGTGCACCT GTTTGCGCT CAT GAT CAGCACCT GCATCCTGCCCAACA
TCGAGGCGGT GAGCAACGTG CACAATCTCAACTCG GTCAAGGAGTCCCCOCATGAGCGCATGCACCGCC
ACATCGAGCTGGCCTGGGCCTTCTCCACCGTCATCG GCACGCTGCTCTTCCTAGCTGAGGTGGTGCTGCTC
TGCTGGGTCAAGTTCTTG CCCCTCAAGAAGCAGCCAGGCCAGCCAAGG OCCACCAGCAAGCCOCCOGOCA,
GTGGCGCAGCAGCCAACGTCAG CACCAGCGG CATCACCCCGGGCCAGGCAG CTGCCATCGCCTCGAOCA,
CCATCATGGTGCOCTTCGGCCTGATCTTTATCGTCTTCG COGTCCACTTCTACCGCTCACTGGTTAGCCATA
AGACTGACCGACAGTTCCAGGAGCTCAACGAGCTGG CGGAGTTTG OCCGCTTACAGGACCAGCTGGACC
ACAGAGGGGACCACCCCCTGACGCCCGGCAGCCACTATGCCTAG

Figure 2.2. Illustration of the sequence amplified by the primers: A. PIEZO1; B.
ORAI1. The forward primer target sequence is denoted in red and the reverse
primer target sequence is denoted in blue. The amplified region is denoted in

bold.
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2.6. Western blotting
Sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE) was used to

separate proteins by mass along an applied electrical field. Prior to SDS-PAGE,
samples are lysed, chemically denatured and boiled in order to break down protein-
protein disulphide bonds and break down the tertiary structure of the protein to
allow separation on the SDS gel. SDS assists with this and also masks the protein’s
intrinsic charge so that the proteins will separate by weight alone. Polyacrylamide
forms a pore matrix within the gel, that can be manipulated with different
concentrations to separate out heavier and lighter proteins more eloquently. The
proteins are then transferred out of the gel onto a membrane that can then be
stained for the desired protein using an appropriate antibody. Subsequent staining
with a horseradish peroxidase (HRP)-conjugated secondary antibody can then be
visualised using a chemiluminescent solution that can be detected either on X-ray

film or a CCD.

2.6.1. Protein extraction and quantification
Adherent cells cultured in a 6-well plate were washed in PBS prior to addition of a

lysis buffer consisting of Nonidet 40 detergent (Sigma), protease and phosphatase
inhibitors (Sigma). Cells were collected into the lysis buffer by a combination of
scraping and pipetting. Cells were either processed immediately or stored at -80°C.
The lysate was incubated on ice for 30 minutes with vigorous vortexing every 10
minutes and then sheared through a 21G needle to help with mechanical digestion.
The lysate was centrifuged for 20 minutes at 13000rpm at 4°C. The supernatant was

collected as this contained the protein lysate, the pellet contained cellular debris.

Protein concentration of each lysate was determined against bovine serum albumin
(BSA) standards of known protein concentrations with colorimetric Biorad Protein
Assay kit (Biorad). This method is based on a modification of the Lowry
method(Lowry et al., 1951), with reduction of the Folin phenol reagent in the kit by
a number of amino acids on the protein. This generated a colour change that is
dependent on the protein concentration, that can be interpreted against a standard
curve derived from the absorbance readings of samples of known protein

concentrations.
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2.6.2. Sample preparation, SDS-PAGE, protein transfer and immunoblotting
Each sample was prepared to run 20ug of protein per well, along with a 1:4 volume

of the denaturing agent B-mercaptoethanol that was added to break protein-

protein disulphide bonds as well as a protein dye.

Samples were loaded alongside a protein molecular weight marker to orientate the
user to the gel and subsequently to facilitate interpretation of the bands on the
membrane. Samples were run in buffer containing SDS-containing running buffer
until the proteins were suitably separated. The gel was then removed from the
running tank apparatus and equilibrated in methanol for 5 minutes prior to
transferring the proteins onto a nitrocellulose membrane. The semi-dry transfer
system (Biorad) was used for this. The membrane was blocked for non-specific
staining for 1 hour at room temperature in 5% w/v BSA in TBS 0.05% Tween-20
blocking solution on an orbital shaker, an important step to stop non-specific
antibody binding. The membrane was then incubated with primary antibody at the
appropriate dilution in antibody incubation solution comprising 5% w/v BSA in TBS
0.05% Tween-20 at 4°C overnight on an orbital shaker. The antibody dilutions are
detailed in the table below. The next day the membrane was washed in washing
solution comprised of TBS 0.05% tween-20 (TBS-T) 3 times on the orbital shaker
prior to incubation with the HRP-conjugated secondary antibody reared against the
species of the primary antibody diluted in antibody incubation solution for 1 hour
atroom temperature on the orbital shaker. The membrane was washed three times
in TBS-T. The membrane was then exposed to chemiluminescent substrate from
the SuperSignal WestFemto kit (ThermoScientific) and immediately imaged using

the CCD camera (BioRad).

The antibody dilutions are listed below:

Antibody Antibody Dilution
p44/42 MAPK (Erk1/2) 1:1000
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 1:1000
Phospho-Akt (Ser473) 1:1000

AKt 1:1000

LC3 1:25

HRP secondary antibody 1:5000
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2.7.2. Protein quantification
The Imagel software(Schneider et al., 2012) was used to determine the pixel

density of the bands from the CCD images. Our laboratory has previously used this
method to generate relative quantification of expression and published data from
this(Li et al., 2014). The CCD images were inverted to generate grayscale digital
images of the western blot and the intensity of each band was determined by Image
J within a rectangle that was drawn around a band to a size that was large enough
to incorporate each band. Image intensity of each band of interest was normalised
to the intensity of each loading control by subtracting the loading control intensity

from the intensity of the band of interest.

2.7. In vitro functional assays

2.7.1. WST-1 cell viability assay
WST-1 (Roche) is one of several water-soluble tetrazolium dyes used to measure

cytotoxicity. It is cleaved by metabolically active cells in a NAD(P)H-dependent
manner to form a soluble formazan product that can be detected
spectrophotometrically. Therefore, incubation of cells with WST-1 reagent can
generate information regarding the viability of the cells. It is commonly used to
determine response to cytotoxic agents in experiments using a microplate format.

The 96 well plate was used for these experiments.

Experiments were set up for desired treatments, and relative viability was
determined by comparison to appropriate controls (such as drug vehicle or
scrambled transfection control). Cells were counted with a Neubauer
haemocytometer, seeded and cultured in 100ul of media per well. Surrounding
wells were filled with PBS to prevent evaporation of the media in peripheral wells
which can impact on cell culture. WST-1 reagent was added to each cell-containing
well as well as media only-containing well in a 1:10 ratio. The plate was incubated
at 37°C for a time period optimised for that cell line and experiment to avoid
saturation of the system with formazan, delivering a spectrophotometric reading
below 1. The plate was read on a spectrophotometric plate reader at 450nm with

subtraction of background reading taken at 620nm.

67



2.7.2. Colony formation assay
The colony formation assay is an in vitro model of replicative immortality(Munshi

et al., 2005), as a single cell divides indefinitely to produce a large colony of cells
that can be fixed and stained and subsequently counted. Cells were counted with a
Neubauer haemocytometer and a single cell suspension was optimised to
determine the appropriate number of cells that would give sufficient discernible
colonies in one well of a 6 well plate to count under a dissection microscope. HT-29
cells were seeded in a suspension of 50 cells/ml with 1ml added to 1ml of culture
media in each well then returned to the incubator. Drug treatments were added to
wells 2 hours after seeding. When colonies were macroscopically visible in the
control wells, media was aspirated and colonies were fixed and stained in methanol
blue in 70% alcohol. Plates were washed and air dried. Colonies were counted

under a dissecting microscope.

2.7.3. Growth curve
Growth curves were used to analyse growth kinetics of cell lines under basal culture

conditions or following treatment such as with drugs or siRNA transfection. For
each cell line, both the cell seeding density and cell culture vessel were optimised
to result in exponential growth. Both HT-29 and SW480 cells were seeded at 30,000
cells per well in 12 well plates. In cytotoxicity experiments, drug-containing media

was changed every other day.

For transfection growth curves, cells were trypsinised 24 hours after transfection
with lipofectamine 2000 only (non-transfected cells), scrambled siRNA and PIEZO1
siRNA, counted using a Neubauer haemocytometer and plated in 12 well plates in
1ml of media. Triplicate wells were plated for each of the transfection conditions.

Media was changed every other day.

At the time of cell harvest, both the media and PBS wash were transferred from the
well to a 1.5ml Eppendorf tube. Following trypsinization, trypsin was neutralized
with the collected media and the well washed to collect any remnant cells. Cell
counts were performed in 0.2% trypan blue using a Neubauer haemocytometer.
This method allowed inclusion and counting of cells that have detached following
treatment. Cells that did not stain for trypan blue were counted to determine the
live/viable cell fraction. Cells that stained with trypan blue were counted to

determine the dead cell fraction.
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2.8. Migration

2.8.1. Migration Optimisation
There are a number of steps to optimise prior to using a cellular migration model.

Firstly, conditions of serum starvation and low serum culture conditions should be
optimised in order to generate proliferative arrest without affecting cellular

viability. This would therefore allow focused study of cellular migration.

In order to study the effect of serum conditions on cellular proliferation, 15,000
cells were plated in each well of a 24 well plate and cultured overnight to allow
adherence to the culture vessel. The next day, media was removed and wells were
washed with PBS. Wells were cultured in serum-free media for 24 hours alongside
a control with normal serum conditions. Cells were counted following 24 hours of
serum starvation. In addition, the media of the serum starved cells was changed to
culture media containing 0.5% serum for 24 hours alongside cells that were serum
starved for a further 24 hours and a control with normal serum conditions. All wells
were counted the next day. At the time of counting, media and PBS washes from
each well were kept in a labelled Eppendorf. Trypsin was neutralised in media
containing 10% serum and added to the media and PBS wash solution. This method
allowed counting of all detached cells as well as adherent ones. Counts were carried

out with 0.2% trypan blue.

2.8.2. Scratch wound migration assay
The Essen Incucyte® Zoom (Essen Bioscience) is a fully automated live-cell imaging

platform that allows both phase contrast and fluorescence imaging. It allows kinetic
assessment of cell migration using an imaging unit with a 10x objective that holds
small vessels and microplates within an incubator that maintains cell culture
conditions of 37°C and 5°C CO,. Cells were plated on 96-well plates (Essen
Bioscience) to give 90-100% confluent wells the next day. Cells were serum starved
prior to the assay in order to arrest proliferation but allow cell migration. The
WoundMaker™ pin tool was used to scratch the wells. This is a 96-pin device that
creates homogenous scratches between 700-800 microns in width without
scratching the underlying plastic. The scratch is engineered using a lever on the
WoundMaker™ that is pressed to move the pins homogenously across the cell layer
to create horizontal scratches. Following scratching, the cell layer was washed 3
times with PBS to remove any remnant cells using a micro-channel pipette. Scratch

wounds were treated with reduced serum medium following serum starvation to
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minimize any proliferation. The plate was placed in the Incucyte® Zoom system
within a Sanyo incubator, and kinetic imaging was programmed at desired time
intervals using the Incucyte® software. The relative wound density (RWD) is the cell
density within the scratch wound area expressed relative to the cell density outside
the wound area and expressed as a percentage. Repeated imaging allows kinetic
assessment of migration over time. Representative photomicrographs of a scratch
wound are presented at baseline in Figure 2.3A and representative scratch wound
masks generated by the Incucyte Zoom software analysis are presented at baseline

in Figure 2.3B.
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Figure 2.3. Representative images from the Essen kinetic imaging software scratch
wound module. A-B. Photomicrographs of HT-29 cells that have sustained a scratch
wound. A. Immediately following the scratch; B. Software interpretations of the
scratch wound in A. Black represents the cell layer, white represents the region of

the scratch, grey represents cells migrating into the area of the scratch:

71



2.8.3. Boyden chamber migration assay
The Boyden chamber assay was originally developed to study leucocyte migration

via chemotaxis. It consists of 2 chambers separated by a microporous membrane
that consists of pores of a defined size(Falasca et al., 2011). Cells are seeded in the
upper chamber and are incubated for an appropriate length of time to allow them
to migrate through the pores towards a chemoattractant, which was media
containing 20% foetal bovine serum. The assay set-up is illustrated in Figure 2.4A
and a representative photomicrograph of migrating cells is presented in Figure
2.4B. At the end of the assay, the wells are washed and cells fixed in 70% ethanol
before staining with methylene blue. The membranes are then cut from the bottom
of the chamber and mounted on a slide in gelatin-glycerol with a cover slip. The
pores are imaged under a microscope and the number of cells in 6 randomly

selected light fields are counted.

Boyden chambers with 8-micron pores were used for both the migration and

invasion assays with the cancer cells.

2.9. Invasion

2.9.1. Boyden Chamber Invasion Assay
The Boyden chamber assay allows the study of invasive properties by coating the

porous membranes with an appropriate extracellular matrix (ECM) such as Matrigel
that recreates the tissue matrices that cancer cells must invade through in
vivo(Marshall, 2011). The assay is set up in an identical manner as for the Boyden
migration chamber. The Boyden chamber invasion assay is illustrated in Figure

2.4C.

Boyden chambers coated with Matrigel were first hydrated in serum free medium
for 5 minutes and then medium was aspirated off. The inserts were placed in a
transwell 24 well plate. The cell suspensions were prepared by trypsinization,
washing, counting and diluting to the desired cell number that can be delivered in

500ul to the top chamber.

2.9.2. Essen scratch wound invasion assay
The invasive properties of the HUVEC cells were tested using the Essen Incucyte®

Zoom (Essen Bioscience). Cells are set up, serum starved and scratched using the
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Figure 2.4. lllustrative depiction of the Boyden chamber assay. A. Migration. B.
Matrigel invasion. C. Representative photomicrograph of fixed migrated SW480
cells (20x objective). Illustrative images created in Biorender.
https://biorender.com/
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same method as described in Section 2.8.2. Prior to the assay, Matrigel Matrix
(Corning) was defrosted and prepared containing the appropriate drug
concentration or vehicle control. After the cells were scratched and washed, 50ul
of the appropriate Matrigel was pipetted onto the scratch wound. Media was then
applied over the top of the Matrigel prior to placing the plate into the Incucyte and
programming the software to image the scratch wound over the desired time
points. This method has been used successfully with endothelial cells in our

laboratory(Webster et al., 2017).

2.10. pH determination
Cells were cultured continuously in 2ml of media containing media only, DMSO

vehicle control, 10uM and 30uM JPIII alongside 50uM 5-fluorouracil (5-FU) in 6 well
plates for 72 hours. Drug containing media was also incubated in cell-free wells as
a cell-free control. The media was harvested for pH reading at 24, 48 and 72 hours.
Media was transferred immediately after harvesting and read on a pre-calibrated

pH benchtop meter (ThermoScientific).

2.11. Analysis of Microarray Data
Raw .chp files of the microarray dataset from the study by Chen et a/(Chen et al.,

2013) was obtained from GEO Express. The open access software Transcriptome
Analysis Console (TAC) software was downloaded from the Applied Biosystems. The
dataset was uploaded into the TAC software. The dataset passed internal quality
control that was carried out by the TAC software with the researcher’s hybridisation

controls.

Raw data for T cells activated by stimulation with anti- CD3/CD28 treated with both
vehicle control and the CRAC channel inhibitor RO2959 was merged into one file
and run through limma package in r to perform differential expression, generating

mean log fold (FC) changes with Benjamini-Hochberg statistical correction.

Differentially expressed genes were filtered by significance with a false discovery
rate (FDR) of 0.01 using the Benjamini-Hochberg correction. An FDR of less than
0.01 denotes higher power with lower type 1 error(Benjamini and Hochberg, 1995).
Genes were then separated into 2 sets relative to the untreated control:
upregulated genes (those with a fold change of 0.5 or above) and downregulated

genes (those with a fold change of 0.5 or below). The two gene lists were uploaded
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into Cytoscape 3.7.0. STRING network and gene ontology (GO) enrichment analyses

were carried out for both upregulated and downregulated genes within Cytoscape.

2.12. Flow cytometry

2.12.1. Annexin V Propidium iodide flow cytometry assay
The flow cytometer uses laser-based technology to detect fluorophore-stained cells

in a single cell suspension, as these will be excited by certain lasers and the intensity
of their emission energy can then be detected (Figure 2.5A). This system allows co-
staining with multiple fluorescent probes, such as propidium iodide (PI) and
annexin V. Annexin V is a protein that binds to phosphatidylserine released from
the inner leaflet of apoptosing cells, whereas propidium iodide stains necrosed cells
whose cell membranes have broken down(Wlodkowic et al., 2011). Co-staining
with propidium iodide and fluorescein isothiocyanate (FITC)-conjugated annexin V
allows determination of the proportion of cells that are alive, in early and late
apoptosis or have undergone necrosis (Figure 2.5B). As the emission spectra of FITC
and Pl overlap (see Figure 2.5C) the data must be compensated in order to identify
true staining; this was achieved using controls for each treatment (unstained,

annexin V only, Pl only).

Adherent cells were washed, trypsinised, centrifuged and washed in cold PBS
before being resuspended in annexin V binding buffer. For each treatment
condition, cells were stained with annexin V and propidium iodide alongside
appropriate compensation controls: unstained, annexin V alone and propidium
iodide alone. Cells were stained for 15 minutes in the dark at room temperature,
resuspended in more annexin binding buffer and analysed immediately on the flow
cytometer. The FCSFortessa gates a total of 10,000 cells per sample for analysis.
Data was analysed in FACS Diva software: data was compensated for appropriate
staining controls for each treatment and the proportion of live/dead cells was

determined as a percentage of the total gated cells.

2.12.2. Cell cycle analysis
Cell cycle analysis using flow cytometry aims to quantify the amount of DNA in each

stage of the cell cycle. This utilises fluorescent dyes such as propidium iodide, which
intercalates with DNA of fixed and permeabilised cells and fluoresces when it is

bound to nucleic acids. These dyes are stoichiometric, with the amount of binding
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being proportionate to the amount of DNA in each cell cycle phase(Ormerod, 2008).
This generates a DNA histogram that illustrates the number of cells in each cell cycle

phase, plotting intensity of fluorescence against the cell count (Figure 2.5D).

At the time of cell harvesting, well media and PBS washes were saved in order to
store any detached cells. Trypsinised cells were added to this and the suspension
was spun and washed twice in ice cold PBS. The cells were fixed by continual
vortexing and dropwise addition of ice cold 70% ethanol, and samples stored in the
freezer at -20°C overnight. At the time of analysis, cells were washed twice and
resuspended in PBS. RNase was added along with the propidium iodide to remove
any contaminating RNA that would otherwise invalidate the results. The stained
samples were protected from light and immediately transferred to the flow

cytometer for analysis.

2.13. Imaging
Light microscope images were taken on the Zeiss AX10 microscope within the Zen

Software at 10x and 20x objectives. Cell culture images were also taken using the
Incucyte and the Incucyte Zoom 2011 machine, with software capturing at x10

objective.

2.14. Data Analysis
A minimum of 3 biological repeats were carried out for each complete experiment

before statistical analysis was carried out. Statistical analysis was carried out on
three or more treatment conditions using a one-way ANOVA with Bonferroni-Holm
correction. Two conditions were compared using paired t-test. Statistical

significance was reached when p-value was at or below 0.05.
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Figure 2.5. Flow cytometry. A. lllustration of the main mechanics of the flow
cytometry machine. A single cell suspension is sucked up through the sheath and
a pre-set laser excites the appropriate fluorophore. Fluorescence and cell scatter
are detected by the flow cytometer and this information is translated onto the
computer. B. Representative staining demonstrating the 4 populations of cells:
live, early apoptosis, late apoptosis and necrotic cells. C. Table of the excitation
and emission spectra of annexin V-FITC and PI. D. A DNA histogram of fixed cells

stained with Pl as part of cell cycle analysis.
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2.15. The Cancer Genome Atlas (TCGA)
The aim of the TCGA project was to characterise the molecular and genomic

landscape of a range of human tumours. Hundreds of tissue samples were collected
for each of the 33 different cancer types that were ultimately included in the TCGA
project, alongside a limited number of tissue samples from adjacent normal tissue.
This project was run in collaboration with the National Cancer Institute (NCI) and
National Human Genome Research Institute (NHGRI) primarily in the USA, starting

in 2006 and running until 2017(The National Institute of Health, 2019).

Tissue underwent comprehensive analysis including single nucleotide
polymorphism (SNP) arrays, chromosome and sub-chromosomal copy number
changes and translocations using low pass (3-5X coverage) whole genome
sequencing, mMRNA expression profiling using Agilent microarrays and RNA-Seq,
DNA promoter methylation analysis using Illumina Infinium HumanMethylation27
arrays, miRNA quantification via lllumina sequencing and profiling of coding
mutations using whole exome sequencing. DNA from blood samples was extracted

and sequenced for germline mutations.

Both tissue and blood samples were collected along with key clinical data for each
patient, which underwent histopathological diagnostic checks and laboratory
quality control at the designated Biospecimen Core Resource centre prior to DNA
and RNA extraction and sample storage(Tomczak et al., 2015). The samples were
then processed at genomic characterization and sequencing centres to generate
copy number alteration and single nucleotide polymorphism (SNP) data,
epigenomics, mMRNA expression profiles, microRNA analysis, targeted sequencing
and functional proteomic profiles. The data was stored at data coordinating centres
internally and eventually released for open access. The Genome Data Analysis
Centres generated informatics tools to facilitate the research community as a
whole to be able to interface and explore these data(Tomczak et al., 2015), such as

cBioportal.

The Cancer Genome Atlas Network published results on genome-scale analysis on
276 samples of colorectal cancer in 2012(The Cancer Genome Atlas Network et al.,
2012). The study continued to collect 461 samples. There have been many
publications using these data characterising the molecular landscape of cancers
such as breast(Network, 2012b), colorectal cancer(The Cancer Genome Atlas
Network et al., 2012) and ovarian cancer(Cancer Genome Atlas Research Network,

2011).
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Now that TCGA has effectively finished, the data is archived at the NCI genomic
Data Commons. Genomic profiling on normal colon and colon cancer tissue is

available to download, but not data from the blood samples.

Colorectal cancer samples were taken from newly diagnosed consenting adults who
did not receive neoadjuvant therapy prior to surgical resection(The Cancer Genome
Atlas Network et al., 2012). Samples were a minimum of 60mg in weight. Frozen
tissue was embedded in optimal cutting temperature (OCT) medium for transport
to the Biospecimen Core Resource. Frozen samples were taken from both the top
and bottom of the tissue block for histological assessment using haematoxylin and
eosin (H&E) staining. These were reviewed by a certified pathologist to verify that
the tissue and determine whether it met the tissue criteria. An example H&E slide
is presented in Figure 2.6. Tumour tissue with a minimum of 60% tumour nuclei and
less than 20% necrosis was included. Normal tissue was taken from at least 2cm
away from the primary tumour site(The Cancer Genome Atlas Network et al., 2012).
Sequencing data was made available for open access download and analysis:
initially this was through the TCGA Data Portal, however following the completion
of the TCGA project in 2017 the data is now archived on the Broad Institute GDAC

portal.

2.14.1. Data file assimilation
There were 3 different forms of cancer mRNA data used in this study:

1. Raw counts.

2. Fragments per kilobase of transcript per million mapped reads (FPKMs)
from the TCGA portal.

3. Reads per kilobase of transcript per million (RPKMs) from the 2012 TCGA

paper.

Raw counts were downloaded from the original TCGA National Institute of Health
(NIH) data portal in 2015. This provided accessible data on 453 colon cancer

samples and 41 normal colon samples.

For differential expression analysis, data for 41 matched tumour and normal tissue
samples was extracted from the large database. Individual sample data files
provided raw counts that were calculated per gene by the TCGA data analysis teams

using the Segware framework via the RNASegAlignmentBWA workflow. These
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count files were compiled into one using the “multmerge” function in the r
statistical software suite and were used for differential expression analysis via the
edgeR package. Raw counts were filtered for low reads (defined as counts per
million (cpm)<1) and normalised within edgeR using the trimmed mean of M values
(TMM) method(Robinson and Oshlack, 2010). The cpm values were log 2-
transformed and then used for plotting principal component analysis (PCA) charts

and for differential gene correlation analysis (DCGA).

FPKMs were subsequently accessed through the GDAC portal and assimilated into
a .txt file by Dr Lucy Stead in 2017. This data was transformed prior to analysis:
addition of a pseudocount of 1 to all readings before log 2 transformation of fold-
change. The purpose of downloading this data was to allow closer inspection and

further analysis to follow up on results from the differential expression analysis.

RPKM data used for further analysis of the data presented in the 2012 TCGA
colorectal cancer paper was downloaded from the supplementary data of the paper
in 2018. This provided a larger cohort for exploratory analyses. Data was filtered to
generate a dataset of the 195 patients who had complete sequencing of mutation
status and genetic pathway alterations. Data was 1+log2 transformed prior to
analysis. The size of this file was within the remit of the computer resources

available.
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Figure 2.6. Representative haemoxylin and eosin (H&E) slide taken from a TCGA
colorectal cancer specimen. Downloaded from the National Cancer Institute GDC
Data Portal on 02.01.2019 from case TCGA-AA-AQOL.Size marker was not available

with the digital download.

81



2.14.2. Clinical characteristics and outcome data
Clinical data was originally downloaded from the NIH data portal. This provided

patient demographics such as age, weight and racial classification, as well as initial
tumour staging (in both Dukes and the AJCC TNM staging classification systems)
and histopathological data such as resection margins and microscopic invasion. This
dataset was incomplete in those fields that reported on future treatment following
resection, particularly adjuvant treatment details and data on survival outcomes.
Initial attempts were made to contact the TCGA team to enquire about an update
of the outcome data but there was no reply. In 2018 Liu and colleagues comment
on the paucity of clinical data, explaining that collating a comprehensive clinical
dataset over the course of the project was not within the scope or capability of the
original project(Liu et al., 2018). Liu et al found that the follow-up times varied
between cancers but were essentially short: the colorectal cancer dataset had a
median follow-up time of 22 months, but they varied from 12 months for
glioblastoma to 48.3 months in kidney chromophobe tumours(Liu et al., 2018).
They performed a systematic analysis that generated a curated and filtered clinical
and survival outcome dataset for 33 cancers studied in TCGA. Therefore, survival
outcomes for colorectal cancers were extracted from this dataset and used with
the sequencing data to generate survival analyses. As part of the calculations in this
systematic analysis, Liu and colleagues found that there were 221 missing data
fields (190/459, 41%) from the fields of first-course treatment, residual tumour and
margin status. Furthermore, the disease specific survival (DSS) outcome was
estimated with assumptions drawn on included data in the majority of cancers due
to the paucity of longer-term data. Therefore, only outcome data for progression-
free interval and overall survival were felt to be the most robust survival data (Liu

et al., 2018)and were used in the data analysis in this study.

2.14.3. Genomic profiling
Copy number variation (CNV) data was downloaded from the UCSC Xena

browser(Goldman et al.,, 2019). Information on mutational profiles of each
individual sample included in the analysis in the 2012 TCGA paper was obtained
from the supplementary data files from the publication and aligned with expression

data for further analysis.
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2.14.4. Data analysis
2144.1.r

r is a unique combination of programming language and a software that allows
statistical computing and analysis along with generation of appropriate graphics
from this analysis(R Core Team, 2013). It is part of the GNU project

(http://www.gnu.org). It is open access and free for desktop use. The user can

download different packages for different types of analysis.

2.14.4.1.1. edgeR
edgeR is a package that is designed specifically for differential expression analysis

of RNA-seq expression profiles, and allows implementation of a range of negative
binomial-based statistical analysis methods for this purpose such as generalised
linear modelling (Robinson et al., 2010), which was used for this purpose. This
methodology has previously been used with TCGA data to identify differentially
expressed genes(Peng et al.,, 2015). This package is designed to carry out
differential expression analyses on raw counts, at gene, exon, transcript or tag level.
Raw counts undergo scaling normalisation using the TMM normalisation method,
normalising it against estimated library size and sequencing depth(Robinson and
Oshlack, 2010). It implements statistical methods that take into account biological
variation across the gene pool of the samples. Low reads were filtered out of the
41 pairs of matched tumour-normal tissue by keeping those counts with counts per

million (cpom) over 1 in at least 41 of the 82 samples.

edgeR also allows the user to annotate differentially expressed genes with gene
ontology (GO) terms in order to aid functional interpretation. This was achieved

using the goana function within the edgeR package.

2.14.4.1.2. Weighted gene correlation network analysis (WGCNA)
The R package WGCNA is a validated method of exploring gene expression within

different conditions, as it uses a weighted correlation method to identify correlated
genes within a dataset(Langfelder and Horvath, 2008). This was used to identify and
explore networks of correlated genes within samples with different

histopathological qualities, e.g. lymphatic and venous invasion.

83


http://www.gnu.org/

The data was inputted and filtered for low reads. The data was scrutinised for
outliers using clustering into a dendrogram but no outliers were identified (Figure
2.7A). Selected clinical data was inputted for further analysis and clustered beneath
the sample dendrogram (Figure 2.7A). A weighted gene network was constructed
using a soft thresholding power B, which was derived from the scale-free fit index
of the data against the soft-thresholding power. This B value was chosen as the
lowest power for which the scale-free topology fit index curve plateaus at a high
soft-thresholding power of 0.9 (Figure 2.7B). Module detection settings included a
minimum modaule size of 30, a medium sensitivity (deepSplit=2) to cluster splitting
and a threshold of 0.25 for merging modules, which are default to the package as

detailed in the programme manual.

The resulting identified modules were correlated with the uploaded clinical factors
to generate a module-trait relationship chart (Figure 2.7C), that is generated from
the correlation of the module eigengene to the gene expression profile. These

correlative values are provided within the module-relationship chart (Figure 2.7C).

2.14.4.1.3. Differential gene correlation analysis (DGCA)
The DGCA r package can identify differential correlations between gene pairs in

multiple conditions(McKenzie et al., 2016), e.g. between normal and tumour tissue.
This package was specifically used to explore differential correlation between

ORAI1 and PIEZO1 in normal and colon cancer tissue.

2.14.4.1.4. Survival analyses
The r packages survival(Therneau, 2015) and survminer(Kassambara, 2019) were

used to generate estimated survival data and the log rank statistics for some of the
Kaplan Meier charts, as well as carrying out univariate and multivariate cox
regression analyses to identify hazard ratios for parameters associated with overall
survival (OS) and progression free interval (PFI). SPSS version 25 was used to create

Kaplan Meier charts.
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0
Lt

59
E]

bad e oo
g bpa s
5 @f\!gm
g% %
2 dag 335522535&53§§§55354455355
OO0 (_)0 (_’)(_’)(_') <Lon ‘({0{{{{000 O
022 Ebkhho £538888288538880308 00
Stage
MSI Status

“enous. Invasion
Residual tumour
Positive. LN.HE
mphatic.invasion
0S.time
PFl.time

B

Scale independence Mean connectivity

g_ ]214161820 1

78910
3496

2000 3000
I 1

02
|
1000

3
4

00
1
0
I

Scale Free Topology Model Fitsigned R*2
04
|
Mean Connectivity

56_
7891012 14 16 18 20
T T T T T T T T

5 10 15 20 5 10 15 20

Soft Threshold (power) Soft Threshold (power)
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85



2.14.4.2. GraphPad Prism
Dot plot and box whisker plots were made in GraphPad Prism version 7.04.

2.14.4.3. SPSS
Kaplan Meier charts were created in IBM SPSS Statistics version 25.

2.14.5. Gene set enrichment analysis
Gene set enrichment analysis (GSEA) differs to the gene ontology analysis as it aims

to identify gene sets that are positively or negatively enriched within the entire list
of genes. It is a more robust analysis as it calculates the degree of enrichment within
the entire gene list and calculates significance. Enrichment is represented by the
enrichment score, which interprets the degree to which a given set of genes (in an
ontological class or preset pathway) is highly or lowly enriched to the phenotype
relative to the entire set of genes included within the analysis: the greater the
number the more enriched it is(Subramanian et al., 2005). Enrichment can be
positive or negative. Significance is calculated using an empirical phenotype-based
permutation test that makes multiple comparisons (or permutations) between
genes. The normalized enrichment score (NES) normalises the gene set by the size
of the gene set and calculates the false discovery rate in order to control for false
positive findings(Subramanian et al., 2005). It can be carried out with the actual

data or with a pre-ranked gene list.

Pre-ranked GSEA analysis was carried out within the Broad Institute GSEA Java-
based platform. The results of the GSEA analysis was imported into Cytoscape 3.7.1

for pathway visualisation.

2.14.6. Cytoscape 3.7.1
The Enrichment Map application within Cytoscape was used to visualise and

explore the pathway enrichment results from GSEA. This app clusters major
biological themes that arise from the results to facilitate clearer interpretation of

the data(Reimand et al., 2019).
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2.14.7. Hierarchical clustering and heatmap generation
The Broad Institute Morpheus web-based interface was used to convert log2-

transformed cpm to z scores prior to hierarchical clustering to identify clustering of

samples. Samples were clustered by one minus pearson correlation.
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Chapter 3: CRAC Channel Pharmacology in Colorectal
Cancer

3.1. Introduction
Calcium release activated calcium (CRAC) channels were first described by James

Putney in 1986(Putney, 1986a) and were subsequently discovered to consist of
ORAI subunits, dependent on STIM1 clustering for their function. Their function has
been established in T cells (Hoth and Penner, 1992), and more recently T cell-
mediated pathology such as inflammatory bowel disease (Di Sabatino et al., 2009),
asthma(Spinelli et al., 2012) and dermatitis(The et al., 2013). CRAC channel function
has also been demonstrated in human umbilical vein endothelial cells (Oike et al.,
1994) and vascular smooth muscle cells(Li et al., 2011b). Our laboratory had
previously reported functional effects of treating HUVECs with small molecule CRAC
channel inhibitor S66 alongside siRNA knockdown, reducing cell migration and
endothelial tube formation(Bae C, 2011), making this a potential target for anti-

angiogenic therapy for diseases including cancer.

Furthermore, ORAI1 has been reported to be functionally upregulated in a number
of cancers including clear cell renal carcinoma(Kim, 2014), oesophageal(Zhu et al.,
2014) and melanoma(Umemura et al., 2014). Sobradillo and colleagues reported
differential upregulation of ORAI1, 2, 3 and STIM1 and differential downregulation
of STIM1 in colorectal cancer cell line HT-29 relative to normal colonic mucosal cells
MCM460 (Sobradillo et al., 2014). Differential overexpression of ORAI1 has also
been reported in immunohistochemical studies of paired cancer-normal samples of
patients with hepatocellular carcinoma(Tang et al., 2017) and colorectal cancer
(Deng, 2016).

CRAC channel function may be clinically relevant in cancer therapy. Tang and
colleagues reported that 5FU treatment of HepG2 cells reduced CRAC channel
activity in HepG2 cells, and CRAC channel inhibition enhanced autophagy-induced

cell death in this cell line (Tang et al., 2017).

In essence, evidence suggests that this holds potential as a target for clinical
treatments. At the time of starting this project, there were no studies that had
defined ORAI1 function in CRC and the functional effects of small molecule

inhibition.
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3.2. Chapter Aims and Objectives
The aim of this work was to assess the role of CRAC channel signalling in colorectal

cancer.
Objectives include:

e Characterising whether CRAC channels are functional in colorectal cancer

e Determining the effects of CRAC channel function on cancer cell function,
namely cell viability, cell migration and invasion.

e Determining the effects of CRAC channel function on endothelial cell

function, namely endothelial proliferation, cell migration and invasion.

3.3. CRAC channels are activated by thapsigargin-induced store

depletion in cancer cell lines
Endoplasmic reticulum stores can be depleted by a number of experimental

methods: inhibiting the sarcoplasmic reticulum calcium transport ATPase (SERCA)
pump on the endoplasmic reticulum membrane, application of a calcium ionophore
or by intracellular application of inositol 1, 4, 5-triphosphate (IP3). Thapsigargin is a
sesquiterpene lactone and weak tumour stage promoter that is derived from the
plant Thapsia garganica. It has been shown to irreversibly inhibit the SERCA pump,
preventing replenishment of calcium that has been released from the
intraorganelle store, and activating CRAC channel function through redistribution

of STIM1(Lytton, 1991).

Unlike IP3, extracellular application of thapsigargin can reliably deplete the stores,
making this a useful experimental tool for studying CRAC channel activation
downstream of store depletion and is widely used in CRAC channel studies.
Therefore, experiments studying CRAC channel inhibition were carried out using

thapsigargin to induce store depletion.

3.3.1. Thapsigargin-induced CRAC channel activity
Thapsigargin-induced CRAC channel activity was determined in the colorectal cell

lines HT-29, SW480 and HCT116. CRAC channel activity was demonstrated in all cell
lines (Figure 3.1). All cell lines had lower cytoplasmic calcium levels following
thapsigargin pre-treatment at baseline compared to the cells that were pre-treated
with the DMSO vehicle control (Figures 3.1A-C), which suggests that the

intracellular calcium pool is depleted following SERCA inhibition. There was a small
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rise in intracellular calcium in vehicle-treated cells upon calcium addback that can
be seen in Figures 3.1A-C, but this was not significant: this is likely to have been
precipitated by a small degree of store depletion from prolonged incubation in
calcium-free buffer.

All cell lines demonstrated calcium entry over the first 60 seconds following calcium
add-back (Figure 3.1D). The kinetics of the CRAC channel calcium entry varied
between the cell lines. HT-29 demonstrated a rapid transient peak with a fall in
calcium signalling before calcium levels plateaued to give a sustained calcium entry
(termed the sustained response). HCT116 and SW480 both demonstrated a steady
rise in calcium signalling to generate a steady plateau with sustained calcium entry.
The rate of rise in both HT-29 and HCT116 did not differ (HT-29 0.13/s and HCT116
0.19/s, p>0.05). However, the rate of rise is significantly lower in SW480 cells
(0.04/s). Peak amplitude was the same for HT-29 (1.24) and HCT116 (1.1) (p>0.05)
but the peak amplitude of SW480 was significantly lower than both HT-29 (p=0.004)
and HCT116 (p=0.009) (Figure 3.1E). Area under the curve analysis showed no
difference between calcium entry between the two cell lines (HT-29 524.7 vs
HCT116 539.9) (Figure 3.1F). Area under the curve analysis also showed that
calcium entry was lower in SW480 (349.2) compared to HT-29 (p=7.3E-4) and
HCT116 (p=4.6E-4). In conclusion, all cell lines demonstrated CRAC channel activity,
with lower CRAC channel calcium responses in SW480 compared to the other cell

lines.

3.3.2. Thapsigargin-induced store depletion
The rate, amplitude and total amount of calcium entry differed between HT-29 and

SW480. Thapsigargin add-back was used to determine whether this could be
related to a difference in store depletion. Cells were washed in calcium-free salt
buffered solution and 1 uM of thapsigargin was added to the cells in calcium-free
solution while calcium traces were recorded to capture the amplitude of
intracellular calcium rise from endoplasmic reticulum store depletion for HT-29
(Figure 3.2A) and SW480 (Figure 3.2B).

The peak amplitude of store depletionCa?* release was 0.44 (SEM 0.09) for HT-29
and 0.53 (SEM 0.03) for SW480 and did not differ from one another (p=0.66) (Figure
3.2C). In conclusion, Ca**-release and therefore store depletion does not differ

between HT-29 and SW480 cell lines.
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on the Flexstation. A. HT-29; B. SW480; C. HCT116; D. Bar chart presenting
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derived from traces of the 3 cell lines. Key: s = seconds. ACa?', = change in
intracellular calcium flux. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS

= not significant. All experiments n/N=3/4.
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or thapsigargin (red line) in CRC cell lines recorded on the Flexstation. A. HT-29; B.

SW480. C. Bar chart presenting meantSEM of the peak amplitude of calcium entry

obtained in colorectal cancer cell lines derived from both A and B. T test: * = p<0.05;

** p=<0.01; *** p=<0.001; NS = not significant Key: s = seconds. ACa?'| = change in

intracellular calcium flux. All experiments n/N=3/4.
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3.3.3. gRT-PCR
The expression profiles of ORAI1 for the 3 cell lines was determined using semi-

guantitative real time PCR (gRT-PCR). There was no normal colonic epithelial cell
line to use in order to determine differential expression. The laboratory has
previously shown ORAI1 expression in HUVECs by real time RT-PCR as well as
demonstrating functional effect in migration, invasion and endothelial tube
formation (Bae C, 2011). Therefore, ORAI1 expression in HUVEC cells was
determined and used as a positive control, but it was not an appropriate cell line to
use for comparative purposes, therefore the 2" was reported. Expression of
ORAI1 RNA was detected in all cell lines. The 22T values of the 3 colorectal cancer
cell lines do not differ from one another (HT-29 vs SW480, p=1; SW480 vs HCT116,
p=1; HT-29 vs HCT116, p=1) (Figure 3.3). The 2"*" for each cell line was compared
to HUVEC samples. There was lower ORAI1 expression in HT-29 (p=0.047) and
HCT116 (p=0.047) relative to the HUVEC control (Figure 3.3). There was no
difference between SW480 and HUVEC samples (p=0.39).

3.3.4. siRNA
ORAI1 siRNA transfection was used to determine whether CRAC channel activity

was specific to ORAIL. Cells were transfected with a scrambled sequence pool
transfection control and ORAI1 SMARTpool alongside mock-transfected cells then
cultured in fresh medium overnight. Cells were seeded the following day into
microplates to give confluent monolayers for testing the day after, 48 hours post
transfection. Fura2AM-loaded cells were treated with thapsigargin or vehicle
control in calcium-free SBS before calcium-containing SBS was added back to the

wells.

In HT-29 cells, there was no discernible difference in calcium traces between the
mock-transfected and scrambled-transfected cells (relative amplitude 92.5% in
scrambled vs mock control, p=0.28) (Figure 3.4A). This demonstrated that the
scrambled sequence pool did not interfere with CRAC channel function and

validated it as a suitable control for the siRNA experiments. Transfection resulted
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Figure 3.3. gRT-PCR expression profiling of ORAIL in colorectal cancer cell lines. Bar
chart presenting the 2"*" values of ORAI1 expression in the 3 colorectal cancer
cell lines SW480, HT-29 and HCT116 alongside a HUVEC positive control. ANOVA
testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant Experiments
n/N=3/3.
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in a global reduction in calcium entry without altering the kinetics of CRAC channel
calcium entry (Figure 3.4B). Transfection reduced the peak amplitude from 1.45 to
0.84 (Figure 3.4C), equating to 58.8% calcium entry relative to the scrambled
control (p=0.018) (Figure 3.4D).

In SW-480 cells, there was no discernible difference in calcium traces between the
mock-transfected and scrambled-transfected cells in SW480 (Figure 3.5A). This
demonstrated that the scrambled sequence pool did not interfere with CRAC

channel function and validated it as a suitable control for the siRNA experiments.

The trace of the transfected cells follows the same kinetics as the scrambled trace
with similar transient rise then initial fall of calcium signalling before it started to
plateau (Figure 3.5B). There was a globally lower rate of calcium entry in the ORAI1
siRNA-transfected cells (Figure 3.5B). siRNA transfection resulted in a reduction of
the peak amplitude from 0.58 to 0.31 (Figure 3.5C), equating to 52.6% calcium entry
relative to the scrambled control (p=0.017) (Figure 3.5D). In conclusion,

transfection demonstrates that ORAI1 is necessary for CRAC channel function.

3.3.5. Conclusion
In conclusion, this work has determined that CRAC channels are present and

functional in the selected colorectal cancer cell lines.
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Figure 3.4. CRAC channel signalling in HT-29 following ORAI1 siRNA transfection. A-
B: Cytoplasmic calcium traces of transfected HT-29 cells following calcium addback
after thapsigargin-induced store depletion in calcium-free buffer recorded on the
Flexstation. A. Calcium traces of mock-transfected (red line) and scrambled
sequence-transfected (green line) cells; B. Cytoplasmic calcium traces of scrambled
sequence-transfected (green line) and ORAI1 siRNA-transfected (purple) cells. C.
Bar chart presenting the meantSEM of the peak amplitude of calcium entry in
mock-transfected, scrambled sequence-transfected and ORAI1 siRNA-transfected
cells derived from B. D. Bar chart presenting the mean+SEM of the percentage
calcium entry in ORAI1 siRNA-transfected cells relative to the scrambled sequence-
control cells derived from C. Key: NT = non-transfected (mock); SCR = scrambled;
01 = ORAI1; s = seconds; ACa?"| = change in intracellular calcium flux. ANOVA ort
testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant All experiments
n/N=3/4.
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Figure 3.5. CRAC channel signalling in SW480 following ORAI1 siRNA transfection.
A-B: Cytoplasmic calcium traces of transfected cells obtained after calcium addback
following thapsigargin-induced store depletion in calcium-free buffer A. Calcium
traces of mock-transfected (red line) and scrambled sequence-transfected (green
line) cells; B. Cytoplasmic calcium traces of scrambled sequence-transfected and
ORAI1 siRNA-transfected cells. C. Bar chart presenting mean+SEM of the peak
amplitude of calcium entry in mock-transfected, scrambled sequence-transfected
and ORAI1 siRNA-transfected cells (n/N=3/4). D. Bar chart presenting meanzSEM
of the percentage calcium entry in ORAI1 siRNA-transfected cells relative to the
scrambled sequence-control cells. Key: NT = non-transfected (mock); Scr =
scrambled; O1 = ORAI1; ACa?' = change in intracellular calcium flux. ANOVA or t
test: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant All experiments
n/N=3/4.
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3.4. CRAC channel activity is inhibited by established and novel CRAC
channel inhibitors in colorectal cancer cell lines

3.4.1. CRAC channel inhibition
A number of studies have reported CRAC channel signalling inhibition in colorectal

cancer cells. The commercially available inhibitor SFK96365 inhibited CRAC channel
calcium traces in a concentration-dependent manner in both Hct116 and HT-29 cell
lines(Jing et al., 2016). Intracellular calcium measurements were performed on the
FlexStation in order to determine whether CRAC channels could be

pharmacologically inhibited in the cell lines.

3.4.1.1. Synta66 (S66)
Our laboratory has reported on the potent ability of S66 to inhibit CRAC channel

activity in human umbilical vein endothelial cells (HUVECs) (Li et al., 2011a) and
vascular smooth muscle cells(Li et al., 2011b). It inhibits CRAC channel calcium re-
entry in breast cancer cells MDA-MB-468(Azimi et al., 2018) but its use has not been
reported in colorectal cancer. Therefore, CRAC channel inhibition using S66 was

tested in the colorectal cancer cell lines HT-29 and SW-480.

Cells were treated with Tg in the presence of different concentrations of S66
alongside the DMSO vehicle control of the drug. S66 inhibited CRAC channel activity
in both HT-29 (Figure 3.6A) and SW480 (Figure 3.6C). Dose-response curves
generated from peak calcium amplitudes derived IC50s within the nanomolar range
in both cell lines. Residual calcium entry was 15.2% at 5 UM concentration in HT-29
cells with an IC50 of 671 nM of the dose-response curve (Figure 3.6B). S66 appeared
to be more potent in SW480 cells with residual calcium entry of 4.85% at the
maximum 5 uM concentration and an IC50 concentration of 144 uM of the dose-

response curve (Figure 3.6D).

3.4.1.2. The history of the novel CRAC inhibitor JPIII
S66 solubility limited the maximum concentration that could be used on the cells.

10 uM was seen to macroscopically precipitate out of solution therefore 5 uM was
the maximum concentration used. The solubility of S66 has previously been a

problem for in vitro testing in other laboratory projects. The solubility index of S66

98



was confirmed to be very narrow using the turbidimetric solubility assay performed
by Cyprotex Limited. This demonstrated a compound mid-range solubility of 6.5 uM

(upper to lower range 3-10 uM).

Solubility was an issue for testing in multiple projects in vitro within the laboratory.
This small solubility range also prevented progression onto in vivo testing.
Therefore, work was undertaken with members of our lab and postdoctoral
scientists in the Department of Chemistry to generate S66 analogue compounds
with better solubility and similar if not better pharmacokinetic properties. Of the
compounds screened, JPIIl was the most promising compound. This analogue was
derived by removing the fluorine group from the pyridine ring of the S66 structure
(Synta66 Figures 3.7A and JPIIl Figure 3.7B). This compound demonstrated
comparable CRAC channel inhibition in FlexStation testing in HUVECs and HEK cells.
The solubility range was broader, with a mid-range solubility of 37.5uM (range 10-
65uM) (Figure 3.8). Furthermore, the compound has been used in vivo successfully
in other projects within the lab. Therefore, this compound was tested further in
vitro as a wider concentration range could be tested in vitro and this compound

would be more likely to be used successfully in vivo.
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Figure 3.6. CRAC channel inhibition by S66 in CRC cell lines. A and C. Cytoplasmic
calcium traces of CRAC channel signalling in HT-29 cells following the addition of
calcium to cells that have been treated in calcium free buffer with vehicle (black
line), thapsigargin (red line) and thapsigargin/1uM S66 (blue line): A. HT-29; C.
SW480. B. Dose-response curve of calcium inhibition by S66 in HT-29 cells. D. Dose-
response curve of calcium inhibition by S66 in SW480 cells. Key: s = seconds. ACa?,

= change in intracellular calcium flux. All experiments n/N 3/4.
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Figure 3.7. Chemical structures of CRAC channel inhibitors used in this study. A. S66;
B. JPIII.
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Figure 3.8. The solubility range of the compounds S66 and JPIII.
Box plot presenting results of turbidimetric solubility testing for estimated solubility
range (UM) of compound for both S66 (black box) and JPIlI (red box), with the
middle line representing the calculated mid-range precipitation dose, with the
upper and lower bound edges representing the higher bound and lower bound
estimated precipitation range. Turbidimetric solubility experiments were carried
out by Cyprotex Ltd. Data was provided by Dr Marc Bailey and Dr Richard Foster.
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3.4.2. JPlll inhibits CRAC Channel Function in Colorectal Cancer Cell Lines
Intracellular calcium measurements were carried out on pre-treated cells using the

FlexStation in order to determine the efficacy of JPIII at inhibiting CRAC channel
calcium entry in the selected colorectal cancer cell lines. The peak calcium
amplitude obtained with each dose was determined from calcium traces on the
Flexstation and used to generate dose-response curves. In order to determine
whether there was any difference in the total calcium entry at each concentration,
the area under the curve was also derived for each concentration from the calcium

traces from each repeat.

Calcium traces of HT-29 cells are presented in Figure 3.9A. Peak calcium amplitudes
were used to create a dose-response curve (Figure 3.9B). An IC50 concentration of
740 nM was extrapolated from this curve. There was 17.84% residual calcium entry
at 10 uM concentration. JPIIl inhibited calcium entry at 1 uM and 10 uM only,
discernible from peak calcium amplitude (Figure 3.9C) and area under the curve
(Figure 3.9D). The kinetics of calcium entry differed for higher concentrations than
it did for the lower concentrations, with a slower, sustained calcium re-entry at 1
UM and 10 uM compared to the rapid and transient rise in calcium entry with the
lower concentrations (Figure 3.9A). This demonstrated that there was only a

difference in total calcium entry at 1 uM and 10 uM (Figure 3.9D).

Calcium traces of SW480 cells are presented in Figure 3.10A. Peak calcium
amplitudes were used to create a dose-response curve (Figure 3.10B). An IC50
concentration of 553 nM was extrapolated from this curve. There was 27.8%
residual calcium entry at 10 uM concentration. JPIIl inhibited calcium entry at 0.5
UM, 1 uM and 10 uM only (Figure 3.10C). Data from area under the curve showed
similarly that there was only a reduction in total calcium entry at 0.5 uM, 1 uM and

10 uM (Figure 3.10D).

Calcium traces of HCT116 are presented in Figure 3.11A. Peak calcium amplitudes
were used to create a dose-response curve (Figure 3.11B). An IC50 dose of 160 nM
was extrapolated from this curve. There was 26.5% residual calcium entry at 10 uM.
JPIII significantly inhibited calcium entry at 0.5 uM, 1 uM and 10 uM only (Figure
3.11C). Data from the area under the curve showed similarly that there was only a

reduction in total calcium entry at 0.5 uM, 1 uM and 10 uM (Figure 3.11D).

In conclusion, CRAC channel inhibition was achieved in all cell lines. CRAC channel

inhibition was only achieved at higher concentrations in all cell lines. JPIll was
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unable to obtain total inhibition of CRAC channel activity at the highest
concentration in this assay. CRAC channel inhibition was relatively more potent in

HCT116 and SW480 cells than HT-29.

3.5. Data mining existing datasets to look at the effect of CRAC channel
inhibition

A literature search was carried out to identify studies that studied gene expression
profiles in cells treated with CRAC channel inhibitors. PubMed, GEO and
ArrayExpress were used to identify studies that had carried out RNASeq or
microarray analysis of gene expression following treatment with known CRAC
channel inhibitors. The aim of this search was to identify multiple datasets that
could allow exploratory analysis of the effect of drug treatment on the
transcriptome. The objective was to determine whether genes were differentially
regulated following CRAC channel inhibition and to perform pathway analysis of
these genes in order to identify potential functional effects of CRAC channel
inhibition in vitro. The objective of this work was to determine whether CRAC
channel inhibition had been shown to impact on cellular signalling pathways such

as survival, cell death and cell cycle, which could further justify in vitro studies.

Pubmed searches were carried out for the following CRAC channel inhibitors S66,
R0O2959, SFK-96365, GSK5505A and GSK7975A. Only one study was identified by

Chen and colleagues. No such study was found in cancer research.

Chen studied the compound R02959, a CRAC channel inhibitor that has been
characterised relatively recently. They studied the effect of 24 hours of treatment
of CRAC channel inhibitor RO2959 and the calcineurin inhibitor cyclosporin A on
activated T cells by using human peripheral blood mononuclear cells (PBMC)
stimulated with anti-CD3/CD28 (Chen et al., 2013). Treatment was carried out on
cells from 4 patients. RNA was extracted from cells and hybridised to Affymetrix
Human U133 plus 2 Genechips. Gene transcription profiles were generated and

differentially expressed genes were identified.
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Figure 3.9. CRAC channel inhibition by JPIIl in HT-29 cells. A. Cytoplasmic calcium
traces following addition of calcium to cells pre-treated with thapsigargin and a
range of JPIll concentrations in calcium-free buffer alongside vehicle-treated (black
line) and thapsigargin-treated (red line) cells; B. Dose-response curve of calcium
inhibition by JPIIl in HT-29 cells derived from A; C. Bar chart presenting meanSEM
of the peak calcium amplitude for each JPIII concentration derived from A; D. Bar
chart presenting meantSEM of the area under the curve for each JPIl
concentration derived from A. Key: s = seconds. ACa?* = change in intracellular
calcium flux. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant All experiments are n/N=3/4.
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Figure 3.10. CRAC channel inhibition by JPIII in SW480 cells. A. Cytoplasmic calcium
traces following the addition of calcium to cells that were pre-treated with
thapsigargin in calcium-free buffer with a range of JPIll concentrations alongside
vehicle only (black line) and thapsigargin only (red line); B. Dose-response curve of
calcium inhibition by JPIII derived from the peak calcium amplitudes from A; C. Bar
chart presenting meantSEM of the peak calcium amplitude by concentration
derived from A. D. Bar chart presenting meanzSEM of the area under the curve for
each concentration derived from A. Key: s = seconds; ACa2+l = change in
intracellular calcium flux. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS

= not significant. All experiments n/N=3/4.
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Figure 3.11. CRAC channel inhibition by JPIIl in HCT116 cells. A. Cytoplasmic calcium

traces following the addition of calcium to cells pre-treated with thapsigargin in

calcium-free buffer with a range of concentrations of JPIII, alongside vehicle only

(black line) and thapsigargin only (red line); B. Dose-response curve of calcium

inhibition by JPIII derived from the peak calcium amplitudes from A; C. Bar chart

presenting meanzSEM of the peak calcium amplitude by concentration derived

from A. D. Bar chart presenting meantSEM of the area under the curve for each

concentration derived from A. Key: s = seconds; ACa2+| = change in intracellular

calcium flux. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments n/N=3/4.
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3.5.1. Gene set enrichment analysis of differentially modulated genes
treated by pharmacological CRAC channel inhibition.
Limma analysis identified 2098 genes that were differentially expressed: 18 had a

mean log FC under 1 and 126 under 0.5; 131 had a mean log FC of over 1 and 9 had
a log FC over 1. String network analysis was carried out within Cytoscape for
differentially upregulated and downregulated genes in treated cells and are visually
presented in Figures 3.12 and 3.13 respectively. Upregulated and downregulated

gene ontology processes are presented in Tables 3.1 and 3.2 respectively.

3.5.2. Conclusion and further direction
In conclusion, RO2959 treatment resulted in differential expression in activated T

cells, with downregulation of genes involved in cell proliferation as well as DNA
damage pathways and cell cycle checkpoints. Conversely though, there was a
significant upregulation of genes involved in cell migration and immunity. The
results indicate that CRAC channel inhibition does impact on molecular signalling
processes. It should be borne in mind that the results are not directly applicable to
cancer cells, as the work was carried out on T cells. This data was used to explore
whether CRAC channel inhibition may have an impact on cellular function, and was

carried out prior to in vitro testing to drive hypotheses.

An effective anti-cancer drug needs to be able to target the hallmarks of cancer as

outlined by Hanahan and Weinberg (Hanahan and Weinberg, 2011):

Sustained proliferative signalling.
Evasion of growth suppressors.

Activating invasion and metastases.

1
2
3
4. Enabling replicative immortality.
5. Induction of angiogenesis.

6

Resisting cell death.
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Figure 3.12. Network analysis of differentially upregulated genes of activated T cells
treated with RO2959. Generated from data from (Chen et al., 2013). Fold changes
of 0.5 and above. n/N=4/1. The genes show as round notes, the edges denote co-
expression scores based on the quality of the published data. Co-expression scores
are calculated within the String app of Cytoscape. The stronger the edge, the higher

the score; the more transparent the edge, the lower the score.
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Figure 3.13. Network analysis of differentially downregulated genes of activated T
cells treated with RO2959. Generated from data from (Chen et al., 2013). Fold
changes of 0.5 and above. n/N=4/1. The genes show as round notes, the edges
denote co-expression scores based on the quality of the published data. Co-
expression scores are calculated within the String app of Cytoscape. The stronger
the edge, the higher the score; the more transparent the edge, the lower the score.
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No. of

% enriched

Enriched | genesin GO | FDR g-value
Genes category

Inflammatory response 17 26.2 6.83E-06
innate immune response 21 2.5 3.81E-04
immune response 25 1.5 3.81E-04
leukocyte migration 11 3.2 4.26E-04
defence response to other organism 13 11 4.26E-04
response to molecule of bacterial origin 12 3.1 4.26E-04
defence response 25 1.5 5.22E-04
positive regulation of defence response 13 10 5.22E-04
response to biotic stimulus 17 1.1 9.60E-04
regulation of tumour necrosis factor (TNF) production | 7 4.2 0.00172
response to other organism 16 1 0.00172
cellular defence response 6 37.5 0.00172
response to bacterium 13 14 0.00217
cell adhesion 19 1.5 0.00217
Defence response to bacterium 9 2.1 0.00217
positive regulation of protein metabolic process 23 1.4 0.00242
regulation of defence response 16 4.4 0.0036

response to lipopolysaccharide 10 2.7 0.00369
cytokine production 7 0.9 0.00375
cell migration 16 1.1 0.00412
positive regulation of cytokine production 11 2.4 0.00468
positive regulation of TNF production 5 5.1 0.0065

regulation of cytokine secretion 7 3.2 0.00694
immune system process 27 1 0.00697
response to stress 38 1 0.00738
cell activation 14 1.3 0.00767
localization of cell 16 1 0.00875
positive regulation of programmed cell death 13 2 0.00959
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Table 3.1. Summative table of the gene ontology processes upregulated in activated
T cells treated with CRAC channel inhibitor RO2959 relative to the untreated
control. Number of genes upregulated in each process is also presented as a

proportion of genes annotated to that process.

No. of | % enriched
FDR
GO Process Enriched genes in GO
g-value
Genes category

cell cycle 59 3.6 6.54E-34
mitotic cell cycle 49 6.1 1.01E-32
mitotic cell cycle process 47 7.2 1.21E-32
cell cycle process 51 4.6 8.64E-31
organelle fission 35 7.7 9.39E-26
nuclear division 34 8.4 1.83E-25
mitotic nuclear division 31 3.8 1.18E-24
cell division 34 5.9 3.66E-24
mitotic cell cycle phase transition 24 6.6 1.07E-16
chromosome segregation 20 6.3 2.18E-16
G1/S transition of mitotic cell cycle 19 95 1.02E-15
regulation of cell cycle 34 3.5 4.22E-15
DNA metabolic process 28 3.4 3.76E-13
single-organism organelle organization 44 1.2 4.08E-13
DNA conformation change 18 8.5 5.25E-13
cell cycle checkpoint 18 10 1.26E-12
DNA replication 17 7.2 4.60E-12
organelle organization 50 14 2.46E-11
regulation of cell proliferation 35 2.1 1.45E-10
positive regulation of JAK-STAT cascade 11 10.7 1.57E-10
regulation of cell cycle process 22 3.8 2.91E-10
regulation of JAK-STAT cascade 12 7.2 2.91E-10
regulation of transcription involved in G1/S 57.1 1.48E-09
transition of mitotic cell cycle ;

chromosome organization 26 2.3 2.73E-09
regulation of chromosome segregation 10 10 3.74E-09
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DNA packaging 13 7.7 4.86E-09
cellular response to stimulus 68 0.9 1.59E-08
positive regulation of cytokine production 17 3.7 1.67E-08
regulation of cell division 15 9.6 1.93E-08
regulation of cytokine production 19 2.8 8.45E-08
regulation of protein modification process 32 1.8 8.95E-08
regulation of mitotic cell cycle 18 3.6 1.00E-07
DNA replication initiation 7 24.1 1.00E-07
regulation of mitotic nuclear division 11 6.8 1.02E-07
positive regulation of cell cycle process 14 5.6 1.08E-07
regulation of chromosome organization 13 3.6 1.28E-07
single-organism cellular process 90 0.6 1.32E-07
response to stress 48 13 1.36E-07
negative regulation of cell division 9 64.3 1.75E-07
positive regulation of cell cycle 15 4.2 1.79€E-07
DNA repair 17 3.6 1.94E-07
regulation of protein metabolic process 39 1.4 2.80E-07
positive regulation of cell proliferation 22 2.3 3.67E-07
positive regulation of tyrosine phosphorylation 14.3 3.95E-07
of STAT protein ;

negative regulation of cell cycle 17 3.8 3.98E-07
sister chromatid segregation 9 5.2 4.52E-07
regulation of nuclear division 11 5.7 5.22E-07
DNA integrity checkpoint 11 9.6 6.36E-07
regulation of protein phosphorylation 26 1.8 7.31E-07
nuclear chromosome segregation 10 3.9 8.50E-07

Table 3.2. Summative table of the top 50 most significant gene ontology processes

that are downregulated in T cells treated with CRAC channel inhibitor RO2959

relative to the untreated control. Number of genes upregulated in each process is

also presented as a proportion of genes annotated to that process.
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The results of the gene set enrichment analysis from the Chen study of RO2959
inhibition of activated T cell function highlighted that CRAC channel inhibitor
treatment affects genes related with cell proliferation and the cell cycle(Chen et al.,
2013). A number of studies have reported that CRAC channel inhibitors impact on
cancer cell growth(Azimi et al., 2018) as well as migration and invasion(Motiani et
al., 2013a). Our laboratory have previously described the anti-angiogenic effects of
JPIII’'s parent compound S66 in vitro on human umbilical vein endothelial cells
(HUVECs) with inhibition of CRAC channel function, migration and invasion as well
as tube formation alongside ORAI1 siRNA knockdown(Bae C, 2011). There is
therefore the potential for JPIII to target tumour endothelium as well as the cancer
cell. Targeting angiogenesis with the human VEGF monoclonal antibody
bevacizumab proved to have potent effects in xenograft studies in vivo(Kim et al.,
1993). Bevacizumab did not have such impact on patient survival as sole therapy in
metastatic CRC in vitro (Giantonio et al., 2007). However, combining it with
standard chemotherapeutic regimes results in greater response and improved
survival outcomes (Hurwitz et al., 2004). Therefore, the concept of a drug therapy

that can target both tumour tissue and vasculature is an ideal.

Therefore, further studies were carried out using JPIIl to determine whether JPIII
treatment displayed anti-cancer effects in the selected colorectal cancer cell lines.
In vitro study looked to determine whether JPIIl had any impact on some of the
hallmarks of cancer: proliferation, replicative immortality, cell death, invasion and
migration. In addition, the effect of treatment was studied in endothelial cells to

determine whether the compound affected endothelial cell function.
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3.6. The effect of JPIIl on colorectal cancer cell viability
The WST1 viability assay was used to determine whether JPIII affected cellular

viability. The validity of the cellular response was concomitantly determined by
using a positive control. Both SW480 and HT-29 cells are known to respond to 5-
fluouracil (5-FU), however microplate viability is only reduced with prolonged

exposure to high concentrations(Mhaidat et al., 2014).

Firstly, the viability of HT-29 cells treated with the DMSO vehicle compound was
compared to untreated cells to determine whether DMSO affected cell viability.
DMSO treatment over 6 days did not affect viability, with raw absorbance of 1.45
in untreated cells vs 1.34 in vehicle-treated cells (p=0.09) (Figure 3.14A). A range of
concentrations of JPIIl were tested on HT-29 cells between 0.03-30 uM. There was
no effect with any concentrations following 4 days of continual treatment (Figure
3.14C). The validity of the cellular response was concomitantly tested with the 5-
FU positive control. The relative viability of HT-29 cells treated with 100 uM of 5-
FU was reduced to 22.03% (p=0.003) (Figure 3.14C).

The treatment period was prolonged to 6 days. Again, there was no difference in
viability between untreated and vehicle-treated cells (Figure 3.15A). There was a
dose-dependent reduction in relative viability following 6 days of treatment for
concentrations between 1 uM and 30 uM (Figure 3.15B): 40.8% with 30 uM
(p=3.8E-5), 53.5% with 20 uM (p=0.002) and 59.1% with 10 uM (p=0.007), 68.8%
with 3 uM (p=0.002) and 67.2% with 1 uM (p=0.05) (Figure 3.15B). The viability of
HT-29 cells was reduced to 22.09% with 6 days of continuous treatment with 5-FU
(p=0.003) (Figure 3.15C).

Viability of SW480 cells was tested with DMSO vehicle control alongside untreated
cells to determine whether the vehicle compound affected cell viability. Viability
was unaffected by the vehicle control over 4 days, with raw absorbance of 0.934 in
untreated cells and 1.203 in DMSO treated cells (p=0.06) (Figure 3.16A). Following
4 days of continuous treatment with JPIII, the viability of SW480 cells was reduced
to 47.7% with 30 pM and 42.6% with 20 uM relative to the vehicle control (Figure
3.16B). The validity of the cellular response was concomitantly tested with the 5-
FU positive control. Viability of SW480 cells was reduced to 27.6% after 4 days of
continuous treatment with 100 uM 5-FU (p=0.008) (Figure 3.16C).

Viability of HCT116 cells was tested with the DMSO vehicle control alongside

untreated cells to determine whether the vehicle compound affected cell viability.
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Viability was unaffected by the vehicle control over 4 days, with raw absorbance of
0.754 in untreated cells and 0.573 in DMSO treated cells (p=0.13) (Figure 3.17A).
Following 4 days of continuous treatment with JPIIl, HCT116 cell viability was
reduced to 25% with 30 uM (p<0.001) (Figure 3.17B). The validity of the cellular
response was concomitantly tested with the 5-FU positive control. Viability was
reduced to 14.1% after 4 days of continuous treatment with 100 uM 5FU (p=0.034)
(Figure 3.17C).

In conclusion, the WST1 viability assays suggest that JPIIl affects the cellular viability
of colorectal cancer cells at the highest micromolar concentrations of the

concentration range used.
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Figure 3.14. Viability of HT-29 cancer cells treated with JPIII for 4 days. A. Bar chart
presenting the mean+SEM of the raw absorbance readings obtained from the WST1
cell viability assay for non-treated and DMSO vehicle-treated HT-29 cells; B. Dose-
response curve presenting viability of HT-29 treated with JPIII relative to the vehicle
control as % viability relative to the vehicle control; C. Bar chart presenting the
meanSEM of the percentage relative viability of HT-29 cells treated with 5-FU (grey
bar) relative to the vehicle control (white bar). Key: 5FU = 5 flurouracil. Abs =
absorbance. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments are n/N = 3/3.
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Figure 3.15. Viability of HT-29 cancer cells treated with JPIIl for 6 days.
A. Bar chart presenting the meantSEM of the raw absorbance readings from the
WST1 cell viability assay for non-treated and DMSO vehicle-treated cells; B. Dose-
response curve presenting viability of treated with JPIII relative to the vehicle
control; C. Bar chart presenting the meantSEM of the viability of cells treated with
5-FU (grey bar) relative to the vehicle control (white bar). Key: NS = not significant;
Abs = absorbance. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments n/N = 3/3.
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Figure 3.16. Viability of SW480 cancer cells treated with JPIII for 4 days. A. Bar chart
presenting the meanzSEM of the raw absorbance readings for the WST1 assay for
non-treated and DMSO vehicle-treated SW480 cells (control); B. Dose-response
curve presenting viability of SW480 treated with JPIIl relative to the vehicle control;
C. Bar chart presenting the meanSEM of the viability of SW480 cells treated with
5-FU (grey box) relative to the vehicle control (white box).Key: Abs = absorbance;
ACa2+! = change in intracellular calcium flux. T testing: * = p<0.05; ** p=<0.01; ***

p=<0.001; NS = not significant. All experiments are n/N = 3/3.
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Figure 3.17. Viability of HCT116 cancer cells treated with JPIIl for 4 days. A.
MeantSEM of the raw absorbance readings for non-treated and DMSO vehicle-
treated HCT116 cells (control); B. Dose-response curve presenting viability of
HCT116 treated with JPIII relative to the vehicle control; C. Mean+SEM of the
viability of HCT116 cells treated with 5-FU relative to the vehicle control. Key: Abs
= absorbance.; ACa2+| = change in intracellular calcium flux. T testing: * = p<0.05;

** p=<0.01; *** p=<0.001; NS = not significant. All experiments are n/N = 3/3.
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3.7. The effect of JPIIl on colorectal cancer cell viability and growth
characteristics and cell death: growth curves with trypan blue

exclusion assay
Growth curves were used to determine the effect of JPIIl treatment on growth

characteristics. The trypan blue live dead cell viability assay was used to determine
whether the reduction in WST1 viability seen with JPIII treatment was cytostatic or
cytotoxic. Cell counts were taken over 6 days for both cell lines for cells treated with

30 uM, 10 uM and 3 pM.

HT-29 cells cultured in the DMSO vehicle control displayed the same growth
characteristics as untreated cells (Figure 3.18A) and counts did not differ between
the two conditions. Viability was reduced by 30 uM and 10 uM JPIII at day 5 and
day 6 (Figure 3.18B). Relative viability was 53.5% with 30 uM (p=1.8E-4) and 76.8%
at 10 uM (p=0.02) on day 5, and 47.9% at 30 uM (p=4.17E-6) and 83.6% at 10 uM
(p=0.013) on day 6 (Figure 3.18B, 3.18C). The other concentrations did not affect
cellular viability. Trypan blue count of dead cells showed no difference in the
number of dead cells in the presence of all conditions over the duration of the assay

(Figure 3.18D).

SW480 cells cultured in the DMSO vehicle control displayed the same growth
characteristics as untreated cells (Figure 3.19A) and counts did not differ between
the two conditions. Viability was reduced by 30 uM JPIIl at day 3, day 4 and day 6
(Figure 3.19B, 3.19C), with a relative viability of 50.9% at day 3 (p=0.036), 45.9% at
day 4 (p=0.042) and 48% at day 6 (p=0.03) (Figure 3.19C). There was no effect seen
with the other concentrations. Trypan blue count of dead cells showed no
difference in cell death with all concentrations over the course of the assay (Figures

3.19D).

In conclusion, the assay validated the results from the WST1 viability assays. JPIII
did not cause cell death at any of the higher effective concentration over the course

of the assay in either cell line.
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Figure 3.18. The effect of JPIIl on HT-29 viability and growth characteristics.

A. Line graph presenting cell growth and viability over 6 days of continuous

treatment with no treatment (NT, black line) and DMSO vehicle control (vehicle,

red line). B. Line graph presenting viable cell counts over 6 days of continuous

treatment with different concentrations of JPIll alongside the vehicle control (black

line). C. Bar chart presenting the mean+SEM percentage of viable cells treated with

specified concentrations of JPIIl relative to the vehicle control. D. Line graph

presenting the dead cell count of cells treated with specified concentrations of JPIII

alongside vehicle control (black line). Key: d = days. ANOVA testing: * = p<0.05; **

p=<0.01; *** p=<0.001; NS = not significant. All experiments are n/N=3/3.
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Figure 3.19. The effect of JPIIl on SW480 viability and growth characteristics.

The effect of JPIll on HT-29 cell growth and viability. A. Line graph presenting

viability and growth over 6 days of continuous treatment with no treatment (NT,

black line) and DMSO vehicle control (red line). B. Line graph presenting live/viable

cell counts over 6 days of continuous treatment with different concentrations of

JPIII alongside the vehicle control (black line). C. Bar chart presenting mean+SEM

percentage of viable cells treated with specified concentrations of JPIII relative to

the vehicle control. D. Line graph presenting the dead cell count of cells treated

with specified concentrations of JPIIl alongside vehicle control (black line). Key: d =

days. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant.

All experiments are n/N=3/3.
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3.8. The effect of JPIIl on colorectal cancer cell clonogenicity
The effect of JPIIl on replicative immortality was studied using the colony formation

assay. Cells were seeded in a 6-well plate and DMSO vehicle and different

concentrations of JPIIl were added 4 hours later.

HT-29 cells formed clean colonies. A mean of 101 colonies formed in the presence
of DMSO vehicle. Cellular clonogenicity was reduced in response to treatment with
concentrations at and above 1 uM (Figure 3.20A). Clonogenicity was reduced to
64.7% with 1 uM (p=0.018), 44.3% with 3 uM (p= 6.04E-4), 33.7% with 10 uM (p=
1.13E-4) and 20.7% with 30 uM (p= 1.8E-5) (Figure 3.20A). Plotting a Hill curve
through the colony data allowed extrapolation of an IC50 concentration of 1.79 uM
(Figure 3.20B). There were no colonies formed in the presence of 100uM 5FU

positive control.

In conclusion, JPIII reduces clonogenicity and replicative immortality. This assay
shows that functional effect is only seen using micromolar concentrations.
However, the effects are more potent than those seen with the WST1 assay over a

longer period of time.
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Figure 3.20. The effect of JPIll on HT-29 clonogenicity. A. Bar chart presenting the
meaniSEM number of colonies formed in the presence of a range of JPIII
concentrations (grey bars) alongside the vehicle control (white bar). B. Dose-
response curve fitted to number of colonies treated with each dose relative to the
vehicle control. Key: No. = number. ANOVA testing: * = p<0.05; ** p=<0.01; ***

p=<0.001; NS = not significant. Experiments are n/N=3/1.
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3.9. JPlll reduces colorectal cancer cell migration
The scratch wound assay was used to test anti-migratory effects of JPIIl against the

colorectal cancer cell lines. A number of important optimisation steps were
undertaken with each cell line prior to carrying out the assay, namely serum culture

conditions and the choice of mitogen.

3.9.1. Optimisation
The effect of different levels of serum deprivation on cellular proliferation were

tested using trypan blue growth counts. HT-29 cells that were serum starved for 24
hours continued to proliferate, with an increase of cell number from 12,139 to
24,992 (p=2.02E-4). However, following subsequent culture in 0.5% serum media
the cells did not proliferate (cell count 29,188, p=0.16) (Figure 3.21A). There was no
increase in cell death over this 24-hour culture period (p=1) (Figure 3.21B),
therefore 0.5% serum culture following a 24-hour serum starvation period was
deemed optimal for arresting proliferation without causing cell death. Proliferation
of cells cultured in 48 hours did not alter significantly (from 24,992 to 20,028,
p=0.07) (Figure 3.21A). However, the number of dead cells increased from 1,667 to
26,333 (p=0.01) (Figure 3.21B). Therefore, prolonged serum starvation was not

used.

SW480 cells that were serum starved for 24 hours continued to proliferate, with an
increase of cell number from 20,833 to 34,444 (p=0.02) (Figure 3.21C). However,
following subsequent culture in 0.5% serum media the cells did not proliferate (cell
count 35,972, p=1). There was no increase in cell death over this 24-hour culture
period (p=1) (Figure 3.21D), therefore 0.5% serum culture following a 24-hour
serum starvation period was deemed optimal for arresting proliferation without
causing cell death. There was a fall in the number of proliferating cells following 48
hours of continuous serum starvation (24 hour mean cell count 34444, 48-hour
mean cell count 22361, p=0.045) (Figure 3.21C). In addition, the number of dead
cellsincreased from 1,667 to 25,000 (p=0.033) (Figure 3.21D). Therefore, prolonged

serum starvation was not used.

Following serum starvation, the migratory response of the colorectal cells to
different mitogens was tested in 0.5% serum. In HT-29 cells, the relative wound
density (RWD) of untreated (vehicle control) cells at 24 hours was 25.1%, whereas
50 ng/ml of EGF stimulated migration (RWD of 42.3%, p=2.19E-5) (Figure3.21E).

However, 30 ng/ml of VEGF and PDGF did not have any effect on migration (VEGF
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27.1%, p=1; PDGF 28.9%, p=0.64) (Figure 3.21E). In SW480, the RWD of untreated
(vehicle control) cells at 24 hours was 31%, whereas 50 ng/ml of EGF stimulated
migration (RWD of 43.6%, p=1.63E-4) (Figure 3.21F). However, 30 ng/ml of VEGF
and PDGF did not have any effect on migration (24 hours VEGF 33% p=1, PDGF
33.7% p=0.61) (Figure 3.21F).

In order to determine whether this concentration of EGF was affecting cellular
proliferation, the trypan live dead cell assay was used to quantify cellular
proliferation using the same conditions of serum starvation and culture in reduced-
serum media with and without EGF for 24 hours, the length of the kinetic migration
assay. Following 24 hours of serum starvation, 24 hours of culture of HT-29 cells in
0.5% serum media with 50 ng/ml EGF did not increase cellular proliferation (cell
count 28778 in serum-only, 30,493 in EGF-supplemented media, p=0.96) (Figure
3.21G). SW480 cells cultured in the same conditions did not proliferate (cell count
39,028 in serum-only, 40489 in EGF-supplemented media, p=1) (Figure 3.21H). In
conclusion, this verified that 50 ng/ml of EGF did not affect cellular proliferation in

the migration assay conditions.

VEGF has been shown to induce endothelial cell migration in previous angiogenic
studies. Intracellular calcium measurements carried out using the FlexStation have
also shown that adding VEGF to the cells induces calcium store release and induces
an influx of calcium(Li et al., 2015b), which will also be seen later in this chapter.
EGF-induced store depletion has previously been reported in the breast cancer cell
line MDA-MB-468, and EGF-induced store depletion could be inhibited by S66 and
YM58483(Azimi et al., 2018). Intracellular calcium measurements were therefore
carried out on the FlexStation in order to determine whether EGF would induce

store depletion.

EGF was added to Fura2-loaded cells in calcium-free recording buffer. There was no
change in the intracellular calcium levels in HT-29 (Figure 3.22A) or SW480 (Figure
3.22B) over a 10-minute recording period. This suggests that EGF did not induce

depletion of intracellular stores.

EGF was added to Fura2-loaded cells in calcium-containing recording buffer. There
was no change in the intracellular calcium levels in HT-29 (Figure 3.22C) and SW480
(Figure 3.22D). This suggests that EGF did not induce calcium entry from the

extracellular environment.
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3.9.2. Effect of JPIIl on Cell Migration
Cellular migration was tested with different concentrations of JPIIl in EGF-

supplemented media alongside an EGF-free vehicle control to validate cellular
response. EGF stimulated migration in both cell lines. HT-29 cells responded
appropriately with an RWD of 14.9% in vehicle-treated cells and 41.8% in EGF-
treated cells (Figure 3.23A). In HT-29, 30 uM JPIII reduced EGF-induced migration,
with 28.8% migration at 24 hours (p=0.05) (Figure 3.23B, 3.23C), but 10 uM did not
affect cellular migration (38.4%, p=1) (Figure 3.23B, Figure 3.23C).

In SW480, cells responded to EGF stimulation appropriately with an RWD of 29.44%
in vehicle-treated cells and 42.98% in EGF-treated cells (p=0.007) (Figure 3.24A,
Figure 3.26C). JPIll reduced EGF-induced migration to 21.3% with 30 uM (p=1.9E-4)
and to 24.9% with 10 uM (p=8.53E-4). However, 3 uM did not reduce migration
(RWD 39.6%, p=1) (Figure 3.24B, Figure 3.24C). In conclusion, JPIll reduced EGF-

induced migration at high concentrations only.
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Figure 3.21. Optimisation of conditions for the scratch wound assay.
A and C. Bar charts presenting meantSEM cell counts of cells cultured in different
serum conditions: A. HT-29; C. SW480. B and D. Nar chart presenting the
meantSEM cell counts of dead cells cultured in different serum conditions: B. HT-
29; D. SW480. E-F. Line graph presenting kinetic migration of cells treated with
different mitogens EGF (red), VEGF (green) and PDGF (blue) alongside vehicle
(black): F.HT-29; G. SW480. G-H. Bar charts presenting mean+SEM cell counts in
different serum culture conditions with and without EGF: G. HT-29; H. SW480. Key:
standard culture serum (baseline); 0% serum media for 24 hours (24h SS); cells
serum starved for 24 hours then cultured in 0.5% serum for a further 24 hours
(0.5%); cells cultured in 0% serum media for 48 hours (48h SS); cells serum starved
for 24 hours then treated with 50 ng/ml EGF in 0.5% serum for 48 hours (0.5%EGF).
h=hours. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant.All experiments n/N=3/3
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p=<0.01; *** p=<0.001; NS = not significant. All experiments are n/N = 3/3.
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3.10. JPlll reduces colorectal cancer invasion
The Transwell chamber assay was used to test whether JPIIl would inhibit cellular

invasion. The Transwell inserts were coated with Matrigel within the laboratory.
The seeding density was also optimised prior to initiating the assay. Only the 30 uM
concentration was tested, chosen as the only concentration that inhibited

migration in the scratch wound assay.

In HT-29, JPIII inhibited invasion. There was a mean of 58 invaded cells following
treatment with 30 pM JPIIl compared to 170 cells treated with the vehicle control
(p=0.012) (Figure 3.25A). There was no invasion with the serum-free negative

control (serum-free media 3 cells, vehicle control 170 cells, p=0.004) (Figure 3.25A).

In SW480, JPIIl inhibited invasion. There was a mean of 60 invaded cells following
treatment with 30 uM JPIIl compared to 95 cells (p=0.04) (Figure 3.25B). There was
no invasion with the serum-free negative control (serum-free media 3 cells, vehicle

control 95 cells, p=0.012) (Figure 3.25B).

In conclusion, JPIII inhibits cancer cell invasion.
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Figure 3.25. The effect of JPIIl on cell invasion. A-B: Bar charts presenting the
mean+SEM number of invaded cells, with data for the vehicle (white bar) and 30uM
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bar). A. HT-29; B. SW480. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS

= not significant. All experiments are n/N=3/2. SFM = serum free media.
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3.11. JPIll results in acidification of the culture medium
Treatment with JPIll resulted in a visible change in colour of the culture medium at

higher concentrations of 30 uM and 10 uM that was visible within the first 24 hours
of treatment (HT-29 Figure 3.26). This phenomenon was present in both HT-29 and
SW480 cell lines. The pH of the culture media was therefore determined over a 72-

hour period.

In HT-29 cells, changes in culture medium pH over the 3 time points were compared
for each treatment condition (Table 3.3). The pH of the vehicle-control media did
not change between 24 and 48 hours of culture but it did fall at 72 hours. This would
be expected as the nutrients would start to be depleted by the cells and metabolic
waste products would be accumulating in a closed culture system. The pH of the
medium containing 30 uM fell steadily over each time point. The pH of the medium
containing 10 uM fell from 24 to 48 hours of treatment but did not fall further
between 48 and 72 hours. In HT-29 cells, the media pH was compared to the vehicle
control for each time point (Table 3.3). Treatment with 30 uM JPIll resulted in
acidification of the culture medium compared to the vehicle control at 24 hours
(p=0.018), 48 hours (p=9E-6) and 72 hours (p=1.2E-6), with steadily falling pH at
each time point. The pH of 10 uM-containing medium was not altered compared to
the vehicle control at 24 hours (p=1), but was acidified at 48 hours (p= 9.6E-5).
However, there was no difference between drug and vehicle-containing medium at

72 hours (p=0.06).

For SW480 cells, changes in culture medium pH over the 3 time points were
compared for each treatment condition (Table 3.4). The pH of the vehicle-control
media fell between 24 to 48 hours and fell further from 48 hours to 72 hours. The
pH also fell steadily over the 3 time points for 30 pM-containing media. The pH of
10 uM containing media also steadily fell over the 3 time points. In SW480 cells, the
media pH was compared to the vehicle control for each time point (Table 3.4). The
pH of 30 uM containing media was lower than that of the vehicle (p= 1.2E-4) but
there was no difference between vehicle and 10 uM. However, at 48 hours the pH
of both 30 uM- and 10 pM-containing media was lower than the vehicle media at
48 hours (30uM, p= 8.14E-5; 10uM p= 0.004). Similarly, at 72 hours the pH of both
30 uM- and 10 pM-containing media was lower (30uM p= 3.12E-6; 10uM p= 7.1E-
5).

In order to determine whether variations in pH were independent of cellular

processes (e.g. drug stability in serum-containing media in a HCO3/CO, buffering
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system), the pH of drug-containing media was tested following culture in the 5%
CO; 37°Cincubatorin a cell free environment. pH was not altered in cell-free DMEM
media cultured over the three time points. Similarly, pH was not altered in cell-free
RPMI media cultured over the three time points. The pH of media containing 30uM
and 10uM JPIII was not altered over any of the time points. These results
demonstrate that neither the vehicle compound nor the drug at the tested

concentrations had any independent effect on the pH of the culture media.

In conclusion, cancer cell treatment with JPIIl at concentrations with proven
functional effect on the cancer cell lines was seen to generate acidity in the culture

environment.
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JPIII Vehicle

Figure 3.26. Representative photomicrograph of HT-29 cells in DMEM media
culture that demonstrates the visible colour difference between vehicle-treated
cells to the right of the plate and JPIIl-treated cells to the left of the plate following

24 hours of culture.
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24 hours 48 hours 72 hours
Media only 7.9 7.88 (NS) 7.64 (NS)
Vehicle 7.83 7.67 (NS) 7.38 (p=0.016)
30puM JPIII 7.62 7.08 (p=2.5E-5) | 6.62 (p=5.8E-5)
10uM JPIII 7.85 7.28 (p=1E-6) | 7.28 (p=1)
Media only cell free | 7.78 7.86 (NS) 7.63 (NS)
Vehicle media cell | 7.82 7.82 (NS) 7.68 (NS)
free
30uM JPIII cell free | 7.82 7.79 (NS) 7.77 (NS)
10uM JPIIl cell free | 7.8 7.82 (NS) 7.75 (NS)

Table 3.3. pH measurements of drug-containing DMEM media. NS = not significant.

24 hours 48 hours 72 hours
Media only 7.45 7.42 (NS) 7.42 (NS)
Vehicle 7.42 7.2 (p=0.004) 7.06 (p=0.02)
30uM JPIIN 7.12 6.66 (p=7.2E-7) | 6.6 (p=0.03)
10uM JPIII 7.49 6.94 (p= 4E-5) | 6.79 (p=0.04)
Media only cell free | 7.47 7.45 (NS) 7.47 (NS)
Vehicle media cell | 7.46 7.45 (NS) 7.49 (NS)
free
30uM Pl cell free | 7.44 7.46 (NS) 7.45 (NS)
10uM JPIIl cell free | 7.46 7.45 (NS) 7.47 (NS)

Table 3.4. pH measurements of drug-containing RPMI 1640 media. NS = not

significant.
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3.12. pH modulates CRAC Channel Activity
Tumours grow into three- dimensional structures that experience fluxes of

nutrients such as oxygen, glucose and amino acids, with metabolic by-product
accumulation due to poor neovasculature. These deficient conditions have been
shown to have clinicopathological consequences with disease progression and
responses to treatment (Vaupel et al.,, 2001, Schlappack et al., 1991). These
conditions have also been found to create an acidotic extracellular environment
within the tumour. Acidic or nutrient deficient conditions have been reported to
alter signalling pathways, including iCRAC signalling. Acidification of the
extracellular media to pH 6.4 has been found to inhibit ORAI1-mediated CRAC
channel signalling in vascular smooth muscle cells. Beck and colleagues found that
acidification to pH 6 completely blocked CRAC channel signalling whereas

alkalinisation to pH 8.3 potentiated CRAC signalling(Beck et al., 2014).

In order to determine the effect of pH on CRAC channel function in colorectal
cancer cells, intracellular calcium measurements were carried out on cells using the
FlexStation with salt-buffered pH solutions of 6, 6.8, 7.4 and 8.3. This range
encompassed the pH ranges found in the cancer culture conditions found in JPIII
culture detailed in the last section, whilst also including the extreme ranges studied
in the study by Beck and colleagues. Calcium was added back to cells in salt-

buffered solutions of the same pH ranges.

In HT-29 cells, CRAC channel function was completely abrogated at pH 6 (corrected
calcium amplitude -0.00535) (Figure 3.27A) compared to standard pH 7.4
conditions (p=4.1E-7). Calcium traces of CRAC channel activity are presented for
cells treated in pH 6.8 (Figure 3.27B) and pH 7.4 (Figure 3.27C) conditions. The peak
amplitude for cells in pH 6.8 was 0.66 (Figure 3.27E) and the area under the curve
was 605.2 (Figure 3.27F). However, the peak amplitude for cells in pH 7.4 was 0.61
(Figure 3.27E) and the area under the curve was 602.1 (Figure 3.27F). There was no
difference between the amplitude (p=1) or the area under the curve (p=1) between
these 2 conditions. Time to reach the peak calcium amplitude did not differ
between cells at pH 6.8 than at pH 7.4 (pH 6.8 168.5 seconds, pH 7.4 155.1 seconds,
p= 0.34) (Figure 3.27G). Calcium traces for cells treated in pH 8.3 are presented in
Figure 3.27D. The peak calcium amplitude did not differ from pH 7.4 (amplitude
0.69, p=0.3) (Figure 3.27E). However, there was a faster calcium rise to peak
amplitude (100.1 seconds, p=7.9E-4) (Figure 3.27G). Intracellular calcium levels fell

quicker, which is demonstrated by a relative fall in the area under the curve (area
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under the curve 486.5, p=0.002) (Figure 3.27F). This data suggests that
alkalinisation of the media potentiates a more rapid calcium entry that may then

contribute to a more rapid inactivation of CRAC channel signalling.

In SW480 cells, CRAC channel function was completely abrogated at pH 6 (corrected
calcium amplitude 0.00137) (Figure 3.28A) compared to standard pH 7.4 conditions
(corrected calcium amplitude 0.5, p=1.4E-6). Calcium traces of CRAC channel
activity are presented for cells treated in pH 6.8 (Figure 3.28B) and pH 7.4 (Figure
3.28C) conditions. The peak amplitude for cells in pH 6.8 was 0.59 (Figure 3.28E)
and the area under the curve was 548.5 (Figure 3.28G). However, the peak
amplitude for cells in pH 7.4 was 0.53 (Figure 3.28E) and the area under the curve
was 540.9) (Figure 3.28G). There was no difference between the amplitude (p=0.78)
or the area under the curve (p=0.96) between these 2 conditions. However, time to
reach the peak calcium amplitude was slower in pH 6.8 than in pH 7.4 (pH 6.8 220
seconds, pH 7.4 208 seconds, p= 0.007) (Figure 3.28F). Calcium traces for cells
treated in pH 8.3 are presented in Figure 3.28D. The peak calcium amplitude did
not differ from pH 7.4 (amplitude 0.54, p=1) (Figure 3.28E). However, there was a
faster calcium rise to peak amplitude (141.8, p=0.017) (Figure 3.28F). Intracellular
calcium levels fell quicker, which is demonstrated by a fall in the area under the
curve (under the curve 490.8, p=0.001) (Figure 3.28G). This data suggests that
alkalinisation of the media potentiates a more rapid calcium entry that may then

contribute to a more rapid inactivation of CRAC channel signalling.

In conclusion, this work successfully reproduced the effects of acidity (pH 6) and
alkalinity (pH 8.3), whilst determining that the range of acidity found following JPIII

treatments do not impact on CRAC channel function.
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Figure 3.27. The effect of pH on CRAC channel function in HT-29 cells. A-D.
Cytoplasmic calcium traces of cells pre-incubated in calcium-free buffer with either
1 uM thapsigargin (Tg, red line) or vehicle (black line) prior to calcium addback. All
buffers were calibrated to 4 different pH ranges: A. pH 6; B. pH 6.8; C. pH 7.4; D. pH
8.3. E-G. Bar charts presenting mean+SEM calcium data obtained across the 4 pH
ranges: E. Peak amplitude; F. Area under the curve. G. Time to peak amplitude. Key:
s = seconds. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments are n/N=3/3.
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Figure 3.28. The effect of pH on CRAC channel function in SW480. Cytoplasmic

calcium traces of cells pre-incubated in calcium-free buffer with either 1 uM

thapsigargin (Tg, red line) or vehicle (black line) prior to calcium addback. All buffers

were calibrated to 4 different pH ranges: A. pH 6; B. pH 6.8; C. pH 7.4; D. pH 8.3. E-

F. Bar chart presenting the mean+SEM calcium data across the 4 pH ranges: E. Peak

amplitude; F. Rate of rise; G. Area under the curve. Key: s = seconds. ANOVA testing:

* = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant. All experiments are
n/N=3/3.
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Intracellular calcium measurements were taken on the FlexStation to further
explore the effect of acidity on CRAC channel signalling, to determine whether

alterations of pH affect store depletion.

Fura2-loaded cells were incubated in calcium-free recording buffer calibrated to
the 4 different pH ranges for 20 minutes prior to addition of 1 uM thapsigargin. The

kinetics of store depletion in the 4 conditions were studied.

In HT-29 cells, store depletion was seen in all 4 pH conditions. The kinetics of the
calcium responses were similar across all 4 pH ranges (Figures 3.29A-D). The peak
amplitude of the calcium response did not differ between the 4 conditions (pH 6
0.55, pH 6.8 0.43, pH 7.4 0.44, pH 8.3 0.3, p>0.05) (Figure 3.29E). The area under
the curve did not differ between pH 6, 6.8 and 7.4 (pH 6 AUC 970.9, pH 6.8 AUC
940.6, pH 7.4 962.8, p>0.05). However, the AUC of cells in pH 8.3 was lower than
that at pH 6 (p=0.015) and pH 7.4 (0.026) (Figure 3.29F). This data suggested that
there was minimal effect of pH on store depletion in HT-29 cells.

In SW480 cells, store depletion was seen in all 4 pH conditions. The kinetics of the
calcium responses were similar across all 4 pH ranges (Figures 3.30A-D). The peak
amplitude of the calcium response did not differ between the 4 conditions (pH 6 =
0.17, pH 6.8 = 0.21, pH 7.4 = 0.1, pH 8.3 = 0.21, p>0.05) (Figure 3.30E). The area
under the curve did not differ between the 4 conditions (pH 6 = 729, pH 6.8 = 725,
pH 7.4 = 697, pH 8 = 3 668) (Figure 3.30F). This data suggested that there was no

effect of pH on store depletion in SW480 cells.
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Figure 3.29. The effect of pH on store depletion in HT-29 cells.

A-D. Cytoplasmic calcium traces of HT-29 cells treated with thapsigargin (Tg, red
line) or vehicle control (black line) in calcium free recording buffer. All buffer
conditions were calibrated to 4 different pH conditions: A. pH 6; B. pH 6.8; C. pH
7.4; D. pH 8.3. E. Bar chart presenting mean+SEM peak calcium amplitude derived
from A-D. F. Bar chart presenting area under the curve derived from figures A-D.
Key: s = seconds. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments n/N are 3/4.
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Figure 3.30. The effect of pH on store depletion in SW480 cells.

A-D. Cytoplasmic calcium traces of HT-29 cells treated with thapsigargin (Tg, red
line) or vehicle control (black line) in calcium free recording buffer. All buffer
conditions were calibrated to 4 different pH conditions: A. pH 6; B. pH 6.8; C. pH
7.4; D. pH 8.3. E. MeanzSEM of the peak calcium amplitude derived from A-D. F.
Bar chart presenting area under the curve derived from figures A-D. All experiments

n/N are 3/4.

144



3.13. The effect of in vitro JPIIl treatment on CRAC channel activity
So far, work has described the anti-cancer effects of JPIIl on cancer cell functions

relevant to tumourigenesis following prolonged in vitro treatment over a number
of days. However, the effect of CRAC channel inhibitors in serum culture on CRAC
channel function has not previously been reported in the literature. HT-29 cells
were plated at a seeding density to generate confluent monolayers for FlexStation
testing, and media changed to drug- or vehicle-containing media once the cells had
attached to the microplate 6 hours later. Following 24 hours of drug culture, cells
were loaded with Fura2 and store depleted with thapsigargin in calcium-free buffer.
Calcium addback traces were recorded.

Cells that had been cultured in DMSO vehicle control (vehicle-culture cells)
displayed thapsigargin-induced CRAC channel activity (Figure 3.31A) with a peak
calcium rise of 0.66. JPIIl at 10 uM resulted in 75.3% inhibition of calcium entry
(Figure 3.31B). There was no difference in peak calcium amplitude of the vehicle
control for either the vehicle-precultured or JPIlI-precultured cells (Figure 3.31C).
However, in JPlll-precultured cells, there was a drastic decrease in CRAC channel
activity (Figure 3.31D). Peak amplitude for CRAC channel calcium entry fell from
0.75 in vehicle-pretreated cells to 0.20 in JPlll-pretreated cells (p=0.007) (Figure
3.31E). The peak amplitude of CRAC channel calcium entry did not differ between
vehicle-pretreated cells that were treated with 10 uM JPIIl and the JPllI-pretreated
cells treated with both vehicle (0.17, p=1) and 10 uM JPIIl (0.15, p=0.78) (Figure
3.31E). Similarly, JPIII treatment reduced calcium entry in the vehicle-precultured
cells (vehicle 434.1, JPIIl 324, p=3.2E-4) as expected. The AUC of the JPIIl-
precultured cells was lower than that of the vehicle-precultured cells (vehicle 434.1,
JPIII 314.4, p=1.71E-4) (Figure 3.31F). The AUC of CRAC calcium entry did not differ
between that of JPlll-precultured cells incubated with vehicle and vehicle-
precultured cells incubated with JPIII (AUC 314.3 vs 324.2, p=1) (Figure 3.31F).

The effect of prolonged JPIII treatment on ORAI1 expression was explored using
gRT-PCR to determine whether JPIII culture affected the level of ORAI1 expression
in the cells. ORAI1 expression was reduced in HT-29 cells treated with JPIII (Figure
3.32). ORAI1 culture resulted in a reduction in ORAI1 expression. This data indicates
that pharmacological ORAI1 inhibition results in suppression of ORAI1 gene
expression. However, an RNA concentration curve is required in treated and
vehicle-treated cells to validate the effect of CRAC channel inhibition at the RNA

level.
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Figure 3.31. The effect of prolonged culture with JPIII on calcium signalling in HT-29
cells. A. Cytoplasmic calcium traces of cells following calcium addition after pre-
treatment in calcium-free buffer with either thapsigargin only (Tg, red line) or
thapsigargin and 10uM JPIII (JPIII, green) alongside the vehicle control (vehicle, black).
B. Mbar chart presenting meantSEM percentage calcium entry in JPIll-treated cells
(grey bar) relative to the vehicle control (white bar) derived from A. C. Bar chart
presenting meantSEM peak calcium amplitudes following calcium addback after
thapsigargin-induced store depletion in non-treated (untreated) or vehicle-cultured
(treated) cells. D. Calcium traces of cells that were cultured in JPIIl for 12 hours prior to
thapsigargin-induced store depletion in calcium-free buffer with thapsigargin alone (Tg,
red), thapsigargin and 10 uM JPII (JPII) and vehicle only (black). E-F. Bar chart
presenting mean+SEM calcium data derived from A and D: E. Peak calcium amplitude;
F. Area under the curveAll experiments n/N are 3/4. ANOVA testing: * = p<0.05; **

p=<0.01; *** p=<0.001; NS = not significant.
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Figure 3.32. The effect of prolonged JPIIl culture on ORAI1 expression. Bar chart
presenting mean+SEM of the 2/~(-ACT) values of HT-29 cells treated for 24 hours
with DMSO vehicle (vehicle) and 30uM JPIII (JPII). T testing: * = p<0.05; ** p=<0.01;

*** p=<0.001; NS = not significant. Experiments are n/N=3/3.
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3.14. The effect of JPIIl on AKT phosphorylation
Jing and colleagues have recently reported that 24 hours of treatment of HCT116

and HT-29 cells with the CRAC channel inhibitor SKF-96365 initiates autophagy that
protects cells from apoptosis(ling et al.,, 2016). Autophagy inhibition and AKT
overexpression were shown to decrease cellular viability and increase apoptosis,
suggesting that AKT and autophagy are cytoprotective during CRAC channel
treatment. This group also found that AKT phosphorylation was reduced with both
SFK-96365 treatment and ORAI1 siRNA(Jing et al., 2016). Phospho-blotting for
phospho-AKT was carried out on cells treated for 36 hours in order to determine

whether JPIIl treatment would have a similar effect.

In HT-29 cells, there was a reduction in band intensity in JPllI-treated cells
compared to the vehicle control (Figure 3.33A). Image J was used to carry out
guantitative analysis of pixel intensity. The mean pixel intensity of vehicle control
cells was 8391 whereas the pixel intensity of JPIlI-treated cells was lower at 2392

(p=0.05) (Figure 3.33B).

In SW480 cells, there was a reduction in band intensity in JPIlI-treated cells
compared to the vehicle control (Figure 3.33C). Using Image J, the mean pixel
intensity of vehicle control cells was determined to be 30,547 whereas the pixel

intensity of JPIll-treated cells was lower at 15,069 (p=0.018) (Figure 3.33D).

In conclusion, JPIII treatment results in reduced AKT phosphorylation.
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Figure 3.33. phosphoAKT blotting of JPIII treated cells. A-C. Image presentation of
phosphoAKT and AKT blots of cells treated with DMSO vehicle control (veh) and
30uM JPII (JPII) for 36 hours: A. HT-29. C. SW480. B-D. Bar chart presenting
meanSEM pixel intensity measurements of phospho-AKT derived from data from
the western blots: C. HT-29. D. SW480. Key: pAKT = phosphorylated AKT; AKT = total
AKT; BA = B-actin. T testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments are n/N of 3/1.
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3.15. The effect of JPIIl on autophagy
As previously discussed, CRAC channel inhibition with SKF-96365 in HT-29 and

HCT116 cells had been shown to result in autophagy activation with an increased
number of autophagosomes and an increased expression of autophagy markers
including p62, LC3 and PARP (Jing et al., 2016). Further western blotting was used
to determine whether there was an increase in L3CB expression. HT-29 cells were
treated with 30 uM JPIII or vehicle control for 36 hours before they were lysed and
probed for LC3B. There was an increase in band intensity following JPIII treatment
(Figure 3.34A). Using Image J, the mean pixel intensity was determined to be 53.9
whereas the pixel intensity of JPIlI-treated cells was 149.6 (p=0.012) (Figure 3.34B).
This result suggests that JPIIl may initiate cellular autophagy, and this finding

validates further study into this looking at other markers of autophagy.

3.16. JPIII blocks CRAC Channel Function in Human Endothelial Cells
Our laboratory have previously shown that CRAC channels are activated by

thapsigargin-induced store depletion in human umbilical endothelial cells and can
be inhibited by synta 66(Li et al., 2011a). Furthermore, this study demonstrated
that CRAC channel inhibition inhibited endothelial function including tube
formation, migration and invasion(Li et al., 2011b). Therefore, JPIIl was also tested
on human umbilical vein endothelial cells (HUVECs) to determine whether the

compound could have similar anti-angiogenic effects.

ORAI1 expression has been demonstrated in HUVECs using gRT-PCR and is
presented in Figure 3.3. Intracellular calcium measurements were carried out on
the FlexStation to determine whether JPIIl would similarly inhibit CRAC channel
signalling in HUVEC cells. Thapsigargin induced CRAC channel signalling successfully
(Figure 3.35A). Vehicle-treated control cells showed no evidence of store depletion
as there was no calcium influx upon calcium add-back in these cells (mean peak

calcium amplitude of 1.38 vs 1.41, p>0.05).

JPII inhibited CRAC channel calcium entry in a concentration-dependent manner
(Figure 3.35B). The mean peak calcium amplitudes were inhibited by 0.1 uM (0.59,
p=0.001), 0.5 uM (0.4, p=8.4E-7) and 1 uM (0.32, p=3.5E-8) (Figure 5.35C). The area
under the curve was inhibited by the same concentrations (0.5uM 401.5, p=0.013;
1uM 360.9, p=1.2E-5; 1uM 345.8, p=9.8E-7) (Figure 3.35D). The peak calcium

amplitudes were used to plot a dose-response curve. From the fitted Hill curve, an
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Figure 3.34. LC3B western blotting of JPlll-treated HT-29 cells. A. Image
presentation of L3CB western blotting of cells treated with DMSO vehicle control
(veh)and 30 uM JPIII (JPIII) for 36 hours. The protein marker on the left of the bands
determines the appropriate molecular weight (LC3B protein delineated by LC3B;
molecular marker delineated by 10kDa). B. Bar chart presenting the meantSEM
pixel intensity measurements of LC3B derived from data from the western blot
images in A. T testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant.
Experiment is n/N = 3/1.
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IC50 concentration was extrapolated of 126nM. The residual calcium entry at the

highest concentration range was 29.88% (Figure 3.35E).

In conclusion, JPIIl inhibited thapsigargin-induced CRAC channel signalling in

HUVECs.
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Figure 3.35. The effect of JPIIl on thapsigargin-induced CRAC channel signalling in
HUVEC cells. A-B. Cytoplasmic calcium traces measured on the Flexstation: A.
Calcium traces of HUVEC cells following calcium addback after treatment with
thapsigargin (Tg, red line) or vehicle (black line) in calcium-free buffer prior to
calcium addback. B. HUVEC calcium traces following calcium addback after
thapsigargin pre-treatment in calcium-free buffer with varying concentrations of
JPII. C. Bar chart presenting meantSEM peak amplitude of calcium traces from
Figure B for each concentration (grey) alongside thapsigargin alone (red bar) and
vehicle (white). D. Bar chart presenting mean+SEM cumulative area under the
curve (AUC) derived from the calcium traces in Figure B. E. Dose-response curve
derived from the peak amplitudes of the traces from Figure B. E. ANOVA testing: *
= p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant.All experiments are
n/N=5/4.
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3.17. JPlll inhibits endothelial cell viability
Li et al presented data that demonstrated no adverse effect to endothelial cell

proliferation following 24 hours of treatment with 2, 5 and 10 uM of synta 66(Bae
C, 2011). Otherwise there is no other published data detailing the effect of JPIIl on
endothelial cell viability. The WST1 viability assay was used to determine the effect
of prolonged treatment with varying concentrations of JPIIl in standard culture
media. Following 3 days of treatment, concentrations at and below 10 uM did not
affect cell viability (Figure 3.36A). However, 30 uM JPIIl reduced viability to 66%
(p=0.009). Sorafenib 0.5 UM posed as a positive control, reducing viability to 71.5%
(Figure 3.36B).

In conclusion, JPIII did reduce viability but only at the highest possible

concentration.

3.18. The effect of JPIII on cell survival and cell death
Annexin V propidium iodide staining was used to determine whether the reduction

in viability seen at 30 uM was cytotoxic or cytostatic. Cells were treated with JPIII
for 3 days, following which cells were lifted into suspension and stained with
annexin V propidium iodide and analysed by flow cytometry. This demonstrated
that cells treated for 3 days with 30 uM JPIIl were alive and were not undergoing
apoptosis or necrosis (Figure 3.37). Therefore, the effect of prolonged CRAC

channel inhibition appears to be cytostatic rather than cytotoxic.
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Figure 3.36. Endothelial cell viability. A. Dose-response curve of HUVEC cell viability
from the WST1 cell viability assay treated with a range of JPIIl concentrations over
3 days relative to the viability of the vehicle-treated cells. The IC50 was
extrapolated; it may be inaccurate because 30uM JPIIl had less than 50% effect. B.
Bar chart presenting mean+SEM viability of 0.5uM sorafenib relative to the vehicle
control. ANOVA or T testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. Experiments n/N = 3/4.
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Figure 3.37. Annexin V Pl staining of JPllI-treated HUVEC cells and the effect of JPIII
on HUVEC cell survival and cell death. Bar chart presenting mean+SEM annexin V Pl
staining of cells treated with 30 uM JPIII (black bar) alongside the vehicle control
(white bar) 100uM staurosporine (SSP, blue bar) control for 72 hours. n/N=4/1.
ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant.
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3.19. JPIll blocks VEGF-induced Endothelial Cell Migration
Our laboratory has shown that HUVEC migration through the Boyden chamber

inserts was inhibited by 2 uM and 5 uM synta 66 as well as ORAI1 siRNA
transfection(Bae C, 2011) demonstrating the functional relevance of ORAI1 to
HUVEC function. The scratch wound assay was used with the Incucyte Zoom live
kinetic cell imaging platform to determine whether JPIIl would inhibit endothelial
cell migration. Over a 24-hour period, migration is inhibited at the highest
concentration (Figure 3.38A). Plotting the relative wound densities at the 24-hour
endpoint demonstrates that migration is only inhibited at 30 uM to 62.4% relative
to the control, with no effect seen at lower concentrations (Figure 3.38B). The 1 uM
sorafenib positive control inhibited migration to 29.7% relative to the control

(p=6.8E-4).

In conclusion, the data indicates that JPIII can inhibit endothelial cell migration but

only at the highest possible concentration.

3.20. JPIIl blocks VEGF-induced Endothelial Cell Invasion
The microplate scratch wound assay with the application of Matrigel extracellular

matrix is a validated method of studying cell invasion and has been established for
testing endothelial invasion within our laboratory(Webster et al., 2017). This
method was used to test whether CRAC channel inhibition would alter endothelial
cell invasion. Only the 30uM concentration was tested, as this was the only
concentration that inhibited both cellular migration and proliferation. JPIll inhibited
invasion of endothelial cells (Figure 3.39A), with 21.4% relative wound density
versus 69.2% of the vehicle control at 24 hours (p= p=6.6E-4), equivalent to 32.6%
invasion relative to the vehicle control (Figure 3.39B). The 1 uM sorafenib positive
control also inhibited invasion to 12.1%, equivalent to 18% invasion relative to the

vehicle control (Figure 3.39B).

In conclusion, the data indicates that JPIII can inhibit endothelial cell invasion.
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Figure 3.38. The effect of JPIIl on HUVEC scratch wound migration. A. Line graph
presenting the kinetic migration of HUVEC cells treated with a range of
concentrations of JPIIl and positive control 1 uM sorafenib (mauve) and the vehicle
control (black). B. Dose-response curve generated from the relative wound
densities normalised to the vehicle control (as %) derived from the 24 hour time
point from the data in Figure A. ANOVA testing: * = p<0.05; ** p=<0.01; ***

p=<0.001; NS = not significant. Experiments are n/N=3/3.
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Figure 3.39. The effect of JPIIl on HUVEC scratch wound Matrigel invasion. A. Line
graph presenting the kinetic invasion of HUVEC cells treated with 30 uM JPIII (JPIII,
red line) and the 1 uM sorafenib positive control (sorafenib, blue line). B. Bar chart
presenting mean+SEM relative wound density of invading cells treated with JPIII
(black bar) and sorafenib (grey bar) at the 24-hour timepoint derived from Figure
A. Key: h = hours. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not
significant. Experiment is n/N=3/3.
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3.21. Sorafenib inhibits CRAC channel activity
Sorafenib (Figure 3.40A) has been used as a positive control as it has been widely

reported to have potent effects against endothelial cell viability and micro-vessel
density of xenograft experiments (Wilhelm et al., 2004), as well as tube formation
(an assay that has not been carried out as part of this study). Sorafenib has also
been reported to have anti-angiogenic effects in a number of human tumours
including hepatocellular carcinoma(Coriat et al., 2012) as well as breath, colon and
non-small lung cancers(Wilhelm et al., 2004). CRAC channel inhibitory properties
have not been described previously in the literature. However, given the similar
effects seen in these in vitro endothelial assays, intracellular calcium measurements
were carried out on the FlexStation to determine whether sorafenib could inhibit

thapsigargin-induced CRAC channel function.

Sorafenib was found to inhibit thapsigargin-induced CRAC channel activity (Figure
3.40B). There was inhibition of peak calcium amplitudes at 1 uM (59%, p=0.001), 5
UM (34.3%, p=1.2E-5) and 10 uM, 8.9%, p=3.3E-7) (Figure 3.40B, 3.40C). Similarly,
there was a reduction in the AUC at 1 uM (422.6, p=0.001), 5 uM (422.6, p=3E-6)
and 10 uM (6.7E-8) (Figure 3.40D). Plotting the peak amplitudes generated a dose-
response curve (Figure 3.40B). However, the Hill curve could not be fitted in order
to extrapolate an IC50. The curve can be seen to be bowed and skewed to the right,

therefore inhibition is likely to be less potent.

In conclusion, sorafenib is a CRAC channel inhibitor that is comparable in potency

to other CRAC channel inhibitors used in this study.
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Figure 3.40. The effect of sorafenib on CRAC channel signalling in HUVEC cells. A.
Chemical structure of sorafenib. B. Cytoplasmic calcium traces of HUVECs following
calcium addback after incubation in calcium-free buffer with thapsigargin and a
range of sorafenib concentrations alongside the vehicle only (black line) and
thapsigargin only (red line). C. Dose response curve derived from the peak calcium
amplitudes derived from the data traces in Figure B. D. Bar chart presenting
mean+*SEM cumulative area under the curve (AUC) derived from the calcium traces
in Figure B. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant.Key: s= seconds. Experiments n/N=3/4.
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3.22. Summary of findings
. The CRAC channel is expressed in CRC cell lines. It is expressed and

functionally responsive to thapsigargin-induced store depletion.

. ORAI1 knockdown reduced CRAC channel calcium re-entry, demonstrating

the role of ORAI1 in CRAC channel function.

. CRAC channel calcium re-entry is inhibited by the commercially available
CRAC channel inhibitor synta 66 (S66), as well as the novel CRAC channel inhibitor

JPIII, in colorectal cancer cell lines.

. Microarray analysis of immune cells treated with CRAC channel inhibitor
demonstrated transcriptional upregulation of genes involved in immune responses,
cell migration, TNF production and cell death. It also demonstrated downregulation
of genes involved in mitosis, cell cycling, cell cycle checkpoints, JAK-STAT signalling

and cell proliferation

o JPIIl treatment resulted in a reduction of cell viability in all cell lines but at

high concentrations only. JPIIl also reduced tumour clonogenicity.

o JPII inhibits EGF-induced migration and invasion. However, EGF does not

induce store depletion.

. JPIII treatment results in acidification of the culture media after 24 and 48
hours. Although CRAC channel function was affected by the extremes of pH
reported in the literature, the change in pH seen in response to drug treatment was

not found to alter store depletion or CRAC channel function in either cell line.

. Serum culture with JPIII was found to depress CRAC channel function and
suppress ORAI1 mRNA expression, suggesting that pharmacological inhibition

induces CRAC channel remodelling.

. JPIII treatment was found to reduce AKT phosphorylation and initiate
autophagy, which is consistent with findings following SFK-96365 treatment in vitro

in HCT116 and HT-29 cell lines.
o JPIII potently inhibits CRAC channel activity in HUVECs.

. JPIIl inhibits endothelial cell viability at high concentration only. The anti-

proliferative effect is cytostatic rather than cytotoxic.

. JPIIl blocks VEGF-induced migration and invasion.
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. Sorafenib, a multi-tyrosine kinase inhibitor with some structural similarity

to S66 and JPIII, was also found to inhibit CRAC channel activity.

3.23. Discussion
In conclusion, this work has demonstrated that CRAC channel inhibition with JPIII

has a functional effect against both colorectal cancer cell lines and endothelial cells.

Current data suggests that JPIIl does have a significant effect on cancer cell function
as the drug reduces cell viability and growth in the WST1 viability assay and growth
studies, and the clonogenic assay results demonstrate a greater impact on
clonogenicity over the 11-day window. A more prolonged time course of treatment
may capture the effects of JPIIl treatment better and define the switch between
cell survival and cell death. Furthermore, JPIIlI treatment reduced migration and
invasion of CRC cells. This has been seen previously in other cancers. Both siRNA
knockdown of ORAI1 and STIM1 and SFK-96365 treatment inhibited migration of

MDA-MB-231 breast cancer cells(Yang, 2009) by impairing focal adhesion turnover.

CRAC channel assays carried out on the FlexStation demonstrated potent CRAC
channel inhibition with IC50 doses within the nanomolar range, 126nM in HUVECs,
740nM in HT-29, 553nM in SW480 and 160nM in HCT116. These IC50 doses were
similar to those seen with S66 in the CRC cell lines (671nM in HT-29 and 144nM in
SW480). The IC50 concentration in HUVECs is less potent than the concentration
published by our group for S66 in HUVEC cells of 25.5 nM (Li, 2011), but this should

be interpreted with caution and ideally retested with HUVECs.

There was a difference in compound sensitivities seen with CRAC channel inhibition
experiments carried out on the FlexStation and the functional assays, more so for
SW480 and HCT116 than HT-29. FlexStation testing demonstrated immediate
inhibition above 0.5uM, inhibiting between 72-82% of CRAC channel re-entry at
10uM. However, functional effects were subtler. Viability effects took days to
manifest, and required high concentrations: 20uM and 30uM over 4 days in SW480
and HCT116 cells respectively, whereas HT-29 cells demonstrated sensitivity above
1uM after 6 days. It should be noted that some of the most important

chemotherapeutic agents in clinical use for metastatic CRC today, such as 5-
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FU(Mhaidat et al., 2014) and oxaliplatin(Flis, 2009), have demonstrated a similar
requirement for high micromolar concentrations in in vitro assays that take days for
functional effects to manifest. The requirement for high concentrations required
for functional effects is likely due to a number of factors. The media of cultured
cells requires serum, and serum binding of JPIIl may reduce the free fraction in
culture. Protein binding of CRAC channel inhibitors has been reported as a common
issue by others, particularly with in vivo studies(Stauderman, 2018). However, the
work in this thesis suggests that this difference is equally likely to be due to the
drug’s effects on the cell. This work has demonstrated that JPIIl treatment initiates
the cytoprotective process of autophagy as well as having an inhibitory effect on
the PI3/AKT/mTOR pathway by reducing AKT phosphorylation, which impacts on
cell survival, growth and migration processes downstream. The drug therefore
simultaneously activates 2 opposing processes. This has previously been reported
with the ORAI1 channel inhibitor SFK-96365 treatment in colorectal cancer cell lines
HCT116 and HT-29(Jing et al., 2016). The interaction between ORAI1 and Akt has
previously been shown in CRC. ORAI1 silencing in LOVO cells reduces AKT and
GSK3p phosphorylation whereas overexpression in Hct116 cells enhances it(Deng,
2016), implicating ORAI1 in the WNT signalling pathway. The data in this thesis
suggests that JPIIl works in a similar way to SFK-96365, and may be due to interplay
between these processes of cell survival and cell death. The interplay between
these 2 processes has been partially revealed by Jing and colleagues, who found
the calcium-dependent serine/threonine protein kinase CAMKII phosphorylates
AKT and that CRAC channel blockade negatively impacted on that. They also found
that prolonged SFK-96365 treatment eventually resulted in apoptosis with a rise in
cytochrome ¢ and caspase 3 activation, perhaps by overwhelming its capacity to
maintain viability in the face of mounting cell stress(Jing et al., 2016). The trypan
blue exclusion assay showed that there was no increase in cell death over the 6-day
period. This is in stark contrast to the apoptotic effects of SFK-96365, which
resulted in apoptosis of 15% of cells after 48 hours of treatment with 10uM in
HCT116 and HT-29(Jing et al., 2016). Cell death may have been initiated later than

the timepoint of the assay, and a prolonged time course may demonstrate this.

An intriguing finding of this study was the acidification of the media following CRC
treatment with JPIIl. This is a novel finding that has not been described in the
literature. This will likely be due to high glycolytic flux from within the cell resulting
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from increased intracellular metabolic activity. However, it also led to the question
as to whether the alteration in extracellular pH could impact on CRAC channel
function. Acidity has also been previously shown to inhibit CRAC channel
function(Beck et al., 2014). This is also pertinent in cancer as the tumour
environment in vivo has been found to be acidic relative to the extracellular
environment of normal tissue, whilst maintaining a neutral intracellular
pH(Gerweck and Seetharaman, 1996). This is thought to impact on
chemosensitivity, in particular increasing the efficacy of weak acids(Kozin et al.,
2001) and decreasing the efficacy of weak bases(Parkins et al., 1996) by a process
called ion trapping. It is reported to result in increased drug resistance, potentially
as lower pH upregulates multi-resistance machinery such as p-glycoprotein
expression and function(Thews et al., 2006). This work has shown that the pH levels
attained following JPIIl treatment did not impact on store depletion or CRAC
channel entry, and could mean that acidity of the tumour environment would not
impact on treatment response in vivo. However, this interpretation is limited by the
short-term incubation of the cells in acidic solution for this experiment. Cells in vivo
are subjected to acidic conditions for a longer time scale, which may have more
profound effects on cellular function. It would be interesting to study CRAC channel
signalling in cells that have been cultured in acidic culture medium, in particular the
impact that CRAC channel inhibition would have on channel activity and expression,

cellular proliferation and cellular migration and invasion.

An equally novel and intriguing finding from this study is that JPIIl treatment
actually resulted in a downregulation of ORAI1 expression and CRAC channel
function. This suggests that pharmacological inhibition results in calcium channel
remodelling. ORAI channel remodelling has been described in cancer in response
to upstream receptors that can influence the cell. Motiani and colleagues found
that CRAC channel signalling in oestrogen-positive cell lines was mediated by ORAI3
and STIM1/2, whereas CRAC signalling in oestrogen-negative cell lines was
mediated by ORAI1 and STIM1(Motiani et al., 2010). Furthermore, Azimi and
colleagues found hypoxia induced ORAI3 expression in basal breast cancer(Azimi et
al., 2019). It has also been reported in different molecular subtypes of breast
cancer, with higher ORAI1 expression in basal-like breast cancers but higher ORAI3
expression in triple-negative breast cancers(Azimi et al., 2019). However, channel

remodelling in response to CRAC channel inhibitors has not previously been
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described. This should be explored with further transcriptional characterisation of
CRAC channels such as ORAI2 and ORAI3. As we do not have a reliable antibody for
determining protein expression, treatment of cancer cell lines with stably-
transfected fluorescently-tagged or HA-tagged proteins may allow protein

determination using microscopy or pull-down western blots.

This work has demonstrated the functional efficacy of the novel CRAC channel
inhibitor JPIIl, developed as part of a drug discovery project within the Beech
laboratory. However, the use of the drug is limited by the fact that it only dissolves
in 100% DMSO at stock concentration. This makes in vivo use for testing in mouse
cancer models problematic. Normally animals are dosed with liquid oral gavage,
intravenous (1V) tail vein injections, transdermal applications or intraperitoneal (IP)
injections. DMSO has been shown to result in dermatitis following dermal
application, perivascular inflammation and thrombosis following IV injection,
cataracts, lower body weights and abdominal discomfort following oral
administration (Noel et al., 1975) as well as cardiotoxicity, intraperitoneal scarring
and organ abnormalities following IP injections(Kramer et al., 1995), and is not
favoured by the local veterinarian. One other member of the laboratory has been
successful in dosing mice with the drug in 100% DMSO delivered in mini-osmotic
pumps that are implanted subcutaneously in C57B/6 mice, and demonstrated drug
absorbance into the serum and drug uptake and metabolism in the liver, without
systemic toxicity. Work is ongoing within the Beech laboratory in association with
the Department of Chemistry to develop derivative compounds with improved
absorbance in more hydrophobic solvents without affecting the pharmacokinetic
profile that could be used in vivo. However, the next logical step for this work is to
proceed onto in vivo studies using either ectopic or orthotopic xenografts or PDX
models in nude mice under an appropriate Home Office license with the mini-

osmotic pumps.

3.24. Conclusion
In conclusion, this work provides in vitro evidence of the functional effects of CRAC

channel inhibition on both cancer and endothelial cell viability, migration and

invasion that is supported by other more recent work in the field. The findings in
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this work warrant further molecular characterisation of the signalling processes

involved, but also supports progression on to in vivo study.
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Chapter 4. A role for PIEZO1 in colorectal cancer

4.1. Introduction
PIEZO1 forms a mechanically activated ion channel(Lewis, 2015) that is highly

conserved in mammalian species (Coste et al., 2010a). Physiological roles have been
described for this channel, such as embryonic development of the vasculature(Li et
al., 2014). In addition, functional PIEZO1 mutations have pathological
consequences, for instance M2225R and R2456K mutations of PIEZO1 have been
identified in pedigree sequencing studies of familial hereditary xerocytosis
(Zarychanski et al., 2012), two gain-of-function mutations that result in delayed

channel inactivation(Bae, 2013).

Research on oncogenic PIEZO1 is in its infancy, however it has been reported in a
number of cancers. PIEZO1 has been shown to drive tumour cell proliferation in
osteosarcoma cells(Jiang, 2017), migration in breast cancer(Li et al., 2015a), and
invasion in osteosarcoma (Jiang, 2017). PIEZO1 expression levels have been
reported to have prognostic significance, with greater levels of PIEZO1 expression
reported to correlate with poorer prognosis in breast cancer(Li et al., 2015a).
Conversely a reduction in PIEZO1 expression has been postulated to drive tumour
cell metastasis in a number of cancers. It has been suggested that it has tumour
suppressor function in gastric cancer cell lines(liang, 2017) by binding to trefoil
factor family 1 (TFF1) at the C-terminal domain, with PIEZO1 knockdown in these
cell lines resulting in increased tumour metastasis both in vitro and in vivo. Knock-
down of PIEZO1 in normal lung epithelial cultures has been reported to reduce cell
adhesion but drive anchorage-independent colony survival, migration and invasion
in vitro (McHugh et al., 2012). More recently, differential upregulation of PIEZO1
has been reported in breast cancer cell line MCF-7 relative to the normal mammary
epithelial cell line MCF-10A (Li et al., 2015a). In contrast, a reduction in PIEZO1
expression has been reported in a panel of small cell lung cancer cell lines relative
to normal lung epithelial cell lines (McHugh et al., 2012). A role for PIEZO1 has not

been reported in colorectal cancer.

There are a number of recent papers that have identified PIEZO1 mutations in
colorectal cancer syndromes. Spier and colleagues screened the adenoma tissue of
12 patients with unexplained polyposis (i.e. those who did not carry any somatic
APC, MUTYH, POLE or POLD1 mutations) using exome sequencing of DNA from both

leucocytes and the polyps. This work identified homozygous loss-of-function
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germline mutations in PIEZO1(Spier et al., 2016), which suggests that PIEZO1
germline mutation could predispose to adenoma formation and subsequent
tumourigenesis. Interestingly, Donnard and colleagues performed exome-capture
sequencing on 3,594 cell surface genes in 23 colorectal cancer cell lines, and
identified PIEZO1 (which was previously known as FAM38A) as one of 48 surface
protein genes that was mutated and expressed in over 10% of these cell
lines(Donnard et al.,, 2014), which included HT-29 but not SW480. ORAI1 was
screened but no such mutation was identified. In addition, loss of heterozygosity of
the chromosomal locus of PIEZO1 has been reported in gastric(Mori et al., 1999)

and breast(Tsuda et al., 1994) cancers.

Open access data was downloaded from The Cancer Genome Atlas (TCGA). The
RSEM expression values for 460 colorectal cancer samples and 41 normal colon
samples were pooled and gave a 1.1-log fold increase in expression in the colorectal
cancer samples relative to the normal colon tissue. This led to the hypothesis that

PIEZO1 may be important in colorectal cancer function.

4.2. Aims and Objectives
The aim of this in vitro study was to determine whether PIEZO1 has a role in

carcinogenesis.
The objectives of this work were:

1. To determine whether PIEZO1 was functionally active in colorectal cancer
cell lines.
2. Whether altering PIEZO1 expression or function had any impact on cancer

cell morphology, growth characteristics, survival, migration and invasion.

Study of PIEZO1 function utilised a range of published tools, including compounds
that are known to activate and inhibit PIEZO1 as well as commercially available

siRNA sequences to knock down PIEZO1 expression.
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4.3. PIEZO1 is functional in CRC lines

4.3.1. Yodal treatment activates calcium influx
Yodal is the first chemical activator of PIEZO1. Syeda and colleagues discovered

this compound from a chemical screen as an activator of both human and mouse
PIEZO1 channels transfected into HEK293T cells, which do not endogenously
express PIEZO1 and are therefore not have an inducible calcium flux in response to
Yodal treatment(Syeda et al., 2015). Yodal has not been tested against other
channels to clarify specificity. Yodal has been validated in experiments looking at
PIEZO1 function. Both Yodal-induced and patch clamp pressure-induced calcium
influx were similarly reduced in the erythrocytes of paediatric patients suffering
from congenital lymphatic dysplasia(Lukacs et al., 2015). A different study found
similar effects on calcium entry and downstream signalling with both Yodal
treatment and shear stress on endothelial cells(Wang, 2016). Yodal has been
shown to exert its effects directly on the PIEZO1 channel rather than through
indirect mechanisms, as Yodal induced current through purified reconstituted
mouse PIEZO1 protein isolated in symmetric lipid bilayers in an acellular

environment (Syeda et al., 2015).

In this work, Yodal was used to determine whether PIEZO1 channels are
functionally active in the colorectal cancer cell lines HT-29, SW480 and HCT116.
Cells were loaded with the ratiometric dye Fura2-AM prior to the addition of a
range of concentrations of Yodal between 0.5uM and 10uM, and resultant changes

inintracellular calcium concentration were measured on the FlexStation 3 platform.

Yodal induced a rise in intracellular calcium in both HT-29 (Figure 4.1A-B) and
SW480 (Figures 4.1C-D), demonstrating a concentration-dependent rise in
intracellular calcium entry (HT-29 Figure 4.1B; SW480 Figure 4.1D). However, Yodal
did not induce calcium entry in HCT116 (Figure 4.1E). Probing the Genome Browser
of the COSMIC Cell Line Project(Tate et al., 2018) reveals that there is a deep
deletion of the portion of chromosome 16 that encodes the PIEZO1 gene. Deletion
of the gene could be the reason as to why there is no Yodal response. This needs
to be clarified in the HCT116 cells with DNA polymerase chain reaction (PCR) to
verify whether loss of expression is due to gene deletion. Subsequent cell work was

carried out with the HT-29 and SW480 cell lines.

The calcium responses to Yodal treatment differed between the 2 cell lines.
Immediately following application of Yodal to HT-29, initial calcium entry was
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rapid, achieving the fastest rate of calcium entry within the first 10 seconds of
Yodal addition to the cells (Figure 4.1A). This rapid calcium entry was seen in all
concentrations (1-10uM). Following this rapid rise, steady and constant calcium
entry continued over the 300 seconds for all concentrations except 10uM, where a
plateau was reached at 140 seconds. Calcium levels did not fall during the traces,
indicating that the PIEZO1 channel remained open in the presence of Yodal
throughout the experiment. The peak calcium amplitude was significant for 10uM
(p=0.006) and 5uM (p=0.03). In SW480 cells, the initial rate of calcium entry was
not as rapid as was seen in HT-29 cells. There was a steady rate of calcium entry
seen for all concentrations tested (0.5-10uM) following the addition of Yodal
(Figure 4.1C). The calcium signal plateaued at 65 seconds for concentrations of 0.5-
2uM after Yodal treatment, suggesting that an equilibrium of channel activity,
calcium influx and calcium efflux from the cell had been reached. Calcium entry for
concentrations of 4-10uM did not plateau but there was a slow and gradual
increase in calcium signalling. Again, calcium fluorescence did not decay during the
trace recordings, indicating that the PIEZO1 channel remained open in the presence
of Yodal throughout the experiment. The Yodal responses were significant for

10uM (p=1.6E-9), 7.5uM (p=4.8E-8) and 4uM (p=3.8E-4).
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Figure 4.1. The effect of Yodal on intracellular calcium levels in CRC lines. A.

Cytoplasmic calcium traces in HT-29 following the addition of a range of

concentrations of Yodal in calcium-containing buffer. B. Dose-response curve

demonstrating dose-dependent calcium entry derived from the peak calcium

amplitude from Figure A.

C. Cytoplasmic calcium traces in SW480 following the addition of a range of

concentrations of Yodal in calcium-containing buffer. D. Dose-response curve

demonstrating dose-dependent calcium entry derived from the peak calcium

amplitude from Figure C. E. Cytoplasmic calcium traces in HCT116 following Yodal

treatment. All experiments are n/N=3/4.
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4.3.1.1. Yodal does not cause calcium entry in calcium-free conditions.
As previously discussed, Yodal has been reported to activate PIEZO1 in order to

induce extracellular calcium entry into the cell through the channel (Syeda et al.,
2015). However, it is not clear whether Yodal may also deplete intracellular
calcium stores downstream of its application. In a study looking at the molecular
pathway of PIEZO1l-induced calcium response in endothelial cells, Gag/11
knockdown reduced Yodal-induced calcium influx(Wang, 2016). Gaqg/11 activates
phospholipase C, which cleaves cytoplasmic phosphatidylinositol 4,5-bisphosphate
into inositol 1,4,5-trisphosphate (IP3)(Lee et al., 1992) and diacylglyercol. IP3 binds
to IP3 receptors on the ER surface and depletes the intracellular calcium
store(Parekh, 1997). Furthermore, Fluorescence Resonance Energy Transfer (FRET)
imaging of the spatiotemporal distribution of calcium in HUVECs has shown that
vibrationally-induced calcium entry in HUVECs was followed by store depletion
downstream of phospholipase C (Nishitani et al., 2011). No such result has been
reported in epithelial or cancer cells. If IP3-stimulated ER store release occurs in a
calcium-free extracellular recording buffer, a rise in intracellular calcium would be
seen as an increase in Fura2 fluorescence (Parekh, 1997, Wu, 1994). Therefore, it is
possible that store depletion may occur downstream of PIEZO1 activation and may
therefore contribute to the intracellular calcium entry seen in Yodal-induced
calcium traces in Figure 4.1. To explore this further, Fura2-loaded cells were treated
with 5uM and 10uM Yodal that had been washed in calcium-free salt buffered
recording solution for 5 minutes. There was no change in fluorescence following
Yodal treatment in SW480 (Figure 4.2A) or HT-29 (Figure 4.2B) cells. In conclusion,
this data suggests that Yodal does not induce store depletion in these malignant
epithelial cells, and that Yodal-induced calcium elevation is due to calcium entry

from the extracellular environment.

4.3.2. PIEZO1 knockdown indicates Yodal specificity in colorectal cancer
cells
PIEZO1 small interfering RNA treatment is a useful investigative tool in PIEZO1

studies. It allows specificity as it prevents production of the protein of interest by
targeted mRNA degradation. siRNA treatment of PIEZO1 has been used extensively
in the literature, for instance siRNA knockdown resulted in a reduction in amplitude

of inward mechanically-activated currents in murine N2A cells(Coste et al., 2010a).
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Two commercially available PIEZO1 siRNA sequences were used that targeted 2
independent sequences of the PIEZO1 mRNA transcript: s18891 and s138387
(ThermoFisher Scientific), and transfection protocols were optimised in the HT-29
and SW480 cell lines. SW480 and HT-29 cells were both seeded 48 hours after
transfection and seeded in microplates for Flexstation testing the following day (72

hours post transfection).

In SW480 cells, there was no difference in response to 10uM Yodal in both the
scrambled-transfected and non-transfected cells (Figure 4.3A). Calcium entry was
reduced in transfected cells, with a 60.4% (p<0.01) and 52% (p<0.01) reduction
using siRNA sequences 18891 and 138387 respectively (Figure 4.3B). qRT-PCR was
used to validate knockdown. There was a reduction of PIEZO1 expression in

transfected cells relative to the scrambled-transfected control (Figure 4.3C).

In HT-29 cells, there was no difference in response to 10uM Yodal in both the
scrambled-transfected and non-transfected cells (Figure 4.3D). Calcium entry was
reduced in transfected cells, with a 46.5% (p<0.01) and 40.3% (p<0.01) reduction in
calcium entry with sequences 18891 and 138387 respectively (Figure 4.3E). qRT-
PCR was used to validate knockdown. There was a reduction of PIEZO1 expression
in transfected cells relative to scrambled-transfected control (Figure 4.3F). The
knockdown was very effective, but this did not correlate with the degree of Yodal-
induced calcium entry seen in transfected cells. The mRNA level may not correlate
well with protein expression, and this should be clarified further by looking at

protein expression in mock-transfected and PIEZO1 siRNA-transfected cells.

In conclusion, PIEZO1 siRNA transfection demonstrated Yodal specificity to PIEZO1
activation with a significant reduction in calcium entry in both cell lines with 2

targeted sequences.
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Figure 4.3. The effect of PIEZO1 knockdown on Yodal-induced calcium response in
CRCcells. A. Cytoplasmic calcium traces following 10uM Yodal treatment of PIEZO1
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27(-ACT) (n/Ns=3/2). D. Cytoplasmic calcium traces for HT-29 PIEZO1 siRNA-
transfected cells (conditions as in A). E. Bar chart presenting mean+SEM calcium
inhibition in HT-29 as a percentage of the scrambled-treated cells derived from C.
F. MeanzSEM PIEZO1 mRNA expression in HT-29 PIEZO1 siRNA-transfected cells as
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4.3.3. Cation channel Inhibitors known to inhibit PIEZO1 inhibit Yodal-
induced intracellular calcium influx
Cation channel inhibitors ruthenium red, GsMTx4 and gadolinium have been

reported to inhibit PIEZO1 current and calcium entry in a number of cell lines.
Ruthenium red is a non-selective cationic channel blocker that has been shown to
inhibit PIEZO1 currents in channels cloned into GFP-positive vectors expressed into
a number of murine and rat cell lines at 30uM (Coste et al., 2010a). It inhibits
PIEZO1-induced currents in HEK cells transfected with the PIEZO1 channel with an
IC50 of 5.4uM (Coste et al., 2012). Ruthenium red has also been reported to inhibit
Yodal-induced calcium current(Coste et al., 2012) as well as a number of TRPV
channels. Gadolinium is a trivalent lanthanide ion. It was first described as a potent
inhibitor of voltage-gated calcium uptake and noradrenaline release in bovine
chromaffin cells(Bourne, 1982). It is known to inhibit a number of channels
including PIEZO1 (Syeda et al., 2015) and ORAI1(Hou et al., 2012). GsMTX4 is a 35
amino acid peptide toxin isolated from the venom of the Grammostola spatulata
spider, that was identified as an inhibitor of stretch-activated current in astrocytes
and cardiac myocytes (Suchyna, 2000). GsMTx4 was first reported to block PIEZO1
pressure-induced currents in PIEZO1-transfected HEK cells from both open and
closed channels using concentrations between 2.5-3uM (Bae C, 2011). In addition,
the compound does not display stereochemical specificity as both the D- and L-
enantiomers inhibit PIEZO1 currents effectively(Bae C, 2011). However, it has also
reported effects against other mechanosensitive channels such as TRPV6(Spassova,
2006). It has also been shown to inhibit shear stress-induced calcium entry in

HUVECs(Li et al., 2014).

These compounds were used to determine whether they would have a similar

inhibitory effect against Yodal-induced calcium elevation in SW480 and HT-29 cells.

4.3.3.1. Ruthenium Red
In order to determine whether ruthenium red would inhibit Yodal-induced calcium

elevation, cells were pre-incubated with a range of concentrations of ruthenium

red between 0.01uM and 40uM prior to treatment with 5uM of Yodal.

In SW480 cells ruthenium red inhibited Yodal-induced calcium entry at high
concentrations only (Figure 4.4A). Measuring peak calcium amplitudes, there was
inhibition at 10uM (80.1%) (p= 1.3E-4), 20uM (91.9%) (p=4E-5) and 40uM (97%)
(p=2.4E-5). A Hill curve fitted to the inhibition data from Figure 4.4B derived an IC50
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concentration of 3.7uM (Figure 4.4B). The inhibitor had a very similar effect on the
area under the curve with inhibition at 10uM (74.8%) (p=5.7E-6), 20uM (86.9%)
(p=1.2E-6) and 40uM (89.3%) (p=9.3E-7), generating an IC50 of 4.37uM (Figure
4.4C).

In HT-29 cells, ruthenium red inhibited Yodal-induced calcium entry at high
concentrations only (Figure 4.5A). Measuring peak calcium amplitudes, ruthenium
red was relatively more potent with inhibition at 5uM (52.7%), 10uM (79.8%),
20uM (89.7%) and 40uM (97.3%) (Figure 4.5B). However, a Hill curve fitted to the
inhibition data from Figure 4.4B derived an IC50 concentration of 4.1uM, very
similar to that in SW480 cells. Again, the inhibitor had a very similar effect on the
area under the curve with inhibition at 5uM (43.4%), 10uM (75.2%), 20uM (73.1%)
and 40uM (75.5%), generating an IC50 of 4.37uM (Figure 4.5C).
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Figure 4.4. The effect of ruthenium red (RR) on Yodal calcium response in SW480.
A. Cytoplasmic calcium traces of SW480 cells following addition of Yodal following
pre-incubation with a range of concentrations of ruthenium red. B. Dose-response
curve derived from the peak calcium amplitude data presented in A. C. Dose-
response curve derived from area under the curve data for each dose, derived from

the data in A. Key: s = seconds. All experiments n/N = 3/3.
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Figure 4.5. The effect of ruthenium red (RR) on Yoda1l calcium response in HT-29.

A. Cytoplasmic calcium traces in HT-29 following the addition of Yodal to cells
following pre-incubation with a range of concentrations of ruthenium red. B. Dose-
response curve derived from the peak calcium amplitude data presented in A. C.
Dose-response curve derived from the area under the curve for each dose, derived

from the data in A. Key: s = seconds. All experiments are n/N=3/3.
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4.3.3.2. Gadolinium
In order to determine whether gadolinium inhibited Yodal-induced calcium

elevation, cells were pre-incubated with various concentrations of gadolinium prior

to addition of Yodal.

Gadolinium inhibited Yodal-induced calcium entry in both SW480 and HT-29 cell

lines.

In SW480 cells, gadolinium inhibited Yodal-induced calcium entry (Figure 4.6A).
Measuring peak calcium amplitudes, there was inhibition at 5uM (52.7%) (p=3.5E-
4), 15uM (79.6%) (p=2.9E-6), 30uM (89.7%) (p=6.8E-7) and 100uM (97.3%) (p=2.4E-
7) (Figure 4.6B). Plotting a Hill curve to the peak calcium amplitudes allowed
extrapolation of an IC50 concentration of 2.17uM (Figure 4.6B). There was greater
inhibition seen when measuring the area under the curve, with inhibition at 1uM
(49.7%, p=3E-4), 5uM (83%, p=7.1E-7), 15uM (95%, p=1.3E-7), 30uM (88.6%,
p=3.1E-7) and 100uM (96%, p=1.1E-7) (Figure 4.6C). However, plotting the
percentage area under the curve relative to Yodal generated an IC50 of 1.9uM,

similar to that from the peak calcium amplitudes.

In HT-29 cells, gadolinium inhibited Yodal-induced calcium entry (Figure 4.7A).
Measuring peak calcium amplitudes, there was inhibition at 30uM (68.8%, p=6.4E-
7), 90uM (100%, p=9.2E-6) and 100uM (98%, p=1.2E-5) (Figure 4.7B). Plotting a Hill
curve to the peak calcium amplitudes allowed extrapolation of an IC50
concentration of 23.3uM (Figure 4.7B). There was similar inhibitory effect seen on
analysing the area under the curve, with inhibition at 30uM (71.8%, p=0.005), 90uM
(95.4%, p=2.9E-4) and 100uM (3.1%, p=2.5E-4) (Figure 4.7C). Plotting the
percentage area under the curve relative to Yodal generated an IC50 of 23.7uM,

similar to that from the peak calcium amplitudes.

4.3.3.3. GsMTx4
In order to determine whether GsMTx4 inhibited Yodal-induced calcium entry,

cells were pre-incubated with 2.5uM of GsMTX4 prior to addition of 10uM Yodal.

GsMTx4 inhibited Yodal-induced calcium influx in HT-29 cells (Figure 4.8A).
Similarly, GsMTx4 inhibits Yodal-induced calcium influx in SW480 cells (Figure
4.8B). The inhibition was small in both cell lines, with 20.7% calcium blockade in
SW480 (p=0.02) and 24.8% blockade in HT-29 (p=0.03) (Figure 4.8C). It did not alter

the initial rate of calcium entry but reduced the total amount of calcium entry in
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both cell lines. However, there is no effect on the area under the curve relative to
the Yodal alone (SW480 19.2% inhibition, p=0.09; HT-29 24.7% inhibition p=0.09)
(Figure 4.8D).

4.3.4. Conclusion
In summary, all cation channel inhibitors with proven inhibitory effect against the

PIEZO1 channel inhibited Yodal-induced calcium entry in SW480 and HT-29 cells.
The potency of Yodal-induced calcium entry for both cell lines was similar to the
IC50 inhibitory concentration for PIEZO1 current reported by Coste et al against
patch pressure-induced current (Coste et al., 2012). However, the degree of
GsMTx4 inhibition of Yodal-induced calcium entry was weak in both the SW480
and HT-29 cells, which contrasts to reported potency against the PIEZO1 channel.
However, literature reporting on GsMTx4 in PIEZO1 studies have tested it against
methods of mechanical activation using pressure clamp measuring current (Bae C,
2011) rather than chemical activation. The potency of the effect of GsMTx4 is
thought to be mechano-pharmacological: GsMTx4 is thought to be a gating
modifier, modifying the conformation of the channel to that of a closed state by
altering the properties of the adjacent lipid bilayer without modifying the channel
itself (Suchyna, 2004). Yodal has been shown to activate the channel by binding
directly to the channel (Syeda et al., 2015), so it may be hypothesized that GsMTx4

would not have the same degree of effect against Yodal.

There is a clear difference in inhibitory potency of gadolinium between the two cell

lines.

In whole, this pharmacological data does support the hypothesis that PIEZO1
channels mediate the Yodal-induced calcium entry in both cell lines. However, it
should be borne in mind that these three compounds are known to be non-selective
with reported effects against a number of cation channels. Targeted siRNA
knockdown of the PIEZO1 channel was successfully used to demonstrate specificity
of Yodal against the PIEZO1 channel in both cell lines. Complete knockdown of the
channel is not feasibly attained with siRNA transfection. Creation of modified HT-
29 or SW480 cell lines would generate more robust models for better
determination of this, for example shRNA or deletion of the PIEZO1 gene, or PIEZO1

gene overexpression.
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Figure 4.6. The effect of gadolinium on Yodal-induced calcium entry in SW480.
A. Cytoplasmic calcium traces of SW480 cells following the addition of Yodal to
cells that have been pre-incubated with a range of concentrations of gadolinium. B.
Dose-response curve generated from the data presented in A. C. Dose-response
curve generated from the area under the curve data for each dose. Key: Gd =

gadolinium; s = seconds. All experiments n/N=3/4.
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Figure 4.7. The effect of gadolinium on Yodal-induced calcium entry in HT-29.

A. Cytoplasmic calcium traces of HT-29 cells following the addition of Yodal to cells
that have been pre-incubated with a range of concentrations of gadolinium. B.
Dose-response curve generated from the data presented in A. C. Dose-response
curve generated from the area under the curve data for each dose. Key: Gd =

gadolinium; s = seconds. All experiments n/N=3/4.
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Figure 4.8. The effect of GsMTx4 on Yodal-induced calcium entry in CRC cell lines.

A-B. A. Cytoplasmic calcium traces of cells following the addition of Yodal to cells
that have been pre-incubated with 2.5uM GsMTx4 for 20 minutes: A. HT-29; B.
SW480. C. Bar chart presenting mean+SEM percentage blockade of Yodal-induced
calcium entry in both cell lines calculated from the peak calcium amplitude, derived
from the data in A and B. D. Bar chart presenting mean+SEM percentage blockade
of Yodal-induced calcium entry in both cell lines calculated from the area under
the curve, derived from the data in A and B. Key: s = seconds. T testing: * = p<0.05;

** p=<0.01; *** p=<0.001; NS = not significant. All experiments n/N=3/4.
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4.4. The role of PIEZO1 in colorectal cancer cell function

It has been established in the previous section that the PIEZO1 gene is expressed in
the chosen colorectal cancer cell lines. Furthermore, the protein is functional and
can be both activated by Yodal and expression can be reduced using siRNA
transfection. Therefore, work in this section will determine whether PIEZO1 has a
functional role in the hallmark functions of tumourigenesis: proliferation,

replicative immortality, migration and invasion.

Transfection of 2 siRNA sequences targeting PIEZO1 was the tool predominantly

used for this.

Transfection of the siRNA sequences did not alter tumour cell morphology as can

be seen in Figure 4.9 for SW480 and Figure 4.10 for HT-29.

4.4.1. The role of PIEZO1 in colorectal cancer cell viability and growth

4.4.1.1. WST-1 cellular viability assay
The WST-1 cellular viability assay was used to determine the viability of cells

transfected with siRNA relative to the scrambled-transfected control, over a 5-day

period in SW480 cells and over a 4-day period in HT-29 cells.

In SW480 cells, the viability of scrambled-transfected cells was determined
alongside non-transfected cells to determine whether the scrambled sequence had
an effect on cellular viability. There was no difference in viability between the 2
conditions (Figure 4.11A). Therefore, the scrambled sequence was deemed an
appropriate control in this cell line for this study. There was no difference in viability
across the first 2 days of the assay. At day 3 viability was lower in s18891-
transfected cells relative to scrambled but not s138387-transfected cells. However,
there was lower viability in both PIEZO1 siRNA-transfected sequences on day 4 and
day 5 (Figure 4.11B). The validity of the cellular response was concomitantly tested
with a 50uM 5-FU positive control, which demonstrated a 47.7% reduction in
viability at day 4 (Figure 4.11C).

In HT-29 cells, the viability of scrambled-transfected cells was determined alongside

non-transfected cells. There was no difference in viability between the 2 conditions
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Figure 4.9. Representative bright field microscope images of SW480 cells

transfected with control and PIEZO1 siRNA.

Representative light microscope bright field images of scrambled-transfected
control cells at 72 hours (A) and 120 hours post-transfection (C) and PIEZO1 siRNA-
transfected at 72 hours (B) and 120 hours (D) post-transfection cells. x10

magnification.
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Figure 4.10. Representative bright field microscope images of HT-29 PIEZO1 siRNA-

transfected cells.

Representative light microscope bright field images of scrambled-transfected

(control) cells (A) and PIEZO1 siRNA-transfected at 72 hours (B). x10 magnification.
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Figure 4.11. The effect of PIEZO1 on cellular viability.

A and D. Bar charts presenting mean+SEM absorbance data from the WST1 cell
viability assay, for non-transfected (NT, white bar) and scrambled-transfected
(scrambled, black bar) cells over a time course: A. SW480 over 5 days; D. HT-29 over
4 days. B and E. Bar chart presenting mean+SEM viability of scrambled-transfected
(black bar) and PIEZO1-transfected (grey bars) cells over a time course: B. SW480
over 5 days; E. HT-29 over 4 days. C and F. Bar charts presenting meanzSEM viability
of cells treated with 40uM 5-FU (grey bars) against vehicle control (white bars)
against over 4 days: C. SW480; D. HT-29. Key: 5FU = 5flurouracil; Abs = absorbance;
d = days. ANOVA and T testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant. All experiments n/N=3/3.
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(Figure 4.11D). Therefore, the scrambled sequence was deemed an appropriate
control in this cell line for this study. There was no difference in viability for the first
3 days of the assay (Figure 4.11E). At day 4 viability is significantly lower than the
scrambled in both transfected conditions (Figure 4.11E). The validity of the cellular
response was concomitantly tested with a 50uM 5-FU positive control, which

showed a 73.6% reduction in viability at day 4 (Figure 4.11F).

This assay has identified an effect of PIEZO1 knockdown on cellular viability,
however it is unable to characterise whether the effect is cytostatic or cytotoxic.
Therefore, proliferation studies were carried out using growth studies with trypan

blue to quantify live and dead cell fractions at each time point.

4.4.1.2. Growth curves using trypan blue exclusion assay
PIEZO1 siRNA was used to study whether PIEZO1 knockdown affects cancer cell

viability and growth in both cell lines.

In SW480 cells, the viability of scrambled-transfected cells was determined
alongside mock-transfected cells. Both cells displayed identical growth
characteristics with a lag phase carrying into exponential growth at day 5 (Figure
4.12A). There were slightly more cells in the non-transfected versus the scrambled-
transfected at day 1 (NT 10,867 vs scrambled 9,583, p=0.045), however there was
no difference in viable cells between the 2 conditions at each subsequent time
point. By day 7, wells for both conditions were approaching confluence. This data

validated the scrambled sequence as an appropriate control for this experiment.

There was no difference in viable cells between the scrambled-transfected control
and PIEZO1 siRNA-transfected cells at day 1, suggesting that the plating efficiency
of cells was not affected by transfection with scrambled and siRNA sequences
(Figure 4.12B, 4.12C). The lag phase for cells transfected with both PIEZO1 siRNA
sequences was the same as that seen in the non-transfected and scrambled-
transfected cells. However, growth characteristics were slower than the scrambled-

transfected, and was lower than the scrambled from day 3 (Figure 4.12B, 4.12C).

There was no difference in the number of dead cells between scrambled-
transfected and PIEZO1-transfected cells (Figure 4.12D). As expected, there was a
significantly higher number of dead cells in the 5-FU treated cells from day 3

onwards (Figure 4.12D).
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In HT-29 cells, the viability of scrambled-transfected cells was compared to non-
transfected cells. Both cells displayed identical growth characteristics with a lag
phase carrying into exponential growth at day 4 (Figure 4.13A). By day 7, wells for
both conditions were approaching confluence. This data validated the scrambled

sequence as an appropriate control for this experiment.

There was no difference in viable cells between scrambled-transfected and PIEZO1-
transfected cells for the first 3 days (Figure 4.13B). However, there were fewer
s18891-transfected cells at day 4 but no difference between scrambled- and
s138387-transfected cells (Figure 4.13B, Figure 4.13C). There were significantly less
viable cells in both PIEZO1-transfected sequences relative to the scrambled control
on days 5 and 6 (Figure 4.13B, 4.13C). On day 7 there was no difference between
the scrambled-transfected and s18891- and s138387-transfected cells (Figure
4.13C).

There was no difference in the number of dead cells seen between the scrambled-
transfected and PIEZO1-transfected cells across the 7-day period (Figure 4.13D).
There was greater cell death seen in the 5-FU treated cells from day 4 onwards

(Figure 4.13D).

This data indicates that PIEZO1 is important in cellular viability. Knockdown reduces

viability and impacts on growth characteristics without causing cell death.
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Figure 4.12. The effect of PIEZO1 on cell viability in SW480: trypan blue exclusion

assay and growth curve.

A. Growth curve presenting the growth characteristics of non-transfected (NT) and

scrambled-transfected (scrambled, black) cells. B. Growth curve presenting the live

cell fraction of scrambled-transfected (black), PIEZO1-transfected (red and blue)

and 5-FU-treated (40uM, green) cells over 7 days following plating. C. Bar chart

presenting meantSEM live cell fractions (vehicle, white bars; PIEZO1 siRNA grey

bars; 5-FU green bars). D. Growth curve presenting the dead cell fraction of

scrambled-transfected (black), PIEZO1-transfected (red and blue) and 5-FU-treated

(green) cells. Key: d = days; 5FU = 5-flurouracil. ANOVA testing: * = p<0.05; **

p=<0.01; *** p=<0.001; NS = not significant. All experiments n/N=3/3.
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Figure 4.13. The effect of PIEZO1 on cell viability in HT-29: trypan blue exclusion

assay and growth curve.

A. Growth curve presenting the growth characteristics of non-transfected (NT) and
scrambled-transfected (scrambled, black) cells. B. Growth curve presenting the live
cell fraction of scrambled-transfected (black), PIEZO1-transfected (red and blue)
and 5-FU-treated (40uM, green) cells over 7 days following plating. C. Bar chart
presenting mean+SEM live cell fractions (vehicle, white bars; PIEZO1 siRNA grey
bars; 5-FU green bars). D. Growth curve presenting the dead cell fraction of
scrambled-transfected (black), PIEZO1-transfected (red and blue) and 5-FU-treated
(green) cells. Key: d = days; 5FU = 5-flurouracil. ANOVA testing: * = p<0.05; **
p=<0.01; *** p=<0.001; NS = not significant. All experiments n/N=3/3.
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4.4.1.3. Colony formation assay
The clonogenic assay is a validated and effective method of looking at the survival

capacity of a cell. It determines the cellular ability to proliferate indefinitely, which
is quantified by the number of large-number colonies formed(Munshi, 2005). The
assay runs over a number of weeks, which is beyond the scope of most other in
vitro survival assays. In order to determine the clonogenicity of cells with PIEZO1
knockdown, transfected cells were prepared in single-cell suspensions and plated
in 6 well plates. Plates were fixed and stained in methylene blue in 100% ethanol,
washed and dried, and visible adherent colonies were counted under a dissecting

microscope.

The clonogenic assay was only carried out in SW480 cells with the s18891 siRNA
sequence. The clonogenic potential of PIEZO1-transfected cells was reduced
relative to the scrambled-transfected control, with 9 colonies formed from
transfected cells compared to 232 from the scrambled-transfected cells (4% of
control), p<0.001. This result however indicates that PIEZO1 is important for cell

division and survival.

4.4.2. Transwell migration assay
Cancer cell motility is an important factor in tumour progression and metastasis.

The Boyden chamber assay is a validated and reproducible assay to study single cell
migration through a porous membrane(Moutasim et al., 2011). This assay was used
to study the effect of PIEZO1 on cancer cell migration. This assay studies cell
migration towards a chemoattractant substance(Falasca, 2011). A number of
important optimisation steps were undertaken with each cell line prior to carrying

out the assay, namely serum culture conditions and the choice of mitogen.

The effect of different levels of serum deprivation on the cells was previously
determined (and presented in Chapter 3) using trypan blue growth counts in sub-
confluent conditions to establish the optimal culture conditions to arrest
proliferation without cytotoxic effect, to allow focused study of the migratory and
invasive capacity of the cancer cells. These were used again in this assay prior to

initiating the migration assay.

Previous studies have used the Boyden chamber migration assays in both HT-29

and SW480 cells with migration incubation periods of 24 hours(Roh et al., 2010).
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During initial testing, there was no difference in migration of non-transfected and
scrambled—transfected cells in HT-29 (non-transfected 34.6, scrambled 35,
p=0.963) (Figure 4.14A) or SW480 cells (non-transfected 95.8, scrambled 92.6, p=1)
(Figure 4.14B).

In HT-29, migration was reduced in cells transfected with both PIEZO1 siRNA
sequences (scrambled 35.5, s18891 8.98, p=6.3E-4; s138387 7.75, p=4.9E-4) (Figure
4.14C). A serum-free media (SFM) negative control was included and demonstrated

minimal migration versus the scrambled-control.

In SW480, migration was reduced in cells transfected with both PIEZO1 siRNA
sequences (scrambled 92.6, s18891 32.7, p=1.1E-4; s138387, p=1.1E-4) (Figure
4.14D). An SFM negative control was included and demonstrated minimal

migration versus the scrambled-control.

In conclusion, this data indicates that PIEZO1 is an important protein in the process

of cellular migration.

4.4.3. Transwell invasion assay.
Matrigel-coated Transwell chambers are a validated assay for studying cell

invasion(Moutasim et al., 2011).

In HT-29, invasion was reduced in PIEZO1-transfected cells relative to the
scrambled-transfected cells (scrambled 158.8, s18891 40.3, p=5.3E-5; 5138387
44.7, p=7E-5) (Figure 4.15A). A serum-free media (SFM) negative control

demonstrated no invasion relative to the scrambled control.

In SW480, invasion was reduced in PIEZO1-transfected cells relative to the
scrambled-transfected cells (scrambled 83.3, s18891 17.4, p=9.7E-6; s138387 30,
p=4.8E-5) (Figure 4.15B). A serum-free media negative control demonstrated no

migration relative to the scrambled control.

In conclusion, the data indicates that PIEZO1 is involved in cancer cell invasion.
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Figure 4.14. The effect of PIEZO1 on cancer cell migration.

A-B. Bar chart presenting meaniSEM migration of non-transfected (NT) and
scrambled-transfected cells: A. HT-29; B. SW480. C-D. Bar chart presenting
mean+SEM migration of scrambled-transfected (white bar), PIEZO1-transfected
cells (grey bars) and the serum-free media (black bar) negative control: C. HT-29; D.
SW480. All experiments are n/N=3/2. Key: SFM = serum free media; SCR =
scrambled. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant.
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Figure 4.15. The effect of PIEZO1 on cancer cell invasion.

SCR

18891 138387
Conditions

A-B. Bar chart presenting mean+SEM number of Boyden chamber invaded cells,

with data from scrambled-transfected (SCR, white bar), PIEZO1 siRNA (grey bars)

and the SFM negative control (black bar): A. HT-29; B. SW480. All experiments are

n/N=3/1. ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not

significant.
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4.4.4. Cell cycle profiling
PIEZO1 has previously been found to be important in stretch-activated mitosis of

cells at the G2/M checkpoint of the cell cycle(Gudipaty et al., 2017). It was therefore
postulated that the effects against cell viability and growth seen with PIEZO1

knockdown could affect cell cycling.

Propidium iodide flow cytometry was used to analyse the cell cycling profile of
transfected SW480 cells. Cell cycle profiling of scrambled-transfected cells was
compared to non-transfected cells. There was no difference in cell cycle profiles at
day 2 (Figure 4.16A) and day 3 post-seeding (Figure 4.16B). This validated that the

scrambled sequence did not have effect on the cell cycle profile.

Cell cycle profiles were collected over 2-4 days to determine any effects of PIEZO1
siRNA (Figure 4.16C-E). There was no difference in the cell cycle profiles at day 2
(Figure 4.16C). At day 3, there was a reduction of the number of cells in the G1
phase in PIEZO1 siRNA-transfected cells and an increased number of cells in the
G2M phase (Figure 4.16D). However, there was no difference in the proportion of
cells in S phase. At day 4, there was a reduction in the number of cells in G1 phase
in PIEZO1 siRNA-transfected cells with an increase in the proportion of cells in S

phase and G2M phase (Figure 4.16E).

This data indicates that PIEZO1 knockdown generates G2M arrest.
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Figure 4.16. The effect of PIEZO1 on cell cycle profiling in asynchronised SW480

cells.

A-E. Bar charts presenting the meantSEM percentage of cells in each cell cycle

phase. A-B. Cell cycle phase profiles of non-transfected (NT, grey bar) and

scrambled-transfected (SCR, white bar): A. Day 2; B. Day 3. C-E. Cell cycle phase

profiles of scrambled-transfected (SCR, white bar) and PIEZO1-transfected (s18891,

black bar) cells: C. Day 2; D. Day 3; E. Day 4. All experiments are n/N 3/1. ANOVA

testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant.
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4.5. The effect of Yodal on cancer cell viability

The data indicates that PIEZO1 is important in cellular proliferation. Intracellular
influx of calcium has previously been shown to activate the Ras/MEK/ERK
proliferation pathway. Calcium influx from store release and membrane
depolarisation through L type voltage gated calcium channels have both previously
been reported to activate MEK1 downstream of Ras to activate MAPK in the PC12
rat phaeochromocytoma cell line(Rosen et al., 1994). Furthermore, PIEZO1 has
been shown to induce a calcium-dependent activation of ERK1/2 that is abrogated
with PIEZO1 knockdown in MDCK cells(Gudipaty et al., 2017). Therefore, the effect
of Yodal on the Ras/MEK/ERK pathway was explored using phospho-blotting for
phosphorylation of pERK.

4.5.1. Phospho-pERK western blotting
Cells were transfected with scrambled-sequence or PIEZO1 siRNA sequences. At 48

hours post transfection, cells were serum starved for 24 hours. Cells were treated
with 10uM Yodal or DMSO vehicle control for 30 minutes then cells were harvested
on ice for western blotting. MEK1/2 are activated by growth factors such as
EGF(Mizuno et al., 2006). EGF-induced pERK phosphorylation is inhibited by the
MEK inhibitor PD98059. Therefore, cells were concomitantly treated with 50ng/ml
of EGF following a 20-minute incubation with either the MEK inhibitor PD98059 or

the DMSO vehicle control as a positive control.

Visible inspection of the blots indicated that there was minimal phospho-pERK band
intensity in the vehicle control cells for scrambled-transfected and PIEZO1-
transfected cells (Figure 4.17A). Yodal treatment increased band intensity of all 3
transfected conditions (Figure 4.17A). The total ERK (pERK) loading control
demonstrated equal protein loading in all conditions (Figure 4.17A). Image J was
used to quantify band intensities. This confirmed an increase in phospho-pERK
signalling in scrambled-transfected (vehicle 37.9, Yodal 123.5, p=0.007), s18891-
transfected (vehicle 41.3, Yodal 109, p=0.05) and s138387-transfected cells
(vehicle mean 39.8, Yodal 116.4, p=0.017) (Figure 4.17B). This data indicates that
Yodal activates Ras/MEK/ERK signalling. However, there was no difference in the
band intensities between the scrambled-transfected and PIEZO1-transfected cells

(p=1). Therefore, PIEZO1 is not essential in Yodal-induced Ras/MEK/ERK signalling.
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EGF phosphorylated pERK (Figure 4.17C, 4.17D) (mean intensity 129). The MEK
inhibitor PD98059 inhibited EGF-induced pERK phosphorylation (mean intensity
23.1, p=3.5E-4) (Figure 4.17C, 4.17D). These findings were consistent with findings

from the literature and validated that the cells were responding appropriately.

4.5.2. Trypan blue exclusion cellular viability assay
The data thus far suggests that PIEZO1 is important in cellular proliferation.

Therefore, Yodal was used in cell culture to determine whether it can induce
cellular proliferation. A concentration range was chosen by considering those
concentrations that had previously shown significant effect on calcium response: in
HT-29 these were 10uM (p=0.006) and 5uM (p=0.026); in SW480 these were 10uM
(p=1.6E-9), 7.5uM (p=4.8E-8) and 4uM (p=3.75878E-4). Therefore, 10uM and 5uM
concentrations were chosen for use in both cell lines. Cells were plated in a 24 well

plate and counted over 4 days.

HT-29 cells treated with vehicle displayed normal growth characteristics, with a lag
phase and entering exponential growth after day 2 (Figure 4.18A). Both
concentrations of Yodal did not affect cellular proliferation for the first 2 days
(Figure 4.18A and 4.18B). Cellular proliferation was reduced with both
concentrations at day 3 (Figure 4.18A, 4.18B). At day 4, cellular proliferation was
arrested at 5uM but there was a fall in cellular counts with 10uM (Figure 4.18A and
4.18B). Trypan blue allowed quantification of the dead cell fraction (Figure 4.18C).
There was an increased dead cell fraction in cells treated with 10uM at day 3 but

not with 5uM. There was no increase in cell death at day 4 (Figure 4.18C).

SW480 cells treated with vehicle compound entered exponential phase
immediately (Figure 4.18D), which may have been due to the different cell seeding
density and different culture conditions to the previous growth studies. Yodal had
an immediate effect on cellular proliferation (Figure 4.18D). There was a reduction
in proliferating cells from day 2 to day 4 with 10uM relative to the vehicle control
(Figure 4.18E). There was a reduction in proliferation from day 2 to 4 in 5uM and a
fall in proliferating cells at day 4 (Figure 4.18E). However, there was no difference
in cellular count between day 3 and day 4. Trypan blue allowed quantification of
the dead cell fraction (Figure 4.18F). There was no difference in dead cell counts

across all treatment conditions at all time points.
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Figure 4.17. The effect of Yodal on pERK phosphorylation.

A. Phospho-blot of ERK phosphorylation in transfected SW480 cells treated with
Yodal for 30 minutes, alongside the pERK (total ERK) loading control. The position
of the protein markers is denoted on the left-hand side of the blot with their
respective molecular weights. B. Bae chart presenting the meantSEM pixel
intensity of the Western blot expression bands for scrambled-transfected (SCR,
white bar) and PIEZO1-transfected (18891, grey bar) from Figure A. C.
Representative phospho-blot of SW480 cells treated with 50ng/ml of EGF for 30
minutes in the presence and absence of PD98058 MEK inhibitor (MEK:i). D. Bar chart
presenting meanzSEM pixel intensity of ERK phosphorylation (phosphoERK) from
the bands in Figure C. All experiments n/N=3/1. ANOVA testing: * = p<0.05; **
p=<0.01; *** p=<0.001; NS = not significant.
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Figure 4.18. The effect of Yodal on cancer cell viability.

A and D. Line graph presenting live cell counts of cells treated with DMSO (vehicle,
black line) and 2 concentrations of Yodal: A. HT-29; D. SW480. B and E. Bar chart
of mean*SEM live cell counts: B. HT-29; E. SW480. C and F. Bar chart of mean+SEM
dead cell counts over the 4 days of treatment: C. HT-29; F. SW480. Key: d = days.
ANOVA testing: * = p<0.05; ** p=<0.01; *** p=<0.001; NS = not significant. All

experiments n/N=3/2.
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In conclusion, this data indicates that Yodal impacts on cell viability and growth but

is not cytotoxic.

4.6. Summary of Findings

. Yodal induces calcium influx in HT-29 and SW480 cells but not HCT116
cells.
. Yodal does not result in changes in intracellular calcium levels in the

absence of extracellular calcium, suggesting that Yodal does not induce store
operated calcium release.

o The specificity of Yodal in inducing PIEZO1-dependent calcium entry is
demonstrated using PIEZO1 siRNA as well as a number of cation channel inhibitors
that have been shown to block PIEZO1 current.

. PIEZO1 siRNA knockdown results in a reduction in cell viability and
proliferation. There is no increase in cell death in PIEZO1-transfected cells,
suggesting that PIEZO1 knockdown is cytostatic. PIEZO1 knockdown also reduces
clonogenicity.

. PIEZO1 siRNA knockdown reduces migration and ECM invasion.

. PIEZO1 siRNA results in a reduction in cells in G1 and an increase in cells
arrested in G2/M.

. Yodal phosphorylates pERK but PIEZO1 siRNA knockdown does not affect
the level of pERK phosphorylation.

4.7. Discussion
In conclusion, this chapter has shown an important role of PIEZO1 in colorectal

cancer cell function. The in vitro work presented here has revealed a role for PIEZO1
in CRC viability. This finding is novel and has not been reported previously in
colorectal cancer. It has been reported in other tumours, including synovial
sarcoma cells (Suzuki et al., 2018) and glioma cells(Chen et al., 2018b). PIEZO1 has
previously been found to be important in cellular proliferation in normal epithelial
cells. PIEZO1 knockdown resulted in a reduction of proliferation, both in vitro in
MDCK epithelial cells and in vivo in zebrafish (Gudipaty et al., 2017). The channel’s
mechanosensitive properties appear to play an important role in this. Epithelial cell
stretch has been shown to induce PIEZO1-dependent stretch-induced mitosis and
ERK1/2-dependent proliferation in a calcium-dependent manner(Gudipaty et al.,
2017). Yodal-induced ERK phosphorylation has been demonstrated in this thesis,

which is consistent with previous work, but it is the first time it has been described
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in CRC. Recent PIEZO1 cancer studies suggest that PIEZO1-mediated proliferation is
activated by the tension of the tumour mass. Chen and colleagues have reported
that PIEZO1 cell division and cell cycling is increased in GBM cell culture in
polyacrylamide gels of increasing stiffness, and that siRNA knockdown resulted in
reduced tumour volume in vivo (Chen et al., 2018b). However, pressure is unlikely
to be the sole activator of the channel, particularly given the proliferative arrest
seen on siRNA knockdown in HT-29 and SW480 that were cultured in pressure-free
sub-confluent monolayers in routine cell culture. There is evidence that the
association of PIEZO1 with integrin 1 and other cell adhesion molecules are
important in cell division, so the channel may also influence proliferation this way.
Chen and colleagues characterised PIEZO1 association with the cell adhesion
molecules integrin B1, vinculin and focal adhesion kinase (FAK) and demonstrated
a positive role for this interaction in mediating cell mitosis(Chen et al., 2018b),
which may play an important role in cytoskeletal rearrangements required during
mitosis. PIEZO1 involvement in cytoskeletal arrangement has previously been
described by McHugh and colleagues, who found that PIEZO1 knockdown in lung
epithelial cells resulted in reduced integrin B1 activation and an altered actin
cytoskeleton to a more rounded phenotype(McHugh et al., 2012). However, PIEZO1
knockdown in SW480 and HT-29 cells did not result in any such altered phenotype.

However, PIEZO1’s interaction with integrins in CRC should be explored further.

PIEZO1 siRNA reduced cancer cell proliferation without inducing cell death,
suggesting that the effect of knockdown was cytostatic. However, clonogenicity
was markedly reduced, suggesting that the proliferative arrest was not reversible.
PIEZO1 knockdown also resulted in an increase in cells arresting in G2/M of the cell
cycle. It is possible that cell cycle checkpoints at G2/M could trigger cell death, and
further work should clarify this. This finding has also not been reported in cancer to
date. PIEZO1 function has been associated with G2/M cell cycle in epithelial cells
previously. Epithelial cell stretch induces cyclin B1 production and mitosis with a
resultant transient burst of cell division of cells paused at G2/M but not of those
cells at other cell cycle checkpoints (Gudipaty et al.,, 2017). It is therefore
reasonable to consider that PIEZO1 knockdown could impair the molecular
signalling process required for mitosis at G2/M, causing cells dependent on PIEZO1
function to arrest there. Western blotting for cyclin B1 would be a logical next step

in beginning to characterise this further.
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PIEZO1 siRNA knockdown resulted in proliferative arrest, and Gudipaty and
colleagues have previously reported that cell stretch generated a transient PIEZO1-
dependent burst of cell division over a 1-hour window with an increase of 1.4%
above baseline, returning to basal levels of proliferation thereafter(Gudipaty et al.,
2017). It was therefore hypothesized that Yodal treatment would enhance
proliferation. However, in this work 4 days of Yodal treatment resulted in a
reduction in viable cells. Other researchers have also found that Yodal does not
induce cell proliferation either. Chen and colleagues who did not see a difference
in cell proliferation of GBM cells treated with Yodal(Chen et al., 2018b), who
concluded that increasing endogenous channel activity wasn’t sufficient to
promote cell growth. It could be postulated that the reduction in proliferation and
increasing cell death of the Yodal-treated CRC cells could be due to intracellular
calcium overload by over-stimulation of the PIEZO1 channel that could overwhelm
the cell’s ability to handle the excess calcium, which could cause mitochondrial
calcium overload, cytochrome c release and caspase-induced apoptosis, and is an
area for further work in the laboratory. The molecular machinery for calcium
homeostasis in cell lines such as GBM may be better primed to deal with the calcium

influx to generate better calcium homeostasis.

In this thesis, PIEZO1 knockdown resulted in reduced CRC cell migration and
invasion. This is in contrast to the findings of McHugh et al, who reported that
PIEZO1 knockdown in normal lung epithelial cell line 16HBE cells increased 2D single
cell migration and substrate invasion as well as cell detachment and anchorage-
independent growth (McHugh et al., 2012). In further contrast to this, there was no
increase in cell detachment in transfected cells in this thesis work, purely an arrest
in proliferation. As they found that small cell lung carcinoma cell lines H510, H345
and H69 had very low levels of PIEZO1 expression relative to the normal epithelial
lines, they used the knockdown study in normal lung epithelia as a proxy for the
cancer lines. This suggests that loss of PIEZO1 expression in lung cancers results in
anchorage-independent growth and a more invasive phenotype, such as that which
has been shown to occur with epithelial-mesenchymal transition (EMT), a key
driver in the development of the anchorage-independent phenotype and a key
feature of NSCLC cell lines(Takeyama et al., 2010). This isn’t to say that PIEZO1 is

protective against invasion. PIEZO1 plays an important role in cell adhesion, as it is
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necessary for integrinB1 activation(McHugh et al., 2010). Integrins are involved in
cancer metastasis and invasion, particularly important in establishing metastatic
cell uptake into distant tissues such as the liver(Enns et al., 2004). Integrin al1fp1
complexes have been demonstrated in two thirds of colorectal cancers(Boudjadi et
al., 2016) and their expression has been found to be controlled by c-MYC(Boudjadi
et al., 2016), an oncogene that is upregulated in 70% of colorectal cancers(Erisman
et al., 1985) and that has been shown to drive tumour cell migration and invasion.
Further work should look into whether PIEZO1 signalling is influenced by c-MYC,
particularly in terms of migration and invasion. As well as its association with
integrins, PIEZO1 may drive metastasis in vivo through cell extrusion. The cellular
layers of the colon are constantly proliferating, and where this proliferation leads
to overcrowding, both live, viable cells and apoptosing epithelial cells are extruded
in order to maintain the gut’s functional barrier(Eisenhoffer et al., 2012). PIEZO1
likely senses crowding through an increase of pressure within the cell monolayer,
as the channel is activated by pressure(Wu et al., 2016). PIEZO1 has been shown to
be inherent in the process of cell extrusion via Rho kinase-mediated actomyosin
contraction, which is disrupted by both knockdown of the channel and inhibition
by gadolinium in MDCK cells (Eisenhoffer et al., 2012). Basal rather than the normal
apical cell extrusion has been reported in the presence of oncogenic mutations such
as those occurring in APC(Marshall et al., 2011) and K-RAS(Slattum et al., 2014), and
it is feasible to hypothesize that PIEZO1 may be important in the mechanical aspect

of such basal cell extrusion that could propagate local tumour invasion.

Work in this chapter has also found that Yodal phosphorylates ERK, which has been
shown previously in other cancers, suggesting that PIEZO1 signalling activates the
Raf/MEK/ERK proliferation pathway. However, there was no discernible reduction
in pERK phosphorylation in PIEZO1 knockdown cells relative to the control. This
could be due to the fact that siRNA is not going to result in 100% transfection
efficiency, so some channels will still be expressed, and their Yodal-induced
calcium entry may be sufficient to phosphorylate pERK - it is not clear whether the
effect of calcium entry has a ‘concentration-dependent’ effect on the level of pERK
phosphorylation. To this end, dela Paz and Frangos did not see a concentration-
dependent Yodal-induced increase in pERK phosphorylation(Dela Paz and Frangos,
2018). The use of some of the inhibitors used earlier in the chapter such as

gadolinium and ruthenium red could also be used alongside siRNA-transfected cells
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as they have demonstrated potent (albeit non-specific) inhibition. However, a
recent study by dela Paz and Frangos has found that even with such potent
inhibitors as gadolinium and ruthenium red did not inhibit Yodal-induced pERK
phosphorylation(Dela Paz and Frangos, 2018). However, they do inhibit Akt
phosphorylation. This suggests that Yodal could be inducing pERK phosphorylation
independently of PIEZO1 by other targets, and that PIEZO1 may preferentially
activate Akt signalling and proliferation. Similar studies on Akt phosphorylation in

the CRC cell lines needs to be carried out.

In conclusion, this work provides evidentiary support for a role of PIEZO1 signalling

in colorectal cancer cell proliferation, migration and invasion.

4.9. Rationale to chapter 5
Study of PIEZO1 was driven by initial interrogation of the TCGA colorectal cancer

dataset, following a publication by Li and colleagues who reported higher PIEZO1
expression in the MCF7 cell line relative to the normal mammary epithelial cell line
MCF10A(Li et al., 2015a). This initial analysis, albeit crude, demonstrated a 1.1-fold
increase in PIEZO1 expression in colon cancer relative to normal colon that led into

in vitro work.

The work in these two chapters presents evidence of an important role for PIEZO1
in CRC growth in vitro. Furthermore, the work from the preceding chapter presents
evidence that CRAC channel function is also important. It was therefore a logical
next step to explore the role of these receptors in human tumourigenesis. We did
not have access to human tissue and clinical data for the purposes of this analysis.
TCGA provides open access to their comprehensive genomic dataset. Therefore,
TCGA data was interrogated with the aim of characterising the role of calcium

channel signalling in colorectal cancer, with particular focus on PIEZO1 and ORAIL.
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Chapter 5: Transcriptome Analysis of Calcium Channel
Signalling in Colorectal Cancer

5.1. Introduction
Work so far has shown that pharmacological inhibition and siRNA knockdown of

ORAI1 and PIEZO1 has anti-proliferative and anti-migratory effects in CRC cell lines
in vitro. The next logical step was to explore the significance of these receptors in
cancer development. In particular, we have very little information about the ligand-
based receptors that activate PIEZO1 and CRAC channel signalling in CRC, or how
signalling through these receptors interplays with cell cycling, viability an
proliferation, migration and apoptosis. This can be approached using in vitro
techniques such as RNAI screens, which can identify the dependency of genes on
survival or migration but are a time-consuming and labour-intensive process that
was beyond the time limits of this PhD. Recently, next generation sequencing
techniques such as microarray, RNASeq and proteomic analysis have become a lot
more affordable and accessible to individual laboratories and are generating
publications from in vitro cell line work, as well as human tumour and PDX tissues.
This type of data is useful for generating targeted hypotheses that can then be

taken back into the laboratory.

TCGA is an international multi-centre project that has sought to better understand
the genomic landscape of different types of cancers. Tissue underwent
comprehensive analysis including single nucleotide polymorphism (SNP) arrays,
chromosome and sub-chromosomal copy number changes and translocation
analysis, mRNA and miRNA expression profiling and DNA promoter methylation,
generating the most comprehensive cancer dataset to date. Furthermore, the
project collected baseline demographic data and clinicopathological characteristics
including cancer staging, micro- and macroscopic measures of disease invasion and
metastases and survival data that can be used to generate clinically relevant
molecular analyses. A number of landmark papers have resulted from this project
that have defined the molecular landscape of a number of cancers including
colorectal cancer in 2012(The Cancer Genome Atlas et al., 2012). All of the research
data is available through open access via the International Cancer Genome
Consortium Data Portal since 2010 for download and individual analysis, facilitating
its use in cancer research across the globe. In the body of papers generated from

cancer research, there are relatively fewer papers carrying out differential analysis
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between tumour and normal tissue. This may be due to the limited technical
feasibility of acquiring a normal colon sample at an appropriate distance away from
the tumour site at the time of resection, particularly with the increasing use of
laparoscopic or robotic surgical techniques. It may also be due to concerns of ‘field
cancerization’ of normal tissue, something that Slaughter and colleagues described
from a histological analysis of normal oral mucosa adjacent to squamous cell
carcinoma (SCC) showing histological preconditioning to developing neoplasia
(Slaughter et al., 1953). The concern is that the normal samples may not be ‘normal’
as they will carry genomic aberrations in particular with cancers that have an
established multistep carcinogenetic process such as colon cancer that may not
have yet developed histological neoplastic changes. However, there is evidence
that matched tumour-normal analysis generates clinically meaningful biological
insight. A recent systematic analysis of TCGA transcriptional data from matched
samples from breast, head and neck, kidney clear cell and liver carcinoma as well
as adenocarcinoma and SCC of the lung report that differential analysis provides
reliable and powerful results, particularly in terms of predicted survival(Huang et

al., 2016).

The TCGA project has unarguably performed one of the most comprehensive
genomic analyses to date. However, proteomic data is lacking relative to the
genomic data. The project used reverse phase protein analysis (RPPA), a dot-blot
antibody-based microarray that allows quantitative analysis of protein expression
of hundreds to thousands of samples simultaneously(Spurrier et al., 2008).
However, the antibody panel for colorectal cancer is limited to 208 antibodies
(which do not include ORAI1 and PIEZO1) compared to the RNASeq data yielding
expression data on 60,000 genes. Still, there is a significant amount of information
that can be yielded from probing the cancer transcriptome that is available from
TCGA without the accompanying proteomic data, in order to understand the
functional elements of the cancer genome. Gene ontology and gene set enrichment
analysis can allow computational functional interpretation of both differentially
expressed genes as well as the cancer transcriptome in its entirety(Subramanian et

al., 2005).

5.2. Aims and Objectives
The aim of this analysis was to determine whether calcium channels and calcium

signalling pathways are involved in human CRC growth and metastases.
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The objectives of this study include:

1. Determining whether calcium channels are differentially expressed
between colorectal tumours and normal tissue.

2. Determining whether ORAI1 and PIEZO1 expression is associated with any
particular clinicopathological features such as tumour stage and
histopathological markers of invasion, as well as prognostic outcomes such
as overall survival and progression free interval.

3. Determining whether, in colorectal tumours, ORAI1 and PIEZO1 expression
correlates with other genes, and using gene ontology and pathway analysis
to identify whether these genes have any functional effect.

4. Explore whether ORAI1 and PIEZO1 are associated with any of the
molecular characteristics that have been described in the landmark 2012

colorectal cancer paper from The Cancer Genome Network.

The results shown here are in whole based upon data generated by the TCGA

Research Network: https://www.cancer.gov/tcga.

5.3. Data characterisation
There was RNASeq data available for download for 453 colon cancer and 41 normal

colon samples at the time of download. Rather than pooling datasets for normal
and cancer tissue, differential expression analysis was carried out on matched
normal colon and cancer tissue samples, as this generates more robust and
meaningful analysis. From hereon out, the 41 patients for which matched normal
tissue was available is referred to as the subgroup. The entire dataset of 453

patients is referred to as the cohort.

Prior to undertaking analysis, a number of steps were taken to determine the
acceptability of the data from both tumour and normal tissue by looking at quality
of the data as well as the clinical, pathological and expression characteristics of the

subgroup and the cohort.
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5.3.1. Characterisation of the paired tumour-normal dataset

5.3.1.1. The quality of the data
Before undertaking any analysis, a number of steps were taken in order to verify

that the available data was of sufficient quality for analysis.

Analysis of the GC content from the raw data files prior to alignment, processing
and generation of read counts is a standard quality control step. This process is
referred to in the supplementary methods page 10 of the 2012 TCGA COAD paper.
However, TCGA only provides processed read counts for open access, therefore we
did not have access to the GC data or the raw files on which to carry out the GC
analysis. The colon cancer dataset has been extensively utilised by the research
community and has generated a broad range of high-quality publications.
Therefore, in the current circumstances It is assumed that this quality control

process was satisfactorily completed prior to generation of read counts.

5.3.1.2. Histological data
There are strict sampling criteria for including cancer and normal samples within

the TCGA project, as detailed in the Methods. Biospecimen data for both cancer
and normal tissue was downloaded from the TCGA website. Biospecimen data for
the 41 colorectal cancer samples is presented in Figure 5.1. The median percentage
of tumour nuclei was 80% (range 60-95%), all meeting the minimum criteria of 60%
tumour nuclei. However, there was a varying amount of both normal and stromal
tissue included in the tissue samples: the median percentage of normal cells was
1.5% with a range encompassing from 0-50%; the median stromal cell percentage
was 10% with a range of 0-50%. There was minimal inflammatory cell infiltration,
with no eosinophils, minimal monocyte (median 1%, range 0-1%), neutrophil
(median 2%, range 0-3%) and lymphocyte (median 5%, 1-20%) infiltration. Data was
not filtered for samples with no infiltration as this would reduce the number of
paired samples available for analysis and impact on the statistical power. However,
there was no biospecimen data recorded for the normal colon tissue. Therefore,
the 41 H&E digital slides were downloaded from the GDAC portal and the tissue
phenotype was validated by myself and independently by a consultant pathologist
(Dr Ali Khurram), and this ascertained that these 41 normal tissue samples were

normal colon.
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5.3.1.3. Principal component analysis
PCA plotting of the 41 matched tumour and normal samples demonstrated distinct

clustering of the colon cancer and normal colon tissue (Figure 5.2). This distinct
clustering between cancer and normal colon has been reported in the literature
previously in a paper carrying out PCA on 77 normal colon and 78 colorectal cancer

samples(Xu et al., 2017).

5.3.1.4. Hierarchical clustering
Hierarchical clustering of the z-scores of the log2-transformed raw read counts of

the 41 tumour and normal samples also demonstrated clear clustering of tumour
versus normal samples (Figure 5.3). This distinct clustering has previously been
shown in other paired normal analyses of TCGA data for breast cancer(Huang et al.,

2016).

5.3.2. The subgroup versus the cohort

5.3.2.1. Clinicopathological characteristics
Clinicopathological characteristics and outcome data of the cancer samples in both

groups were compared to determine whether the 2 groups differed in any way, as
any such differences could generate bias that could skew analysis. The
clinicopathological characteristics were compiled for the subgroup and compared
to the cohort. The clinicopathological and demographic data are summarised for

both the cohort in Table 5.1 and the subgroup of 41 patients in Table 5.2.

There was no difference in overall survival (OS) or progression free survival (PFS)
between patients in the subgroup and the entire cohort (Figure 5.4). Estimated 1-,
3-, and 5- year survival of the subgroup was 94% (86.3-100%), 86.9% (75.7-99.8%)
and 69.5% (43.9-100%) respectively compared to 93% (91-95%), 86% (82-90%) and

80.4% (74-87%). Equally there was no difference in survival in terms of age and sex.

There was no difference in lymphatic invasion in the subgroup but there was
lower survival in patients with lymphatic invasion (p<0.0001). Univariate and
multivariate analyses showed that there was no difference in sex, age, disease
stage in overall survival (Table 5.3) or progression-free survival (Table 5.4). Both
univariate and multivariate analyses of progression free survival showed that
there was significantly higher chance of progression with venous invasion

(p=0.033) (Table 5.4).
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Figure 5.1. Dot whisker plot summarising the histological biospecimen data from

the 41 colon cancer samples.
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Figure 5.2. PCA plot of 41 colon tumour and normal colon samples. Tumour samples

are coloured blue (key = tumour); normal samples are coloured red (key = normal).
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In conclusion, there was no discernible difference in the clinicopathological
characteristics or outcomes of the patients with matched tumour and normal colon

tissue to the entire cancer cohort.
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Figure 5.3. Heat map presenting hierarchical clustering of gene expression of the
41 tumour and normal samples. Tumour is denoted by T; normal colon is denoted
by N. Expression was transformed into z scores and clustered using one minus
pearson method. There is clear clustering of the two groups (demarcated with the
black arrow). Heat map created in the Broad Institute matrix visualization and

analysis software Morpheus (https://software.broadinstitute.org/morpheus/).
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Figure 5.4. Kaplan Meier curves comparing disease outcome data in the subgroup

and the entire cancer cohort. Group TN denotes the subgroup; Group TO denotes

the cohort. A. Overall survival; B. Progression-free survival.

Clinical Number of | Overall Male Female
Data patients with
available data
Age 470: Median (range): | 69 (31-90) 68 (34-90)
218 female 69 (30-90)
246 male Mean (SD): 66.7 +
13.7
Sex 464 - 246 218
Stage 438 233 199
1 78 (17.8%) 43 (18.5%) 33
2 184 (42%) 95 (40.8%) 87
3 108 (24.7%) 57 (24.5%) 49
4 68 (15.5%) 38 (16.3%) 30

Table 5.1. Tabulated summary of the demographics and clinical characteristics of

the entire TCGA COAD dataset (n=470).
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Clinical Number of | Overall Male Female
Data patients
with
available
data
Age 41 Median 74 years | Median Median
(range 40-90) (range):  73.5 | (range):
Mean (SD): 70+13.3 | (42-90) 73 (40-90)
Mean (SD): | Mean  (SD):
70.2+13.4 69+13.3
Sex 41 - 20 (49%) 21 (51%)
Stage 40
1 4 (10%) 2 2
2 22 (54%) 9 13
3 7 (17%) 4 3
4 7 (17%) 5 2

Table 5.2. Tabulated summary of the clinical demographics and characteristics of

the 41 patients with available matched tumour-normal tissue.

Clinical Regression Hazard ratio Univariate Multivariate
characteristic coefficient (95% Cl) P value (log | P value (log
rank) rank)

Age 0.03 1.031 (0.95- | 0.39 0.44

1.11)
Sex (female wvs | 0.75 2.12  (0.39- | 0.39 0.39
male) 11.74)
Stage (Stage 2-4 | -1.7 0.18 (0.02-| 0.1 0.16
versus Stage 1) 1.99)
Venous Invasion | 1.5 4.66 (0.93- | 0.04 0.062
(absent versus 23.42)
present)
Lymphatic invasion | 0.72 2.05 (0.4- | 0.4 0.38
(absent versus 10.34)
present)

Table 5.3. Univariate and multivariate analysis of the clinicopathological

characteristics in overall survival in the 41 patients.
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Clinical Regression | Hazard ratio | Univariate | Multivariate

characteristic coefficient (95% Cl) P value (log | P value (log
rank) rank)

Age 0.03 1(0.96-1.1) 0.44 0.44

Sex (female wvs | 0.94 2.6 (0.49-14) 0.27 0.27

male)

Stage (Stage 2-4|-1.7 0.18 (0.017-2) | 0.1 0.17

versus Stage 1)

Venous Invasion | 1.7 5.6 (1.2-27) 0.033 0.033

(absent Versus

present)

Lymphatic invasion | 0.96 2.6 (0.57-12) 0.22 0.22

(absent Versus

present)

Table 5.4. Univariate and multivariate analysis of the clinicopathological

characteristics in progression free survival in the 41 patients.
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5.3.2.2. Principal Component Analysis
In order to determine how comparable both the 41-sample cohort are to the large

dataset of 453 colorectal cancer samples, principal component analysis (PCA) was
used to generate PCA plots that allow a visual summary of the variance of the
datasets. The 41 tumour samples demonstrated similar dimensionality and

variance to the 453 colorectal cancer samples (Figure 5.5).

5.3.3. Conclusion
In conclusion, data available from TCGA for normal colon tissue was limited but

internal control measures determined that this tissue was appropriate for further
analysis. The analysis has verified that the cohort of 41 patients is comparable and
therefore sufficiently representative of the entire cohort. In addition, calculations
determined that the paired dataset is sufficiently powered to generate robust

differential expression analysis.

5.4. Differential expression analysis

5.4.1. Summary of differentially expressed genes
Differential expression analysis of the colorectal cancer samples relative to their

paired normal colon tissue found that there were 15,057 differentially expressed
genes, which was 25% of the total gene list. Of these, differential expression was
significant in 7930 (52.7%) with an FDR of <0.01: 3,658 were upregulated and 4225
genes downregulated (Figure 5.6A and 5.6B). A similar number of differentially
expressed genes has been reported in the literature, with 10,255 differentially
expressed genes of 78 matched tumour-normal colon samples filtered by a less
stringent FDR of 0.05(Xu et al., 2017). Furthermore, principal component analysis
of the 41 paired tumour and normal samples demonstrated distinct clustering
between the two tissues, so it is not surprising that there are so many differentially

expressed genes.

5.4.2. Differential expression of calcium channel genes
One of the aims of this chapter was to determine whether calcium channels were

differentially expressed in cancer relative to normal colon tissue. The differentially
expressed gene list was interrogated for TRP, ORAl and PIEZO channels. 4 calcium
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Figure 5.5. PCA plot presenting the variance of the 41 tumour samples and the 453
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channels were upregulated: TRPV4, TRPM2, PIEZO1 and ORAI1 and 10 channels
were downregulated: TRPM7, PIEZO2, TRPS1, TRPM4, TRPC1, TRPM5, TRPA1,
TRPC6, TRPV3 and TRPM6 (Table 5.5).

Differentially upregulated genes could represent pathophysiologically relevant
gene signalling and potentially druggable targets. From hereon, further analysis
focused on ORAI1 and PIEZO1. Some of the known upstream and downstream
components of the store operated calcium signalling process were interrogated
from the list of differentially expressed genes in order to determine whether more
components of the signalling process were also differentially expressed in tumour
tissue. There was downregulation of some of the important signalling components
used by ORAI1 in store operated calcium entry. STIM1, which has been shown to
be pivotal in ORAI1 clustering and activation, was downregulated (Log FC -0.98,

p=1.36-8).

Furthermore, IP3 receptors that are pivotal in endoplasmic reticulum store
depletion, the molecular process that activates CRAC channel signalling, were not
differentially expressed (ITPR3 (log FC 0.27, p=0.15)). Proteins involved in
downstream signalling cascades were also downregulated, such as calmodulin
(CALM2, log FC-0.61, g=3.45E-4; CALM3 -0.44, q=0.01; CALM1 log FC-0.79, q=2.5E-
6).

5.4.3. Conclusion
In conclusion, this analysis has demonstrated that ORAI1 and PIEZO1 are

differentially overexpressed in colorectal cancer. However, there is differential
downregulation of known calcium machinery both upstream and downstream of

the ORAI1 channel.

5.5. Correlation of Clinicopathological Characteristics
Further analysis was carried out to determine whether ORAI1 and PIEZO1

expression correlates with disease progression and clinical outcome.

5.5.1. Log fold changes
In order to determine whether the level of differential expression was associated

with clinical outcome, the fold changes were compared across disease stage as well
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Figure 5.6. Pictorial representation of differentially expressed genes between

cancer and normal colon. A. Volcano plot plotting the log fold change (x axis) by the

-log10 of the adjusted q value. B. MA plot demonstrating the differential expression

of the dataset, demonstrating the small window of non-differentially expressed

genes (black), upregulated (red) and downregulated (blue) genes.

p N “ Log Fold Change | Likelihood Ratio

TRPV4 1.8168 103.4 3.21E-23
TRPM2 1.6001 85.1 2.75E-19
PIEZO1 1.0871 45.1 4.42E-10
ORAI1 0.50956 9.6 4.01E-3

TRPM7 -0.28504 5.63 3.02E-2

PIEZO2 -0.7923 21.6 1.02E-05
TRPS1 -0.8008 21.1 1.33E-05
TRPM4 -0.9011 29.5 2.16E-07
TRPC1 -1.0509 37.5 4.10E-9

TRPM5 -1.1939 40.5 9.42E-10
TRPA1 -1.5171 73.9 6.97E-17
TRPCE -1.8525 48.6 1.83E-11
TRPV3 -2.9067 238.6 3.19E-52
TRPMG -4.6897 511 7.67E-111

Table 5.5. Table of differentially expressed calcium genes.
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as lymphatic and venous invasion for both ORAI1 and PIEZO1. Perineural invasion
was not analysed as there was insufficient data available on perineural invasion to

do this for the 41 patients.

There was no difference in the fold change expression of ORAI1 expression across
disease stage (p=0.9) or venous invasion (0.45) (Figure 5.7A and Figure 5.7B).
However, there was a reduction in fold change where there was lymphatic invasion

(p=0.047) (Figure 5.7C).

There was no difference in fold change expression of PIEZO1 expression in
disease stage (p=0.35) or venous invasion (p=0.3) (Figure 5.7D and 5.7E).
There was a reduction in fold change in lymphatic invasion (p=0.02) (Figure

5.7F).

5.5.2. Survival analysis
Kaplan-Meier analysis was carried out to determine whether there was a difference

in overall survival and progression-free survival across both PIEZO1 and ORAI1
expression. This tested for differences in survival in high or low median expression.
There was no difference in overall survival (p=0.412, Figure 5.8A) or progression-
free survival (p=0.847, Figure 5.8B) for PIEZO1. In addition, there was no difference
in overall survival (p=0.62, Figure 5.8C) or progression-free survival (p=0.85, Figure

5.8D).

Analysis was then carried out to determine whether clinicopathological
characteristics were prognostic across PIEZO1 and ORAI1 expression. With ORAI1,
there was no difference in overall survival for lymphatic invasion (p=0.38) or disease
stage (p=0.11) but there was a poorer prognosis for venous invasion in the lower

ORAI1 group (p=0.004) but no difference in the higher ORAI1 group (p=0.583).

With ORAI1, there was no difference in progression-free survival for lymphatic
invasion (p=0.2) or disease stage (p=0.11). There was a poorer prognosis for venous
invasion in the lower ORAI1 group (p=0.005) but no difference in the higher ORAI1

group (p=0.314).

For PIEZO1, there was no difference in overall survival for lymphatic invasion
(p=0.38) and disease stage (p=0.11). There was a poorer prognosis for venous
invasion in the lower PIEZO1 group in both overall survival (p=0.017), but no

difference for the higher PIEZO1 group (p=0.307).
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For PIEZO1, there was no difference in progression-free survival for lymphatic
invasion (p=0.2) and disease stage (p=0.11). There was a poorer prognosis for
venous invasion in the lower PIEZO1 group (p=0.018), but no difference in the

higher PIEZO1 group (p=0.229).

5.5.3. Conclusion
In conclusion, this data suggests an inverse relationship between both ORAI1 and

PIEZO1 tumour expression and lymphatic invasion, however this did not impact on
survival outcomes. However, there was poor prognosis for patients with lower

ORAI1 and PIEZO1 expression in venous invasion.
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Figure 5.7. Dot plot graphs representing the variation of log fold changes across
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Figure 5.8. Kaplan Meier survival analysis by PIEZO1 and ORAI1 expression. A-D:
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survival; D. ORAI1 progression free interval.
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5.6. Functional analysis of differentially expressed genes
Further analysis was carried out to interpret what these genes meant on a

biological, cellular and molecular basis. Gene ontology is a resource overseen by
the Gene Ontology consortium that provides a computational representation of the
current scientific knowledge about the functions of genes, creating annotations
that describe the molecular, cellular or biological process for each gene. Two
methods were used: gene ontology enrichment analysis within the goana

programme in r and pre-ranked gene set enrichment analysis (GSEA).

5.6.1. Gene ontology enrichment analysis
The differentially expressed genes were tagged with their assigned gene ontology

(GO) terms using the Goana function within edgeR. This assigned the genes to
14,132 GO terms for biological processes (BP), 1,802 terms for cellular components

(CC) and 3,693 terms for molecular functions (MF).

All differentially expressed GO terms were clustered under headings relevant to
their biological function. There were 28 positively enriched processes (summarised
in Table 6.1 in the Appendix), with the highest number of positively enriched GO
terms occurring in metabolic cell signalling pathways, immunity, cellular structure
and formation, embryogenesis and stem cells and synaptic function. Other relevant
processes include cell proliferation, Wnt signalling, endocytosis and exocytosis. Xu
and colleagues have previously found the biological processes cell proliferation,
inflammation and immunity to be differentially overexpressed in human colorectal

cancer(Xu et al., 2017).

There were 37 negatively enriched processes (summarised in Table 6.2 in the
Appendix), with the highest number of negatively enriched gene ontology terms in
metabolic processes, nucleoside and nucleotide processing, metabolic energy
processes, catabolic processes, cellular response to external stimuli and immunity.
Other processes include endocytosis and exocytosis, ion and cation transport,
acidic pH response and DNA repair. Xu and colleagues have previously found the
biological processes metabolic processes have previously been found to be

differentially under-expressed in human colorectal cancer(Xu et al., 2017).
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5.6.1.1. Calcium related gene ontology enrichment analysis
Calcium-related GO terms were identified by searching for the word ‘calcium’ in the

GO titles. This resulted in 122 biological process terms. However, only 10 were

downregulated and O were upregulated.

There were 10 negatively enriched calcium-related BP gene sets (Table 5.6). Five of
the 10 enriched BP terms are specific to tissue: 4 relating to calcium-induced
exocytosis in the neurone and 1 related to cardiac muscle signalling. Of the
remaining 5, 3 GO terms are related to calcium import into the cell, 1 is related to
calcium-mediated signalling and 1 relating to endoplasmic reticulum calcium

homeostasis (Table 5.6).

There were 4 negatively enriched calcium-related MF gene sets (Table 5.7). There

were no enriched CC datasets.

In addition, the KEGG calcium pathway is downregulated (Figure 5.9). Of this
pathway, 90 genes are differentially expressed: 62 were underexpressed (Figure
5.12A) and 16 were overexpressed (Figure 5.12B). PIEZO1 was not included in this

pathway.

From hereon, biological process GO terms were further scrutinised.

5.6.2. Gene set enrichment analysis
Gene set enrichment analysis was carried out in the Broad Institute GSEA Java

platform, preranked by the log fold change values. All 15,025 genes were
recognised by GSEA in this analysis.

The analysis classified by biological process gene ontology terms, recognising 3,976
separate gene sets within this category. There were 1,453 (37%) positively enriched
gene sets, of which 57 (3.9%) were significant (FDR < 25%). There were 2,523 (63%)
negatively enriched gene sets, of which 70 (2.8) were negatively enriched (adjusted
p value £0.01). The top 50 positively and negatively enriched are graphically
presented in the appendix (Positively enriched data in Figure 6.1, negatively

enriched data in Figure 6.2).

Of the positively enriched gene sets, the top 50 GO terms represented positive
enrichment of genes related to DNA replication, division, cell cycle and cellular
machinery for protein transcription and translation (Appendix Figure 6.13A, Figure

6.3A).
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Of the negatively enriched gene sets, the top 50 negatively enriched GO terms
include G protein-coupled receptors (GPCR), non-calcium ion channel function,
cation transport, immunity, calcium ion-related transport and membrane potential

(Appendix Figure 6.3B).

5.6.2.1. Calcium related gene set enrichment
None of the positively enriched gene sets were related to calcium signalling or

transport.

Of the negatively enriched gene sets, 9 were related to calcium: 4 were related to
transmembrane calcium ion entry and transporter activity, 1 related to
sarcoplasmic reticulum calcium release, 1 for calcium-mediated cardiac muscle
contraction, 2 for calcium-mediated signalling and 1 for cytosolic calcium ion

control (Table 5.8).

GSEA enrichment mapping revealed clustering of the downregulated calcium ion
transmembrane transport GO terms (Figure 5.10). ORAI1 and PIEZO1 both mapped
to the gene sets ‘ion transmembrane transport’, ‘cation transport’,
‘transmembrane transport’ and ‘ion transport’, which collectively contained 922

genes (Figure 5.10). These pathways were all negatively enriched (Table 5.8).

5.6.3. Conclusion
In conclusion, gene set enrichment analysis has found that calcium signalling

processes and ion transport are negatively enriched in colon cancer relative to

normal colon tissue.
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exocytosis

Term No. of | No. Up- | No. down- | P.Up P.Down
genes regulated | regulated

Calcium-mediated 128 35 51 0.756 0.031

signaling

Calcium ion import into | 7 2 5 0.666 0.037

cytosol

Calcium ion import across | 7 2 5 0.666 0.037

plasma membrane

Regulation of cardiac | 23 7 12 0.55 0.033

muscle contraction by

calcium ion signaling

Induction of synaptic | 4 0 4 1 0.01

vesicle  exocytosis by

positive  regulation  of

presynaptic cytosolic

calcium ion concentration

Positive  regulation of | 4 0 4 1 0.01

presynaptic cytosolic

calcium concentration

Calcium ion import 46 9 22 0.958 0.016

Endoplasmic reticulum | 14 2 8 0.951 0.043

calcium ion homeostasis

Regulation of calcium ion- | 64 20 28 0.443 0.028

dependent exocytosis

Calcium ion regulated | 82 25 37 0.484 0.007

Table 5.6. Tabulated summary of the differential expression of calcium-related GO

terms for biological processes (p<0.05).
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Term No. of genes | No. up- | No. P.Up P.

regulated | down- Down
regulated

Voltage-gated 4 0 4 1 0.01

calcium channel

activity involved in

positive regulation of

presynaptic cytosolic

calcium levels

Calcium-dependent 3 0 3 1 0.032

ATPase activity

Voltage-gated 5 0 5 1 0.003

calcium channel

activity involved in

cardiac muscle cell

action potential

Voltage-gated 3 0 3 1 0.032

calcium channel

activity involved in AV

node cell action

potential

Table 5.7. Tabulated summary of the differential expression of calcium-related GO

terms for molecular function (p<0.05).
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Figure 5.9. A-B. Dot plots presenting the differentially expressed genes from the

KEGG calcium pathway: A. Negatively enriched terms; B. Positively enriched terms.

232



Term Size ES NES P.adj
(FDR)

Regulation of calcium ion transmembrane | 50 -0.62 -1.91 0.01

transporter activity

Regulation of release of sequestered | 21 -0.73 -1.89 0.01

calcium ion into cytosol by sarcoplasmic

reticulum

Negative regulation of calcium ion | 22 -0.70 -1.84 0.01

transmembrane transport

Regulation of calcium-mediated signalling 61 -0.59 -1.84 0.01

Calcium ion transport 134 -0.52 -1.82 0.02

Regulation of cardiac muscle contraction by | 22 -0.69 -1.81 0.02

calcium ion signalling

Calcium ion transmembrane transport 91 -0.53 -1.76 0.03

Calcium mediated signalling 72 -0.54 -1.72 0.05

Regulation of cytosolic calcium ion | 128 -0.58 -2.00 0.00

concentration

Table 5.8. Tabulated summary of the GSEA analysis identifying the negatively
enriched genes for calcium-related function within the GO terms for biological

process. g<0.05.
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Figure 5.9. A. Diagram presenting the cluster of gene ontology terms pertaining to
calcium signalling. The nodes are sized to represent the number of genes mapping
to the gene ontology term. B. Node diagram highlighting the nodes from A to which

ORAI1 and PIEZO1 were mapped.
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5.7. Gene co-expression
So far, analysis has determined that ORAI1 and PIEZO1 are differentially

overexpressed in colorectal cancer relative to normal cancer, but analysis of
structured GO datasets of calcium transport and signalling processes are negatively
enriched in tumour relative to normal colon. Further analysis was undertaken to
identify gene co-expression outside of the structured GO terms, which may allow
identification of novel gene relationships. Correlation is a common measure of co-

expression and was used in the methods employed in these analyses.

Analysis was carried out to identify genes that co-expressed with both ORAI1 and
PIEZO1. Furthermore, analysis was carried out to identify gene co-expression with

clinicopathological traits.

5.7.1. Differential gene correlation
The differential gene correlation analysis package was used to explore gene co-

expression in the tumour tissue. The top 100 positively and top 100 negatively co-

expressed genes are presented in the Appendix in Figure 6.4 and 6.5 respectively.

5.7.1.1. Gene co-expression with ORAI1 and PIEZO1 in tumour tissue
The differential gene correlation analysis package was used to identify gene

correlations with ORAI1 and PIEZO1 in tumour tissue that did not exist in normal

colon tissue.

There were 3,602 genes that correlated with PIEZO1 in tumour tissue where they
did not correlate in normal colon tissue. Filtering these above correlation
coefficients above 0.3 and below -0.3, this resulted in 1,924 positive correlations,
and 1,678 negative correlations. Gene set enrichment of the genes co-expressing
with PIEZO1 in tumour tissue found that there was positive enrichment of genes
pertaining to lipid catabolism and small molecule catabolism, and negative
enrichment of RNA localization, nucleobase-containing compound transport,
protein-containing complex localization, RNA polymerase | transcription and
ribonucleoprotein complex localization (Table 5.9). The top 50 positive and

negative gene co-expression with PIEZO1 are presented in Figure 5.11.

There were 6,952 genes that correlated with ORAI1 in tumour tissue where they

did not correlate in normal colon tissue. Filtering these above 0.3 and below -0.3,
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this resulted in 3,491 positive correlations and 3,461 negative correlations. Gene
set enrichment analysis of the genes correlating with ORAI1 in tumour tissue found
that there was negative enrichment of genes pertaining to protein-containing
complex localization, RNA polymerase 1 transcription, ribonucleoprotein complex
localization and meiotic cell division (Table 5.10). No gene sets were positively
enriched in tumour relative to normal tissue. The top 50 positive and negative gene

co-expression with PIEZO1 are presented in Figure 5.10.

ORAI1 and PIEZO1 correlated strongly with one another in tumour tissue
(correlation coefficient of 0.94, p=0), whereas there was no correlation in the

normal colon tissue (correlation coefficient 0.01, p=0.9).

5.7.1.2. Conclusion
In conclusion, PIEZO1 and ORAI1 both negatively co-express with genes involved in

transcriptional processes. ORAI1 and PIEZO1 are strongly co-expressed in tumour

tissue where there is no correlation in expression in normal tissue.

5.7.2. Weighted gene correlation analysis
It has already been demonstrated earlier in Section 5.5 that ORAI1 and PIEZO1

expression is inversely associated with lymphatic invasion. In order to explore gene
co-expression by clinicopathological factors, the log transformed FPKM from the 41
tumour samples was subjected to weighted gene correlation network analysis
(WGCNA). This uses a weighted correlation analysis to identify clusters, or modules,
of highly interconnected genes, which are labelled by colour within the r
programme. These modules can be explored using gene ontology terms to identify

functional clusters, as well as correlated with clinicopathological factors.

5.7.2.1. Exploration of the clustered modules
WGCNA analysis identified 7 modules (black, blue, brown, green, turquoise, red,

yellow). Genes that did not cluster by correlation were labelled as the grey cluster,

therefore these were not analysed further.

There were 40 genes mapped to the genes in the black module, 805 in the blue

module, 318 in the brown module, 318 genes in the brown module, 59 genes in the
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Description Size Number NES P FDR (q
of leading value | value)
edges

Lipid catabolic process 51 42 234 |0 0.03

Small molecule catabolic process 91 58 222 |0 0.05

RNA localization 74 30 -2.16 | 0 0.03

Nucleobase-containing compound | 73 30 -217 | 0 0.04

transport

Protein-containing complex localization | 77 39 -223 | 0 0.03

RNA polymerase | transcription 21 12 -238 | 0 0.01

Ribonucleoprotein complex localization | 50 33 -2.7 0 0.002

Table 5.9. Table of differentially enriched gene sets that correlate with PIEZO1 in

tumour tissue.

Description Size Number NES P FDR (q
of leading value | value)
edges

Protein-containing complex localization | 148 57 -2.16 | O 0.04

RNA polymerase | transcription 38 15 219 | 0 0.05

Ribonucleoprotein complex localization | 78 35 -2.27 |0 0.04

Meiotic cell cycle 81 46 24 |0 0.03

Table 5.10. Table of differentially enriched gene sets correlated with ORAI1 in

tumour tissue.
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Figure 5.10. Dot plots of the correlation values of genes with ORAI1 in tumour

(T_corr) and normal tissue (N_corr). A. Genes that are negatively co-expressed. B.

Genes that are positively co-expressed.
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green module, 4,148 genes in the turquoise module, 44 genes in the red module

and 94 in the yellow module.

The networks are visually summarised in a network heatmap plot in Figure 5.12.
This demonstrates high interconnected co-expression predominantly occurring
within the turquoise module (Figure 5.12), implicating the functional relevance of

this module. ORAI1 and PIEZO1 were included within the turquoise module.

The Cytoscape app was used to cluster and visualise the genes by their biological
functions (Figure 5.13). No GO terms mapped to the blue, green, brown, red and
brown modules. There were 342 GO terms enriched within the turquoise module,
including ion transport (p=5.1E-6). Other GO terms also clustered to cell cycle
process and regulation, cellular metabolism of cellular nitrogen, RNA processing
and cellular macromolecule localisation and breakdown (Figure 5.13). ORAI1 was
only enriched with ion transport, which did not interrelate to any of the other
nodes. However, PIEZO1 was enriched with ion transport and also to 3 nodes
(protein-containing complex assembly (p=2.9E-18), protein-containing complex
subunit organisation (p=1.1E-21) and cellular component assembly (p=4.4E-18)),
nodes that ontologically identified for ribonucleoprotein complex biogenesis and

cellular component assembly.

include black circles to identify the GO functions to which PIEZO1 is mapped, and a
black arrow to identify the ion transport GO node to which ORAI1 and PIEZO1 are

both mapped.
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MNetwork heatmap plot, selected genes

Figure 5.12. Network heatmap plot of modules and the eigengene correlation. The
modules are denoted denoted by colour. High co-expression interconnectedness of

genes is denoted by saturated yellow and red colours.

242



ION TRANSPORT

Figure 5.13. Network diagram visualising the biological functions of the genes
clustered to the turquoise module. Gene nodules are coloured according to their
ontological functions and edges denote interconnectedness. The ontological
functions are crudely summarised using circles to aid interpretation: blue = cellular
nitrogen compound metabolic processes; turquoise = cellular macromolecule
catabolic processes; Green = peptide biosynthesis process; Orange = cellular
macromolecular localization and ribonucleoprotein complex subunit organisation;

Pink = RNA processing; Red = cell cycle process and regulation. Further annotations
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5.7.2.2. Gene co-expression with clinicopathological traits
Analysis was carried out to explore whether gene clusters correlate with different

clinicopathological traits.

Correlation of the gene clusters with relevant clinical traits is generated within the
WGCNA package as a module-trait relationship heatmap, which is presented in
Figure 5.14. Yellow did not cluster to any clinical trait. The turquoise module was
the largest and correlated significantly to the most traits, with lymphatic invasion
(pearsons correlation coefficient 0.33, p=0.04), sex (pearsons correlation
coefficient 0.36, p=0.01) and polyps (pearsons correlation coefficient 0.45,
p=0.003) (Figure 5.14). The blue module correlated with venous invasion (p=0.32,
p=0.04). Stage, residual tumour, number of positive lymph nodes, the overall
survival time and progression-free survival time did not correlate with any gene
modules. The green module correlated with polyps (pearsons correlation

coefficient 0.48, p=0.001) and lymphatic invasion (0.33, p=0.04).

The WGCNA output also looks at correlation of individual genes as well as gene
modules with each clinical trait. Both PIEZO1 and ORAI1 negatively correlated with
lymphatic invasion (PIEZO1 gene significance -0.38, p=0.014; ORAI1 gene
significance -0.33, p=0.04).

5.7.2.3. Conclusion
The WGCNA analysis has reported an association of PIEZO1 in ribonucleoprotein

complex function, but no association of ORAI1 with any particular cellular function.
In addition, there is also a negative correlation of ORAI1 and PIEZO1 expression with

lymphatic invasion.

244



Module-trait relationships

A0D% 005 0D 0ODd O1¢ QD OD1S  0DSS
MEyellow oD O 09 0 09 ©5» @3 @» 1
MEbI ot D2 0RO 0D 02 01 0D 012
ue oD @D @) 6H OH 0O 05 @9
Q083 ou 09 0 <00 0013 OO0 0D
MEbrown 09 €9 02 @2 @5 €3 @5 @» 05
ME d 4D 09 o1 oms  om 02 00 om
re 0% 69 €9 09 6H 03 @ O Lo
0% O 02 oon ou ox 02 019
MEgreen € o® oM 09 €0 6B @3 @2
aE 04 0012 D2 omE 024 0Ds1 0on
MEblack 05 @9 03 02 €5 ©) ©5» 03 - 05
B oD oosd o o 012 o 01 019
MEturquoise | 0 @ 05 03 @5 @) 0o @3 Ii
0D2 0o 0D 0B o 03 01 01
MEgrey @ €3 05 03 - -1

Figure 5.14. Module-trait map presenting the correlations of clinical traits with each
module. Correlations are presented in numerical format with p values in brackets

and also in colour.
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5.8. Association with the molecular characteristics of colorectal

cancer
Data analysis so far has demonstrated that the calcium signalling receptors ORAI1

and PIEZO1 are differentially overexpressed in cancer. However, there is
downregulation of the cellular machinery involved in the molecular signalling
processes that have been described for these channels. Furthermore, gene set
enrichment has demonstrated downregulation of calcium channel signalling

processes in cancer tissue.

It can be hypothesized that differential upregulation may be caused by an

oncogenic process. This was explored further.

5.8.1. Copy number variation
Copy number variations (CNV) are structural variations that alter the number of

copies of regions of DNA, either by deletion or duplication. The 2012 TCGA paper
analysed data from 190 fully sequenced colorectal cancer samples. Therefore, given
the negative enrichment of calcium ion channel signalling in Section 5.3, ORAI1 and
PIEZO1 expression data was matched with CNV data for each of these 190 patient
samples. There was no relationship between copy number status and level of

expression for ORAI1 and PIEZO1 (Figure 5.15).

5.8.2. ORAI1 and PIEZO1 and colorectal-specific oncogenic processes
Further analysis was carried out to determine whether ORAI1 and PIEZO1

expression was affected by chromosomal instability as well as known oncogenic
signalling pathways, oncogenic proteins and mutations described in colorectal
cancer. The original landmark TCGA paper for colorectal cancer published in 2012
reported a number of important genomic alterations that affected the oncogenic
signalling in the tumours(The Cancer Genome Atlas et al., 2012). These included
samples with a hypermutated profile versus a non-hypermutated profile, defined
by the authors by somatic mutation analysis via exome capture DNA sequencing as
samples with mutation rates over 12 per 10° bases as hypermutated and those with
less than 8.24 per 10° bases as non-hypermutated. They also defined somatic
recurrently mutated genes by MutSig analysis in genes pertinent to colorectal

tumourigenesis, such as p53, WNT and PI3K, K-RAS and PTEN.
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There was no difference in expression data between hypermutated and non-
hypermutated samples, WNT, TGFB, RTK, PI3K, p53 and APC mutations, nor for
PTEN, K-RAS or ERBB2 status, for either ORAI1 (Figure 5.16) or PIEZO1 (Figure 5.17).
However, expression was higher where the IGF2 receptor was amplified for both
ORAI1 (wildtype 3.98+0.06, amplification 4.26+0.01, p=0.0215) (Figure 5.18A) and
PIEZO1 (wildtype 5.2840.06, amplification 5.6+0.12, p=0.0258) (Figure 5.18B).

5.8.4. Conclusion
In conclusion, PIEZO1 and ORAI1 differential upregulation do not appear to be due

to chromosomal instability as there is no association with CNV or the hypermutated
CIMP genotypic signature. In addition, their expression profiles do not appear to
correlate with the established oncogenic mutational signatures that have been
described as pathognomonic for colorectal tumourigenesis and oncogenic

signalling. However, they do correlate with IGF2 R upregulation.

5.9. Chapter Conclusion and closing points
Analysis of the tumour transcriptome in this chapter has made a number of novel

discoveries about calcium channel expression in CRC. It has revealed differential
expression patterns of TRP, PIEZO and CRAC channels in CRC relative to the normal
colon. Of the panel of TRP, ORAl and PIEZO channels, relatively few are differentially
expressed and only 4 channels are upregulated. Differential upregulation of ORAI1
has been previously reported, but downregulation of STIM1 is novel, as many
studies have reported STIM1 to be overexpressed in cancer studies(Wang et al.,
2014). These findings in themselves will drive further work to define the functional
dynamics of CRC calcium channel signalling. For instance, TRPM4 has previously
been shown to negatively impact on store operated calcium entry in androgen-
insensitive prostate cancer cells through the transduction of sodium current
(Holzmann et al.,, 2015a), so negative enrichment of TRPM4 with positive
enrichment of ORAI1 may represent channel remodelling to drive CRAC channel

signalling in colorectal cancer.
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Figure 5.16. Graphs plotting expression data of ORAI1 by oncogenic alterations. A.
Hypermutated status; B. Mutated WNT signalling; C. Mutated TGFp signalling; D
Mutated RTK signalling; E. Mutated PI3K signalling; F. Mutated p53 status; G.
Mutated APC signalling; H. Mutated PTEN signalling; I. Mutated KRAS signalling; J.
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Figure 5.17. Graphs plotting expression data of PIEZO1 by oncogenic alterations. A.
Hypermutated status; B. Mutated WNT signalling; C. Mutated TGFp signalling; D
Mutated RTK signalling; E. Mutated PI3K signalling; F. Mutated p53 status; G.
Mutated APC signalling; H. Mutated PTEN signalling; I. Mutated KRAS signalling; J.
Mutated ERBB2 signalling.
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Interestingly, functional enrichment analysis of the differentially expressed genes
has revealed that calcium channel signalling processes and ion transport are
differentially downregulated in cancer. Further scrutiny of these genes finds that
the majority of the genes in these classes are differentially under-expressed. These
GO terms are standardised and have been mapped to processes by the Gene
Ontology Consortium, and it should be borne in mind that interpretation of these
terms is limited by their inherent lack of specificity to different tissues and potential
tissue-specific signalling. Considering the tissue-specific differences in events such
as cellular proliferation and cell cycle arrest in different cancers and tissues, it will
not include every gene involved and may even include ones that are functionally
irrelevant to cancer. This data indicates that ORAI1 and PIEZO1 are remodelled in
some way in colorectal tumours, with both differential overexpression and their
strong differential correlation in cancer. The literature base supports roles for
PIEZO1 and ORAI1 in cancer cell proliferation, migration and invasion of human
cancer cells, and GO analysis is not going to be able to wholly depict this. Therefore,
as novel as the GSEA results are, it is reasonable to study associations with these

channels beyond the scope of GO and GSEA.

Integration of mutational profiling from the TCGA 2012 paper has revealed that
PIEZO1 and ORAI1 are not overexpressed due to chromosomal gain either(The
Cancer Genome Atlas et al., 2012), suggesting that upregulation of the channel is
being functionally driven through molecular signalling. Furthermore, PIEZO1 and
ORAI1 do not appear to be driven by oncogenic processes pivotal for colorectal
tumourigenesis such as Wnt signalling, K-RAS activated mutations and PI3K
mutations. However, expression does appear to correlate with IGF2R amplification.
IGF2R is a tyrosine kinase receptor and its amplification was described in the TCGA
2012 analysis, and has subsequently proved to be important in colorectal tumour
proliferation and is a potentially druggable target(Zhong et al., 2016). This finding
can drive further work to characterise the role that ORAI1 and PIEZO1 play in
colorectal cancer in vitro as it is possible that they play an important role in the

downstream signalling process of IGF2R.

This work has also revealed an inverse relationship between the differential
expression of both ORAI1 and PIEZO1 with lymphatic invasion. This suggests that
higher levels of channel expression are protective against lymphatic invasion, but

without any impact on survival. WGCNA analysis also corroborates an inverse
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relationship between PIEZO1 and ORAI1 expression and lymphatic invasion. This
work also revealed that lower ORAI1 and PIEZO1 levels are associated with poor
prognosis in patients with venous invasion. These are novel findings. One can
hypothesize that molecular processes involved in the processes of lymphatic
invasion may negatively regulate PIEZO1 and ORAI1 expression and function. One
possibility is the process of epithelial-mesenchymal transition (EMT), a reversible
process in which polarised epithelial cells undergo molecular changes into a
mesenchymal phenotype that increases cellular migratory and invasive properties
as well as resistance to apoptosis. However, this contradicts findings from other
cancer studies, as ORAI1 and STIM1 has been shown to be overexpressed in the
process of EMT initiation in breast cancer cell lines(Hu et al., 2011). Furthermore,
mMRNA levels of E-cadherin, vimentin, slug, snail and twist did not differ between
patients with and without lymphatic invasion. This could be initially explored in
vitro by inducing EMT in CRC cells and confirming this with qRT-PCR and western
blot analysis of EMT markers and looking at the effects on PIEZO1 and ORAI1
expression. Bioinformatics analysis also revealed that there is no relationship
between expression levels and disease stage, suggesting that channel signalling is

stable and necessary for tumour signalling rather than driving progression.

Steps were taken to ensure that the data was of a decent standard prior to analysis.
However, one factor that could potentially skew the accuracy of the results was
infiltration of stromal and immune cells that are invariably included within the
processed and sequenced tissue blocks. These are inherent to any real tumour and
have been found to have autocrine and paracrine cross-talk with the cancer(Choi

et al., 2015), so there is an argument for not filtering these out of analyses.
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Chapter 6. General Discussion and Future Direction

In summary, this thesis provides evidentiary support for the hypotheses outlined in

Chapter 1 that ORAI1 and PIEZO1 are expressed and functional in colorectal cancer.

This work has found that ORAI1 and PIEZO1 are expressed in both human colon
cancer cell lines and solid colon tumours, with gRT-PCR analysis of human colon
cancer as well as RNASeq analysis of both human colon cancers and normal colon
samples analysed as part of the TGCA project. Furthermore, TCGA analysis has
found that both of these channels are differentially overexpressed in colon tumours
relative to the normal colon. Differential expression of ORAI1 has been reported
previously in colorectal cancer, with higher expression in HT-29 compared to the
normal colon epithelial cell lines NCM460 and NCM356(Sobradillo et al., 2014). This
has also been shown in studies of cancer cell lines and human tissues from other
cancer types, including oesophageal squamous cell carcinoma (SCC)(Zhu et al.,,
2014) and glioblastoma multiforme(Motiani et al., 2013a). Differential
overexpression of PIEZO1 has been reported in breast cancer cell line relative to
the benign mammary line MCF10A(Li et al., 2015a) and glioma cells relative to the
normal glia cells (Chen et al., 2018b). However, such differential expression has not
been reported in CRC. Differential study of both tumour and normal tissue is a
useful approach in cancer research to explore tumour-specific function.
Furthermore, the incorporation of genomic profiling data for colorectal tumours
carried out in TCGA also allowed us to determine that there were no genetic
amplifications or alterations in the CNV underlying this expression. This data
suggests that both ORAI1 and PIEZO1 are functionally upregulated and serves a
specific purpose in the tumour tissue. This tumour-specific upregulation also fits
with the in vitro findings of this thesis that both PIEZO1 and ORAI1 appear to play a

functional role in tumour cell function.

This work supports the hypothesis that both ORAI1 and PIEZO1 play a role in the
viability, migration and invasion of colorectal cancer cells, using our novel CRAC

channel inhibitor JPIIl and PIEZO1 siRNA transfection. This is consistent with
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findings from other cancer studies, using both siRNA and CRAC channel inhibitors.
SFK96365 has previously been shown to inhibit viability of CRC(Sobradillo et al.,
2014) and multiple myeloma (Wang et al., 2018) cell lines. YM58483 also inhibited
cell viability in malignant melanoma lines(Umemura et al., 2014). Both ORAI1 and
STIM1 siRNA knockdown inhibited migration and invasion in cell line studies both
in vitro and in vivo in breast cancer (Yang et al., 2009) and malignant melanoma
(Umemura et al., 2014). Similarly, SFK96365 treatment inhibited migration in breast
cancer cell lines (Yang et al., 2009). Our novel CRAC channel inhibitor, JPIII, inhibits
CRAC channel activity in endothelial cells. This is consistent with existing literature
regarding CRAC channel function and inhibition in endothelial cells. ORAI1 has
previously been reported to be important in CRAC channel signalling, as Abdullaev
and colleagues reported significantly reduced CRAC current following ORAI1 and
STIM1 siRNA transfection(Abdullaev et al., 2008). JPIII also had a functional effect
on endothelial cell viability, migration and invasion. This is also consistent with
existing literature. Abdullaev et al reported reduced cell viability using the trypan
blue exclusion assay in HUVECs following ORAI1 siRNA transfection, with altered
cell cycling and increasing numbers of cells in S and G2M phases(Abdullaev et al.,
2008). Furthermore, our laboratory has previously reported reduced HUVEC
Boyden chamber migration and in vitro HUVEC endothelial tube formation
following ORAI1 siRNA transfection(Li et al., 2011a). Functional effects of small
compound CRAC channel inhibition on endothelial cell function have also
previously been reported. Treatment of HUVEC cells with JPIII’s parent compound
S66 inhibited cell viability, endothelial tube formation and in vivo angiogenesis
using the chick chorioallantoic membrane assay(Li et al., 2011a). There is emerging
evidence in the literature that CRAC channel signalling is an important signalling
mechanism in tumour endothelial cell function. Lodola and colleagues found that
the compounds BTP2/YM58483 and carboxyamidotriazole (CAl) inhibited SOCE and
the viability and in vitro tube formation of breast cancer-derived endothelial colony
forming cells(Lodola et al., 2017). Therefore, it is reasonable to hypothesize that

CRAC channel inhibition may have an anti-angiogenic function in vivo.

The next step to take this work forwards would be testing these channels using in
vivo models. JPIIl only dissolves in 100% DMSO, however this preparation has
previously been used successfully in vivo in our laboratory in C57BIl/6 mice using
mini-osmotic pumps implanted in a subcutaneous pocket. PIEZO1 could be studied

in vivo using a number of different approaches. Our laboratory has previously
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published on the role of PIEZO1 in endothelial cell function and embryonic
neovascularisation using a mouse strain genetically reared to generate endothelial
cell (EC)-specific PIEZO1 mutation. This used murine strains that were bred
heterozygotes for PIEZO1 as well as a model that was cross-bred to create a Cre
recombinase-inducible PIEZO1 EC deletion(Li et al., 2014). Establishing such genetic
models in a nude mouse strain would allow the study of the effect of PIEZO1 on
tumour angiogenesis, using both Cre-inducible PIEZO1 depletion prior to tumour
cell implantation, as well as implanting tumour cells into a heterozygotic EC-specific
model alongside PIEZO1-wild type and mock-induced control mice. At the end of
the study the tumour vasculature can be studied using studies such as
immunohistochemistry for endothelial markers such as CD31/PECAM-1(Albelda,
1991) and CD34 and measuring tumour micro-vessel density (MVD)(Kather et al.,
2015). These techniques can be used to study the effect of both JPIII treatment or
EC-specific PIEZO1 knockdown on tumour angiogenesis to be studied. Genetic
manipulation of cancer cell lines in vitro to alter ORAI1 and PIEZO1 gene expression
could produce either gene knock-out or stable gene overexpression (or knock-in).
The technology for this is becoming more readily accessible and less expensive, an
important example being CRISPR/Cas-9. There are some foreseeable issues with
using this to modify gene expression prior to in vivo study. In this thesis PIEZO1
siRNA transfection was seen to halt cancer cell growth and viability, therefore
stable knockouts could make it impossible to upscale sufficient cells for
implantation. However, CRISPR/Cas9 can also be used to generate inducible models
using doxycycline-inducible Cas9 lentiviral vectors that can be induced both in vitro

and in vivo(Kim et al., 2018), which could be the best way forward.

TCGA analysis found that PIEZO1 and ORAI1 expression are both positively
associated with IGF2R amplification. which is a promising lead into discovering the
molecular role of PIEZO1 and ORAI1 signalling in colorectal cancer, and will lead
further laboratory study. The IGF2R channel gene is amplified in CRC(The Cancer
Genome Atlas Network et al., 2012) and has since been reported as being necessary
for CRC cell proliferation(Zavorka et al., 2016). Given the in vitro effects of targeting
these channels in this thesis, it is reasonable to hypothesize that IGF2R may be

driving PIEZO1 and ORAI1 function and expression.

Bioinformatics analysis has revealed a strong correlation between ORAI1 and
PIEZO1 expression in CRC, with a correlation coefficient of 0.9, which did not exist

in the normal colon tissue. It is possible that tumour-specific molecular processes
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may drive channel activity and may be upregulating expression and driving their
function. Considering the fact that targeting PIEZO1 and ORAI1 both generate the
same functional effects (reduced proliferation, migration and invasion) and given
the fact that the two channels correlate so strongly, it is possible that these
channels co-express and co-function with one another. However, in vitro molecular
studies to date are not clear regarding this. McHugh found that PIEZO1 mediates
integrinf1 activation via R-Ras store depletion(McHugh et al., 2010), thereby
activating CRAC channel signalling downstream of PIEZO1. However, more recently
the SERCA2 channel responsible for ER calcium re-uptake has been reported to
negatively gate the PIEZO1 channel, with increased PIEZO1 current where SERCA2
is knocked down(Zhang et al., 2017). This may be a mechanism for regulating the

amount of PIEZO1-mediated calcium entry. This definitely warrants further study.

Previous studies in other cancers have found that higher expression of CRAC
channel machinery is associated with a poor prognostic outcome and survival, such
as ORAI1 expression in NSCLC(Zhan, 2015). Furthermore, ORAI1 upregulation has
previously been described in advanced colorectal cancer. Differential ORAI1 protein
expression has been found to be higher in advanced colorectal cancer(Deng, 2016,
Gui et al,, 2016), as a greater proportion of patients with T4 disease had higher
ORAI1 protein expression than those without(Deng, 2016). Analysis of the TCGA
transcriptome has not demonstrated any upregulation across disease stages. This
result should be interpreted within the limitations of not possessing proteomic data
to substantiate expression profiles, as correlation between mRNA expression and
protein levels has been shown to be poor(Kosti et al., 2016). However, this analysis

has generated some important questions that will drive further research.

In considering in vivo testing in murine models and patients, there are some
potential concerns regarding systemic administration of CRAC channel inhibitors.
These receptors are constitutively expressed in all tissues, and there are concerns
that disruption of the signalling processes in certain tissues will have pathological
effects on host function. One important example of this is the effect on immune
cells. This became more of a concern when in vivo studies of inducible ORAI1-
knockout mice were reported to demonstrate defective immune responses,
including impaired mast cell signalling, cytokine secretion and degranulation(Vig et
al., 2008) as well as defective B cell-driven cytokine production and skin and hair

abnormalities(Gwack et al., 2008). This is also a reasonable concern as licensed
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immunosuppressant drugs such as cyclosporin A generate potent
immunosuppressive effects by inhibiting calcineurin(Foor et al.,, 1992), a
downstream activator target of CRAC channel signalling(Zhu et al.,, 2018).
Immunosuppression is an absolute contraindication in the presence of active
cancer as it propagates tumour dissemination. ORAI1 channel knockout has also
been associated with potentially dangerous side effects. Platelets of ORAI1
knockout mice have been shown to have defective CRAC channel signalling and
impaired activation and thrombus formation(Braun et al., 2009). There is evidence
that the immune effects are not as potent with CRAC channel inhibition as those
seen in the knockout mice. Gaida and colleagues found that monoclonal ORAI1
treatment did suppress IL2 production but did not impact on IgM or IgG production
in cynomolgus monkeys whereas cyclosporin A predictably did(Gaida et al., 2015).
There is little evidence in the literature beyond this regarding the immune effects
of CRAC channel inhibition. JPIIl has been used in vivo in our laboratory in C57BI/6
mice through mini-osmotic pumps, and there has been no difference in cytokine
expression profiles found in the serum of these mice and no side effects have been
reported. However, this still remains an area for further work and consideration,

particularly prior to using it in cancer.

There are a number of limitations to take into account when interpreting the data
in this thesis. Firstly, the molecular work is limited to 2 cancer cell lines, which may
not be wholly representative of human CRC or the tumour heterogeneity. However,
there are other limitations in using cell lines. They are a convenient model for study,
particularly where we want to determine the effect of gene knockout on
tumourigenesis. However it should be borne in mind that cell lines are less
representative of solid human tumours, as they lack the 3D architecture of solid
tumours, something that is preserved in using in vivo patient derived xenografts
(PDX) in immunodeficient mice (Sulaiman and Wang, 2017). Furthermore, they are
not as homogeneous as they were once thought to be, as genetic drift has been
highlighted significantly greater genetic variation than expected in a study
undertaking sequencing of MCF7 cell lines from 27 laboratories worldwide showing
significant genetic drift that resulted in 75% of 321 original anti-cancer drug effects
reproducible across the different strains (Ben-David et al., 2018). However, the data
derived from the in vitro cell line study supports carrying this work forward into

murine in vivo studies. Furthermore, the interpretation is limited by the limited
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scope of assays used. Further work in vitro could expand this, including a time
course of JPIIl treatment and PIEZO1 siRNA knockdown characterising activation of
cell proliferation pathways, cell cycle studies in synchronised cells, autophagy
processes and cell death assays. Furthermore, this work did not undertake protein
expression of ORAI1 and PIEZO1 using western blotting. In the absence of decent
antibodies for these protein in our laboratory, other techniques can be used to look
at both gene and protein expression, using so-called next generation sequencing
techniques including microarray analysis or RNASeq for gene expression, and

proteomics applications such as MALDI-TOF(Aslam et al., 2017).

Further work
To study the impact of PIEZO1 and ORAI1 on molecular signalling further, cell lines

should be generated with both loss and gain of function using technology such as
CRISPR/Cas9. These can be used for the molecular studies detailed above in vitro
as well as in vivo murine xenograft studies. In addition, PDX models can be used for

studying JPIIl inhibition in future studies.
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