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Abstract

Novel organoid models for the functional validation of pancreatic
cancer genomic variants

Shannon Rebecca Nelson

Abstract

With a five-year survival rate of 9%, pancreatic ductal adenocarcinoma (PDAC)
has the one of the worst prognoses of all cancers. Some limitations in the
understanding of the disease are due to the lack of representative in vitro patient
tumour models. In order to overcome this unmet preclinical need, this thesis
outlines the establishment of a method for the development of organoid and
isogenic matched primary cancer cell line models from patient derived xenograft
(PDX) tumours. In order to create a patient-reflective yet versatile in vitro model,
the matched primary cell line was developed further and subsequently generated
organoids, termed cell line organoids (CLOs). These CLOs represent the
phenotypic and transcriptomic profile of the original organoids and PDX tumour.

Recent genome wide association studies (GWAS) and pathway analyses have
implicated genes and single nucleotide polymorphisms (SNPs) from the maturity
onset diabetes of the young (MODY) gene set and the Pujana ATM Pearson
correlation coefficient (PCC) network in the development of PDAC. The biological
functionality of the genomic variants identified from the GWAS-enriched
pathways were assessed using in silico methods and experimental dual luciferase
reporter assays. Genes in the MODY pathway such as hepatocyte nuclear factor-1
alpha/beta (HNFIA and HNFIB) act as transcription factors. Their role in cancer
progression was assessed through single and double CRISPR knockouts in PDAC
primary cell cultures. CUT&RUN (cleavage under targets and release using
nuclease) was performed to identify genes regulated by HNFIA and HNFIB TFs.
Additionally, targeting the DNA damage response (DDR) pathway in non-BRCA
mutated PDAC was assessed using a novel drug which mimics the effect of a BRCA2
mutation.

In conclusion, this thesis shows the development of novel, adaptable organoid
models for functional validation of genomic variants in PDAC. Furthermore,
biological investigation of GWAS pathway identified SNPs and genes from the
MODY and Pujana ATM PCC pathways highlights the powerful nature of these
tools in identifying genomic variants associated with PDAC. It also highlights the
importance of functional experimental analysis to provide better understanding of
their role in the development and progression of PDAC.

Xvii
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Introduction

Chapter 1. Introduction

1.1. Cancer overview

Cancer is a leading cause of death in every country in the world [1]. Overall, the
rate of cancer incidence and mortality is growing worldwide, this is due to both an
ageing population and changes in the prevalence of cancer risk factors [2]. In 2020,
there were an estimated 19.3 million new cases, and 10 million cancer deaths, with
lung cancer the leading cause of cancer related death [3]. Due to reductions in
smoking, and improvements in diagnosis and treatment, the rate of cancer death
has declined continuously from its peak in 1991 though 2018 [4]. While ongoing
research has resulted in drastically decreased mortality rates for number of cancers
such as breast, prostate and colorectal, improvements in diagnosis, treatment and

survival are required for other cancers such as lung and pancreatic cancer [4].

1.2. Pancreatic cancer overview

With a five-year survival rate of 9%, pancreatic cancer has one of the worst
outcomes of all cancers. Due to its rapid progression and fatal outcome, long term
survivors are limited to those with resected early-stage tumours [5,6]. As
approximately 80% of pancreatic cancer patients are diagnosed after the disease
has metastasised, most people diagnosed are ineligible for resection, the only
curative treatment. It is the third leading cause of cancer related death in the
Western world, and by 2030 it is estimated that pancreatic cancer will surpass
colorectal cancer to become the second most fatal cancer in the United States [4].
The most common form of pancreatic cancer is pancreatic ductal adenocarcinoma
(PDAC), which occurs in the exocrine pancreas, with the remaining 5% of cases in
the endocrine pancreas [7]. Epidemiological factors, including smoking, obesity,
type II diabetes mellitus and acute pancreatitis account for approximately 25% of

cases of PDAC [8-11].

1.2.1. The pancreas

The pancreas is a complex organ which is essential for life. It is located behind the

stomach and it plays a central role in blood sugar regulation and digestion by

1
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production of hormones and enzymes. It is comprised of two components, the
endocrine and exocrine portions, which are both morphologically and
physiologically distinct (Figure 1.1) [12]. The exocrine portion of the pancreas
comprises 95% of the organ and is made of acinar cells which mainly produce
digestive enzymes, including proteases, amylases, and lipases. These enzymes are
delivered to the duodenum via ductal cells [13]. The endocrine pancreas is made
up of highly organised and vascularised micro-organs called the Islets of
Langerhans. These islets consist of specialist endocrine cells (a, 8, §, and pancreatic
polypeptide (PP) cells), which all produce specific hormones. -cells are the most
abundant and secrete insulin; o, §, and PP produce glucagon, somatostatin, and

pancreatic polypeptide, respectively [12].

Splenic artery

@4 Pancreatic
- hormones:

* [nsulin

Spleen
Pancreas

Pancreatic islets

* GGlucagon

Bile duct (from
gall bladder)

Common bile duct

Pancreatic islet

5 ]
Y

Duodenum of

Alpha cells
small intestine g

: B> —Beta cells
Acinar cells

secrete digestive
enzymes

Pancreatic duct

Exocrine acinus

Figure 1.1: Diagram of the pancreas and surrounding organs. The micrograph
reveals pancreatic islets. Taken without permission from University of Michigan

Medical School © 2012 [14].
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1.2.2. Pancreatic cancer development

Pancreatic cancer develops when the enzyme-producing acinar cells
transdifferentiate into ductal-like cells in response to environmental conditions,
including tissue damage, inflammatory signals and stress. This process is called
acinar-to-ductal metaplasia (ADM) [15]. During ADM, cells become more
susceptible to pro-oncogenic events, such as activating mutations in the proto-
oncogene KRAS, resulting in the cells transforming into the precursor lesions of
PDAC - pancreatic intra-epithelial neoplasia (PanIN). This transformation is
considered to be the initiating genetic event for the development of PDAC, and is
followed by a sequential progression, involving the loss or deactivation of several

tumour suppressor genes including CDKN2A, TP53 and SMAD4 (Figure 1.2) [16].

7 CDKN2A loss 90%
~ TP53 loss 50%

4 loss 50%

Figure 1.2: Illustration of the progression and development of PDAC, starting with
normal ducts from PanlIN stages to advanced carcinoma. Arrows below indicate
genomic events occurring as the disease progresses, the percentage of patients with
the mutation, and when these events typically begin. Haematoxylin and eosin

stained tissue sections images modified without permission from Hezel et al. [17].
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1.2.3. The cell cycle

The cell cycle is a process in which regulatory proteins direct the cell through a
specific sequencing of events, resulting in mitosis and the production of two
daughter cells [18]. Cyclin-dependent kinases (CDKs) form complexes with cyclin
proteins and regulate the cell’s progression through the four-stages of the cell cycle
— growth phase (Gl), DNA synthesis (S), preparation to divide (G2) and mitosis (M)
(Figure 1.3) [19]. The cyclin-CDK complexes interact with downstream targets
including Rb and E2F and are regulated by a number of proteins including TP53,
P21, P16 and CDC25. The cell cycle is often dysregulated in cancer due to mutations

in oncogenes or tumour suppressors which impact cell cycle regulation [18].

Cell cycle

commitment _gyeclin duleirc\:laA':ion
SEEW
GIIS =7 "~ »/
Transcription” cyclin
A
cyclin
D Z
1 | S %
©
X
G2 /&
GO M
Exit from cell
cycle

/$ -—"

Mitosis cyclin
B

Figure 1.3: The four-stages of the cell cycle - growth phase (G1), DNA synthesis (S),
preparation to divide (G2) and mitosis (M) - are driven by cyclin-dependent kinases

(CDKs)-cyclin complexes. Taken without permission from Bertoli and de Bruin [19].
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1.3. Biomarkers

There is currently an unmet clinical need for biomarkers for the early detection of
PDAC. The only biomarker recommended by the National Comprehensive Cancer
Network (NCCN) guidelines is CA19-9, a sialylated Lewis antigen present in
glycosphingolipids and glycoproteins. However, it has a number of limitations.
These include: a low positive predictive value, with false positives in patients with
obstructive jaundice, and false negatives in patients with a Lewis blood-type
negative phenotype [20]. It may be positive in patients with non-malignant
disease, such as pancreatitis. Also, only 65% of patients with PDAC have increased
levels of CA19-9 [21]. Carcinoembryonic antigen (CEA) is also used clinically for
diagnosing PDAC. However, it also has a low positive predictive value, with a

sensitivity and specificity of 45% and 75% respectively [22].

A number of researchers are working to improve the predictive value of these
biomarkers. Kim et al. [23] have validated the use of the novel biomarker
thrombospondin-2 (THBS2) in combination with CAI9-9 using an ELISA to
distinguish PDAC from pancreatitis, with a specificity of 98% and a sensitivity of
87%. This biomarker combination can be used for the identification of patients
with early-stage, resectable PDAC. Jenkinson et al [24] identified that
thrombospondin-1 (THSBI) can be used as biomarker of PDAC. Their study found
there was a significant decrease in THSBI levels up to 24 months prior to diagnosis
of PDAC. They also found a link between reduced serum THSBI levels, and PDAC-

associated diabetes mellitus.

1.4. Treatments

1.4.1. Resection

The only curative treatment for PDAC is resection with adjuvant chemotherapy.
However, most pancreatic cancer tumours are found at a late, inoperable stage. In
order for the tumour to be resectable, it must have no arterial or venous
involvement; not be attached to other organs and have no distant metastases.
Given these criteria, less than 20% of patients are eligible for resection [25]. The

mean survival time of patients who have had a resection and adjuvant

5
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chemotherapy with gemcitabine and capecitabine is 26 months, with a five-year
survival rate of 30% [26]. Of the patients who are operated on, 60% relapse within
12 months, most likely due to micro-metastases which were not detected during
the diagnostic computed tomography (CT) scan [27]. When tumours are less than
<2 cm in diameter the five-year survival rate is 50% and almost 100% when the

tumour size <1 cm [28,29].

1.4.2. Chemotherapy

Only 25-30% of PDAC patients treated with chemotherapeutic drugs respond,
however, they do eventually become resistant to treatment due to the development
of resistance mechanisms, such as deficiencies in drug uptake, alteration of drug
targets, activation of DNA repair pathways, and resistance to apoptosis [30].
Gemcitabine is the mainstay of modern chemotherapy for pancreatic cancer, it acts
to disrupt DNA replication, and causes activation of the S-phase checkpoint,
resulting in the prevention of DNA synthesis. It is transported into cells by the
human equilibrative nucleoside transporter 1 (hRENT-1) protein, which allows the
passage for pyrimidine nucleosides in and out of the cell [31]. Levels of hENT-1
expression appear to be indicative of survival times; in treatment with gemcitabine,
patients with low hENT-1 expression had a median survival of 17.1 months, and
patients with high hENT-1 expression had a median survival of 26.2 months [32].
Patients with low levels of h-ENT expression should not be treated with pyrimidine

nucleosides such as gemcitabine, and should be treated with 5-FU-based regimens

[33].

Epidermal growth factor receptor (EGFR) has previously been shown to be over
expressed in PDAC, with increased expression correlated to metastasis and poor
prognosis [34]. A phase III gemcitabine-based combination study with erlotinib,
an EGFR inhibitor, showed small but significant survival rates (6.2 vs 5.9 months)
compared to gemcitabine alone [35]. On the basis of this clinical trial, the FDA
approved erlotinib in combination with gemcitabine chemotherapy for first-line
use in locally advanced and metastatic pancreatic carcinoma in 2005. A

gemcitabine-nab-paclitaxel combination was also given FDA approval in 2013;
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however, the treatment regime has a high occurrence of adverse events [36,37]. A
drug combination study FOLFIRINOX (irinotecan, oxaliplatin, fluorouracil, and
leucovorin) showed significant overall survival (11.1 vs. 6.8 months) and one-year
survival (48.4% vs. 20%) over gemcitabine alone, however there was also an
increased occurrence of adverse effects [38]. FOLFIRINOX was approved by the
FDA as a first-line treatment for PDAC in 2011. All FDA approved treatments for
the treatment of PDAC are listed in Table L.1.

Table 1.1: FDA approved PDAC chemotherapies with published survival benefits in
palliative and adjuvant settings, year refers to the year of publication of palliative

chemotherapy trials for advanced PDAC. Modified from Katayama et al. [39].

Palliative Adjuvant
Year Intervention Survival Survival Benefit

(months) (months)
1962 Fluorouracil 4.41 11 vs. 20
1997 Gemcitabine 4.41vs. 5.65 20.2vs. 22.8
2005 Erlotinib + gemcitabine 5.91vs. 6.24 No benefit
2011 FOLFIRINOX' 6.8 vs. 111 35.0 vs. 54.4

2013 Nab-paclitaxel + gemcitabine 6.7 vs. 8.5 36.2 vs. 40.5

2015 Liposomal irinotecan 4.2vs.6.1 —
2019 Olaparib 18.1vs.18.9° —
2020 NALIRIFOX’ 6.1vs. 4.2 —

"FOLFIRINOX: Leucovorin Calcium, Fluorouracil, Non-liposomal Irinotecan Hydrochloride,
Oxaliplatin; 2NALIRIFOX: Leucovorin Calcium, Fluorouracil, Liposomal Irinotecan Hydrochloride,
Oxaliplatin; *denotes data taken from interim analysis of an ongoing clinical trial.
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1.5. Genomic variants of PDAC

Research into the genetic landscape of the disease, including familial cancer
syndromes, inherited predisposition loci and somatic mutations is vital to
identifying those at risk of developing PDAC. Recent genomic analysis has resulted
in the division of the disease into different subtypes. Understanding the genetic
background of the disease can allow for improved selection of therapies for

patients.

1.5.1. Somatic mutations

Studies into the PDAC genome have shown that there are approximately 60
alterations per tumour; most of which are point mutations [40]. Activating
mutations of KRAS are nearly universal, and inactivation of TP53, SMAD4 and
CDKNZ2A occur at rates of >50% (Figure 1.4) [41].

Gene Mutation Frequency
100+
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60-
40-

20-

Frequency in PDAC

0_
B
‘{g?/\? q&‘l«:‘&O «®

Gene Name

Figure 1.4: Frequency of the most common somatic gene mutations (KRAS, TP53,
CDKN2A, SMAD4 and ATM) in PDAC [42,43].

L.5.1.1. KRAS
KRAS is a molecular switch, when bound to guanosine-5'-triphosphate (GTP)
regulates cell proliferation, differentiation, apoptosis and cell signalling. The KRAS

mutation is near universal in PDAC, with 94% of tumours possessing the mutation
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[43]. Activating point mutations in codon 12, 13, or 16, (most commonly GI12D),
result in reduced GTP hydrolysis. Cases with KRAS mutations at codon 61 give a
favourable prognosis, as there is less extracellular-signal-regulated kinase (ERK)

activation [44]. The major KRAS effector pathways are outlined in Figure 1.5.
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Figure 1.5: The major KRAS effector pathways. Oncogenic KRAS activates
intracellular PI3BK, MAPK or RAL-GEF pathways to promote cell survival,
proliferation and cytokine secretion. The stromal cells, such as fibroblasts, innate
and adaptive immune cells, are also activated in a paracrine manner, and in turn in

turn promote cancer malignancy. Taken without permission from Liu et al. [45].

In pancreatic cancer KRAS mutations are believed to be the early events in
neoplastic transformation [46]. Oncogenic KRAS is not sufficient to initiate the
carcinogenesis process; this relies on the downstream activation of Raf-1, Rac, Rho
or PI3K [47]. RAS proteins are modified by farnesyl transferase, an enzyme which
adds 15-carbon farnesyl lipid to the carboxyl-terminal cysteine of RAS. This
modification is shown to be essential for RAS membrane association and

transformation [48]. Clinical trials looking into targeting KRAS have shown little
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promise. A Phase III trial of R115777, a selective inhibitor of farnesyl transferase in
combination with gemcitabine failed to show increased life expectancy in
comparison to gemcitabine plus placebo [49]. Patients with KRAS mutations have
a median survival time of 17 months compared to 30 months for those without
KRAS mutations [46]. Approximately 3% of PDAC cases are due to microsatellite
instability or altered chromosome ploidy [50]. This is usually due to mutations in
the mismatch repair genes (MMR) genes MSH2 and MSH6. Typically, KRAS is wild

type in cancers with these mutations.

L1.5.1.2. CDKN2A

Cyclin-dependent kinase inhibitor 2A (CDKN2A), is inactivated in 95% of PDAC
cases, by homozygous deletion, mutation of alleles or promoter hypermethylation
resulting in gene silencing [51-53]. CDKN2A inhibits cyclin-dependent kinases 4/6
(CDK4/CDK®6) and thereby activates the retinoblastoma (Rb) family of proteins,
which blocks the transition from GI to S-phase [54], as shown in Figure 1.6. The
role of CDKNZ2A is discussed in more detail in Section 1.5.3.3.

10
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Figure 1.6: Cell cycle arrest by CDKN2A. The CDKN2A gene encodes two
alternatively spliced transcripts, pl6INK4A and pl4ARF. PI6INK4A inhibits the

CDK4/6-cyclin DI complexes, preventing phosphorylation (P) of retinoblastoma
(Rb) proteins, enabling binding and inactivating the E2F transcription factors,
when are required for progression to S-phase and upregulation of pI6INK4A.
PI4ARF activates the tumour suppressor gene TP53 by inhibiting MDM2, which
inactivates TP53 by ubiquitin-mediated degradation. Active TP53 induces the
expression of p21, a negative cell cycle regulator which is an inhibitor of the CDKI-
cyclin A/B complexes, thereby preventing the progression from G2 phase to

metaphase. Taken without permission from Al-Kaabi et al. [55].

1.5.1.3. TP53

TP53, known as the guardian of the genome, is the most frequently mutated gene
in cancer [56]. It acts as a tumour suppressor, and has roles in apoptosis, genomic
stability, inhibition of angiogenesis and arrest of cell growth [57]. It is mutated in
75% of PDAC tumours, mainly by point mutations [58]. TP53 controls cell cycle at
the G1/S interface and plays a vital role in inducing programmed death in response

to DNA damage [5]. The major TP53 effector pathways are outlined in Figure 1.7.
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Figure 1.7: TP53 is inactivated by MDM?2 by ubiquitin-mediated degradation, this is
inhibited by stress-induced acetylation and phosphorylation (P) of MDM_2 by the
kinases ATM and c-Abl. Activated TP53 will induce a cell cycle arrest to allow either
repair and survival of the cell or apoptosis. Activated TP53 binds DNA and activates
expression of several genes including WAF1/CIPI encoding for p21. p21 binds to the
GI-S/CDK (CDK2) and S/CDK complexes inhibiting their activity. When p21 forms
a complex with CDK2 the cell cannot continue to the next stage of cell division.

Taken without permission from Rockland Immunochemicals Inc. [59].

A study by Weissmueller et al. [60] found mutant TP53 induced platelet-derived
growth factor receptor b (PDGFRb). Knockdown of PDGFRb in PDAC cell lines
resulted in reduced invasion of the cells. Mutant TP53 was also found to inhibit
p73, which represses PDGFRb. The study found that increased expression of

PDGFRb in PDAC patient samples correlates with a worse outcome for patients.

1.5.1.4. SMAD4
SMAD4 is a transcription factor in the transforming growth factor beta (TGFf)
signalling pathway and is inactivated in 50% of advanced pancreatic cancers. It
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acts with TGFf1 as a tumour suppressor to regulate pancreatic cell cycle arrest and
apoptosis, mediated by targets such as p2l, which causes Gl cell cycle arrest [61].
PDAC patients with biallelic deletion of SMAD4 more frequently had metastasis
than those with wild type SMAD4 [62]. The major SMAD4 effector pathways are

outlined in Figure 1.8.
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Figure 1.8: TGF-B binds a complex of transmembrane receptor serine/threonine
kinases in the cell surface and induces transphosphorylation (P) of the receptors.
SMAD2/3 are phosphorylated and form a complex with a SMAD4. Activated SMAD
complexes translocate into the nucleus, where they reqgulate transcription of target
genes, through physical interaction and functional cooperation with DNA-binding

transcription factors. Taken without permission from Ahemd et al. [63].
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1.5.1.5. ATM

Whole genome sequencing of PDAC tumours identified other genes which are

frequently mutated, such as ataxia telangiectasia mutated (ATM), a

serine/threonine kinase with a role in DNA double-stranded break repair [58]

Recent data based on large-scale sequencing studies reported up to 8% of ATM

mutations in PDAC cohorts [43].
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Figure 1.9: A schematic of the different ataxia telangiectasia mutated (ATM)

signalling pathway to coordinate cell cycle arrest, DNA repair or apoptosis in
response to stress. Once activated, ATM phosphorylated downstream DNA damage
repair proteins, H2AX to initiate DNA repair; MREII (meiotic recombination 11)
and TP53 to halt the cell cycle; AKT (protein kinase B) to activate cellular growth

and proliferation; JNK (c-JUN N-terminal kinase family) contributing to oxidative

stress; mTOR pathway which decreases mitochondrial activity, and the Hsp27

(heat shock protein 27) which acts as an antioxidant. Taken without permission

from Pizzamigilo et al. [64].

1.5.2. Genomic subclasses of PDAC

1.5.2.1. Structural variation
Whole genome sequencing of PDAC by Waddell et al. [42] resulted in the

reclassification of the disease into four different subtypes dependent on the

14



Introduction

structural variation of the genome. These are represented as: stable (<50 structural
variants) — 20% of cancers; scattered (5-200 structural variants) - 36% of cancers;
locally rearranged (>200 structural variants clustered on < 3 chromosomes) - 14%
of cancers; or unstable genomes (>200 structural variants distributed across the
genome) - 30% of cancers (Figure 1.10). The unstable genome was found to have
defects in the DNA damage response (DDR) genes and associated with a response

to platinum-based therapy.
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Figure 1.10: Whole genome characterisation of PDAC, based on the number of
chromosomal variants. The outer ring represents chromosomes, followed by copy
number changes (red = gain, green = loss), and then allele frequency. The lines
represent structural rearrangements within the chromosome. Modified without

permission from Waddell et al. [42].

1.5.2.2. Molecular subtyping
Moffitt et al. [65] classified PDAC based on mRNA microarray and RNA-seq data

from 206 patients and identified the subtypes epithelial - further divided into
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basal-like and classical, and stromal - further divided into activated and normal
(Figure 1.11). The study also found that metastases had the same subtype as the
original tumour. These subtypes were also used to establish the prognosis of the
tumour, with poor survival in the basal-like and active stroma subtypes, and

patients with basal-like tumours benefit from adjuvant chemotherapy.

Collisson et al. [66] classified PDAC using 85 primary, untreated tumours and
identified the subtypes classical, quasi-mesenchymal and exocrine-like (Figure
L11). The classic subtype expressed GATA6 and had a KRAS addiction. KRAS
addiction describes the process whereby tumours are dependent on KRAS activity,
despite the development of multiple oncogenic mutations [67]. Patients with the
quasi-mesenchymal subtype had the poorest prognosis, however, were found to be
more sensitive to treatment with gemcitabine. Patients with a classical subtype had

a better prognosis and were more sensitive to erlotinib.

Molecular subtyping was also performed by Bailey et al. [68] using 266 untreated
PDAC tumours. The subtypes identified were squamous, immunogenic, pancreatic
progenitor and aberrantly differentiated endocrine exocrine (ADEX) (Figure L11).
An enrichment of immune signalling was observed in the squamous and
immunogenic subtypes, and patients with the squamous subtype had the poorest

prognosis.

The clinical trial: Changes and Characteristics of Genes in Patients with Pancreatic
Cancer for Better Treatment Selection (COMPASS) (NCT02750657), aimed to find
better ways of understanding and treating PDAC using cancer subtypes [69].
Patients were biopsied, and RNA-sequencing and whole genome sequencing were
performed. The study found that when treated with modified-FOLFIRINOX
(oxaliplatin 85 mg/mz, leucovorin 400 mg/mz, irinotecan 150 mg/ m?, and
continuous fluorouracil 2400 mg/m?; without bolus fluorouracil; every 2 weeks for
12 cycles) patients with a classical subtype had the best progression free survival.
This trial also validated a biomarker for subtyping the disease - GATA6 expression

measured using RNA in situ confirms the classical subtype of PDAC.
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Figure 1.11: A phylo-transcriptomic tree of PDAC, illustrating the classifications of
PDAC based on the studies by Moffitt et al. [65], Collisson et al. [66], Bailey et al.
[68] and Puleo et al [70]. Taken from Collisson et al. [71].
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1.5.3. Predisposition gene mutations

Familial cancer syndromes including Peutz-Jegher Syndrome (P]S), pancreatitis,
familial atypical multiple mole and melanoma syndrome (FAMMM), Lynch
Syndrome, Hereditary Breast and Ovarian Cancer (HBOC) syndrome and Familial
adenomatous polyposis (FAP), account for approximately 5-10% of pancreatic
cancers. Table 1.2 contains an outline of the diseases and syndromes associated

with an increased risk of developing PDAC.
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1.5.3.1. Peutz-Jegher syndrome

PJS is a rare autosomal dominant disease, characterised by gastrointestinal
polyposis, mucocutaneous pigmentation, and cancer predisposition [73]. PJS
increases the risk of several malignancies, including breast, pancreatic and
gynaecological cancers [74]. Individuals with PJS have a 132-fold increased risk of
developing PDAC [75]. It is caused by a mutation in STKII, also known as liver
kinase Bl (LKBI). STKI1I/LKBI is a serine/threonine protein kinase which drives
many cell functions, including cell growth, regulation of metabolism and cell
polarity, mainly through AMP-activated protein kinase/ mammalian target of
rapamycin (AMPK/mTOR) signalling [76]. The most common STKII/LKBI
mutations are deletions or inactivating mutations. Using genetically engineered
mouse models (GEMM), a study by Helez et al. [77] showed STKI11/LKBI deletion
resulted in defective acinar cell polarity, abnormal cytoskeleton, loss of tight
junctions, and progressive acinar degeneration. Deletion of STKII/LKBI in the
pancreas also resulted in the development of serous cystadenomas. Morton et al.
[78] showed that the STKII/LKBI deletion resulted in accelerated KRAS®?P
tumorigenesis, through decreased TP53 and p2I dependent growth arrest. These
studies, along with others provide strong evidence for a tumour suppressor

function for this gene [79].

1.5.3.2. Pancreatitis

Pancreatitis is the second most common hereditary cause of PDAC. Pancreatitis is
an inflammatory disorder of the pancreas, caused by the premature activation or
lack of inhibition of digestive enzymes. There are several forms of hereditary
pancreatitis, including a gain of function mutation in serine-1 protease gene
(PRSSI), which makes trypsinogen [80]. This gain of function mutation results in
increased trypsinogen auto-activation, triggering pancreatic self-digestion. Other
genes associated with hereditary pancreatitis include SPINKI, a pancreatic
secretory trypsin inhibitor and CFTR (cystic fibrosis transmembrane regulator)
[81]. The chronic inflammation of the pancreas, which characterises pancreatitis
results in the presence of reactive oxygen species (ROS) in the pancreas [82]. These
ROS, including nitric oxide and free radicals inhibit apoptosis, and can result in

direct DNA damage, resulting in oncogenic mutations in genes such as KRAS,
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CDKN2A and TP53 [83,84]. Cytokines which are released in response to

pancreatitis activate pancreatic stellate cell and result in the development of
fibrosis, facilitating the development of PDAC [85-87]. People with chronic or
hereditary pancreatitis have a 69-fold increased risk of developing pancreatic

cancer [88].

1.5.3.3. Familial atypical multiple mole and melanoma syndrome

FAMMM is characterised by melanoma in more than one first- or second-degree
relative, high total body mole count (often >50), and moles with certain
histopathological features. The melanomas can arise from the atypical moles or de
novo, superficially spreading melanoma and/or nodular melanoma [89]. Three
original descriptions in different kindreds implicated germline mutations or

INK4a - .
6 " ° isoform, as causative of

microdeletions in CDNK2A, in particular the pl
FAMMM [90]. FAMMM is mainly associated with the autosomal dominant familial
melanoma, but patients also have a 13 to 22-fold increased risk of PDAC [91]. A
study by Vasen et al. [92] identified individuals with an increased risk of
developing PDAC from a family history, or families with a gene defect which results
in the disease. An annual magnetic resonance imaging (MRI) scan was provided,

and PDAC was identified in 7.3% of the CDKN2A mutation carriers, resulting in a

resection rate of 75% and an overall 5-year survival rate of 24%.

1.5.3.4. Lynch Syndrome

Lynch Syndrome is also associated with an increased risk of colorectal cancer and
PDAC [93]. It is caused by mutations in the MMR genes mainly MutL homolog 1
(MLHI), MutS homolog 2/6 (MSH2/MSH6) and PMSI Homolog 2 (PMS2). The
MMR maintains the integrity of the genome by repairing DNA replication errors
[94]. Biallelic loss of MMR genes results in genomic instability, and an increase of
unrepaired replication errors, particularly affecting repeats, such as
microsatellites, termed microsatellite instability-high (MSI-H). MSI-high results in
genome hypermutability, with a 100 to 1000-fold increase in mutations [95,96].
Individuals with Lynch Syndrome have 8.6-fold increased risk of PDAC [97].
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1.5.3.5. Hereditary breast and ovarian cancer syndrome

HBOC syndrome is caused by mutations in the tumour suppressor genes BRCAI
and BRCA2. People with this syndrome have a 3.5 to 10-fold increased risk of
developing PDAC [98]. Mutated variants of the Partner and Localiser of BRCA2
(PALB2) gene are also associated with a familial risk of PDAC [99]. PALB2 has a
critical role in homologous recombination repair (HRR) and recruits BRCA2 and
RADS5I1 to DNA breaks. Jones et al. [100] found that in 96 patients with PDAC, three
had truncating mutations in the PALB2 gene, producing a stop codon, which was
not present in 1084 healthy controls. Slater et al. [101] observed a similar
prevalence of PALB2 mutations (3.7%) in a panel of 81 European patients with
familial pancreatic cancer. The study of a 6l-year-old patient with advanced
localised PDAC who presented with a biallelic inactivation of PALBZ2, found
treatment with mitomycin C - a chemotherapy and antibiotic which acts via
crosslinking complementary strands of DNA - resulted in disease regression [102].
At the 3-year follow up, the patient remained asymptomatic. Studies have also

shown that patients with wild type PALB2 are mitomycin C resistant [103].

1.5.3.6. Familial adenomatous polyposis

FAP is a familial cancer syndrome which results in an increased risk of colorectal
cancer [104,105]. It is characterised by colorectal polyps, due to a mutation in the
adenomatous polyposis coli (APC) gene. APC acts to negatively regulate the Wnt
signalling pathway [106]. The Wnt proteins stabilise cytosolic B-catenin, which
associates with the transcriptional regulators T cell factor/lymphoid enhancer
factor-1 family (TCF), thereby allowing the expression of Wnt-regulated genes
[107]. Murine studies of colorectal cancer have found that mutations in the APC
gene result in hyperproliferation of cells [108]. Individuals with FAP have 4.5 to 6-
fold increased risk of PDAC [105].

1.5.4. GWAS risk loci

Recently, the landscape of pancreatic cancer has been redefined through gene
expression and genetic diversity signatures identified using next-generation

sequencing (NGS) and genome wide association studies (GWAS). GWAS examines
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hundreds of thousands of variants, in thousands of individuals, to identify
genotype-phenotype associations, and helps to identify risk factors for
multifactorial diseases [109]. Through this, GWAS can enable the identification of
people at risk of developing a disease, and also can be used for the examination of
the biological underpinnings of a disease. GWAS enables the use of potential
preventative measures for those who are identified as at risk, and also for the
development of treatments for the disease. GWAS use single nucleotide
polymorphisms (SNPs) which are single base pair changes in the genome. SNPs
can occur in the gene, in both introns and exons, which can result in amino acid
changes, different mRNA splicing and reduce the mRNA transcript stability [110].
SNPs can also occur in the transcriptional regulatory elements such as
transcription factor binding sites, enhancers and promoters, resulting in altered

mRNA expression [111].

The Pancreatic Cancer Cohort Consortium (PanScan) and the Pancreatic Cancer
Case-Control Consortium (PanC4) have performed GWAS of PDAC in populations
with European ancestry, and have identified common variants associated with risk
of pancreatic cancer in European populations [112-117]. This work has led to the
identification of 20 genomic loci and 22 independent risk signals on chromosomes
1g32.1 (two independent signals in NR5A2), 1p36.33 (NOC2L), 2pl4 (ETAAI), 3928
(TP63), 5p15.33 (three independent risk loci in the CLPTMIL-TERT gene region),
7p12 (TNS3), 7pl4.1 (SUGCT), 7q23.2 (LINC-PINT), 8q21.11 (HNF4G), 8q24.1 (two
independent risk loci in the MYC-PVTI gene region), 9q34.2 (ABO), 13q12.2 (PDXI),
13g22.1 (KLF5, KLFI2), 16q23.1 (BCARI), 17q12 (HNFIB), 17q24.3 (LINC00673),
18g21.32 (GRP) and 22ql2.1 (ZNRF3) (Figure 1.12). GWAS of PDAC has also been
performed in populations from China and Japan, which have resulted in the
identification of eight additional PDAC risk loci on 5p13.1 (DABZ2), 6p25.3 (FOXQI),
7q36.2 (DPP6), 12pll.21 (BICDI), 10q26.11 (PRLHR), 21q21.3 (BACHI), 21q22.3
(TFFI), and 22ql3.32 (FAMI9A5) [118,119].

23



Introduction

NRSA2 {‘ p N N [’J CLPTMIL, TERT
- | | | 5401681
rs3790844 L |} - ‘ i /5p15.33
NOC2L 1g32.1 ETAA1 ‘\\J / TP63 V)| cprmiL, TER 1.29 (1.121.27)
rs1330301 0.7 0.71-0.84) rs1486134 4 59854771 WA/ ) 35226131
1p36.33 2pl4 ? \/ 3q28 y £ 5p15.33 TERT (EXON 2)
1.26 (1.19-1.35) f‘z’gféis 1.14 (1.09-1.19) / / \\ ‘ 0.89 (0.85-0.93) 7N\ on (}6.63_0'80) 12736098
s | A (7 \ ) 5p1533
1q32.1 | 1\/\ | [\ Pe>-
120 (1.15-131) | | | | || 0.80 (0.76-0.85)
y = v J )
3 4
INS3 HNraGc () [) f
1573328514 \ f;292411‘11¥1 | |l ABO \ )
SuGCT 7p12 \\/ q O resosoz HNFIA
1517688601 0.85(0.80-0.90) 0,89 (°8H93)> ( ';qul 7310409
[ AN -
7pl4.1 uNCPINT (|| /LINKCOoB24, (L[| 1.20.(112-1.28) /;q24-31
0.88 (0.84-0.92) seor1a00 || ||/ mirizs Py || || 1.11 (1.06-1.15)
7q323 || | 151561927 ‘ | \ |
0.79 (0.74-0.84) |J | 8q2421 ||\
087 (0.83-0.92)
10 11 12
PDX1 \ KLF5, KLF12 BCAR1/CTRB1/CTRB2 [k/ LINC00673 U HNFIB GRP
1s9581943 159543325 157190458 rs11655237. rs4795218 1517037
13q122 A 13q22.1 16q23.1 \ 17243 \ : 17q12 1 892132
1.15 (1.10-1.20) U 12 (1 13-130) | 1.46 (1.30-1.65) \ 126(1 191.34) J/ 088 (084—092) (050-091)
13 15 16 17
\ ﬂ D ZNRF3
p N\ \\“< 151698682
M ((\\ 22q12.1
[\ I\ -
\ J\ 118 (1.12-1.
19 20 21 22 XX XY

Study Name

Genome-wide association study identifies variants in the ABO locus associated with susceptibility to pancreatic cancer

A genome-wide association study identifies pancreatic cancer susceptibility loci on chromosomes 13q22.1, 132.1 and 5p15.33

Genome-wide association study identifies multiple susceptibility loci for pancreatic cancer

Common variation at 2p13.3, 3q29, 7p13 and 17q25.1 associated with susceptibility to pancreatic cancer

Genome-wide meta-analysis identifies five new susceptibility loci for pancreatic cancer

Three new pancreatic cancer susceptibility signals identified on chromosomes 1q32.1, 5p15.33 and 8q24.21

Figure 1.12: Significant single nucleotide polymorphisms (SNPs) identified in
pancreatic cancer cases of European ancestry. Highlighted GWAS SNP, closest
gene, chromosome and odds ratio (95% confidence interval) [112-117]. This figure

was taken without permission from Nelson and Walsh [72].

1.5.5. GWAS pathway analysis

While the results of the GWAS have informed the genetic component of
predisposition loci, it does not give a clear indication of the cause of PDAC. The
use of complementary GWAS pathway analysis - a method of analysing this
genomic data through sets defined by functional pathways - offers the potential of
greater power for discovery and natural connections to biological mechanisms.
Pathway analysis allows for the identification of causative SNPs whose individual

effects may not be significant enough to be detected in GWAS [120].
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In 2012, Li et al. [121] performed a pathway analysis study using the adaptive rank
truncated product (ARTP) method, this method combines SNP-association
statistics across SNPs in a gene or pathway, and each gene includes up to two SNPs.
This study used GWAS data from 3,851 PDAC cases, and 3,934 controls (PanScan),
and compiled 23 biological pathways hypothesised to be relevant to PDAC. This
study identified five pathways with an association with the development of PDAC
(Table 1.3).

Following on from this study, Walsh et al. [122] performed a pathway analysis with
9040 PDAC cases and 12,496 controls from the PanScan and PanC4 GWAS. This
study identified 14 pathways and gene sets associated with the development of
PDAC. The strongest pathways associated with the development of the PDAC
included genes involved in pancreas development and the regulation of beta-cell
development, maturity onset diabetes of the young (MODY), the Breast Cancer
17Q11-Q21 amplicon, cardiac hypertrophy and the ATM Pearson Correlation
Coefficient (PCC) Network (Table 1.3).

In this thesis, SNPs and genes from the MODY pathway and the ATM PCC Network
which were identified as top gene sets associated with the development of PDAC
will be analysed to identify if (1) SNPs have a functional effect and (2) genes within

these pathways have a role in the development and progression of the disease.
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1.6. Diabetes

Approximately 80% of PDAC patients have glucose intolerance, or diabetes at the
time of their diagnosis [123]. The majority of diabetic cases associated with PDAC
are diagnosed with, or within two years of, PDAC diagnosis [7]. Type 1 diabetes
mellitus (TIDM) is a chronic autoimmune disease, which is characterised by
insulin deficiency due to the loss of B-cells, and results in hyperglycaemia. TIDM
onset usually occurs during childhood, or early adolescence [124]. Onset of Type 2
diabetes mellitus (T2DM) is usually in adults. It is associated with insulin
resistance due to being overweight, a lack of physical activity, dietary, hereditary
and stress response factors [125]. Diabetes is the third highest independent
epidemiological risk factor for pancreatic cancer after smoking and obesity
[8,126,127]. T2DM patients who had the disease for more than five years have a 1-
1.5-fold increased risk of developing PDAC [128]. However, T2DM patients how
have had the disease for less than one-year have a 5.4-fold increased risk of
developing PDAC, with substantial research suggesting PDAC result induces
hyperglycaemia and diabetes [129].

Use of anti-diabetic medication can modify PDAC risk [130]. Metformin, a
biguanide oral hypoglycaemic drug is used in the treatment of T2DM and pre-
diabetes. It works by increasing insulin sensitivity, and by decreasing liver glucose
production [130]. A study has found that users of metformin have a decreased risk
of developing PDAC, with an odds ratio (OR) of 0.38 (CI 0.22-0.69) [131]. However,
use of sulfonylureas resulted in a 70% increased risk of PDAC [132]. Pancreatic
cancer patients with diabetes treated with insulin had a worse outcome than those

not treated with insulin, with a survival of 4.3 vs. 5.5 months [130].

1.6.1. MODY

MODY is a rare form of diabetes which accounts for 1-2% of cases [133]. MODY
typically develops before the patient is 25 years old. Unlike TIDM and T2DM which
are multifactorial disorders, which involve several genes and have a strong
environmental component, MODY is a monogenic disease. MODY patients

typically have a family history of diabetes in two or more generations [134].
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Fourteen forms of MODY have been identified as mutations in autosomal
dominant genes which disrupt insulin production or release, as described in Table
1.4. It is usually caused by mutations in genes which act as transcription factors.

The four most common forms of MODY -1, 2, 3 and 5 account for 90% of the cases.
Diagnosis of MODY, and the identification of the genetic subtype is important, as
age of onset, response to treatment, and hyperglycaemia levels differ [135].
Diagnosis of MODY instead of TIDM or T2DM allows for the identification of the
correct treatment for patients [136]. The genes involved in the MODY pathway are

shown in Figure 1.13.

In a pathway analysis study previously performed in our group by Walsh et al. [122]
the MODY pathway was identified as the most significant pathway associated with
risk of developing PDAC. Regulation of beta-cell development was the next top
pathway associated with risk of PDAC development. The genes HNFIA, HNFIB,
HNF4G, and HNF4A are present in both of these pathways.
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Table 1.4: Outline of types of maturity onside diabetes of the young (MODY),

causative gene, percentage of cases and treatment. Modified without permission

from Radha et al. [136] and Gardner et al. [137].

Type Gene % of Cases Treatment
MODY1 HNF4A 5-10% Sulfonylureas
MODY2 GCK 30-50% Treatment usually not required
MODY3 HNFIA 30-60% Low dose Sulfonylureas
MODY4 PDX1 1% Treatment usually not required
MODY5 HNFIB 5-10% Insulin
MODY6 NEURODI <1% —
MODY7 KLF1I <1% —
MODY8 CEL <1% —
MODY9 PAX4 <1% —
MODY10 INS <1% Insulin
MODYIl BLK <1% —
MODYI2  ABCC8 <1% Sulfonylureas
MODYI13 KCNJII <1% Sulfonylureas
MODY14 APPLI <1% —
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Maturity Onset Diabetes of the Young KEGG Pathway
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Figure 1.13: Maturity onset diabetes of the young (MODY) KEGG (Kyoto
Encyclopaedia of Genes and Genomes) Pathway. The left of the image represents
the pancreatic cell linage and the righth illustrates the gene pathways associated

with cell differentiation. Gene names in black indicate pathway genes and the
question marks (?) represent unknown genes. Gene names in green highlight
MODY causative genes: HNF4c - MODYI; GK - MODY2; HNFla - MODY3; PDX -
MODY4; HNFIB -MODYS5, and NeuroDI - MODY6. Figure legend is inset in the
bottom left of the figure.
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L6.1.1. MODYI1

HNF4A (hepatic nuclear factor-4 alpha) mutations account for 5-10% of the cases
of MODY1 in the UK [138]. HNF4A is a master regulator of epithelial differentiation
in multiple tissues and is vital for beta-cell function. It controls the expression of
11% of the pancreatic islet genes, and is involved in differentiation, homeostasis
and metabolism [139,140]. The clinical features of MODY1-HNF4A are similar to
those of MODY3-HNFIA, as HNF4A expression is regulated by the expression of
HNFIA [141]. Little is known about the role of HNF4A in PDAC, however, its loss
results in upregulated GSK3p, and drives a squamous-like profile. The squamous
classification is associated with metabolic reprogramming and a poor clinical

outcome [142].

L.6.1.2. MODY2

The second most common form of MODY, MODY?2, is caused by mutations in GCK
(glucokinase). GCK is an enzyme that facilitates phosphorylation of glucose to
glucose-6-phosphate. Glucose is transported into the cell by the GLUT-2
transporter and is then phosphorylated by GCK resulting in ATP generation [135].
Mutations in the GCK gene impair the proteins function through changes in

enzymatic activity, protein stability and increased interaction with its receptor

[143].

1.6.1.3. MODY3

The most common cause of MODY in the UK is MODY 3 caused by a mutation in
the HNFIA (hepatocyte nuclear factor 1 homeobox A) gene. HNFIA is a
transcription factor that regulates pancreatic differentiation and has a role in
maintaining the homeostasis of the endocrine pancreas [144]. It is involved in the
transcription of multiple genes, including the glucose transporters GLUTI and
GLUT2 [145]. HNFIA is a high penetrance mutation - 63% of carriers have MODY
by the age of 25, and 96% have MODY by the age of 55 [135]. A truncation or a
missense mutation in the binding domain results in a ten-year earlier onset

compared to patients with mutations in the transactivation domain [136].
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1.6.1.4. MODY4

MODY4 is a rare form of MODY caused by mutations in PDXI (Pancreatic and
Duodenal Homeobox 1), a transcription factor required for the embryonic
development of the pancreas. PDXI is required for multiple functions of the mature
beta-cell, including insulin secretion, mitochondrial metabolism and cell survival
[146-148]. A study by Park et al. [149] has identified increased PDXI expression in
PDAC, and PDAC precursor lesions and neoplasms. Overexpression of PDXI in
PDAC cell lines resulted in increased proliferation and invasion, suggesting it acts
as an oncogene [150]. PDXI controls the expression of NR5A2 (Nuclear Receptor
Subfamily 5 Group A Member 2), an orphan nuclear receptor which acts with
pancreas-specific transcription factor 1 (PTFI) complex to bind to acinar genes
[151,152]. Loss of acinar expression is the first step in PDAC development, during
this, NR5A2 expression is decreased [153]. A proposed function of NR5A2 is that it

inhibits the ductal transformation of adult acinar cells [154].

1.6.1.5. MODY5

MODYS5 is caused by mutations in the HNFIB (hepatocyte nuclear factor-1 beta)
gene. HNFIB acts as a transcription factor involved in the expression of genes in
the beta-cells, kidneys, kidney tracts and uterus. Patients with MODY5 usually
present with diabetes and kidney problems - including renal cysts and diabetes
syndrome. MODY5 patients are not sensitive to sulphonylurea drugs, and progress
to insulin treatment [155,156]. Increased expression of HNFIB has been associated

with increased risk of prostate and ovarian cancers [157,158].

1.6.2. The role of the HNFI family in PDAC

HNFIA and HNFIB are members of the hepatocyte nuclear factor family, which
also includes FOXA1/2/3, HNF4A/G and ONECUTI/2 [159]. These were first
identified in the liver, but are expressed in a number of organs, including the
pancreas and kidneys. These transcription factors act in cross-regulatory and auto-
regulatory circuits, and play an essential role in regulating the development and in
the functioning of multiple tissues [160]. The HNF1 family is comprised of HNFIA
and HNFIB, whose DNA-binding domain binds to the palindromic consensus

32



Introduction

sequence GTTAATNATTANC. A dimerisation domain at the N-terminus of both

proteins allows for the formation of homodimers and heterodimers (Figure 1.14)
[161,162]. Each gene encodes three isoforms - A, B and C, which have tissue specific
roles [163,164]. HNFIA(A) is highly expressed in the foetal pancreas, and HNFIA(B)
is highly expressed in the adult pancreas [164]. In knockout studies in mice, a
HNFIA knockout resulted in stunted growth and diabetes developed two weeks
after birth [165]. HNFIB knockouts were lethal at the blastocyst stage (E3.5)
because of abnormal or absent extraembryonic endoderm [166].

POU-homeodomain family
DNA binding domain

HNF1A DD POU-s POU-h TAD

HNF1B DD POU-s POU-h TAD

Figure 1.14: A schematic diagram of the structural domains of HNFIA and HNFIB.
The N-terminus consists of the DD (dimerisation domain). The (DNA-binding
domain) DBD of the family is made up of a POU-s (POU-specific domain) and a
POU-h (POU-homeodomain). The C-terminus contains the TAD (transactivation
domain) which is less conserved between the two members of the HNFI family.

Figure used without permission from Lau et al. [160].

L1.6.2.1. HNFIA

A number of studies investigating the role of HNFIA in PDAC have been
performed, with contradictory results. A study by Luo et al. [144] showed that there
are significantly lower levels of HNFIA in pancreatic cancer tumours in comparison
to normal adjacent tumours, suggesting that HNFIA plays a tumour suppressor
role. A study by Kalisz et al. [167] showed that HNFIA recruits KDM6A (Lysine-
specific demethylase 6A), which acts to catalyse the demethylation of histone
H3K27me3, to genomic binding sites in acinar cells. This results in the remodelling
of the acinar enhancer landscape and activation of the differentiated acinar cell

programs, thereby suppressing oncogenic and epithelial-mesenchymal transition
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genes. Other studies, including transcriptome analysis of PDAC also suggest a

tumour suppressor role for HNFIA in PDAC [168,169].

However, a study by Abel et al. [170] showed that HNFIA overexpression in PDAC
increased cell growth, and resulted in increased pancreatic cancer stem cell marker
expression. Increased expression of HNFIA has also been found to have a role in
increasing PDAC sensitivity to gemcitabine treatment both in vivo and ex vivo, by
regulating ABCBI expression through binding to its specific promoter region and
suppressing its transcription levels [171]. An in vitro study by Subramani et al. [172]
found expression of HNFIA is varied in PDAC cell lines, and HNFIA gene
suppression though siRNA knockdown resulted in increased apoptosis associated
proteins in cells, and resulted in decreased migrations and invasion of cells. It is
evident that the role of HNFIA in the development and progression of PDAC has
been largely debated, with conflicting results identifying HNFIA as both a tumour

suppressor and an oncogene.

1.6.2.2. HNFIB

Through an integrative analysis of online databases, Nie et al. [173] performed a
study looking at the role of HNFIB in human cancers. This study found that HNFIB
is dysregulated in several cancers, and that its expression is associated with
immune cell infiltration. The study also found that patients who harboured HNFIB
mutations were more susceptible to mutations in other genes. In PDAC, HNFIB
was found to be frequently mutated, and its expression was also associated with

increased immune cell infiltration.

An in vivo study by Quilichini et al. [174] found that HNFIB deletion in pancreatic
duct cells resulted in dilatation of ducts, loss of acinar cells and ADM. The study
also found that the HNFIB deletion resulted in PanIN and in combination with

KRAS mutations, resulted in PanIN progression.
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1.7. Role of Apoptosis in DNA repair pathway

During the cell cycle, cells go through a series of cell cycle check points before cell
division [175]. In response to stress, the checkpoints are activated to prevent
progression through the cell cycle and initiate DNA repair [176] (Figure 1.15). To
ensure the elimination of potentially damaged cells if DNA damage is beyond
repair, apoptosis is induced [177]. This process is called the DNA damage response
(DDR), DDR proteins include some of the most frequently mutated genes in
cancer, as they are able to induce the mutator phenotype and act as a driver of

more mutations [177].

DNA Damage

ATM / ATR Activation

Chk1

(Nuclear
Export
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BRCAT1 / 14-3-3
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l P sequestration)
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Figure 1.15: DNA repair pathway for DNA damage, ATM and/or (ataxia
telangiectasia and Rad3-related) ATR trigger the activation of a checkpoint that
leads to cell cycle arrest or delay. Checkpoint pathways are characterised by
cascades of protein phosphorylation events (indicated with a "P") that alter the
activity, stability, or localisation of the modified proteins. Figure used without

permission from R&D Systems [178].
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A recent study by Peterson et al. [179] investigated 303 patients with familial
PDAC, and found germline mutations from ten genes, most of which are involved
in DNA repair (ATM, BRCAI, BRCA2, CDKN2A, PALB2, PMS2, BARDI, CHEK2,
MUTYH, and NBN), are present in 12% of the patients. Another study performed
by Golan et al. [180] found that the prevalence of BRCA mutations in PDAC is 6-
7%, and up to 20% in Ashkenazi Jews. In the phase III clinical trial - POLO
(Pancreas cancer OLaparib Ongoing), platinum-sensitive patients with germline
mutations in the BRCAI/BRCA2 genes were found to respond to treatment with
olaparib, a (poly ADP ribose polymerase) PARP inhibitor [181]. This trial used a
biomarker for the selection and stratification of patients was the first of its kind in

PDAC.

One of the hallmarks of cancer is the ability to evade apoptosis, as defects in
damage induced apoptosis contribute to tumorigenesis and resistance in cancer
[182]. Caspases (cystine-aspartate proteases) play a central role in apoptosis.
Activation of caspases result in chromatin condensation, loss of cell adhesion, cell
shrinkage, production of apoptotic bodies and engulfment by phagocytes [183].
Caspases are activated in a sequential manner through initiator and executioner
caspases. Activation of caspases requires cleavage into two subunits, a small
subunit and a large subunit. The active enzyme is a heterotetramer of two large
and two small subunits. Inflammatory caspases (4, 5, 11) and, initiator caspases (2,
8, 9, 10) initiate the apoptosis process, while executioner caspases (3, 6, 7) perform
the mass proteolysis that leads to apoptosis [183,184] CASP7 has a role in the
execution phase of cell apoptosis [185]. It is cleaved by the initiator caspases CASP8

and CASPI0, and its cleavage results in the induction of apoptosis [183].

The GWAS pathway analysis performed by Walsh et al. [122] identified the Pujana
ATM PCC Network as one of the top five gene sets for risk of developing PDAC
[186]. Within this gene set, a SNP rs3124737 (CASP7) was identified as having a
positive influence on CASP7 expression in normal pancreas using Genotype-Tissue
Expression (GTEx) which provides data on tissue-specific gene expression and
regulation, and Laboratory of Translational Genomics (LTG), which investigates

the biological basis of common inherited genetic variants associated with cancer
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susceptibility. Patients who are homozygous for this allele have a lower risk of
developing PDAC (odds ratio=0.91; 95% CI 0.88-0.95) risk of developing PDAC. It
was also observed to be an expression quantitative trait loci (eQTL), a locus that
explains a fraction of the genetic variance of a gene expression phenotype effect,
on CASP7 mRNA in other tissues from GTEx such as whole blood, testis, and
thyroid.

1.8.Models of PDAC research
1.8.1. Established PDAC cell line cultures

Two-dimensional (2D), cell-based assays are an important tool, and have been the
mainstay of cancer research for over 50 years. The first cell line (HeLa) was
developed in 1951 from cervical carcinoma [187]. Cell lines are able to grow
indefinitely, making them an easy to use, low cost, repeatable models, and thus are
important for both drug discovery, and proof-of-concept studies. Cell lines often
undergo genetic modifications, including copy number variation and point
mutations during passaging [188]. Cell lines tend to be homogeneous, which does
not represent the heterogeneous nature of PDAC tumours. Also, cell lines are often
developed from late stage, aggressive tumours, so they cannot be used to model

tumour progression [189].

PDAC cell lines recapitulate the genomic changes which lead to the development
of the disease. The four most common mutations (KRAS, TP53, CDKN2A, SMAD4)
occurring in PDAC tumours are found in cell lines at similar percentages and
PDAC cell lines also demonstrate the different phenotypes and genotypes which
are found in PDAC subclasses. A commonly used PDAC cell line is BxPC3,
developed from pancreatic adenocarcinoma of a 6l-year-old female. BxPC3 has
TP53 mutations, a homozygous deletion in SMAD4, but is CDKN2A wild type and
is the only KRAS wild type PDAC cell line available for research. Other common
PDAC cell lines include, PANC-1, developed from PDAC of a 56-year-old male and
MIAPaCa-2, developed from a PDAC of a 65-year-old male, both of which harbour
mutations in KRAS and TP53, with homozygous deletion in CDKN2A and wild type

SMAD4. Capan-1 was developed from a liver metastasis of a 40-year-old male with
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PDAC, and harbours mutations in KRAS, TP53, CDKN2A and SMAD4, and is the

only PDAC cell line with a BRCA2 mutation currently available for research. A
detailed review from Deer et al. [190] provides an overview of the available

information on the most commonly used PDAC cell lines.

Due to genomic drift, differences in cell culture procedures and media in different
labs may result in genotypic and phenotypic differences in the same cell line. Ben-
David et al. [191] performed a full genomic characterisation of 27 different strains
of the ER-negative breast cancer cell line MCF7. Changes observed included
differential activation of gene expression programs, morphology and proliferation.
Drug sensitivity was shown to vary in the cell lines, whereby 75% of the drugs
tested which showed strong cytotoxicity in some of the MCF7 cell lines, were

completely inactive in others.

Another issue with the use of established cell lines is cross contamination. Boonsta
et al. [192] identified two oesophageal adenocarcinoma cell lines which were
contaminated, and have been used in 11 patents, and more than 100 published
studies, leading to clinical trials. Horbach and Halffman [193] identified 32,755
articles reporting on research with misidentified cells, which in turn have been
cited by over half a million papers. To overcome these issues, a number of journals
require cell lines to be verified before publishing a research paper. A method used
to validate the cell lines is short tandem repeat (STR) profiling. This technique was
initially developed for forensic applications [194]. STR profiling compares
microsatellite (2 to 7 base pairs) repeats at specific loci which collectively are
unique to each individual [195]. It is carried out by using commercially available
PCR primers and amplicons are compared to size markers, allowing for a
comparison of the lengths of the PCR products at each locus to the STR profile

made from the original donor material [196].
Two-dimensional established cell line models have been the standard method for

cancer drug testing for many years. However, of late, the limitations of using

established cell lines in 2D are being increasingly recognised. In actuality, 2D cell
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culture platforms often fail to recapitulate the physiology of tumours in vivo due

to different cellular architecture, adherence structures and biochemical gradients.

1.8.2.Primary tumour cultures

Primary cell lines are an emerging tool for cancer research. These cell lines are
derived from a patient tumour or biopsy, dissociated, and grown in vitro [197].
Primary cell lines are heterogeneous, and are at an early passage number, so are
more representative of the original tumour [198]. Primary cell lines may allow for
the development of personalised cancer therapy through the development of
primary cell lines from patient tumour, and the function testing of
chemotherapeutic drugs on the living cancer cells [199]. While primary cultures
are more representative of the original patient tumour, there are several issues with
PDAC primary cell lines - they are often difficult to establish, only grow for a
limited number of passages, and often tumour cells are overgrown by stromal cells

such as fibroblasts [198,199].

1.8.3. Patient derived xenografts

Patient derived xenografts (PDX) are another commonly used model of PDAC. A
patient tumour is implanted subcutaneously or orthotopically in severe combined
immune deficiency (SCID) mice until the tumour has grown to a sufficient size to
be sub-cultured in new mice. These models allow for tumours to have the original
cell-to-cell interactions [200]. The original tumour microenvironment can also be
recapitulated using orthotopic implants. A study by Garrido-Laguna et al. [201]
showed that orthotopically implanted tumours treated with gemcitabine had a
similar response to that in patients, which was not observed in the subcutaneous

implanted tumours.

PDX studies have been used for the identification of biomarkers of PDAC. Jimeno
et al. [202] used 11 PDX tumour samples, with known gemcitabine sensitivity to
identify biomarkers for gemcitabine response in patients. This group exposed fine-
needle biopsies of the PDX tumour to gemcitabine or vehicle control for 6 hours

and compared gene expression of the treated and untreated samples using RT-
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qPCR 45-gene array. This assay identified that Polo-Like Kinase 1 (Plkl), a
serine/threonine protein kinase had differential expression of >50% in the
sensitive samples compared to resistant tumours. To further validate this
biomarker, siRNA knockdown was performed and the Plkl pathway inhibitor
rigosertib, a Plkl pathway modulator. This resulted in a synergistic effect with
gemcitabine in gemcitabine-resistant in vitro models. The study illustrates the

ability to use PDX models to identify and validate a biomarker of PDAC.

There are many advantages to using PDX tumours for the study of pancreatic
cancer. Tumours can be established in mice using a small amount of patient
material; tumours retain the heterogeneity, as well as the genetics, and histological
characteristics of the original tumour during passaging. PDX tumours also provide
an unlimited source of tumour, which can be used for in vivo and ex vivo drug
testing. Nevertheless, there are several disadvantages to the use of PDX models -
they are expensive, time consuming, require the use of animals, and their use is
subject to strict regulations [203]. PDX models take up to four months to develop
tumours. Subcutaneously implanted tumours are not grown in the same
microenvironment as PDAC tumours, and rarely form metastases [204]. As the
tumour is grown, and sub-cultured in mice, the human stromal cells, such as
fibroblasts and blood vessels are replaced by murine cells [205]. Finally, as SCID
mice do not have an immune system, the PDX tumours cannot recapitulate the
complex interactions between the PDAC tumour and the immune system, which
is critical in resistance mechanisms of PDAC, and it also prevents the use of PDX
models in testing of immune modulating drugs, which are increasingly being used

in cancer treatment.

1.8.4. Organoids

The use of three-dimensional (3D) in vitro PDAC models can overcome many of
the limitations of traditional cancer research models. As they are not attached to
plastic, 3D models have more appropriate physiological morphology and signalling
pathways compared to cells grown in 2D [206]. Similar to in vivo conditions, 3D

cultures are exposed to complex environments, with varied exposure to oxygen,

40



Introduction

nutrients, stress and waste. The use of 3D cultures also allows for the study of cell-
to-cell interaction, drug penetration, response and resistance [207,208]. Another
advantage of using 3D models, is the cultures contain cells in multiple growth
phases, with cells which are proliferating, quiescent, hypoxic and necrotic, whereas
cells grown in 2D tend to be in the same growth phase [209]. Thus, 3D models
have the same gene and protein expression profiles as the original tumour whereas
differential expression is present in 2D cell models [210-212]. Cells which are
grown in 3D can also be cultured and tested for longer, as 2D cells require regular
trypsinisation as the cells reach confluency faster [213]. Previous studies have
shown that cells grown in 2D and 3D have different sensitivity levels to
chemotherapeutic drugs, with 3D models showing increased levels of drug
resistance, which is more representative of the in vivo drug response [214,215].
However, in a study assessing the effect of 129 drugs in 27 liver cancer organoid
lines by Li et al. [216], the group found that some drugs were highly heterogeneous
in the responses among organoid lines, while others were uniformly toxic in all

cases.

The first publication describing intestinal organoids was published in 2009, and
since then, the methods have been used to create organoids in a large range of
tissues and to study a wide range of diseases [217]. Organoids are 3D spheroid
cultures which represent the in vivo architecture of the organ or tumour.
Organoids are developed from stem cells, which self-organise to resemble tissues
from within the organ. They can be derived from multiple types of stem cells,
including embryonic, induced pluripotent, tumour and normal adult stem cells
[218]. Organoids produce a relevant and highly adaptable model cancer system
[219]. They are grown within a 3D matrix system, such as hydrogels, basement
membrane extract and Matrigel®, which have been supplemented with growth
factors allowing them to mimic the organ’s microenvironment [220]. A specialised
media is required, with multiple growth factors, which mirror the niche organ
microenvironments. As organoids are derived from stem cells, they display cell
heterogeneity after several passages [219]. Like cell lines, organoids can grow
indefinitely and can be cryopreserved, so are a useful PDAC model. Growing

organoids in vitro also allows for the observation of disease progression, which is
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not possible in other models as it requires complex imaging systems in PDX
models, or in established cell lines, as these are usually produced from late stage
tumours [221-223]. Organoids can also be developed from tiny volumes of patient
tumour, such as fine-needle biopsy, and grown to allow the high throughput
screening of drugs and drug combinations [224]. The Tuveson Group developed a
method that allows for the development of organoids from fine-needle biopsies
guided by endoscopic ultrasounds [224]. Organoids can also be developed using
tissue biobanks. Walsh et al. [225] investigated the morphology, viability and drug
response of frozen organoids with both flash freezing, and DMSO frozen
organoids. Expression of Ki67 and cleaved caspase3 were assessed to determine
viability. Both samples that were flash-frozen and frozen slowly with DMSO were
viable, indicating that biobanks of tumour samples could potentially be used for

the establishment of organoid cultures.

Organoids can also be orthotopically transplanted into mice, this results in the
organoid progressing through all stages of tumour development from PanIN to a
PDAC tumour, which represents the tumour of origin [226]. In comparison, when
a monolayer of cells is transplanted, the cells rapidly become an aggressive

carcinoma [227].

1.8.4.1. Development of PDAC organoids

Studies outlining the methods for the production of human and mouse pancreatic
organoids have been published by multiple groups [228-230]. Both Grapin-Botton
and Clevers groups developed methods for the production of murine pancreatic
organoids in Matrigel®. Grapin-Botton developed pancreatic organoids for use as a
model for diabetes [228]. This group used dissociated mouse embryonic pancreatic
progenitor cells for the development of organoids. These organoids showed both
pancreas morphology and differentiation, and the in vitro maintenance of these
pancreatic organoids required the activation of both Notch and fibroblast growth
factor (FGF) signalling pathways, which recapitulated the in vivo niche signalling
pathway within the pancreas. Clevers [229] developed a method which allowed for

the propagation of adult murine pancreatic duct cells as organoids. These
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organoids were embedded in Matrigel®, and a cocktail of growth factors, including

R-spondinl and Wnt3a which stimulate the Wnt signalling pathway.

Clevers, in collaboration with the Tuveson lab, developed a method for the
establishment, and growth of normal and cancerous pancreatic organoids from
human and mouse tissues [226]. This study showed that both tissues could be
established using the same conditions, however, human organoids required
additional growth factors, such as Wnt3a. Orthotopic implantation of the tumour
and normal organoids resulted in full tumour and ductal development. The
methods have been used to further PDAC research, by researching the tumour
microenvironment, personalised treatment, genetics and testing of novel

therapeutics for PDAC.

To prevent differences in drug response due to batch-to-batch variation of media
and extracellular matrix (ECM), Georgakopoulos et al. [231] developed a chemically
defined, serum free media, and a chemically defined hydrogel, which allows for the
development and propagation of human pancreas tissue. Their study found that
the organoids retained their ductal morphology, biomarker expression, and

genomic integrity after growth for several months.

1.8.4.2. Organoids as PDAC tumour-drug response predictors

Using organoids as predictors of drug response can facilitate advanced pre-clinical
drug discovery and the personalised treatment of PDAC. Hou et al. [232] used four
patient derived organoid lines including two PDAC derived organoids and two
cancer-associated fibroblast (CAF) organoids for high throughput screening (HTS)
of the National Cancer Institute (NCI) approved oncology set, and 3300 clinically
approved drugs.

Huang et al. [233] identified a genotype-phenotype relationship where TP53%7
induces cytosolic SOX9 localisation, whereas in normal pancreas SOX9 is localised
in the nucleus. This finding was verified in two independent PDAC cohorts, and
cytoplasmic SOX9 was associated with a higher tumour grade, poor-disease free

survival, and poor overall survival. In this study, organoids also showed a poor
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response to gemcitabine, the mainstay for PDAC treatment with only 30% growth

inhibition.

Studies by Romero-Calvo et al. [234] compared the structural and genetic features
of organoids with the primary PDAC tumours, and found the organoids had similar
morphologic features with the same glandular architecture. The organoids and
primary tumours also had the same protein expression, molecular, genomic and
transcriptomic profiles. Response to FOLFIRINOX treatment in organoids
recapitulated the matched PDX models. Frappart et al. [235] also found that
organoids derived from PDX tumours faithfully recapitulated the PDX morphology

and protein expression, and predicted PDX drug response.

A number of proof-of-concept clinical trials using PDAC organoids are underway
using fine-needle biopsies for the development of organoids (ClinicalTrials.gov:
NCT03896958, NCT03544255, NCT03990675 and NCT03140592). Tiriac et al.
[236] created a patient derived organoid library from primary PDAC tumours, and
metastases, with 75% success. This organoid library was screened using
gemcitabine, paclitaxel, SN38, 5-FU and oxaliplatin at clinically relevant
concentrations, and the organoid library showed a heterogeneous response to
chemotherapies. The outcomes of these assays paralleled the patient outcomes in
the clinic. On publishing, Tiriac et al. [236] had also performed whole exome
sequencing and RNA-seq and developed gene expression signatures to determine
improved response to therapies. In addition to establishing organoid cultures from
patient biopsies in these clinical trials, the organoids will be used for drug
screening as an indicator of response to therapies. These clinical trials are setting
the foundation for the use of organoids in the personalised treatment of pancreatic

cancer.

Clinical trials that aim to establish and test organoids to determine the best
treatment for patients are currently ongoing. This includes a proof-of-concept
clinical trial, the PIONEER Initiative — Precision Insights On N-of-1 Ex Vivo
Effectiveness Research (NCT03896958), which aims to provide precision medicine

to any patient with any cancer in any medical facility, and to enable functional
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testing of the patient’s tumour using organoids to identify the best treatment for

the patient.

A number of proof-of-concept clinical trials are underway to assess if patient
derived PDAC organoids can be developed from fine-needle biopsies of the
patient’s  tumour  (Clinicaltrials.gov: =~ NCT03544255;  NCT03990675;
NCTO03140592). One of these clinical trials (NCT03544255) will include drug
screening of the organoids established in the study. These clinical trials will set the
foundation for the use of organoids in the personalised treatment of pancreatic

cancer.

1.8.4.3. Organoids as models of tumour microenvironment

The tumour microenvironment is known to play an important role in PDAC. By
nature, PDAC tumours are dense, fibrotic and hypoxic, and combined with the
suppression of tumour infiltrating lymphocytes (TILs) by cytokines such as TGFf3

and interleukin-10 (IL-10), PDAC is a non-immunogenic tumour [237].

To identify the role of the tumour microenvironment in PDAC, Tsai et al. [238]
produced a new, patient matched organoid model containing primary PDAC
organoids, stromal and immune components. The co-culture of the organoids with
cancer-associated fibroblasts resulted in an increased 1Cso of 3.8 tM compared to
1.8 uM for organoids alone in response to treatment with gemcitabine. This group
also described a method for the introduction of lymphocytes into the organoid
culture by adding 500,000 CD3+ T lymphocytes per well suspended in 500 pL
organoid growth medium. They demonstrated that lymphocytes only infiltrated
into Matrigel® domes containing organoids. The incorporation of lymphocytes into
an organoid co-culture would allow for the use of these models in the study of
immunotherapies. The development of methods to study the immune system in
PDAC may help overcome the disappointing attempts to use immunotherapy in
the treatment of this devastating disease. The use of immunotherapy has resulted
in increased survival rates in solid tumour cancers such as melanoma, non-small

cell lung cancer, and gastric cancers [239]. However, a successful immunotherapy

for PDAC has yet to be developed.
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A study by Ohlund et al. [240] used organoids to identify the role of pancreatic
stellate cells and CAFs in PDAC tumour microenvironment and tumour
progression. CAFs are derived from activated stellate cells and produce
desmoplastic stroma, resulting in differences in disease progression and response
to therapies. Co-cultures of organoids and CAFs were established, which resulted
in activation of the CAFs to make desmoplastic stroma. These findings were also

validated in human and mouse tissues.

1.8.4.4. Organoids for biomarker discovery

As well as using PDAC organoids for modelling in vivo drug response, they have
also been used for discovering clinically actionable biomarkers. Huang et al. [241]
demonstrated that organoid models recapitulate the glycomics and drug responses
observed in PDX models. The basis of this study was for the identification of N-
glycans enriched in the glycome of PDAC using organoids. They identified a set of
57 N-glycans represent 50-94% of the relative abundance of all N-glycans
detected. They have also developed a method to use organoids as a discovery
platform for blood-based biomarkers in PDAC patients, which can be used for the
identification of secreted extracellular vesicles in the blood of patients. This
method used 4.0 mL of organoid media supernatant and subjected to liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) and
identified 241 proteins that were at least two-fold higher in tumour organoid
extracellular vesicles compared to exocrine organoids and expressed in at least four

out of the six tumour organoid lines.

1.8.4.5. Modelling human diseases with CRISPR-Cas9-modified organoids
The discovery of clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) proteins has revolutionised gene editing.
These techniques are readily used in germline gene editing for research in vitro in
cell lines, and in vivo in zebrafish, mice, pigs and primates, and recently have been
used in organoid technology [242-245]. For a more detailed review of
CRISPR/Cas9 genome editing in organoids, refer to the review by Driehuis and
Clevers [246].
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Lee et al. [247] edited KRAS®" and ERBB2, and inactivated TP53, CDKN2A, and

SMAD4 by lentiviral delivery of CRISPR-Cas9 into pancreatic ductal organoids.
Non-transformed or KRAS-mutated ductal organoids ceased proliferation after
several passages. KRAS, TP53, CDKN2A and SMAD4, and KRAS, TP53, CDKNZ2A,
SMAD4, and ERBB2 CRISPR edited ductal organoids propagated exponentially at
least for 4 months. Upon orthotopic xenotransplantation to immunodeficient
mice, these ductal organoids developed lesions resembling PanINs, but not PDAC.
Seino et al. [248] used a similar CRISPR-Cas9 based method to show the stepwise
tumorigenesis of PDAC, and a loss of niche stem cell factor dependence during

tumour progression.

1.8.4.6. Advantages/limitations of organoids

The future of organoids in the treatment of PDAC includes their use in
personalised medicine such as: next-generation sequencing of the tumour and
using organoids for the screening of therapeutics for the identification of the best
therapy for patients [249]. Organoids produce an unlimited supply of material for
study, thus reducing the need for animal studies, and helping with the
implementation of Article 4 of EU Directive 2010/63/EU, which describes the
requirements of the 3Rs (Replacement, Reduction and Refinement) that aims to
improve the welfare of animals in research [250]. Organoids are derived from stem
cells and can form many different cell types and contain a much more realistic
mixture of cells for in vitro testing. However, there are several limitations to
organoids, including the difficulty in obtaining patient samples. Culturing
organoids requires specialist training, and is laborious, and expensive. The use of
a 3D matrix environment requires specialist approaches for sample handling,
manipulation and functional assays. Finally, in order to analyse in organoid
structures, novel imaging and quantitative analysis techniques must be
implemented. A comparison of the advantages and disadvantages of organoids,

and other PDAC models are outlined in Table 1.5.
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Introduction

1.9. Methods used in assessing functionality of genes in

PDAC

A number of methods were used to assess the functionality of genes and SNPs in
PDAC, including CRISPR, CUT&RUN (Cleavage Under Targets and Release Using
Nuclease) and dual luciferase reporter assays. The background and use of these

methods are outlined below.

1.9.1. CRISPR

CRISPR/Cas are RNA-mediated adaptive immune systems which have been
evolved by bacteria and archaea to protect the organism against invading plasmids
and phages [255]. In 2012, Jinek et al. [256] discovered that type IT CRISPR systems
could be used to induce targeted double-stranded breaks (DSB) in DNA. This
discovery marked the beginning of the “CRISPR craze” [257]. Genomic engineering
of cell lines and animal models has traditionally been accomplished through
random mutagenesis or low-efficiency gene targeting. The ability to edit the
genome in a precise and targeted manner is critical for understanding genetic
contributions to disease. While other systems such as zinc finger nucleases (ZFNs)
and transcription activator like effector nucleases (TALENSs) have the ability to edit
targeted sequences, the process that is required to make these nucleases is both

time consuming and expensive [258].

CRISPR sequences are found in approximately 40% of bacterial and 90% of
archaeal genomes. CRISPR was originally discovered in Escherichia coli. in 1987
[259]. However, it was not until 2002 when Schouls et al. [260], who were
decoding bacterial genomes found patterns in which a palindromic sequence was
followed by approximately 30 bases of spacer DNA, then a repeat of the
palindromic sequence, followed by a different sequence of spacer DNA. These
spacers often originated from viral phage or plasmid DNA [261]. The CRISPR/Cas
system works by incorporating fragments of the invading nucleic acid as spacers
into the host genome. These spacers are later used as templates to transcribe small
CRISPR-RNA (crRNA) molecules that are combined with the Cas enzymes into an

effector complex which silences foreign nucleic acids during subsequent rounds of
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infection [262]. CRISPR/Cas systems are distinct and have been classed into three
main categories; the type I and II systems both have specialised Cas endonucleases
which cleave the pre-crRNA. Once processed, each crRNA forms to make a large,
multi-Cas protein complex. This complex is able to recognise and cleave nucleic

acids complementary to the crRNA [256].

This system has been modified to allow for CRISPR-Cas9 mediated editing in vivo
and in vitro to make knockout or specific gene edits in laboratory models. A single
guide RNA (sgRNA) is engineered to specifically target a genomic region of
interest. This sgRNA is 17-22 nucleotides in length and must be followed by a
protospacer adjacent motif (PAM) sequence 5-NGG-3’. The Cas9 endonuclease
cleaves the DNA to induce a DSB, which is repaired though non-homologous end
joining (NHE]) resulting in an insertion or deletion (indel) or homology directed

repair (HDR) in the presence of a donor sequence (Figure 1.16) [263].
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Figure 1.16: CRISPR-Cas9 mediated gene editing mechanisms. A single guide RNA
(sgRNA) recruits the Cas9 DNA endonuclease to its complementary DNA
sequence. The endonuclease induces a double-stranded break that is repaired by
non-homologous end joining (NHE]) resulting in (insertions/deletions) indels, or
homology directed repair (HDR) in the presence of a donor construct, resulting in

gene editing. This figure was taken without permission from Cribbs et al. [263].

1.9.2. CUT&RUN - Cleavage Under Targets and Release Using

Nuclease

Transcription factors (TFs) are proteins that decode the information in the genome
to express a precise and unique group of mRNAs in each different cell type.
Knowing where TFs bind to the genome is essential to understanding their

function. There are a number of methods used for the mapping of protein-DNA
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interactions, including ChIP-seq (Chromatin immunoprecipitation with massively
parallel sequencing), CUT&RUN, ChIC (Chromatin immuno-cleavage), DamID
(DNA adenine methyltransferase identification) and ChEC (Chromatin

endogenous cleavage).

ChIP-seq has been used extensively for epigenome and TF profiling [264].
Crosslinking using formaldehyde is performed to fix the protein-DNA interactions
which allows the capture of weaker/transient interactions. These are non-
specifically sheared by sonication. The proteins of interest are immunoprecipitated
with an antibody coupled to a magnetic or agarose bead [265]. The DNA is purified
and sequenced. ChIP-seq requires large amounts of input material to produce
strong signal over noise, is expensive, labour intensive, and prone to artefacts
[266]. While ChIP-seq has been the mainstay of studying DNA-protein
interactions for over thirty years, novel methods have been developed which

increase specificity and decrease background (Figure 1.17).

DamlD identifies DNA-binding sites by expressing the DNA-binding protein as a
fusion with DNA methyltransferase [267]. The binding of this fusion protein to the
region of interest results in a methyltransferase of a “GATC” sequence in the region.
Adenosine methylation does not occur in eukaryotes which allows the mapping of
the binding sites through digestion of unmethylated DNA, and sequencing. In
ChEC, pA-MNase is fused to a protein of interest [268].

CUT&RUN uses antibody-targeted controlled cleavage by protein-A micrococcal
nuclease (pA-MNase), which is recruited by the antibody targeting protein of
interest and activated by adding calcium (Figure 1.18). It introduces double-
stranded breaks into the DNA and the DNA fragments are released into the
supernatant, and sequenced [269]. It is performed in situ, allowing for high
resolution mapping, and does not require crosslinking, which results in a low
background and reduced sequencing costs due to a lower sequencing depth. The
CUT&RUN method was developed from the ChIC method, which had a resolution
of 100-200 base pairs [268].
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C

Figure 1.17: The principles of mapping chromatin-binding protein (CBP)-DNA
interactions. (A) DamID: CBP fused to Dam resulting in adenine methylation (M)
within GATC sequences (B) ChEC: CBP fused to micrococcal nuclease (MNase),
and is activated by the addition of calcium, resulting in DNA cleavage (C)
CUT&RUN/CHIC: cells are incubated with antibody against CBP of interest.
Protein-A is fused to MNase, which binds the antibody and the addition of calcium
results in cleavage of DNA. Figure modified without permission from Policastro et

al. [270].
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Figure 1.18: CUT&RUN schematic illustrating antibody binding to transcription
factors (TF), Protein-A and Protein G IgG binding domains fused to micrococcal
nuclease (pAG-MNase) activation by calcium chloride (Ca**) and cleavage of DNA.

Taken without permission from Addgene.com [27]].
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1.9.3. Dual luciferase reporter assays

Dual luciferase reporter assays are a system used to assess gene expression. This
assay depends on two different reporter genes - Renilla (Renilla reniformis)
luciferase and Firefly (Photinus pyralis) luciferase. Firefly luciferase is fused to the
test promoter or region of interest to assess if the gene is translated, or if mutations
result in differential gene expression (Figure 1.19). Renilla luciferase is fused to a
constitutive promoter and acts as an internal control for transfection efficiency and
transcriptional activity is used for normalising the assay [272]. Firefly luciferase
and Renilla luciferase have distinct enzyme structures and substrate requirements,
so the dual luciferase reporter assay is able to selectively discriminate the two.
Firefly luciferase is a 61 kDa protein which does not require post translational
processing for enzymatic activity [273,274]. Photon emission occurs via oxidation
of beetle luciferin and requires the addition of ATP, Mg** and O [272]. Renilla
luciferase is a 36 kDa monomeric protein, and also does not require post
translational modifications, the luminescence generated by Renilla luciferase
utilises Oz and coelenterazine [275]. In a dual luciferase reporter assay, a p2Luc
(plasmid containing Firefly luciferase) is produced to contain the region of interest
upstream of the Firefly luciferase gene. p2Luc and Renilla plasmids are transfected
in to the HEK293 cell line, and after 24 hours substrates for Firefly luciferase are
added, Firefly luminesce is quantified and quenched, prior to the addition of

substrates for Renilla, and quantification of Renilla luminesce.

Potential issues with this assay include the loss of Firefly luciferase activity. This
can occur if a start codon is present in upstream open reading frame, resulting in
a 5" extension of the protein, or out of frame translation of the RNA. This can be
overcome by the use of a modified variant of the p2Luc plasmid encoding the
porcine enterovirus StopGo sequence to the start of the luciferase resulting in
skipping of a peptide bond so the luciferase amino acid sequence will remain the

same [276].
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Figure 1.19: Schematic of a luciferase reporter assay, the region of interest is fused
to the 5°UTR of the luciferase gene and transfected in to HEK293 cells. If the region
of interest allows for translation, the luciferase enzyme is produced by the cells and

the addition of the substrate results in [uminesce.
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1.10. Aims

The overall aim of this thesis was to develop novel biologically relevant models of
pancreatic cancer and to functionally validate the role of genetic variants and genes

identified from a pathway based GWAS analysis in pancreatic cancer development.

The first aim of this thesis was to develop a more representative model of PDAC for
pre-clinical research. This aim was achieved by the development and validation of a
novel method for the development of organoids from a PDX PDAC sample. In
addition to this, a novel method for the simultaneous generation of isogenic matched
cell lines was developed, as well as a method for the development of organotypic
models generated from primary cell lines, which was termed cell line organoids -
CLOs. The second aim of this thesis was to validate these novel CLO models as
representative models of PDAC, this was achieved by comparing phenotypes, drug
response, morphology, tumorgenicity and transcriptomics with matched organoid

and cell line models

The third aim of this thesis was to functionally validate genomic variants of PDAC
identified in pathway analysis studies. This was achieved by prioritisation of SNPs
from the MODY and Pujana ATM PCC Network pathways through in silico
assessment. The effects of the selected SNPs on gene expression were assessed

through dual luciferase reporter assays.

The fourth aim of this thesis was to assess the role of genes from the MODY in PDAC.
The role of the genes was analysed through publicly available datasets and RNA-seq
data. A CUT&RUN assay was performed to identify the downstream targets of MODY
pathway transcription factors HNFIA and HNFIB.

The final aim of this thesis was to assess the effectiveness a of targeting the DDR
pathway in non-BRCA mutated PDAC for the treatment of the disease. This was
performed by testing the potential of a novel the RAD51-BRCA2 small molecule
disruptor (ARN24089) in organoid models using drug toxicity assays and evaluating

the mechanism of action by IHC of RAD5I and assessing levels caspase3/7 cleavage.
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Chapter 2. Methods

2.1. Cell culture
2.1.1. Cell lines

All cell culture was carried out with strict adherence to the National Institute of
Cellular Biotechnology (NICB) cell culture standard operating procedures (SOPs).
All lines are mycoplasma free - mycoplasma testing was carried out in-house every
3 months by Justine Meiller. STR fingerprinting was carried out by IDEXX

BioResearch.

2.1.2. Cell lines and culture conditions

All cell lines were incubated in 5% COz at 37°C. Cell lines used are represented in
Table 2.1. Cell culture media used were Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma, D8437), Roswell Park Memorial Institute-1640 medium (RPMI-
1640) (Sigma, R8758), keratinocyte-serum free medium (SFM) (kit) with L-
glutamine, epidermal growth factor, and bovine pituitary extract (Gibco,
17005075), DMEM, high glucose with GlutaMax (Gibco, 31966021), foetal bovine
serum (FBS) (Gibco, 10270106), L-glutamine (Gibco, 35050038) and sodium
pyruvate (Gibco, 11360070). Cell lines purchased include L-WRN (ATCC, 3276),
and H6¢7 (KeraFast, ECA0OI1). Specific media requirements for each cell line are
outlined in Table 2.2.
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Table 2.1: Cell lines used in this project, the histology, and source.

Cell Line Histology Source
ASPC1 PDAC' Metastasis in Ascites ATCC?
BxPC3 PDAC ATCC
CAPANI1 PDAC Metastasis in liver ATCC
CAPAN2 PDAC DSMZ’
HEK293 Transformed Human Embryonic Kidney cells ATCC
HPAC PDAC DSMZ
HuPT4 PDAC Metastasis in Ascites DSMZ
Hé6c7 Human Pancreatic Duct Epithelial Cell Line KeraFast
R LA cline e i Rapondis e
MiaPaCa-2  PDAC EACACC
PANCI1 PDAC ATCC
PDM37-CL  Cell line derived from PDM37 organoid NICB
PDM41-CL  Cell line derived from PDM41 organoid NICB
PDM106-CL  Cell line derived from PDMI106 organoid NICB
PT127-CL Invasive moderately differentiated adenocarcinoma NICB
PT291-CL Cell line derived from PT291 organoid NICB
SW1990 Spleen metastasis of a grade 11 PDAC ATCC

'PDAC: Pancreatic ductal adenocarcinoma; “ATCC: American Type Culture Collection; DSMZ:
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (German Collection of
Microorganisms and Cell Cultures GmbH).
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Table 2.2: Media requirements for different cell lines used in this project.

Cell Line Media

ASPC1 RPMI-1640" with 5% FBS?

BxPC3 RPMI-1640 with 5% FBS

CAPANI RPMI-1640 with 10% FBS

CAPAN2 RPMI-1640 with 10% FBS

HEK293T DMEM? with 5% FBS and 2 mM L-GLUT*

HPAC RPMI-1640 with 5% FBS

HuPT4 DMEM with 10% FBS and 2 mM L-GLUT

Hé6c7 Keratinocyte-SFM’ medium (Kit) with L-GLUT, °EGF, and "BPE
L-WRN DMEM-GlutaMax with 10% FBS and 1 mM sodium pyruvate
MiaPaCa2 DMEM with 5% FBS and 2 mM L-GLUT

PANCI DMEM with 5% FBS and 2 mM L-GLUT

PDM37-CL  DMEM with 10% FBS and 2 mM L-GLUT

PDM41-CL  DMEM with 10% FBS and 2 mM L-GLUT

PDMI106-CL.  DMEM with 10% FBS and 2 mM L-GLUT

PT127-CL DMEM with 10% FBS and 2 mM L-GLUT

PT291-CL DMEM with 10% FBS and 2 mM L-GLUT

SW1990 RPMI-1640 with 10% FBS

'RPMI-1640: Roswell Park Memorial Institute; “FBS: Foetal bovine serum; "DMEM: Dulbecco’s
Modified Eagle’s Medium; “L-GLUT: L-glutamine; *SFM: Serum free media; °EGF: Epidermal growth
factor, and "BPE: Bovine pituitary extract.
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2.2. Wnt3a conditioned media

2.2.1. Conditioned media collection

L-WRN cells (ATCC, 3276) were thawed without centrifugation into a T75 flask.
The following day, cells were treated with 0.5 mg/mL G-418 (Gibco, 10131035) and
0.5 mg/mL hygromycin B (Merck, 10843555001) for 3 days. When cells reached
80% confluency, cells were split into ten T175 flasks, and media was added as
required. Cells were grown to over-confluency before conditioned media was
collected. Media was removed, and cells were washed with 15 mL warm phosphate
buffered saline (PBS) and PBS was discarded. 25 mL of complete media was added,
and cells were incubated at 37°C for 24 hours. Media was collected, centrifuged at
1000 RPM for 5 minutes and stored at 4°C; wash and media addition steps were
repeated. This process occurred over 4 days. The collected media was mixed and
filtered, and frozen in 25 mL aliquots. A TOPFlash assay (dual luciferase reporter

assay) was carried out to assess the concentration of Wnt3a and Rspondin3.

2.2.2. TOPFlash assay

2.2.2.1. Plasmid growth and DNA extraction

LB agar plates with 100 pg/mL ampicillin were prepared. Plasmids TOPFlash
(Addgene, 12456) and Renilla (Addgene, 87068) were streaked onto plates. Plates
were incubated, upside-down at 37°C for 18 hours, then inspected for single
colonies. A single colony was picked and placed into 5 mL LB broth with 100 pg/mL
ampicillin in a 50 mL tube. Tubes were placed in a shaking incubator at 37°C
overnight, with the lids slightly open. DNA extraction was carried out using a
PureLink Quick plasmid Miniprep Kit (Invitrogen, K210011) and DNA was
quantified using a Nanodrop, diluted to 100 ng/uL for TOPFlash, and 10 ng/uL for

Renilla and aliquoted.

2.2.2.2. Dual luciferase reporter assay

Day 1: Seeding - HEK293T cells were grown to 70% confluency, and a 12 mL cell
suspension of 2.5x10* cells/mL was made. Cells were seeded at 100 pL per well in
a black-sided 96-well plate (Corning, CLS3603). Plate was placed overnight in a
37°C, 5% COz incubator.

62



Methods
Day 2: Transfection - 100 ng DNA (10:1 TOPFlash:Renilla) was diluted in 25 pL
Opti-MEM (Gibco, 11058021) per well of cells to be transfected. 0.5 pL
Lipofectamine 2000 (Invitrogen, 11668027) was diluted in 25 uL Opti-MEM

(Gibco, 11058021) per well to be transfected. These were incubated at room
temperature for 5 minutes. DNA and Lipofectamine 2000 mixtures were
combined, mixed, and incubated at room temperature for 20 minutes. 50 pL of the
transfection mixture was added to each well to be transfected with Lipofectamine
2000 only, and DNA only used as negative controls. The plate was incubated at
37°C, 5% CO> overnight.

Day 3: Feeding - conditioned medium was diluted 1:1 with Complete GlutaMAX
DMEM (Gibco, 61965026). Media was removed from transfected cells and 100 uL
of the diluted conditioned media was added. Complete GlutaMAX DMEM with

250 ng/mL Wnt3a and 500 ng/mL Rspondin3 was used as positive control.

Day 4: Dual luciferase reporter assay - the Stop and Glow (Promega, E2920) Dual
Luciferase Reporter Assay System was used. Reagents were prepared according to
protocols provided. The 96 well plate was removed from the incubator and
equilibrated to room temperature. Dual Glo Substrate (100 pL) was added to each
and the plate was incubated at room temperature for 10 minutes. The plate was
read using a plate reader (Biotek with Gen4 software) with a gain of 100, and
integration time of 1 second to determine Firefly luciferase (TOPFlash)
luminescence. Stop and Glo reagent (100 puL) was added, and the plate was
incubated at room temperature for 10 minutes. The plate was read using the same
settings to determine Renilla luciferase luminescence. Relative luminesce was

calculated by normalising Firefly to Renilla for each well.

2.3. PDAC organoid culture

2.3.1. Organoids & CLOs
All organoids and CLOs were incubated in 5% COz at 37°C. Cell lines used are

represented in Table 2.3. Organoids were established directly from tumour

samples, whereas CLOs were established from primary cell lines.
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2.3.2. Media and plate preparation

A number of different media are required for organoid culture, including basic

media (Table 2.4), wash media (Table 2.5), and complete human feeding media
(Table 2.6).
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Methods

2.3.2.1. PolyHEMA-coated plates

Poly-2-hydroxyethyl methacrylate (polyHEMA) is a soft, flexible, water-absorbing
plastic, which is used for coating cell culture plates to prevent cells attaching. A 1X
solution of polyHEMA (Merck, P3932) was prepared by adding 12 g of polyHEMA
to 1 L of 95% ethanol, overnight at 60°C with a stirrer in agitation. The plates were
prepared in a sterile hood by adding 300 pL of the polyHEMA solution to each well
of a 24-well plate. Plates were placed in a 50°C oven until the ethanol completely
evaporated. The procedure was repeated, and the plates were stored at room

temperature. The plates were preheated overnight to 37°C prior to use in culture.

2.3.3. PDAC PDX organoid culture establishment

PDX work was carried out by Sandra Roche, Fiona O’Neill, Neil Conlon and Justine
Meiller.

2.3.3.1. Patient demographics and PDX information

PDAC primary tumour tissue specimens were obtained from Saint Vincent’s
University Hospital Ethics and Medical Research Committee, Dublin, Ireland
between 2013 and 2017. All patients underwent PDAC resection. All donors agreed
by written informed consent to donate tissue and for study participation. The
specimen donors’ personal information was confidential and protected except the
date of birth. All samples and methods used in this study were approved by Saint
Vincent’s University Hospital (SVUH) Ethics and Medical Research Committee
and conducted in accordance with the relevant guidelines and regulations in
compliance with the SVUH Ethics and Medical Research Committee. PDAC PDX
tissues were generated by subcutaneous seeding in SCID mice. Primary patient
samples were confirmed as PDAC by a pathologist in SVUH, and PDX samples
were also confirmed by pathology examination to maintain the human tumour

content and morphology of the original tumour (Table 2.7).
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Table 2.7: Patient information of cell lines and organoids established from PDAC

samples.

Patient Gender Age Origin

PT127 Male 73 Invasive moderately differentiated adenocarcinoma

PT291 Female 56 Invasive adenocarcinoma / cholangiocarcinoma

All animal work has received ethical approval from the DCU Research Ethics
Committee (DCUREC/2012/202) and was licensed by the Department of Health
(B100-4501). All methods were performed in accordance with the relevant
guidelines and regulations in compliance with the DCU Research Ethics

Committee and the Department of Health.

2.3.3.2. PDX tumour development

After initial macroscopic pathological confirmation, material remaining after
diagnostic sampling was cold transferred in RPMI-1640 media containing 1%
Penicillin-Streptomycin (Gibco, 15140148) and 1% Amphotericin B (Gibco,
15290018) to DCU.

The tumour was cut into implant sized pieces (<2 mm) and rinsed with fresh serum
free RPMI-1640 media following transport. SCID — CB17/lcr-Prkdc*®?/lerCrl - mice
(Charles River, UK) were implanted subcutaneously with fresh patient tumour
material. Under anaesthesia (isoflourane, O carrier gas) a small incision was made
in the skin of the left flank of the animal. The tumour piece was placed in the
pocket under the skin and the wound sealed with a single staple. The animals were
monitored post-surgery, and staple removal was within 10 days. Animals were
monitored weekly for body weight and tumour development. Mice were
monitored for tumours development for up to 1 year post implantation. Animal
welfare monitoring criteria included tumour volume, tumour axis, body weight
and condition, (where tumour volume <2000 mm’ and tumour axis <20 mm). A
decrease in body weight of >10% resulted in increased monitoring, with body

weight decrease of 20% resulting in humane euthanasia. Tumour measurements
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were by calliper measurement and tumour volume was calculated as outlined in

Equation 1 below.

Equation I. Calculation of tumour volume using tumour height, depth and width

measurements.

Height x Depth x Width
2

At the end of the experiment, the animals were humanely euthanised, and the
tumours were harvested. PDX samples were confirmed by pathology examination

to maintain the human tumour content and morphology of the original tumour.

2.3.3.3. PDX tumour preparation

The media used for organoid establishment and culture are represented in Table
2.4 to Table 2.6. First, a 21 mL solution of 20:1 PBS to PB Buffer (Miltenyi Biotec,
130-091-376), and a 35 mL 2% antibiotic-antimycotic in PBS solution were
prepared. The PDAC PDX tumour sample was received on ice, in basic media
(Table 2.4). Using a Pasteur pipette, all media was removed and 10 mL of the PBS-
Antibiotic-Antimycotic solution was added to the sample, and the tube was shaken
for 20 seconds. The tumour sample was allowed to settle, and the PBS was
aspirated. This process was repeated with 10 mL and 15 mL washes. In a petri-dish,
the tumour was chopped finely using scalpel and forceps. The sample was placed
in a 50 mL Falcon tube, and 10 mL TrypLE (Gibco, 12604013) was added. The tube
was placed on a rocking table at room temperature for 15 minutes. The tumour
sample was removed to a laminar flow hood. The digested tumour sample was put
through a MACS SmartStrainers (70 pm) (Miltenyi Biotec, 130-098-462) using a
cell scraper into a fresh 50 mL falcon tube. The cell strainer was rinsed with 20mL
wash media (Table 2.5). The cells were centrifuged at 1500 RPM for 7 minutes at

room temperature.
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2.3.3.4. Mouse cell depletion kit

Following centrifugation, the media was aspirated, and the pellet was resuspended
in 5 mL PB buffer, making a single cell suspension. Using trypan blue (Sigma,
T81540), the cells were counted and a cell suspension of 2x10° cells was made and
centrifuged at 1500 RPM for 10 minutes. The cell pellet was resuspended in 80 pL
PB buffer, and 20 pL of the mouse cell depletion kit antibody cocktail (Miltenyi
Biotec, 130-104-694). This suspension was incubated at 4°C for 15 minutes.
Following incubation, 400 pL of PB buffer was added to the cell suspension and
mixed thoroughly. An LS column (Miltenyi Biotec, 130-042-401) was placed in the
MidiMacs Separator (Miltenyi Biotec, 130-042-302) and rinsed with 3 mL PB
buffer. The cell suspension was pipetted into the column, and the flow-through
was collected in a 15 mL tube. The column was washed twice with 1 mL PB buffer,
and the flow-through was collected in the same tube. The cells were centrifuged at
1000 RPM for 5 minutes at 4°C. All media was removed, using a P200 to avoid
disrupting the pellet.

2.3.3.5. Organoid establishment

The cells were resuspended in 50 pL extracellular matrix (ECM) (Sigma, E1270, 8-
12 mg/mL) per 1.5x10° cells. 20 pL of organoid:12 mg/mL ECM solution was
pipetted on to a poly-HEMA coated 24-well plate. The plate was placed in an
incubator upside-down at 37°C for 20 minutes to allow the ECM to polymerise.
500 pL of the Complete Human Feeding Media (CHFM) (

Table 2.6) with Rho kinase inhibitor (ROCKi) was added to each well. Two days
after establishing the organoid sample, cells were fed using CHFM with ROCKj,
then subsequently fed every two days using CHFM without ROCKi.

2.3.3.6. Passaging organoids

The media and ECM from each well was removed to a 30 mL tube and centrifuged
at 1500 RPM for 10 minutes at 4°C. Pellets were washed with 500 pL of ice-cold
PBS to remove remaining ECM and centrifuged at 1500 RPM for 10 minutes at 4°C.
3mL TrypLE (Gibco, 12605010) was added to the pellet and placed at 37°C for 15
minutes. The pellet disrupted using “hard pipetting” (using a P1000 pipette, the
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organoids were pipetted quickly and vigorously). DMEM with 10% FBS was added

to stop trypsinisation. The organoids were plated as outlined in Section 2.3.3.5.

2.3.3.7. Freezing organoids

Organoids were passaged as described in Section 2.3.3.6. and allowed to grow for
3 days. Four wells of organoids per vial of cells to be frozen were removed from the
plate and centrifuged at 1500 RPM for 10 minutes. All media was removed from
the cells, and 1 mL of Recovery Cell Culture Freezing media (ThermoFisher,
12648010) per vial of cells, was added in a dropwise manner, removed to an
internal-thread cryovial. Cryovials were placed into a Mr Frosty Freezing Container
(ThermoFisher, 5100-0001) and placed in a -80°C freezer for 48 hours, then moved

to liquid nitrogen for long term storage.

2.3.4. Establishment of isogenic matched 2D primary cell line

Protocol was followed as outlined in Sections 2.3.3.3 and 2.3.3.4. Following the
removal of infiltrating mouse cells, 1.5x10° cells were mixed in 100 uL of ECM
diluted to 1 mg/mL and 50 pL was plated per well in a non-polyHEMA coated 24
well plate. Cells were fed 500 pL of the CHFM with ROCKi. Then, cells were grown
until the cells began to adhere to the bottom of the plate, feeding with CHFM. To
passage cells, 1 mL TrypLE (Gibco, 12605010) was added to each well until the cells
detached, and 1 mL of DMEM High Glucose GlutaMAX (Gibco, 10566-016) with
10% FBS was added to stop trypsinisation. Cells were transferred to 6-well plate,
then up scaled to a T25 cm’ flask. After this, the media was changed from CHFM
to 50:50 GlutaMax DMEM and L-WRN conditioned media with 10% FBS and 1%

antibiotic-antimycotic.

2.3.5. CLO establishment

Using early passage 2D primary cell lines, cells were trypsinised, and a cell
suspension of 5x10* cells per well to be seeded was made and centrifuged at 1500
RPM for 10 minutes at 4°C. Cells were resuspended in 50 uL. ECM per well and
plated on to a 24-well polyHEMA coated plate and fed using CHFM with ROCKj,
then subsequently fed every 2 days using CHFM without ROCKi. Two weeks after
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establishment, cells were passaged as organoids, as outlined in Section 2.3.3.6.
Cells were grown as organoids for a minimum of three passages before use in

experiments.

2.3.6. Species confirmation PCR

DNA was extracted from organoids and primary cell lines using DNeasy Blood &
Tissue Kit (Qiagen, 69504). PCRs were performed using MyTaq™ PCR Kit
(Meridian Bioscience, BIO-21126). The first PCR is performed using a universal
primer pair complementary to conserved sequences in cytochrome B and 16S rRNA
genes. Each PCR reaction contained 100 ng DNA, 0.5 pL 10 pmol Universal Primers
(Table 2.9), 12.5 puL. MyTaq HS Red Mix 2x and water (ddH20) up to 25 pl.
Amplification was carried out in G-Storm, at 94°C for 5 minutes, 59°C for 5
minutes, followed by 35 cycles of 72°C for 2.5 minutes, 94°C for 30 seconds, 59°C
for 45 seconds, and followed by a final extension step of 72°C for 10 minutes.

Samples were stored at 4°C.

Table 2.8: Primers for species confirmation PCR.

Forward 5-3’ Reverse 5-3’

Universal THGTHSAATGAATCTGAGGVGGVT CGATGTTGGATCAGGACATC

Mouse GCACTGAAAATGCTTAGATGGATAATTG  CCTCTCATAAACGGATGTCTAG

The amplified product from the first PCR was diluted 1:10 with ddH2O. 1 pL of
diluted PCR product, 0.5 pL 10 pmol mouse primers (Table 2.8), 12.5uL MyTaq HS
Red Mix 2X and ddH2O up to 25uL. were mixed. Amplification was carried out in
G-Storm, 94°C for 5 minutes, 60°C for 5 minutes, followed by 30 cycles of 72°C for
1.5 minutes, 94°C for 30 seconds, 60°C for 30 seconds, followed by a final extension
step of 72°C for 5 minutes. Samples were stored at 4°C. 5 pL of each PCR product
was run on a 1% agarose (Sigma, A9539) gel, stained with SafeView (NBS
Biologicals, NBS-SV1), visualised under UV light, and imaged. A low molecular
weight DNA Ladder (ThermoFisher, 15628019) was applied as a size marker.
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2.4. Mutation analysis

DNA was extracted from organoids using DNeasy Blood & Tissue Kit (Qiagen,
69504). PCRs were performed using the ThermoFisher DreamTaq PCR Master Mix
(2X). Primers complementary to regions surrounding the mutations of interest

were designed for these PCRs.

The reaction was set up by mixing 25 ng DNA, 1 pL 10 pmol Primers (Table 2.9),
12.5 puL PCR Master Mix (Thermo Fisher, EPO712), nuclease free water up to 25 pL.
Amplification was carried out in G-Storm, at 95°C for 3 minutes, followed by 35
cycles of 95°C for 30 seconds, 58-63°C for 30 seconds, 72°C for 1 minute and
followed by a final extension step of 72°C for 10 minutes. Samples were stored at
4°C. 5 pL of each sample was run on a 1% agarose gel with a low molecular weight
gene ladder (ThermoFisher, SM1193) for 30 minutes to confirm the presence of
PCR product. A PCR product clean-up was performed using GenElute™ PCR Clean-
Up Kit (Sigma, NA1020). Products were sent for Sanger sequencing with Eurofins,
with 2 pL 10 pmol forward primer and 15 pL of 5 ng/pL PCR product.
Representative chromatogram shown in Appendix A (Supplementary Figure 8.1).
Mutations were identified by comparison of DNA sequence to wildtype sequence,

and annotated using Variobox [277].
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2.5. Proliferation assays

2.5.1. Cell line proliferation assay

Cell lines were trypsinised, and 100 pL of a 1x10*-5x10* cells/mL cell suspension
was seeded in a 96 well plate. An additional 100 pL of complete media was added
to each well, and the plate was placed in the Incucyte Live Cell Imaging System

(S3, Sartorius) and imaged every 6 hours over a 10-day period.

2.5.2. Organoid and CLO cell proliferation assay

Organoids and CLOs were passaged and seeded in polyHEMA-coated 96 well
plates at a cell density of 2.5x10° cells/well in 10 pL of ECM. Plates were placed in
an incubator to allow the ECM to solidify. After 20 minutes, 190 pL of CHFM with
ROCKi was added to each well. The plate was placed in the Incucyte Live Cell

Imaging System and imaged every 6 hours over a 10-day period.

2.6. Toxicity assays

2.6.1. Cell line drug toxicity assays

Cell lines were trypsinised, and 100 pL of a 5x10* cells/mL cell suspension was
seeded in a 96 well plate. After 24 hours, cells were treated with 2X concentration
of gemcitabine in 100 pL of medium. After five days’ incubation, proliferation was
measured using the acid phosphatase assay. Medium was removed and cells were
washed three times with PBS. 100 pL of acid phosphatase substrate (10 mM p-
nitrophenol phosphate (Sigma) in 0.1 M sodium acetate (Sigma), 0.1% Triton X-
100 (BDH, pH 5.5) was added to each well and the plate was incubated at 37°C for
one hour. The reaction was halted by the addition of 50 pL of 0.1 M sodium
hydroxide. The absorbance was then read at 405 nm and at 620 nm as a reference
on a plate reader (Biotek) using Gen4 software. Percentage growth was calculated

relative to an untreated control. All assays were performed in triplicate.

2.6.2. Organoid and CLO drug toxicity assay

Organoids and CLOs were passaged and seeded in polyHEMA-coated black-sided,
clear bottom 96-well plate (Corning, 353219) at a cell density of 5x10° cells/well in
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10 pL of ECM. The plate was placed in an incubator to allow the ECM to solidify.
After 20 minutes, 90 pL of CHFM with ROCKi was added to each well. After three
days, cells were treated with 2X concentration of drug in 100 pL. CHFM. After five
days’ incubation, proliferation was measured using Cell Titre Glo (Promega,
G9682), as per manufacturer’s instructions. The luminesce was then read with an
integration of 1.0 s and gain of 100 on a plate reader (Biotek) using Gen4 software.
Percentage growth was calculated relative to an untreated control. All assays were

performed in triplicate.

2.6.3. Apoptosis assay

Organoids were seeded as outlined above. On day three, when preparing 2X drug
solution, Caspase-3/7 Green Dye (Sartorius, 4440) was added at a concentration
of 1:2000 (final assay concertation is 1.25 pM). Cells were treated with 100 pL 2X
drug-Caspase-3/7 green dye. The plate was placed in the Incucyte (S3, Sartorius)
and imaged using the phase contrast and green fluorescence channels every 2

hours over a 5-day period.

2.7. Staining and imaging

2.7.1. Brightfield imaging

Brightfield imaging was performed on days O, 3, 7, and 10 to determine the
morphological changes of the cells over this period. Pictures were taken using a
Canon EOS 550D camera (Canon GmbH, Krefeld, Germany) through a Leica DM

IL LED inverted microscope (Leica Microsystems, Wetzlar, Germany). Scale bars

were added using Image].

2.7.2. Haematoxylin and eosin stain

The sections were de-paraffinized by two five-minute xylene clearings. The slides
were then rehydrated by two five-minute clearings in 100% ethanol, two minutes
in 90% ethanol and two minutes in 70% ethanol. Slides were stained in
haematoxylin (Sigma, MHS]I) for 2 minutes. Slides were rinsed in running water
for 5 minutes. They were then placed for 30 seconds in 1% acid alcohol (2 mL 1M
HCL in 198 mL 70%EtOH), followed by running water for 1 minute. Slides were
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placed in sodium bicarbonate solution (1 g in 1L dH20) for one minute, followed
by 1 minute under running water. Slides were dipped 10 times into 95% ethanol,
and stained with eosin (Sigma, E4009) for 1 minute. Slides were dehydrated using
70%, 90% and 100% ethanol for 2 three-minute washes, followed by xylenes for 2
five-minute washes. The coverslips were mounted using DPX (Sigma, 44581) and

the slides were allowed to air dry overnight in the fume hood.

2.7.3. Immunofluorescence

2.7.3.1. Slide preparation

Cell lines

A cell suspension of 5x10° in 500 pL complete media was seeded in a glass
bottomed 8-well plate (Ibidi, 80827), and grown overnight. Media was removed
from the cells and washed three times in a PBS 0.1% Tween 20 (Sigma, P1379) and
2% BSA (Sigma, A9418) (PTB) solution. Cells were fixed in ice-cold methanol for 5

minutes at -20°C and washed in the PTB solution.

Organoids and CLOs

Organoids seeded in a 12-well plate and grown for one week. Four wells of
organoids were combined and centrifuged at 1500 RPM for 10 minutes in a 1.5 mL
Eppendorf tube. All media was removed from the cell pellet, and cells were fixed
in formalin. In samples with low number of organoids, iPGell (Funakoshi, PG20-1)
was used according to the manufacturer’s protocol. Samples with higher numbers
of organoids were dehydrated using increasing concentrations of sucrose (10%,
20% and 30%) overnight. Organoids or gel plugs were placed in optimal cutting
temperature (OCT) embedding matrix gel (Tissue-Tek, KMA-0100-00A) in a
disposable histology mould (Lecia, 3803025) and placed at -80°C overnight. Using
a cryostat (Leica, CM 1900) that was cooled to -25°C prior to use, OCT embedded
organoids were mounted onto the freezing block using OCT and faced off by
cutting 60 pm sections until the organoids were exposed. The organoids were cut

into 8 um sections and placed onto SuperFrost Plus slides (ThermoFisher,

10149870), and stored at 4°C until further use.
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2.7.3.2. Inmunofluorescence staining

Cells were blocked for 1 hour 30 minutes in 10% Goat Serum (Gibco, 16210064),
the primary antibody (Table 2.10) was made in the PTB solution, and was added to
the cells overnight at 4°C. The cells were washed three times in the PTB solution,
and the secondary antibody was made up in the PTB solution and added to the
cells. The cells were incubated on a rocker for an hour at room temperature in the
dark. The secondary antibody was removed, and the cells were washed three times
in the PTB solution, DAPI (1:2500) was added to the cells for 3 minutes, and the
cells were washed three times in PTB solution. The coverslips were mounted using
ProLong Gold Antifade Mountant (Invitrogen, P36930), and allowed to dry for 24

hours.

Table 2.10: Antibody conditions, secondary antibodies, suppliers and catalogue

numbers for antibodies.

Antibody Concentration Secondary Supplier Csf:::;)ge 1r1e
ALDHIA1 1:200 Rabbit Abcam ab52492
CXCR4 1100 Mouse SCBT' sc-53534
EpCAM 1:50 Mouse SCBT sc-25308
HCAM 1:100 Mouse SCBT sc-7297
MASPIN 1:50 Rabbit Invitrogen ~ PA5-35104
PANCK 1:200 Mouse SCBT sc-57012
PDXI 1:50 Rabbit Invitrogen ~ PA5-14824
RAD5I1 1:500 Rabbit Invitrogen PA5-27195
Alexa Fluor 488 1:1500 — Invitrogen A-11001
Mouse
Alex;ill)li)(;: 488 1:2000 — Invitrogen A-11008

'SCBT: Santa Cruz Biotechnology.

2.7.3.3. Confocal imaging

The immunofluorescence was observed using a Leica TCS SP8 STED super-
resolution microscope equipped with a CCD camera and 100X oil immersion

objective. DAPI was excited with a 405 nm PicoQuant laser unit and emission
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captured between 387 and 474 nm. Alexa Fluor 488 was excited at 499 nm with
emission captured between 490 and 566 nm. Images were acquired whereby
combinations of excitation and emission wavelengths for specific dyes were
applied sequentially. The fluorescence intensity was quantified using Image]
software. The area integrated intensity and mean grey value around the cells was

measured, and the average background was subtracted from the images.

2.7.4. Immunohistochemistry

Immunohistochemistry (IHC) was performed on a DAKO Autostainer.
Deparaffinisation and antigen retrieval was performed on slides using the DAKO
PT Link and pH 6 (DAKO, S169984) or pH 9 (DAKO, S236784-2) antigen retrieval
solution. The slides were placed in the PT Link at 65°C, heated to 95°C and
maintained at this temperature for 20 minutes. The slides were then cooled to 65°C
and placed in the DAKO Autostainer, and reagents were added as listed in Table
2.11 and antibodies are listed in Table 2.12. Following the staining process, the
slides were dehydrated in a fume hood using 70%, 90% and 100% ethanol for two
3-minute washes, followed by two 5-minute xylene washes. Slides were mounted

using DPX (Sigma, 44581) and the slides were allowed to air dry overnight in the

fume hood.
Table 2.11: Reagents and times for DAKO Autostainer.
Reagent Time (minutes)
Real HP Blocking (DAKO, S202386) 10
Antibody CASP7 (SCBT, SC-365034) 30
Real EnVision (DAKO, K500711-2) 30
Real DAB (DAKO, K500711-2) 5
Real DAB (DAKO, K500711-2) 5
Haematoxylin (DAKO, S330130-2) 10
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Table 2.12: Antibody conditions, suppliers and catalogue numbers for antibodies

used in immunohistochemistry.

Antibody Concentration Supplier sz:::;)ge 1r1e
ALDHIA1 1:200 Abcam ab52492
CASP7 1:250 SCBT' sc-365034
CXCR4 1:100 SCBT sc-53534
EpCAM 1:50 SCBT sc-25308
HCAM 1:100 SCBT sc-7297
Ki67 1:200 DAKO M724029-2
MASPIN 1:50 Invitrogen PA5-35104
PANCK 1:200 SCBT sc-57012
PDX1 1:50 Invitrogen PA514824

'SCBT: Santa Cruz Biotechnology.

2.7.4.1. Scoring
Slides were viewed using a Leica microscope and were scored according to the

presence or absence of staining.

2.7.4.2. Clinicopathological features of patient cohort

IHC was performed on a patient cohort of 49 tumour slides, and 3 normal
pancreatic slides. Archival PDAC tumours and control normal tissues were
obtained courtesy of the Department of Pathology, SVUH Dublin. Ethical approval
for IHC analyses of tissues was obtained from the SVUH ethics committee.
Clinicopathological details were obtained from patient records. Survival analysis
was performed using patient survival data last updated in January 2017. 36.7% of
the patient cohort were female, and 63.3% were male, patients had a median age
of 64 years, and an age range of 38-8l years at the time of surgery. Patients had an
average survival of 25.9 months following surgery, and 14 patients were still alive
in January 2017. All patient information is available in Table 2.13. Kaplan-Meier
analysis of the patient samples was performed using GraphPad V. 7d (Graphpad
Software Inc., San Diego, CA, USA), comparing two groups - patients with no

CASP7 staining and patients with CASP7 staining.
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Table 2.13: Clinical patient information for PDAC cohort (n=49 patients).

Clinicopathological Feature

Number of Patients (Percent)

Gender

Male

Female
Age at surgery (median)
T stage

RO (>Imm)

Yes

No

Differentiation

Poor

Moderate

Well

Max pathological axis
Lymphatic invasion
Absent

Present

Perineural invasion
Absent

Present

Portal vein involvement
No

Yes

Survival Status

Dead

Alive

Average Survival (Months)

31 (63.27%)
18 (36.73%)
64

1(2.04%)
3 (6.12%)
43 (87.76%)

35 (71.43%)
14 (28.57%)

48 (97.96%)
1(2.04%)

13 (26.53%)
31 (63.27%)
5 (10.20%)
2.96 cm

17 (34.69%)
32 (65.31%)

2 (4.08%)
47 (95.92%)

47 (95.92%)
2 (4.08%)

35 (71.43%)
12 (24.49%)
259
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2.8. Western blotting

Cells were seeded in 6 well plates and grown for 7 days. Cells were washed three
times with PBS and 50 pL/well RIPA buffer (Sigma, R0278) 5 mM Tris-HCI pH 7.4,
1% NP-40, 0.1% SDS, 150 mM NaCl, 1% Triton x-100) containing 1X Protease
Inhibitor cocktail (Calbiochem, USI539131-1VL), 2 mM PMSF (Sigma,
10837091001), and 1 mM sodium orthovanadate (Sigma, 5086050004) was added
and cells were incubated on ice for 20 minutes. Cells were scraped and lysis buffer
collected. Lysates were sheared with a 21-gauge needle and centrifuged at 10,000
RPM for 10 minutes at 4°C. Supernatant was collected and stored at -80°C. Protein
quantification was carried out using a bicinchoninic acid (BCA) quantification kit

(Pierce, 23225).

Samples were made up to 20 pg using PBS, loading buffer (4X) (Invitrogen,
NP0O0O7) and reducing agent (10X) (Invitrogen, NPOO09). Samples were then
electrophoretically resolved on Bolt 4-12% Bis-Tris Plus Gels (15-well) (Invitrogen,
NWO0O0125BOX). The proteins were then transferred to a nitrocellulose membrane
using the Trans-Blot Turbo Transfer System (BioRad, 1704159). Ponceau S (Sigma
Aldrich, P7170) was used to determine successful transfer of the protein to the
membrane. The membrane was blocked in 1X NET buffer (1.5 M NaCl, 0.05 M
EDTA, 0.5 M Tris pH 7.8, 0.5% Triton X-100, 0.25% w/v porcine gelatin) for 1 hour
at room temperature with gentle rocking. Primary antibody was made up in NET.
The membranes were incubated in primary antibody (Table 2.14) overnight at 4°C
with gentle rocking. The primary antibody was removed, and membranes were
washed three times for 10 minutes in NET buffer at room temperature. The
membranes were then incubated in secondary antibody for 60 minutes. Three
further ten-minute washes were performed in NET at room temperature and blots
were developed using the Odyssey Imaging system (LI-COR Imaging Systems).
Alpha tubulin (Sigma, T6199) was used as a loading control for Western blots

performed. Image] software was used to perform densitometry analysis.
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Table 2.14: Antibody conditions, suppliers and catalogue numbers for antibodies

used in Western Blotting.

Antibody Secondary  Concentration Source
Anti-mouse secondary - 1:5000 LiCor
CASP7 Mouse 1:1000 SC-365034

2.9. RNA extraction

Organoids and CLOs were grown as described for 14 days. TRI-reagent® (Sigma,
T9424) was used to lyse cells, and RNA isolation was performed using Direct-zol
RNA Miniprep Plus Kit (Zymo Research, R2072). RNA samples were quality
controlled with an RNA Screen Tape (Agilent) and quantified with Qubit RNA HS
Assay kit.

2.9.1. cDNA synthesis

A High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814)
was used to synthesise cDNA from RNA. A master mix was prepared as described
in Table 2.15. RNA was diluted to 10 pg in 10 pL in a 0.2 mL PCR tube and 10pL of
the Master Mix was added. A G-Storm Thermocycler (Model GSI, Somerton
Biotechnology Centre) was used to perform cDNA synthesis using the conditions

listed in Table 2.16. Following synthesis, cDNA was stored at -20°C.
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Table 2.15: Reverse Transcription (RT) master mix made using the High-Capacity

cDNA RT Kit.
Master Mix IX (ul)

RT' Buffer 2.0
dNTP* Mix 0.8
Random Primers 2.0
Reverse Transcriptase 1.0
RNase Inhibitor 1.0
Nuclease Free Water 3.2
Total 10

'RT: Reverse transcription; °"dNTP: deoxynucleotide triphosphate.

Table 2.16: Conditions used to perform PCR using the G-Storm thermocycler.

Step Temperature (°C) Time (Minutes)
Annealing 25 10

cDNA Synthesis 37 120
Enzyme Inactivation 85 5
Storage 4 oo

2.9.2. Quantitative reverse transcription PCR (RT-qPCR)

The assay was prepared using 20X TagMan Gene Expression Assay (Table 2.17),
and master mix (Table 2.18) with 20 ng of cDNA, in MicroAmp Fast Optical 96-
well reaction plates (Applied Biosystems, 4346907). The plate was sealed using
Adhesive PCR Plate Seals (Thermo Scientific, ABO558) and centrifuged briefly.
Using an Applied Biosystems 7900 Real-Time PCR System RT-qPCR was
performed at 50°C for 2 minutes, 95°C for 20 seconds, and 40 cycles of 95°C for 1
second and 60°C for 20 seconds. Relative quantification was measured by the delta

delta Ct method with GAPDH or 18S as an endogenous control. Each biological
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replicate was measured in technical triplicate wells. Representative RT-qPCR raw

data shown in Appendix B, Supplementary Table 8.1.

Table 2.17: TagMan Gene expression assays used in this project, and assay ID.

20X TagMan Gene Expression Assay Assay ID
NANOG Hs02387400
POUS5F1 Hs04260367
SOX2 Hs01053049
CASP7 Hs00169152
18S Hs03003631
GAPDH Hs02786624

Table 2.18: Master mix for RT-qPCR.

PCR reaction mix component Ix (uL)
20X TagMan Gene Expression Assay 0.5
2x TagMan Gene Expression Master Mix 5.0
cDNA Template (1 to 100 ng) 2.0
RNase-free Water 2.5
Total 10.0

2.9.3. RNA-sequencing

RNA library preparation, sequencing and analysis were performed by RealSeq
Biosciences Inc. (California, USA).

2.9.3.1. Library preparation

Sequencing libraries were prepared with 200 ng of total RNA for all samples. The

Nugen Universal Plus mRNA protocol was followed as recommended by the

manufacturer. Libraries were amplified by 15 cycles of PCR. Libraries were

sequenced in one NextSeq 550 run with the NextSeq 500/550 High Output Kit
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v2.5 (300 cycles), sequencing was done with paired-end 150 nucleotide reads and

8 nucleotide indexes. Libraries were loaded at 1.4 pM, 5% PhiX control was used.

2.9.3.2. RNA-seq data analysis
RNA-seq data analysis was kindly performed by Chenxi Zhang of the Lars Bolund
Institute of Regenerative Medicine, BGI-Qingdao, China.

Raw sequencing files were merged for each sample to generate a single FASTQ file
per sample. Cutadapt was used to remove adapter sequences. Trimmed reads were
aligned against the Homo sapiens GRCh37 genome build (hgl9) with hisat2. The
resulting SAM file was piped into samtools for BAM conversion and sorting.
featureCounts was used to generate a gene counts matrix for DESeq2. This counts
generation is written to counts.tsv for further analysis. Up/downregulated genes:
differentially expressed genes (p < 0.001 and |log2 fold-change| = 2) are detected
using DESeq2 after genes with counts less than 10 [278]. The following
comparisons were performed: CLOs compared with cell lines; PT127 PDX and CLO
compared with cell lines; PT291 organoids and CLO compared with cell lines. The
correlation of paired groups - for each sample, reads count is normalised to
transcripts per million (TPM). The median was applied if there was more than one
sample in a group. Linear regression was performed to identify the relationship of
paired groups: PT291 ORG and PT127 PDX; PT127 PDX and PT127 CLO; PT291 ORG
and PT291 CLO, (p < 0.05).

2.9.3.3. Tiriac et al. PDAC organoid RNA-seq dataset analysis

The dataset from the study Organoid Profiling Identifies Common Responders to
Chemotherapy in Pancreatic Cancer by Tiriac et al. [236] was obtained through
dbGAP: (phs001611). RNA-sequencing data was available for a total of 49 samples,
including 38 PDAC organoids, and 11 normal pancreas organoids. Gene lists
containing genes controlled by transcription factors HNFIA, HNFIB, HNF4A,
HNF4G, GATAS, NR5A2 and PDX1 were obtained from
https://maayanlab.cloud/Harmonizome/ (Appendix C). PDAC samples were
manually divided into high and low expression of transcription factor of interest

using gene counts transcripts per million to TPM, where low expression was <6.25,
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and high expression was =6.25. Data analysis was performed using iDEP.93
(http://bioinformatics.sdstate.edu/idep/), a web application for differential
expression and pathway analysis of RNA-seq data [279]. Analysis was performed
by looking at differences in downstream gene expression in samples with low and

high expression of the transcription factor of interest.

2.10. In vivo xenograft study

In vivo work was carried out by Neil Conlon and Justine Meiller.

2.10.1. Tumour induction via subcutaneous implant

PT291 organoids and CLOs were seeded as described in Section 2.3.3.6, and grown
for one week prior to implantation. The number of cells in each well was estimated
by passaging and performing a cell count on three wells and obtaining the average
cell count. Cells were collected from the number of wells required for a cell
suspension of 2 x 107 cells. For the cell line, cells were trypsinised, counted and a

cell suspension of 2 x 10’ was made.

Cell suspensions were centrifuged at 1500 RPM for 10 minutes. Cell pellets were
resuspended in 1 mL of ECM. The ECM-cell suspension was plated in 400 pL ECM
domes, and allowed to solidify at 37°C. SCID mice were implanted subcutaneously
with the ECM-cell dome. Under anaesthesia (isoflurane, O> carrier gas) a small
incision was made in the skin of the left flank of the animal. The ECM-cell dome
was then drawn into a syringe and was injected in the pocket under the skin and
the wound sealed with a single staple. The animals were monitored post-surgery,
and staple removal was within 10 days. Animals were monitored weekly for body

weight and tumour development.
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2.10.2. Tumour measurements
Tumours were measured by height, width, and depth, using electronic callipers.

Tumour volume was calculated as outlined in Equation 2.

Equation 2: Calculation of tumour volume using tumour height, depth and width

measurements

(Height x width x depth)
1.9

Tumour volume =

2.10.3. Tumour retrieval and processing

Mice were culled and tumours were excised when the tumour reached a volume of
<1600 mm’>, or a tumour axis <15 mm, or due to adverse events. The tumour was
then quickly divided into sections and preserved by liquid nitrogen flash freezing
and formalin fixation. Flash-frozen samples were stored at -80°C and formalin
fixed samples were dehydrated in 50%, 70%, 90%, 100% ethanol, followed by
100% xylene, and then embedded in paraffin. Formalin fixed paraffin embedded

(FFPE) blocks were stored at 4°C until sectioning.

2.10.4. Sectioning

Sectioning of in vivo tumour samples was carried out using a Reichert-Jung 2030
microtome. Blocks were cut into 5 pM sections, which were floated in a water bath
at 40°C and mounted onto a SuperFrost Plus slide (ThermoFisher, 10149870) and
allowed to dry at 60°C for 2 hours.

2.11. CUT&RUN
2.11.1. CUT&RUN assay

PT291 CLOs were seeded as described in Section 2.3.3.6, and grown for one week
prior to the assay. Cells were passaged, and 5x10° cells were used per reaction.
CUT&RUN was performed using CUT&RUN Assay Kit (CST, 86652S) and was carried
out as per manufacturer’s guidelines, using antibodies in Table 2.19. Following

extraction, DNA was purified, using DNA Purification Buffers and Spin Columns
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(ChIP, CUT&RUN) (CST, 14209S) as per manufacturer’s guidelines. Samples were

eluted in 50 pL elution buffer.

Table 2.19: Antibodies used for CUT&RUN.

Antibody Concentration Supplier Catalogue Number
HNFIA , '
Rabbit monoclonal 125 ST 89670
HNFIB 1:25 ThermoFisher MA5-24605

Mouse monoclonal
'CST: Cell Signalling Technology

2.11.2. Sequencing

Sample library preparation and sequencing was performed by Quick Biology Inc.
(California, USA) and bioinformatics was performed by Charlotte Andrieu.

2.11.2.1. Library Preparation and sequencing

Library was prepared with KAPA Hyper Prep Kit (KAPA Biosystems, Wilmington,
MA) using 25 pL DNA as input. Final library quality and quantity was analysed by
Agilent Tapestation and Life Technologies Qubit3.0 Fluorometer. 150 basepair
paired-end reads were sequenced on Illumina HighSeq (Illumnia Inc., San Diego,

CA).

2.11.2.2. Bioinformatics

Briefly, raw paired-end reads for HNF1A, HNFIB or I[gG CUT&RUN were trimmed
using Sickle, and aligned using Bowtie2, filtered for only properly-paired reads,
then molecular complexity was estimated, and libraries were subsampled to
equalise based on complexity estimates [280]. PCR duplicates were removed, and
MACS2 was used to call narrowPeaks against the IgG negative control as input
[281]. Peak centring and annotation was performed using HOMER annotation
[282]. Tracks were visualised using Integrative Genomics Viewer (IGV) software
v2.8.6, with tracks with ChIP-seq data for HNFIA and HNFIB in HepG2 cells for
comparison [283,284].
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2.12. SNP selection

2.12.1. Literature search

A systematic and comprehensive search of PubMed was performed on genes from
pathways/gene sets: MODY and Pujana ATM PCC. The search was restricted to
human studies only with no restrictions placed on language. The search terms (1)
gene name OR common variation; (2) PDAC OR pancreatic cancer, and (3) SNP
OR polymorphism OR variant, were combined. All genes in the KEGG MODY
Pathway and Pujana ATM PCC dataset were used as search terms. Studies that
investigated SNPs and their correlation with PDAC prognosis were included for
review. Randomised control trials (RCT) and cohort studies were included. Articles
were excluded if they were review articles. All results were reviewed and verified
by checking the original publication, and the SNPs must have been (1) identified
in a population of European descent, (2) a study with N>1000, and (3) statistically

significant.

The NHGRI-EBI (National Human Genome Research Institute-European
Bioinformatics Institute) catalogue (https://www.ebi.ac.uk/gwas/) was used to
search for SNPs associated with PDAC in genes in the MODY pathway and Pujana
ATM PCC gene set.

2.12.2. Identification of proxy variants

LDlink (https://Idlink.nci.nih.gov/) was used to identify putatively functional
proxy variants for the SNPs identified. An R* 0.8 and a RegulomeDB score of <3
was used as a cut-off for linkage disequilibrium (LD) proxies. Duplicate SNPs were
removed, LD pairwise analysis tables were generated using R* values from LD-
matrix (https://ldlink.nci.nih.gov/?tab=Idmatrix) and heatmaps were generated

using Prism GraphPad v9.

2.12.3. In silico analysis of SNPs

Identified SNPs were further assessed through the following:
¢ RegulomeDB - identification of the putative regulatory potential and

position weight matrixes (http://regulomedb.org/).
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e NIH Roadmap Epigenomics: to assess the chromatin state in the pancreas

(https://www.ncbi.nlm.nih.gov/geo/roadmap/epigenomics/).

e UCSC genome browser - for identification of CpG Islands

(https://genome.ucsc.edu/).

e Haploreg v4.1 - annotation of non-coding genome variants

(https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php).

e GTEx - assessment of tissue specific gene expression and regulation

(https://www.gtexportal.org/home/).

2.12.4. Prioritisation of SNPs

SNPs were prioritised for functional analysis by assessing scores from in silico tools:

e NIH Roadmaps Epigenomic: SNPs occurring in regions with a
quiescent/low chromatin state were removed.

e RegulomeDB: SNPs with a low score (<3) were prioritised.

e UCSC Genome browser: SNPs occurring in a CpG Island were prioritised.

e GTEx: SNPs shown to affect gene expression were prioritised.

e Haploreg: SNPs within regions with histone marks (H3K4mel, H3K4me3,
H3K27ac, H3K9ac and DNAse) in the pancreas were prioritised.

A flowchart for the methods used for SNP identification, in silico assessment and

prioritisation is shown Figure 2.1.
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Figure 2.1: The methods used for SNP identification, in silico assessment and

prioritisation of SNPs from the MODY pathway and Pujana ATM PCC gene set
from the study by Walsh et al. [122].

2.12.5. Position weight matrix (PWM)
HOCOMOCO-vll was used to generate PWM, and to identify changes in binding

motifs due to the presence of the alternative SNP compared to the reference SNP.

Fold-change values were according to PERFECTOS-APE [285,286].
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2.13. Dual luciferase reporter assays

2.13.1. SNP cloning

Eleven sequences were amplified by PCR using genomic DNA isolated from a
healthy donor peripheral blood using Genomic DNA Purification Kit (Thermo
Fisher Scientific, Waltham, MA, USA) with the following primers introducing
restriction sites (lowercase letters) for HindIII (forward, except BamHI forward for

rs4742901 / rs4742902) and BamHI (reverse) (Table 2.20).
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PCR was performed using a high-fidelity Platinum™ SuperFi™ DNA Polymerase
(ThermoFisher, 12351010) using the master mix outline in Table 2.21. Amplification
was carried out in MiniAmp™ Plus Thermal Cycler (ThermoFisher, A37835), using
a two-step PCR, with the samples held at 98°C for 30 seconds, followed by 35 cycles
of 98°C for 10 seconds, 72°C for 30 seconds per kb and followed by a final extension
step of 72°C for 10 minutes. Samples were stored at 4°C. 5 pL of each sample was
run on a 1% agarose gel with a low molecular weight gene ladder (ThermoFisher,
SM1193) for 30 minutes to confirm the presence of PCR product. A PCR product
clean-up was performed using GenElute™ PCR Clean-Up Kit (Sigma, NA1020) and

PCR products were eluted in 20 pL of nuclease free water.

Table 2.21: Master mix for PCR with Platinum™ SuperFi™ DNA Polymerase.

Reagent IX (uL)

Nuclease free water 10.75
5X SuperFi Buffer 5

10mM dNTP 0.5

10 uM forward primer (Table 2.20) 1.25

10 uM reverse primer (Table 2.20) 1.25
Template DNA 1
5x SuperFi GC Enhancer 5

Platinum SuperFi DNA Polymerase (2U/ pL) 0.25

2.13.2. Restriction enzyme digestion

A restriction enzyme digestion was performed on PCR products and the vector, a
p2-LucSG vector, a kind gift from Dr Gary Loughran, School of Biochemistry and
Cell Biology, University College Cork (Figure 2.2). For the vector, 1 pL of plasmid
was used and for the cloned region, 5 pL of the cleaned PCR product was used.
These were mixed with 5 pL 10X NEB Buffer 3, 1 uL HindIII-FD and 1 pL. BamHI-
FD and nuclease free water up to 50 pL. For the digestion of the vector, 5 pL

alkaline phosphatase was added to the reaction to prevent self-ligation of the
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vector. The reactions were digested for 20 minutes at 37°C, and digestion product
clean-up was performed using GenElute™ PCR Clean-Up Kit (Sigma, NA1020) and

digestion products were eluted in 20 pL of nuclease free water.

HindIII (424)
BamHI (517)

p2-LucSG
4358 bp

Sky

0 poly(a) signal
esooQ

Figure 2.2: Schematic of p2-LucSG plasmid, which contains a luciferase gene,
ampicillin promoter (AmpP) and resistance (AmpR), and SV40 promoter. A
porcine enterovirus StopGo sequence, P2A, was introduced upstream of the

luciferase gene, ensuring the amino acid sequence of the luciferase gene is correct.

2.13.3. Ligation

The cloned region containing the SNP is inserted upstream of the luciferase gene
by the HindIIl/BamHI restriction sites. The ligation reaction is carried out in a 5
pL reaction with 1 puL of the digested p2-LucSG plasmid, 1 pL of the digested cloned
region, 0.5 pL. T4 DNA Ligase Reaction Buffer (NEB, B0202S), 0.25 uL. T4 DNA
Ligase (NEB, M0202S) and 2.25 pL nuclease free water. The reaction was left at

room temperature for 1 hour.
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2.13.4. Transformation

NEB 5-alpha Competent E. coli cells (NEB, C2987H) were transformed with 5 pL
of the ligation product by thawing the cells on ice and 5 pL of the ligation product
was added. The tube was flicked 5 times to mix cells and DNA and placed on ice
for 2 minutes. The mixture was heat shocked at 42°C for 30 seconds and placed on
ice for two minutes. 150 pL of the SOC outgrowth media was added to the cells,
and 100 pL of the mixture was spread onto an ampicillin-agar plate and incubated

overnight at 37°C.

2.13.5. PCR screening

Three single colonies were picked using a tip, dipped in PCR tubes containing 50
pL LB medium with ampicillin (1:1000) and then tips were rinsed in a PCR tube
containing 20 pL nuclease free water. The PCR tubes containing LB were placed at
37°C for two hours, then stored at 4°C. The tubes with water were placed 98°C for
10 minutes to lyse bacteria and screened using the PCR conditions outlined in
Section 2.13.1 to check plasmids were the correct size. The colonies of the correct
size were grown in 5 mL LB-ampicillin at 37°C, at 250 RPM overnight. Plasmid
DNA extraction was carried out using a PureLink™ HiPure Plasmid Miniprep Kit
(ThermoFisher, K210002) and plasmids were quantified using the NanoDrop, and
stored at -20°C.

2.13.6. Site directed mutagenesis

Alternative SNP alleles were introduced using Q5° Site Directed Mutagenesis Kit
(NEB, E0554S) according to manufacturer’s instructions. Primers were designed
using http://nebasechanger.neb.com/ and PCR was carried out at the
temperatures defined in Table 2.22. Following PCR, a KLD (Kinase, Ligase and
Dpnl) enzyme reaction was performed. 5 pL of the KLD enzyme treated product
was transformed, screened and extracted using the method outlined in Section

2.13.4. All constructs were verified by Sanger sequencing.

98



66

PUD.]S 3S.12A3. Y7 WOLf paqLIdsuDna] S1 ‘CEf10z1D ‘Uo1bat buipod 15a.4Dau Y37 SD UO1IDIIP G 07 € Y] Ul 10JDIA 0JU] PIJLISUL SDM 0Uuanbas sp ‘W (S L0f pasn 3]a]Jp [,

L DLHIDDLIDIIDDIIIDVYD DHLLHDDHIVIIDHVIIHDH333333 PTEBLEIIS
L DVDDHOHVVVDHIDIDIDDHIDD DLDDHLIDVHDHIDLIOVHODID CHRIFTTSI
6S DVDOVIILLLOLOLIDVOL DILOLILOVYIDDLOVVVV.LD FH806L£s1
6S DOLDLLYVIVVOVVVVLOVLLOL DLLYDDDDLOVVSDOVOLYVVOY 19681/s1
L DHHHOHLOLIIIILOVIDD VDDDDDDDHIHIDILIVIIDOV L8088Fs1
69 DOVLLOVIVIIOVVVILIILILILLL DDIVIOVIIDSDVIIOVVIOV C06TYLYSI
(4 DDLLLOVVDLILV.LLLLLYDOVDDDIDILIDV VHDDHDHHDDIVIHVIIDOVOID 106CHLYSI
LS OV.LLLLVOLLLVLLDDLDLOLVVV DLVLLOLLOISDDLLOLLLIDD LELFTIEST
09 DIVILODVOLYILLIDLD DIDLIOLODIDIDVVIVOLLDD  +L8T8STTSI
Do) aunipaadwiag (.€-.C) HoWiLLJ 3S.19AY (.€-.C) HoUWLL] pIDM.IO] dNS

‘9SDJIoMO]

ul s1 yowym ‘gNs 2A1pUI23]D 20npoujul 03 (dNS) Sisauabpiniu pajdadip a31s 10f aunipuadwal yHd pub ‘suawilid 35.12A3.1 puD PIDMIO] (777 d]GP

SpoyIa N



Methods

2.13.7. Dual luciferase reporter assay
Dual luciferase reporter assays were performed using p2Luc-SG vectors containing
regions of interest with reference and alternative SNP of interest to assess if the

SNP results in a change in luciferase gene expression.

Seeding: ASPCl, HEK293T, and PANCI cells were used for this assay. Cells were
grown to 70% confluency, and a cell suspension of 2.5x10* cells/mL was made.
Cells were seeded at 100 pL per well in a black-sided 96-well plate (Corning,
CLS3603). Plate was placed overnight in a 37°C, 5% CO; incubator.

Transfection: Assays were carried out using 25 ng p2Luc-SG vectors and 5 ng
control Renilla vector and 0.5 pL X-tremeGENE transfection reagent, were mixed
in 25 pL Opti-MEM (Gibco, 11058021) and incubated at room temperature for 15
minutes. The transfection mixture was added to the cells, and a GFP plasmid was

used as a transfection control. The plate was incubated at 37°C, 5% CO: overnight.

Dual luciferase reporter assay: The Stop and Glow (Promega, E2920) dual
luciferase reporter assay System was used. Reagents were prepared according to
protocols provided. The 96 well plate was removed from the incubator and
equilibrated to room temperature. Dual Glo Substrate (100 pL) was added to each
and the plate was incubated at room temperature for 10 minutes. The plate was
read using a plate reader (Biotek with Gen4 software) with a gain of 100, and
integration time of 1 second to determine Firefly luciferase (p2Luc-SG)
luminescence. Stop and Glo reagent (100 puL) was added, and the plate was
incubated at room temperature for 10 minutes. The plate was read using the same
settings to determine Renilla luciferase luminescence. Relative luminesce was
calculating the relative Firefly to Renilla for each well, then normalising to the

p2Luc-SG vector with no insertion.
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2.14. CRISPR

2.14.1. Golden Gate Assembly

2.14.1.1. CRISPR sgRNA construction

All CRISPR gRNAs were designed with the online software tool CRISPOR
(http://crispor.tefor.net/). sgRNA was constructed using oligos (Table 2.23) and
10X NEBuffer 2 (NEB, B7002S). The reaction was made as described in Table 2.24
in a PCR tube and placed in a MiniAmp™ Plus Thermal Cycler (ThermoFisher,
A37835). The reaction was heated to 95°C for 5 minutes, then set to decrease by
0.5°C every cycle for 150 cycles (to 20°C), then held at 20°C for 5 minutes. Products

were stored at -20 °C.

Table 2.23: Oligo sequences for the generation of sgRNA.

Gene

Same-sense

Anti-sense

HNFIA

HNFIB

HNF4G

NR5A2

PDXI

CACCAGGACGAGACGGACGACGAT

CACCGGCCGCTTGTCCGGCGACGA

CACCGTGTTGTTGACAAGGACAAA

CACCGTAAGGGCCGACCGAATGCG

CACCTCGTACGGGGAGATGTCCGG

AAACATCGTCGTCCGTCTCGTCCT

AAACTCGTCGCCGGACAAGCGGCC

AAACTTTGTCCTTGTCAACAACAC

AAACCGCATTCGGTCGGCCCTTAC

AAACCCGGACATCTCCCCGTACGA

Table 2.24: Master mix for CRISPR sgRNA construction.

Reagent Ix (uL)
SS oligo (100 uM) 1
AS oligo (100 uM) 1
10X NEBuffer 2 2
ddH>O 16
Total 20.0
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2.14.1.2. Ligation

CRISPR sgRNA is inserted into plasmid lentiCRISPR v2 (Addgene, Plasmid #52961)
using the mixture described in Table 2.25. The reaction was added to a PCR tube,
and the MiniAmp™ Plus Thermal Cycler was set to the times outlined in Table
2.26. A transformation was performed as outlined in Section 2.13.4 using 5 pL of

the ligation product.

Table 2.25: Components and volumes required for ligation of sgRNA to
lentiCRISPRv2 plasmid.

Reagent Ix (uL)

100ng lentiCRISPRv2 plasmid 1
sgRNA 1
T4 ligase buffer 2

T4 ligase 0.5

BsmBI 0.5
ddH>O 15

Total 20.0

Table 2.26: Temperature conditions for ligation of plasmid.

Temperature Time Number of Cycles
37°C 5 min
10
22°C 10 min
37°C 30 min 1
75°C 15 min 1
4°C oo —
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2.14.1.3. PCR screening
Single colonies were picked, and lysates were prepared using the conditions
outlined in Section 2.13.5. A PCR was set up using the mixture in Table 2.27 and

the MiniAmp™ Plus Thermal Cycler was set to the times outlined in Table 2.28.

Table 2.27: PCR reaction for screening of plasmids.

Reagent Ix (uL)

Forward Primer (U6-F ) 5 - GAGGGCCTATTTCCCATGATTC - 3’ 0.6
Reverse - AS oligo (Table 2.23) 0.6

dNTP 03

10X Dream Buffer L5

Lysate 1
Dream Taq 0.08
ddH>O 10.92

Total 15

Table 2.28: Thermocycler conditions for screening PCR.

Temperature Time Number of Cycles
95°C 3 min 1
95°C 20 sec
58°C 20sec } 35
72°C 30 sec
72°C 7 min 1
4°C oo _

PCR products were run at 100 V for 20 minutes on a 1.5% agarose gel made with
SafeView and imaged using UV. For clones with a band present, a PCR product
clean-up was performed using GenElute™ PCR Clean-Up Kit (Sigma, NA1020).
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Products were sent for Sanger sequencing with Eurofins. 30 pL LB cultures verified
by PCR and sequencing put into 5 mL LB with ampicillin overnight. Plasmid DNA
extraction was carried out using a PureLink™ HiPure Plasmid Miniprep Kit
(ThermoFisher, K210002) and plasmids were quantified using the NanoDrop, and
stored at -20°C.

2.14.2. Lentivirus protocol

Day I: Seeding cells - HEK293T cells were seeded at a concentration of 5x10° per

well in a 6 well plate.

Day 2: Co-transfect HEK293T cells with packaging plasmids - media was changed
one hour prior to transfection. The plasmid DNA (Table 2.29) was mixed with
nuclease free water to a volume of 76.9 pL, and 8.55 pL of CaCl; was added. To a
new 2 mL tube, 85.5 pL 2X HBS solution (280 mM NaCl, 50 mM HEPES, 1.42 mM
Na2HPO4+7H20 (pH 7.05), Adjust pH to 7.05 with 10 M NaOH) was added. The
DNA-CaCl; solution was added to the HSB and quickly vortexed to mix. The
mixture was incubated at room temperature for 15 minutes, then added dropwise

to cells and mixed by swirling.

Table 2.29: Plasmids used for lentivirus transfection of HEK293T cells.

Plasmid DNA concentration Source
pRSV-Rev 513 ng Addgene, 12253
pMD2.G 614 ng Addgene, 12259
pMDGP-Lg/p-RRE 2.222 pg Addgene, 12251
Lentiviral vector plasmid 2.222 pg NICB
d2EGPF 68.4 ng NICB

Day 3: Media changed on transfected cells.

Day 4: Harvest virus into 1.5 mL tubes by filtration of media through 0.45 pm filter
and freeze at -80°C.
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2.14.3. Transduction
Day 1: A 24-well plate was seeded with the cell line to be edited at a concentration
of 1x10° cells/mL. Organoids were seeded at a concentration of 1 x10* cells per well

for three days prior to transduction.

Day 2: The lentivirus containing media was thawed quickly. 8 pg/mL polybrene
was added to the growth media required for cells and lentivirus. An equal volume
of growth media with polybrene, and lentivirus containing media with polybrene

was added to cells, the plate was rocked gently to mix.

Day 4: Selection - media containing puromycin was added to the cells for
selection. Cells were maintained in puromycin media until all cells in negative
control were dead. CRISPR edited cells grown to confluency and passaged into a 6

well plate. CRISPR-knockout confirmed by TIDE assay.
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Novel PDAC Models

Chapter 3. Establishment and

characterisation of novel in vitro
PDAC models - PDX derived

organoids and cell line organoids

3.1. Introduction

One of the limitations in understanding of the disease progression and the
development of effective treatments for PDAC is due the lack of representative in
vitro patient tumour models. For over 50 years established 2D cell lines have been
the most widely used model for the development and testing of chemotherapeutics
[187]. Their importance in cancer research is indisputable, however, their use as a
robust clinical model is questionable [287]. Three-dimensional in vitro models
such as organoids can address the limitations of growing cancer in 2D [218]. These
3D systems can model the physiology, shape, dynamics and cell make-up of the
cancer and produce a relevant and highly adaptable model system [219]. Unlike
established and primary cell lines, organoids display cell heterogeneity after
several passages and organoids can be expanded indefinitely and cryopreserved
[219]. However, the use of organoids in cancer research presents a number of
challenges, including difficulty obtaining patient samples; specialist training is
required for the successful culture of cells; expensive media and reagents, cell
maintenance and performing experiments is extremely time consuming in

comparison to 2D assays.

Through the development of methodologies for the establishment of PDAC
organoids from PDX tumour samples, this study has addressed a number of these
issues particularly overcoming issues relating to obtaining patient samples. The
development of a matched isogenic 2D primary cell line and recapitulated primary
cell line into organoids - a novel model termed cell line organoids (CLOs) -

overcomes the high costs associated with organoid culture. The characterisation
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and validation of the new models was performed by assessing the stem cell, cancer
stem cell and PDAC marker expression, proliferation and response to gemcitabine.
RNA-sequencing was performed to compare the transcriptomic signatures of
organoids, CLOs, cell lines and the primary PDX tumour. Finally, an in vivo study
was carried out to assess if the organoid lines maintain tumorgenicity, and to
investigate if implanted organoid and CLO are representative the original PDX and

patient tumour.

3.1.1. Aims

Aim 1: To develop a biologically relevant model of PDAC and establish and validate
a method for developing organoids from PDAC PDX samples.

Aim 2: To ensure that these novel models were representative of PDAC, phenotypic
and molecular characterisation of organoids, cell lines and CLOs through assessing
drug response, morphology and mRNA and protein expression of markers of
interest.

Aim 3: Transcriptomic analysis of PDX derived organoids, CLOs and cell lines was
performed to identify if novels models developed from different patients had
similar expression signatures.

Aim 4: An in vivo study was performed to assess tumorgenicity of novel models

and assess if there is differential expression of markers of interest.
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3.2. Results

3.2.1. Conditioned media

Organoids require growth factor enriched media to grow in a stem like state. Two
of the most important growth factors identified for the self-renewal of stem cells
in PDAC organoid culture are Wnt3a and Rspondinl [226]. While these growth
factors are commercially available in recombinant form, it is costly to maintain the
high volume of media for large-scale cultures required for standard assays using
organoids. To determine the concentration of Rspondin3 and Wnt3a in L-WRN
conditioned media a dual luciferase reporter assay was performed, where a beta-
catenin promoter is upstream of the luciferase gene, and transcription is activated

by Wnt3a or Rspondin3.

As per the methodology described in Section 2.2, a cell line that was generated by
the Stappenbeck lab which secretes the factors Wnt3A, R-spondin3 and noggin (L-
WRN) into the medium was grown, and conditioned media obtained was tested
for use in organoid culture media using a TOPFlash assay [288,289]. Figure 3.1
shows that the concentration of Rspondin3 and Wnt3a in the conditioned media,
made from L-WRN cells from Passage 3 to Passage 6, and in a spiked recombinant
Wnt3a/Rspondin3 control, which contains the minimum required levels of
proteins for organoid growth. The levels of proteins in the conditioned media is
higher than the minimum required levels for the organoids to grow, as indicated
by the spiked recombinant Wnt3a/Rspondin3 control. To determine the stability
of the conditioned media during storage, the media was maintained at 4°C for one
week and the assay was repeated. Results showed that there is a significant
reduction in levels of Wnt3a and Rspondin3 in the media of all samples, indicating
that the proteins are not stable long term at 4°C. Therefore, the conditioned media

was frozen in aliquots at -20°C.
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Wnt3a/Rspondin3 Levels in Conditioned Media
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Figure 3.1: TOPFlash Assay - a dual luciferase reporter assay to determine the
concentration of WNT3a/Rspondin3 in conditioned media required for the growth
of organoids. Media generated from four different passages (P3-P6), and a spiked

recombinant Wnt3a/Rspondin3 control was tested on day O (freshly thawed)
indicated by the solid colours and day 7 (one week at 4°C) indicated by the hatched
boxes. The spiked recombinant Wnt3a/Rspondin3 control contains the minimum

level of proteins required for organoid growth. A Student’s t-test was used to
determine statistical significance. * denotes p < 0.05, ** denotes p < 0.01, ***

denotes p < 0.00L
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3.2.2. Development of PDX organoids and isogenic matched
primary cell lines

These protocols were developed as per the methodology described in Section 2.3.
In this study, the protocol from Boj et al. [226] was modified to develop a novel
protocol for the establishment organoids from PDX tumours (

Figure 3.2). A mouse cell depletion kit was used to remove any infiltrating mouse
cells from the PDX tumour sample. Organoids were plated on polyHEMA-coated

plates to prevent cells attaching to the cell culture plate.

Removal of infiltrating mouse cells using

S = . R . .
3 8 2) / Miltenyi Biotec Mouse cell depletion kit
c 3 =\
S || .
%g ‘,, - Cell line Organoid
So =| Resuspend in 1 Resuspend in 12
8 g y mg/mL Matrigel® mg/mL Matrigel®
= —
c L
58 :
g © v o) — .
2 . '
= [ i
Q
X PalyHEMA-coated plate
' . — ¢ s oo
. ' _ - = CeCCCCCC]
< S Physical Enzymatic "' .‘n "' CeCCOCCC
2% — m - - W eeCCCcc
[} = - = & (4
el ~ | eeCCCCC(
35 \“ \“ \.‘ eeC e
B ), eeCCCCCC )
r Incubate plate Incubate plate upside-down
30 min @ 37°C 30 min @ 37°C
Add 2 mL Complete Add 350 uL Complete
feeding media feeding media

Figure 3.2: Schematic diagram protocol for generating PDAC organoids and

isogenic matched 2D primary cell lines from a single PDX tumour sample.
PDAC primary cell lines were simultaneously developed by plating the tumour

cells in lower concentration ECM gel on adherent wells, which allowed the cells to

attach and proliferate, as shown in Figure 3.3.
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Passage 1

PDM41 PDM37

PDM106

PT291

Figure 3.3: Brightfield images taken throughout the generation of primary cell lines
from organoids/tumour cells taken at day 0, day 3, day 7 and passage 1 of newly
generated cell lines PDM37-CL, PDM41-CL, PDMI106-CL, and PT29I-CL. Images

taken at 100X magnification, scale bars 400 um.
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3.2.3. Confirmation of primary cell lines and organoid culture

derived from human PDAC PDX tumour cells

A two-step, nested PCR method was used to confirm the absence of mouse cells in
the primary cell lines and organoids in PT291 and PT127 [290]. Universal primers
amplified a region common in both the human and mouse mitochondrial
genomes. Mouse specific primers were used to identify if mouse-contaminating
cells were present in the samples. PCR results, as shown in Figure 3.4 confirmed
that no contaminating mouse mitochondrial DNA is present in the PDX derived
organoids, 2D primary cell lines or CLOs, therefore confirming human PDAC

origin.
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Figure 3.4: Electrophoresis gels of samples PT291 primary cell line, PTI27 primary
cell line, PT291 organoids, BxPC3 (negative control) and Murine cell line C2CI2

(positive control) for products of nested PCR using mouse specific primers.
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3.2.4. Generation of CLOs as novel models to study PDAC

The 2D primary cells were cultured for at least two passages then recapitulated as
3D organoid cultures - CLOs. These CLOs were cultured using the same methods
as used for the growth of organoids as shown in Figure 3.5. CLOs were cultured for

at least two passages prior to use in assays to ensure the removal of cells which did

not form CLOs.
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Figure 3.5: Schematic diagram protocol for generating CLOs from 2D primary cell

lines.
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3.2.5. Characterisation of novel models
3.2.5.1. Morphology of organoids
The growth and development of all organoid lines was monitored over a 10-day

period, with representative images taken on day O, day 3, day 7 and day 10 (Figure
3.6).

Day 0 Day 3 Day 7 Day 10

PDM41 PDM37
Organoids Organoids

PDM106
Organoids

PT291
Organoids

Figure 3.6: Brightfield images at Day 0, Day 3, Day 7, Day 10 of PDM37, PDM4]I,
PDMI06 and PT291 organoids. Images taken at 100X magnification. Scale bar 400
pum.
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3.2.5.2. Morphology of primary cell lines
Isogenic cell lines generated from organoids were imaged after passaging (Figure

3.7).

PDM41 Cell Line

Figure 3.7: Brightfield imaging of newly generated cell lines PDM37-CL, PDM41-CL,
PDM106-CL, and PT291-CL, and primary cell line PT127-CL, which was previously
generated in the NICB. Images taken at 100X magnification. Scale bars 400 um.
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3.2.5.3. Morphology of CLOs
The newly generated CLOs develop rapidly and resemble the matched organoid

lines, maintaining a similar size and the morphology of the original cell lines. from

day O to day 10 (Figure 3.8).

Day 0 Day 3 Day 7 Day 10

PDM37

PDM106 PDM41
CLOs CLOs

PT127
CLOs

PT291

CLOs

Figure 3.8: Brightfield images of the generation of CLOs at day O, day 3, day 7 and
day 10 of PDM37-CLO, PDM4I-CLO, PDM106-CLO, PTI27-CLO and PT291-CLO.
Images taken at 100X magnification. Scale bars 400 um.
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3.2.5.4. Organoid mutation status

Mutational analysis of the common PDAC mutations in genes KRAS, CDKN2A,
SMAD4 and TP53 was performed by Sanger sequencing, as per the methodology
described in Section 2.4. All models were found to have missense mutations in
KRAS - PDM37 and PT291 display the mutation GI12D, the most common mutation
in PDAC. PDM41 and PDM106 have a GI12V KRAS mutation, and PT127 has a GI13D
KRAS mutation (Table 3.1). Only PDM37, had a mutation in SMAD4 Q442*, which
results in a stop, mutations were not identified in codon 1 or 2 of the other samples
(Table 3.2). Mutations were also observed in CDKN2A, PDM37 had a deletion in
codons R87-D92, all other samples had a *29G>C mutation in the 3’'UTR of the
CDKNZ2A (Table 3.3). TP53 mutations were observed in all samples, PDM41, PT127
and PT291 had multiple mutations in the gene (Table 3.4).

Table 3.1: Mutations occurring in the KRAS gene in patient samples PDM37,
PDM4I1, PDMI106, PTI127 and PT291.

Patient Mutation Consequence
PDM37 GI2D! Missense variant
PDMA41 G2V Missense variant

PDM106 G2V Missense variant
PTI27 GI3D Missense variant
PT291 G12D Missense variant

'Data obtained from HCMI Catalogue (Model: HCM-CSHL-0090-C25)

Table 3.2: Mutations occurring in the SMAD4 gene in patient PDM37.

Patient Mutation Consequence

PDM37 Q442+ Stop
'Data obtained from HCMI Catalogue (Model: HCM-CSHL-0090-C25)
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Table 3.3: Mutations occurring in the CDKN2A gene in patient samples PDM37,
PDM4I1, PDMI106, PTI127 and PT291.

Patient Mutation Consequence
PDM37 R87_D92 del! Inframe deletion
PDM41 *29G>C SNV
PDM106 *29G>C SNV
PT127 *29G>C SNV
PT291 *29G>C SNV

'Data obtained from HCMI Catalogue (Model: HCM-CSHL-0090-C25)

Table 3.4: Mutations occurring in the TP53 gene in patient samples PDM37,
PDM41, PDM106, PTI27 and PT29I.

Patient Mutation Consequence
PDM37 KI39R fs*311' Frameshift Variant
P47R Missense variant
PDM41 599delA Frameshift deletion
M2371 Missense variant
PDMI106 P47R Missense variant
P72R Missense variant
PTI27 599delA Frameshift deletion
599delA Frameshift deletion
PT291 710 _71linsA Insertion

'Data obtained from HCMI Catalogue (Model: HCM-CSHL-0090-C25)

3.2.6. Proliferation assays

3.2.6.1. Proliferation cell lines

Proliferation assays were carried out using the Incucyte Live Cell Imaging System
to assess the growth of the newly generated cell lines (Figure 3.9) as per the
methodology described in Section 2.5.1. The optimal seeding density for each cell
line is indicated in Table 3.5. Cell lines PDM41 and PT127 reached 100% confluency
after 4 days and 9 days respectively. After 10 days, cell lines PDM37, PDM106 and

PT291 only achieved a maximum confluence of 47 + 5.5% and 54 + 6% respectively.
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Table 3.5: Optimal cell seeding density for cell lines for assays carried out in 96 well

plate.
Cell line Cell seeding density
PDM37-CL 5000/well
PDM4I1-CL 5000/well
PDM106-CL 5000/well
PT127-CL 1000/well
PT291-CL 5000/well

Proliferation of Cell Lines

PDM37 Cell Line
PDM41 Cell Line
PDM106 Cell Line
PT127 Cell Line
PT291 Cell Line

% Confluence

Days

Figure 3.9: Proliferation of cell lines PDM37-CL, PDM41-CL, PDM106-CL, PT127-CL
and PT291-CL over 10 days. Cell growth is determined by percentage confluence.

Error bars represent standard deviation of biological triplicate experiments.
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3.2.6.2. Proliferation of organoids and CLOs

Proliferation assays were carried out using the Incucyte to assess the growth of
organoid and CLO models over a period of 9 days (Figure 3.10 - Figure 3.14) as per
the methodology described in Section 2.5.2. Proliferation was quantified by
measuring the total area of organoids at each timepoint and was calculated relative
to the first timepoint. Table 3.6 shows the final fold-change total area. Organoid
and matched CLO models had similar proliferation rates in PDM37, PDM106 and
PT291. PDM41 organoids had a fold-change of 2.3 + 0.8, whereas the matched
CLOs which had a fold-change of 4 + 1 relative to the first timepoint.

Table 3.6: Fold-change of total area cover by organoid and CLO models compared

to first timepoint after 9 days.

Patient Organoid CLO
PDM37 43+16 4515
PDM41 23+0.8 4=+1
PDMI106 6+3 6.7+15
PTI127 — 26+0.8
PT291 32«1 21+0.2
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Figure 3.10: Proliferation of PDM37 CLO and organoids, over a 9-day period. Cell
growth is determined total area of organoids, relative to day O. Error bars represent

standard error the of mean of biological triplicate experiments.
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Figure 3.11: Proliferation of PDM41 CLO and organoids, over a 9-day period. Cell
growth is determined total area of organoids, relative to day O. Error bars represent

standard error the of mean of biological triplicate experiments.
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PDM106 Proliferation Assay
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Figure 3.12: Proliferation of PDM106 CLO and organoids, over a 9-day period. Cell
growth is determined total area of organoids, relative to day O. Error bars represent

standard error the of mean of biological triplicate experiments.
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Figure 3.13: Proliferation of PT127 CLOs, over a 9-day period. Cell growth is
determined total area of organoids, relative to day 0. Error bars standard error the

of mean biological triplicate experiments.
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PT291 Proliferation Assay
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Figure 3.14: Proliferation of PT291 CLOs and organoids, over a 9-day period. Cell
growth is determined total area of organoids, relative to day O. Error bars represent

standard error the of mean of biological triplicate experiments.

3.2.7. Gemcitabine response assays

Assays were performed to assess the response to gemcitabine treatment in all
organoids, CLOs and cell lines, as per the methodology described in Section 2.6.
The organoids and CLOs for PDM37, PDM41 and PT291 had ICso values <25 ng/mL,
PDMI06 organoids and CLOs had an ICs of <50 ng/mL (Figure 3.15 - Figure 3.18).
PT127 CLOs did not achieve an ICso within the concentrations used in this
experiment (Figure 3.19). In comparison, isogenic matched cell lines PDM37-CL,
PDM106-CL, PT127-CL and PT291-CL had an ICs0 >800 ng/mL, with only PDM41-
CL achieving an ICsp within the range set out in this experiment (Figure 3.15 -

Figure 3.19).
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Figure 3.15: Growth inhibition of PDM37 organoids (blue), CLOs (red) and cell lines
(green) after 5 days of treatment with gemcitabine. Viability of organoids and CLOs
was quantified by Cell Titre Glo, cell lines were quantified by acid phosphatase.
Percentage growth was calculated relative to untreated control cells. Error bars

represent standard error the of mean of biological triplicate experiments.
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Figure 3.16: Growth inhibition of PDM4I organoids (blue), CLOs (red) and cell lines
(green) after 5 days of treatment with gemcitabine. Viability of organoids and CLOs
was quantified by Cell Titre Glo, cell lines were quantified by acid phosphatase.
Percentage growth was calculated relative to untreated control cells. Error bars

represent standard error the of mean of biological triplicate experiments.
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Figure 3.17: Growth inhibition of PDMI06 organoids (blue), CLOs (red) and cell
lines (green) after 5 days of treatment with gemcitabine. Viability of organoids and
CLOs was quantified by Cell Titre Glo, cell lines were quanttified by acid
phosphatase. Percentage growth was calculated relative to untreated control cells.

Error bars represent standard error the of mean of biological triplicate experiments.
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Figure 3.18: Growth inhibition of PT291 organoids (blue), CLOs (red) and cell lines
(green) after 5 days of treatment with gemcitabine. Viability of organoids and CLOs
was quantified by Cell Titre Glo, cell lines were quantified by acid phosphatase.
Percentage growth was calculated relative to untreated control cells. Error bars

represent standard error the of mean of biological triplicate experiments.
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Figure 3.19: Growth inhibition of PTI27 CLOs (red) and cell lines (green) after 5
days of treatment with gemcitabine. Viability of organoids and CLOs was
quantified by Cell Titre Glo, cell lines were quantified by acid phosphatase.

Percentage growth was calculated relative to untreated control cells. Error bars

represent standard error the of mean of biological triplicate experiments.
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3.2.8. Stem cell marker expression

To test for the presence of stem cell markers responsible for self-renewal and
propagation in the cell lines, organoids and CLOs, RT-qPCR was performed as per
methodology described in Section 2.9.2. The markers tested were NANOG, OCT4
and SOX2 which have roles in the self-renewal and maintenance of pluripotency
in undifferentiated stem cells [291-293]. In PDM37, expression of NANOG and
OCT4 was increased in CLOs and organoids compared to the matched cell line,
however, expression of SOX2 was decreased in the organoids and matched CLOs
(Figure 3.20). PDM41 models followed a similar trend, with increased expression
of NANOG and OCT4 in the CLO and organoid models compared to the cell line,
and reduced expression of SOX2 in CLO models, however, increased expression of
SOX2 was observed in PDM41 organoid models compared to the cell line.
Expression of markers OCT4, NANOG and SOX2 were increased in PDM106 and
PT291 organoids and CLOs compared to the 2D primary cell lines (Figure 3.23 and
Figure 3.24). PT127 PDX tumour had a similar expression profile to the PT127 CLOs
compared to its 2D primary cell line (Figure 3.23).

128



Novel PDAC Models

PDMB37 Stem Cell Marker Expression

25—
& B Cell Line
b
%, 201 M Cos
(=]
g )
£ 15- Bl Organoids
&
k=
S 10-
o
()]
R=
& b5-
&

0_

NANOG OCT4 SOX2
Stem Cell Marker

Figure 3.20: Relative quantification of stem cell markers NANOG, OCT4 and SOX2
assessed using RT-qPCR in PDM37 cell line, organoids and CLOs. Expression is
shown relative to the expression in matched cell line. 18S rRNA used as endogenous
control. Error bars represent standard deviation of biological triplicate

experiments.
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Figure 3.21: Relative quantification of stem cell markers NANOG, OCT4 and SOX2
assessed using RT-qPCR in PDM4I cell line, organoids and CLOs. Expression is
shown relative to the expression in matched cell line. 18S rRNA used as endogenous
control. Error bars represent standard deviation of biological triplicate

experiments.
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PDM106 Stem Cell Marker Expression
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Figure 3.22: Relative quantification of stem cell markers NANOG, OCT4 and SOX2
assessed using RT-qPCR in PDMI06 cell line, organoids and CLOs. Expression is
shown relative to the expression in matched cell line. 18S rRNA used as endogenous
control. Error bars represent standard deviation of biological triplicate

experiments.
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Figure 3.23: Relative quantification of stem cell markers NANOG, OCT4 and SOX2
assessed using RT-qPCR in PTI27 cell line, CLO and PDX models. Expression is
shown relative to the expression in matched cell line. 18S rRNA used as endogenous
control. Error bars represent standard deviation of biological triplicate

experiments.
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PT291 Stem Cell Marker Expression
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Figure 3.24: Relative quantification of stem cell markers NANOG, OCT4 and SOX2
assessed using RT-qPCR in PT29I cell line, organoids and CLOs. Expression is
shown relative to the expression in matched cell line. 18S rRNA used as endogenous
control. Error bars represent standard deviation of biological triplicate

experiments.

3.2.9. Immunofluorescent analysis of PDAC, stem cell and cancer

stem cell markers

Immunofluorescence was performed to determine whether the expression profile
of key pancreatic cancer markers (MASPIN, PDXI, PANCK, ), stem cell markers
(CXCR4) and cancer stem cell markers (ALDHIAl, HCAM, EpCAM) were
maintained in cell lines, organoids and CLOs was performed as per methodology
described in Section 2.7. PDM37 cell models were excluded as there were not
sufficient cells to make cell blocks. ALDHIALI expression is similar in cell line and
CLO models, and had increased expression in organoid models (Figure 3.25).
CXCR4 expression is increased in organoid and CLO models compared to cell lines
(Figure 3.26). In PDM106 and PT291, EpCAM expression is similar in all models,
and in PDM41 and PT127, increased expression was observed in CLOs compared
to organoid and cell line models (Figure 3.27). The trend of HCAM expression was
the same in all groups of models, with increased expression in the CLO and
organoid models in comparison to the cell lines (Figure 3.28). MASPIN, a serine

protease inhibitor, has increased expression in organoid and CLO models

Bl



Novel PDAC Models

compared to the cell lines, with the exception of PDM106, where low expression
was observed in the CLO (Figure 3.29). PANCK expression is similar in all cell
models in PDM106 and PT291, and in PDM41 and PT127, increased expression in
CLOs and organoids compared to the matched cell line was observed (Figure 3.30).
Increased expression of PDXI is observed in the cell line and CLO compared to the

matched organoids in PDM106, PT127 and PT291 (Figure 3.31).
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Figure 3.25: Images of immunofluorescence staining of ALDHIAI (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001.
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Figure 3.26: Images of immunofluorescence staining of CXCR4 (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001.
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Figure 3.27: Images of immunofluorescence staining of EpCAM (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001.
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Figure 3.28: Images of immunofluorescence staining of HCAM (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001.

136



Novel PDAC Models

PDM41 PDM106 PT291 PT127

Cell Line

CLO

Organoids

||

*
*

*%

®
S
]
*
*
*
*
w
=
1
)
S
]

[
v\
]

[
o
1

w
1

Fluorescence intensity

0-

Fluorescence intensity
c 8 & 3
1 1 1 1
Fluorescence intensity
- [
=] =]
1 1
Fluorescence intensity
[ = [nd
(=] v (=] v
1 1 1 1

& o & S &P &
N & N & N 5
c® o c® o c® o&

Figure 3.29: Images of immunofluorescence staining of MASPIN (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001l.
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Figure 3.30: Images of immunofluorescence staining of PANCK (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001l.
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Figure 3.31: Images of immunofluorescence staining of PDXI (green/red) and
counterstained with DAPI (blue) in matched cell lines, CLOs and organoids
generated from patients PDM41, PDM106, PT291, and matched cell lines and CLOs
generated from patient PTI27. Scale bares 100 um (PDM41 and PDM106) and 40
um (PT291/PTI27). A repeated measures ANOVA was used to determine statistical
significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001.
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3.2.10. Transcriptomics

RNA-sequencing was performed to identify transcriptome signatures of genes
dysregulated among PDX derived organoids/PDX tumour and corresponding
CLOs compared to 2D primary cell lines in patient samples PT127 and PT291 was

performed as per methodology described in Section 2.9.

3.2.10.1. Principal component analysis of sequenced samples
Principal component analysis (PCA) reveals PT291 organoids and CLOs clustered
together; while PT127 PDX tumour and CLOs clustered together, separate from

their corresponding isogenic matched 2D primary cell line (Figure 3.32).
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Figure 3.32: Principal component (PC) analysis was performed to compare the
expression profiles of PT127 cell line, PT127 CLO, PTI27 PDX, PT29I cell line, PT291
CLO and PT291 organoids.
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3.2.10.2. Volcano Plots of PT127 PDX vs. CLO and PT291 organoids vs. CLO

A volcano plot was used to visualise the overall distribution of differentially
expressed genes in the PT127 PDX vs. CLO (Figure 3.33) and in the PT291 organoids
vs. CLO (Figure 3.34). In PTI127, 1506 genes were significantly upregulated (p <
0.001; log2 fold-change = 2), and 1594 genes were significantly downregulated (p
< 0.001; log2 fold-change = 2) in the PDX in comparison to the CLO. In PT291, 519
genes were significantly upregulated (p < 0.001; log2 fold-change > 2), and 302
genes were significantly downregulated (p < 0.001; log2 fold-change = 2) in the

organoids compared to the matched CLOs.
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Figure 3.33: Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) (p < 0.00I; log2 fold-change = 2) in PTI27 PDX vs.
CLO. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -logl0 transformed

P-values from logistic regression analysis.
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Figure 3.34: Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) (p < 0.001I; log2 fold-change = 2) in PT29I organoid vs.
CLO. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -logl0 transformed

P-values from logistic regression analysis.

142



Novel PDAC Models
3.2.10.3. Hierarchal clustering of PT127 and PT291 CLOs and cell lines

To identify if cell models resulted in similar overall mRNA expression patterns,
hierarchal clustering was performed on all differentially expressed genes in the
grouped CLOs and 2D primary cell lines (PT291 and PT127) (Figure 3.35). Organoid
and PDX models were excluded from hierarchical clustering as RNA-sequencing
data was only available for one patient sample for each model, and thereby a direct

comparison could not be made.

sample

PT127
PT291

Figure 3.35: Clustering of all differentially expressed genes (fold-change = 2, p-adj <
0.001) in CLOs and cell lines (PTI27 and PT291).
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3.2.10.4. Scatterplot of differentially expressed genes in CLOs vs. cell lines
Figure 3.38 scatterplot reveals the most differentially expressed genes between
grouped PT291 and PT127 CLOs compared to grouped PT291 and PT127 cell line.
FOSB (log2 fold-change -6.50, p-adj 6.65E-50), CAVI (log2 fold-change -5.77 p-adj
4.89E-75) and AHNAK?2 (log2 fold-change -4.90, p-adj 9.25E-20) were identified
as the three top downregulated genes in the grouped CLOs compared to the
grouped 2D primary cell lines. TFF3 (log2 fold-change 4.87, p-adj 5.86E-32),
PLEKHBI (log2 fold-change 3.80, p-adj 2.59E-13) and LTB (log2 fold-change 3.63,
p-adj 2.32E-11) were the top upregulated genes.
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Figure 3.36: Scatterplot - grouped PT291 and PTI127 CLO vs CL, genes with the
largest log2 fold-change are highlighted.
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3.2.10.5. Differential gene expression between organoid/PDX and CLO vs.
cell line models

Analysis was performed to identify genes which were upregulated in PT127 PDX
and CLO models, and in PT291 organoid and CLO models. PT127 PDX and CLOs
had a total of 160 genes upregulated, and PT291 organoids and CLOs had a total of
66 genes upregulated, with 23 overlapping genes (Figure 3.37 A & C). PT127 PDX
and CLOs had a total of 137 genes downregulated, and PT291 organoids and CLOs
had a total of 119 genes downregulated, with 37 overlapping genes (Figure 3.37 B &
Q).

A Up regulated

B Down regulated

C
Up Regulated Genes Down Regulated Genes
ASRGL1 ITPR2 RSPH1 AKAP12 DUSP1 FOSL1 MMP7 SEMA7A
CCDC170 LRIG1 SERPINA4 | AMIGO2  DUSPI10 GPAT3 OXTR SMAD7
CCDC40 LRRC73 SLC29A4 AXL DUSP5 ID3 PADI1 UCA1
CLDN2 NECTIN3  SLC4A8 CAV1 ELFN2 KIAA0040 PHACTR3 UNCI3D
DEGS2 PLEKHB1  SLC9A3 CAV2 ETS1 KLK7 PLAU  LOC284454
DEPTOR  PLEKHS1  STXBP6 CAVIN1 F3 LAT2 PLAUR
FAM222A PTK7 TGFB3 CLCF1 FOS LGALS1 RAB3B
HNF1A-AS1 RNASEI1 DCBLD2 FOSB LIF S100A2

Figure 3.37: (A) Venn diagram - genes upregulated in both PT127 PDX and CLO
and PT291 ORG and CLO, (B) Venn diagram - genes downregulated in both PTI27
PDX and CLO and PT291 ORG and CLO, and (C) List of upregulated and
downregulated genes in both PT127 PDX/CLO and PT291 organoid/CLO.
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3.2.10.6. Transcriptomic signature in PDX tumour, organoid and CLO
models

To further identify a specific transcriptomic signature common among the PDX
tumour/ organoid and CLOs, the transcriptomic signature of the PT127 PDX
derived tumour and CLO, and the PT291 organoid and CLO were compared to
their respective 2D primary cell lines. Overall, 144 genes were upregulated, and 130
genes were downregulated (log2 fold-change =2, p-adj 0.001) in both PT127 PDX
tumour/CLO compared to the isogenic matched cell line in 2D (Appendix D -
Supplementary Table 8.3 and Supplementary Table 8.4). In PT291, 62 genes were
upregulated, and 105 genes downregulated in the organoids and CLOs compared
to the isogenic matched 2D cell line (Appendix D- Supplementary Table 8.5 and
Supplementary Table 8.6). The 10-most significantly (p-adj =< 7.15E-42)
dysregulated genes in PT127 PDX and CLO compared to the 2D cell line are shown
in Figure 3.38 A; KIFI2 had the most upregulated log2 fold-change (log2 fold-
change 5.42, p-adj=1.62E-62) and FOSB (log2 fold-change -7.24, p-adj 1.82E-55)
had the most downregulated fold-change. The 10 most significant (p-adj < 5.79E-
14) up and downregulated genes in PT291 organoids and CLOs compared to the
isogenic matched 2D cell line are outlined in Figure 3.38 B. SERPINAS5 (log2 fold-
change 4.21, p-adj=2.17E-14) had the most upregulated log2 fold-change, and
AHNAK2 (log2 fold-change -5.32, p-adj=1.28E-110) displayed the most
downregulated log2 fold-change.
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Figure 3.38: (A) The 10 most significant (p-adj < 7.15E-42) up and downregulated
genes in PT127 PDX/CLO versus the matched 2D cell line (B) The 10 most
significant up and downregulated PT291 organoid/CLO versus 2D cell line.
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3.2.11. Subtyping of PT291 cancer models

Using a classification method from Moffitt et al. [65] the PT291 models cell line,
organoid and CLO were subtyped into the PDAC cancer groups of classical and
basal. This classification method uses mRNA counts of gene expression and
compares the expression levels of 14 gene pairs (Table 3.7). If expression of Gene A
is higher than Gene B, this increases the odds of the sample being in the basal
subtype (Table 3.7). The odds ratio of model being basal for PT291 cell line is 15.47;
11.26 for CLO, and 6.89 for PT291 organoids (Figure 3.39).

Table 3.7: A table from Moffitt et al. [65] which determines the increase in odds
ratio of sample being basal subtype. Gene comparison in bold was excluded as gene

count data was not available for CTSL2.

Estimated Increase in odds of

Gene A Gene B Coefficient  basal class membership when
A>B
CDIO9 GPRI6O 0.87 2.38
SLC2A1 AGR2 1.22 3.39
KRTI6 SLC44A4 0.52 1.68
CTSL2 TMEM45B 1.43 4.17
KRT6A BCASI 0.70 2.01
B3GNT5 VSIG2 0.41 1.51
MET TFF3 0.72 2.06
CHST6 PLA2GIO 0.80 2.24
SERPINB5 HPGD 0.76 213
DCBLD2 PLSI 1.40 4.07
IL20RB FAM3D 1.33 3.79
PPPIRI4C SYTL2 1.58 4.85
NABI PLEKHA®6 0.41 1.50
MSLN CAPN9 1.58 4.83
(Intercept) -7.16
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PT291 Cell Line
Gene A RNA Gene B RNA OR
CD109 838 GPR160 187 238
SLC2A1 5313 AGR2 9725 3.39
KRTI6 102 SLC44A4 5716 1.68
KRT6A 60 BCAS1 2893 2.01
B3GNTS 467 VsIG2 1973 151
MET 8668 TFF3 90 2.06 i
CHST6 209 PLA2G10 233 224
SERPINB5 1001 HPGD 253 213
DCBLD2 5001 PLS1 3627 107
IL20RB 62 FAM3D 78 379
PPPIR14C 18 SYTL2 934 485
NABI 664  PLEKHA6 7286 1.50
MSLN 12175 CAPN9 470 483
1547 v
d’e o‘(’
PT291 CLO
Cene A RNA CeneB RNA OR
CD109 110 GPR160 538 238
SLC2A1 3021 AGR2 15651 3.39
KRTI6 6 SLC#4A4 10702 1.68
KRT6A 32 BCAS1 1941 2,01
B3GNTS 345 VSIG2 1698 151
MET 4383 TFF3 1535 2.06
CHST6 362 PLA2G10 185 224
SERPINB5 398 HPGD 84 213
DCBLD2 1118 PLS1 3066 407
IL20RB 2 FAM3D 792 3.79
PPPIR14C 8 SYTL2 1151 485
NABI 586  PLEKHA6 4583 1.50
MSLN 6344 CAPN9 266 483 ,
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MET 5868 TFF3 1094 2.06
CHSTeé 200 PLA2G10 154 224
SERPINB5 178 HPGD 216 213
DCBLD?2 1087 PLS1 3627 4.07
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NABI 851  PLEKHA6 3211 1.50
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Figure 3.39. Tables of genes, gene counts and increase in OR of PT29I cell line, CLO

and organoids to determine the increase in odds ratio of sample being basal

subtype. Numbers in red were excluded from the calculation of total OR. Heatmaps

show levels of gene expression of each model.
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3.2.12. Xenograft in vivo study

A xenograft in vivo study was performed to characterise the growth and tumour
development of PT291 organoids, CLOs and cell lines when subcutaneously
implanted into SCID mice was performed as per methodology described in Section
2.10. CLOs and organoids were grown in the lab for one week prior to implantation,
and mice were implanted with 5 x 10° cells in a 1:1 ratio with ECM. Mice had an

average weight of 22.1 g (range: 21 g - 24.8 g) at the time of tumour inoculation.

3.2.12.1. Tumour development

Tumours were allowed to develop, and when of sufficient size, were measured with
callipers. All cell models resulted in tumour growth (Figure 3.40). After 23 days,
two of the three mice implanted with organoids, and one of the three mice
implanted with CLOs had a measurable tumour. After an additional 9 days, one of
the mice implanted with the cell line had a measurable tumour. In this study, all
mice in the organoid and CLO groups developed tumours, however, only one of
the mice implanted with the PT291 cell line developed a tumour which was large

enough to measure (Figure 3.41).

For comparison, the growth of the original PDX tumour has been included for
comparison in Figure 3.42 [294]. PT291 was implanted into three mice, with only
one animal generating a tumour. Tumour was first observed 71 days post
implantation and measurable from 160 days post implantation. The days post
implantation in Figure 3.42 have been adjusted to when the tumour was

measurable, so tumour growth is comparable to tumours in the current study.
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Figure 3.40: Average tumour growth of PT291 organoid (n=3) (blue), CLO (n=3)

(red), and cell line (n=1) (green) in mice. Tumour dimensions were measured by

callipers and tumour volume was calculated as (Height x Width x Depth)/1.9. Error

Tumour volume (mm®)

bars represent standard error of the mean.
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Figure 3.41: Individual tumour growth of PT29I organoid (blue), CLO (red) and cell

line (green) in mice. Tumour dimensions were measured by callipers and tumour

volume was calculated as (Height x Width x Depth)/1.9. Error bars represent

standard error of the mean.
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Figure 3.42: Average tumour growth of PT291 organoid (n=3) (blue), CLO (n=3)
(red), cell line (n=1) (green) and original PDX tumour (n=I) (purple) in mice. The
days post implant for the original PDX tumour have been adjusted to when the
tumour was measurable, so the growth curve is comparable to tumours in current
study. Tumour dimensions were measured by calipers and tumour volume was
calculated as (Height x Width x Depth)/1.9. Error bars represent standard error of

the mean.

3.2.12.2. The effect of tumour burden on general health

The health of all mice was monitored daily and mouse body weight was used as an
indicator of overall health of the animal, with a 10% decrease in weight an
indication that the mouse is stressed, and humane euthanasia is required [295].
Mice were weighed weekly and no significant effect of implantation of cells and

growth of tumour on mouse weight was observed (Figure 3.43 and Figure 3.44).
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Figure 3.43: The weight of each mouse in groups PT291 organoid (n=3) (blue), CLO
(n=3) (red) and cell line (n=1) (green) was normalised to its weight at tumour
implantation and measured throughout the study. Error bars represent standard

deviation.
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Figure 3.44. The weight of each mouse in groups PT291 organoid (blue), CLO (red)
and cell line (green) was normalised to its weight at tumour implantation and

measured throughout the study. Error bars represent standard deviation.
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3.2.12.3. H&E Staining of tumours

There were clear morphological differences in the tumours formed from the
organoids, CLOs and cell lines. The tumour from the implanted cell line (Figure
3.45 A) which was fast-growing, and tumours derived from the organoids (Figure
3.47 A-C) formed as large cell clusters, and no tumour-like structures. Whereas the
tumours derived from the CLOs (Figure 3.46 A-C) and the slow-growing cell line
(Figure 3.45 B) xenograft formed multiple independent PanIN-like lesions when
implanted subcutaneously. Assessment by pathologist, Dr Maura Cotter,
confirmed the xenografts derived from the CLOs and slow-growing cell line were
adenocarcinoma, however, no definite tumour could be confirmed in organoid and
the fast-growing cell line xenografts, and cells in mass were potentially classed as

lymphocytes.
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Cell Line

Figure 3.45: H&E staining of (A) fast-growing PT29I cell line xenograft, and (B)
slow-growing PT29I cell line xenograft. Images taken at 100X magnification. Scale
bars 200 um.
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CLO

Figure 3.46: H&E staining of PT291 CLO tumour after implantation in SCID mice.

Images taken at 100X magnification. Scale bars 200 pm.
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Organoid

Figure 3.47: H&E staining of PT291 organoid tumour after implantation in SCID

mice. Images taken at 100X magnification. Scale bars 200 pm.
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3.2.12.4. IHC CLO xenograft

IHC was performed on a CLO tumour which had been implanted subcutaneously
into a SCID mouse. The tumour had very strong staining for cancer stem cell
marker ALDHIAI but low-level staining for CXCR4 (Figure 3.48). Low levels of
membrane staining were detected with EpCAM whereas no staining was observed
for the cell surface adhesion receptor HCAM (CD44) (Figure 3.49). Pancreatic
markers MASPIN and PDXI were strongly expressed (Figure 3.50). Strong nuclear
staining was observed with the proliferation marker Ki67 in <50% of the tumour

(Figure 3.51).

Figure 3.48: IHC of CLO tumour subcutaneously implanted in SCID mouse stained
with ALDHIAI and CXCR4. Red box represents area of 200X image. 40X scale bar
500 um, 200X scale bar 100 um.
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200X

Figure 3.49: IHC of CLO tumour subcutaneously implanted in SCID mouse stained
with EpCAM and HCAM. Red box represents area of 200X image. 40X scale bar
500 um, 200X scale bar 100 um.
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40X 200X

Figure 3.50: IHC of CLO tumour subcutaneously implanted in SCID mouse stained
with MASPIN and PDXI. Red box represents area of 200X image. 40X scale bar
500 um, 200X scale bar 100 um.
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Figure 3.51: IHC of CLO tumour subcutaneously implanted in SCID mouse stained
with Ki67 and negative control. Red box represents area of 200X image. 40X scale
bar 500 um, 200X scale bar 100 pm.
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3.3. Discussion

Two-dimensional, cell-based assays have been an important tool for cancer
research for over 50 years, and while the usefulness of cell lines in cancer research
is certain, their use as reliable clinical models is debatable [287]. During passaging,
cell lines undergo genomic changes including the introduction of point mutations
and copy number variation. The use of early passage primary cell lines allows
researchers to recapitulate the heterogenous nature of PDAC, however, these also
fail to recapitulate the complex 3D structure of the tumour. Organoids are cell
models which develop from single cancer stem cells and form complex 3D in vitro
tumour avatars. The use of organoids in clinical research can overcome many of
the limitations of traditional cancer research models, as they contain a more
appropriate morphology and signalling pathways, and can be used to study cell-

to-cell interaction, drug penetration, response and resistance [207,208].

This chapter describes a method which can be used for the simultaneous
generation of organoids and isogenic cell lines from PDAC PDX tumours. In
addition, it presents a novel model of PDAC - organoids generated from early
passage primary cell lines, which has been termed CLOs. These methods were
developed from the PDAC organoid protocol by Boj et al. [226] however, this
protocol was modified in a number for ways. Firstly, this method uses conditioned
media from the L-WRN cell line (ATCC, 3276). This cell line was generated by the
Stappenbeck lab and secretes the factors Wnt3A, R-spondin3 and noggin into the
medium [288]. The L-WRN cell line produces R-spondin3 rather than R-spondinl,
which is typically used in PDAC organoid culture [224,226,232,233,296]. However,
R-spondinl and R-spondin3 act in a functionally redundant manner to permit
Wnt/B-catenin signalling and are used interchangeably in the culture of intestinal
organoids [297-299]. While these three growth factors are commercially available
in recombinant form, it is costly to maintain the high volume of media for large-
scale cultures that are required for standard assays using organoids. The use of L-
WRN is a cost-effective way of providing the cells with the supplements that they

require for growth.
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In addition, this method deviates from the Boj et al. [226] protocol through the
source of tumour for the generation of PDAC organoids. This work utilises an
existing resource which was available within the NICB - a PDAC PDX tumour
biobank. While the use of PDX tumours for the generation of organoids (termed
PDxO) and cell lines have been described previously for pancreatic [300], liver
[301], prostate [302], breast [303,304], and lung and ovarian [305] cancers, this
protocol is the first to simultaneously generate organoids and primary cell lines
from a PDX tumour sample [306]. Although PDX tumours remain stable during
passaging, tumour-associated stroma is replaced with murine stromal cells, which
account for up to 90% of the cells present in a PDX tumour [205,307]. When
establishing primary cell lines from PDX samples, these murine fibroblasts can
often quickly out-grow and outnumber the PDAC cancer cells in vitro, resulting in
a completely unrepresentative model for PDAC [308]. Similar to the work by
Borodovsky et al. [305] this protocol uses a mouse cell depletion kit to ensure the
removal of infiltrating mouse cells from the tumour sample. In addition this
method also uses a mouse cell specific PCR screening protocol to validate that all

mouse cells have been removed from the sample [290].

One of the key components of organoid culture is the 3D environment in which
the cells require grow [309]. To overcome the need for the use of expensive Ultra-
Low Attachment Multiple Well Plates in organoid culture, these methods use
polyHEMA-coated plates to prevent the cells from attaching to the culture plate
[310]. However, this method did utilise the cell’s penchant for attaching to the
plate in the development of isogenic primary PDAC cell lines. This method allows
for the rapid development of primary cell lines, which can be quickly, and cost

effectively scaled up and manipulated.

These early passage primary cell lines were cultured using organoid conditions for
two passages, which resulted in the generation of CLOs. To validate CLOs as
representative organoid models, this study assessed if the organoids and CLOs
were phenotypically similar. It was identified that the CLOs and organoids had
similar morphologies, proliferation rates and responses to gemcitabine. To test this

novel method, and to validate CLOs as a novel model of pancreatic cancer, also the
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establishment and phenotypic properties of CLOs using commercially available
pancreatic cancer organoid lines (PDM37, PDM41 and PDMI106) was assessed.
PDM37, which was developed from squamous cell carcinoma subtype of pancreatic
cancer, resulted in the successful generation of a primary cell line and CLOs.
However, these cells grew very slowly, as demonstrated in the proliferation assay
where the cell line reached a maximum confluence 17 + 1.5% after 10 days, and

therefore were excluded from further analysis.

Molecular profiling of cancer stell cell markers ALDHI1Al, CXCR4, EpCAM and
HCAM was performed in our models. Expression of ALDHIAI was low in both the
PDM41 and PT291 primary cell lines, and CLOs, but had high levels of expression
in their matched organoid models. ALDH activity selectively defines enhanced
tumour-initiating cells [311]. ALDHIAI is involved in retinoic acid metabolism, and
has a role in proliferation and differentiation [312]. CXCR4, a cancer stem cell
marker, had consistent low expression in all primary cell lines, with increased
expression in matched organoid and CLO models. It has been shown previously
that hypoxia promotes the expression of CXCR4 in PDAC [313]. This further
validates our use of organoids and CLOs as in vitro models of pancreatic cancer, as
PDAC tumours are significantly more hypoxic than other clinical tumours [314].
This can be achieved with cell lines however, to induce hypoxia, monolayers of
cells, flasks are placed in a gas-controlled chamber [315]. The expression of the
transmembrane glycoprotein, EpCAM was retained in all models, and is known to
be highly expressed in PDAC and established cell lines [316,317]. Expression of
HCAM was high in organoid and CLO models compared to cell lines, with the
exception of PT291, which had similar expression levels in cell line and organoid

models.

Interestingly, the different models generated from the same sample show a
consistent pattern of expression of pancreatic specific markers MASPIN and PDXI.
Increased expression of PDXI is observed in the cell line and CLO compared to the
matched organoids in PDM106, PT127 and PT291. PDXI is a transcription factor
which is essential for pancreatic development and differentiation of all pancreatic

cell lineages [318]. The over expression of PDXI1 in PDAC highlights its role as an
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oncogene [150]. However, PDXI1 expression may be linked to the changing stages
during cancer development and progression. PDXI loss or downregulation is
associated with a more aggressive phenotype, and the loss of PDXI observed in
subsets of cells undergoing EMT [68,319]. Furthermore, upregulation of key stem
cell markers, transcription factors NANOG, OCT4 and SOX2 in CLOs compared to
2D primary cultures indicates a pluripotent stem cell state and suppression of

lineage-specific genes in these models [320].

An unexpected result in this chapter was the difference in response to treatment
with gemcitabine of matched 2D cell lines and 3D organoids and CLOs. In our
study, the organoids and matched CLOs had increased sensitivity to treatment
with gemcitabine compared to the 2D matched cell line. Organoids and CLOs, in
all samples achieved an ICso with concentrations as low as 95 nM. In comparison,
all the 2D cell lines had reduced sensitivity to gemcitabine, with only one line
(PDM41-CL) achieving an ICso at a concentration of 3 uM. Usually, cells are more
sensitive to drug treatment in 2D cultures than in 3D cultures [321]. Wen et al.
[322] found 3D cultured PANCI and MiaPaCa-2 cells demonstrated significantly
reduced sensitivities to gemcitabine and 5FU compared to 2D monolayer cultures.
However, Miyamoto et al. [323] observed that when the MiaPaCa-2 cell line was
grown in ECM proteins, the 3D cells were sensitive to treatment with gemcitabine
at concentrations of 0.002-0.1 uM. This study found that poorly differentiated
tumour cells were less sensitive to the cytotoxicity of anticancer drugs compared
to well differentiated tumour cells when grown in 3D embedded in ECM. This
correlates with the responses seen in our models as the organotypic 3D models
developed from grade 3 tumours (PDM37 and PDMI06) showed an increased
sensitivity to treatment with gemcitabine compared to the matched 2D cell line,

in comparison with models developed from PT127, a grade 2 tumour.

To further validate these novel models, RNA-sequencing was performed on PT127
cell line, CLO and PDX samples, and PT291 cell line, organoid and CLO samples.
This analysis highlighted by PCA that the PT291 organoids and CLOs clustered
together as did the PT127 PDX tumour and CLOs compared to their respective 2D
primary cell lines. Additionally, hierarchical clustering comparing the
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dysregulated genes between PT291 and PT127 CLOs versus the 2D primary cell
lines, revealed a clear pattern as shown by heat map. The three top up and
downregulated genes in the CLOs vs primary cell lines were TFF3, PLEKHBI, LTB
and FOSB, CAVI, AHNAK2, respectively. Interestingly, FOSB is a proto-oncogene,
and CAVI expression has been linked with mammary tumorigenesis and increased
lung metastasis [324,325]. AHNAK2 has also previously been found to be
upregulated in PDAC [326]. The upregulated signature also contains increased
expression of genes associated with cilia (KIFI2, RSPHI and CCDCli4) [327-329].
Cilia have been found to play an important role in modulating signalling cascades
including the Wnt signalling pathway, and are essential in pancreatic tissue
organisation [330,331]. The upregulation of stem cell markers ALDHIAI, ALDHIBI
and LRIGI may indicate restored embryonic programs and dedifferentiation
pattern among our CLOs [312,332,333]. This dedifferentiation theory is supported
by a previous study which showed that when implanted orthotopically, organoids
recapitulate tumour progression from precursor PanIN lesions to metastatic
carcinoma [226]. Interestingly, genes downregulated in PDX tumour/organoids
and CLOs include genes which have increased expression in cancers, including
potential PDAC biomarkers (CYR61, PLAU, FOSB, ECMI, LIF, G/B3 and CAVI)
[325,326,334-339]. There is also an increased expression of tumour suppressor
genes LRIGI and SEMA3F [332,340]. Molecular subtyping of the newly derived
models based on the classification method from Moffitt et al. [65] shows the PT291
cell line models have a higher probability of being of the more aggressive, basal
subtype of the disease (OR=15.47) than the matched organoids (OR=6.89). This, in
addition to the gene signature may highlight the “phenotypic switch” of the 2D
primary cell lines as the cells invade through ECM, attach and proliferate, resulting
in increased motility, invasion and proliferation of cells by upregulation of

oncogenic pathways.

Finally, to assess if the organoids, CLOs and primary cell line retained their original
tumour characteristics after being propagated long term as organoids, PT291 cells
were re-implanted as a subcutaneous xenografts. All cell models resulted in
tumour growth, with measurable tumours for the organoid and CLO tumours

forming after 23 days. In comparison, the original PDX tumour was measurable
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160 days post implantation. Interestingly, organoid and cell line tumours were
faster growing than the matched CLO tumours, and both the organoid and cell
line had a similar growth rate to that of the original tumour. H&E staining of the
tumours showed clear morphological differences between the tumours developed
from the organoids, cell lines and CLOs. Where the organoids and cell lines formed
as large cell clusters, with no tumour-like structures forming, however, the CLO
tumours formed PanIN-like lesions, and are more representative of an in vivo
tumour. Other work involving the use of organoids as PDX tumours involved the
orthotopic implantation of cells, this resulted in the organoid progressing through
all stages of tumour development from PanIN to a PDAC tumour [226]. As there
are a number of obstacles to the use of orthotopic implantation in the pancreas,
including the difficulty of the implantation surgery, and the requirement for
specialist imaging equipment, subcutaneously implanted CLOs are a potential

model for organotypic PDX tumours [341].

While this study illustrates the successful generation, characterisation and
validation of a novel PDAC in vitro cell model, it has several limitations. The
limited availability of matched samples in our RNA-sequencing study limits the
conclusions we can derive from this work. Our work is also highly reliant on the
use of ECM to mimic the laminin-rich pancreas, however, ECM may not fully
recapitulate the specific nature of the pancreas microenvironment [342]. ECM is
derived from Engelbreth-Holm-Swarm mouse tumours, therefore lot-to-lot
variability in protein concentration and molecular composition can affect the
growth of organoids and responses to drug treatment [343]. Bulk purchase of ECM

was required to maintain reproducibility in experiments.

Further limitations of our study and others studying PDAC organoids
[226,232,320] include the lack of a relevant microenvironment integrating the
immune and stromal components, as tumour derived organoids are exclusively
ductal cells, but not of other pancreatic cell linages [320]. Tsai et al. [238]
constructed complex organotypic models containing tumour, stromal and
immune components of the tumour microenvironment. This study found that cells

cultured as 3D spheroids, such as the established PDAC cell line, PANC-1, a mouse
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xenograft cell line, and the A549 lung cancer cell line are phenotypically distinct
from primary organoids, as the spheroids formed homogenous, non-lumen
forming spheres. However, the cell line models used by Tsai et al. [238] are not
primary cultures and were not compared to their isogenic matched organoid or
PDX tumour, therefore are not directly comparable and tumour to tumour bias

may exist.

This study has built on the scientific advancements of PDX and cancer organoid
models to bridge the in vivo/ in vitro gap in PDAC research
[202,205,217,218,224,226,344]. Given the difficulties surrounding obtaining
patient samples, this study results in developed a novel protocol to establish
organoids from the PDX tumour biobank available in the NICB in DCU. This
chapter also presents a novel method for the establishment of 2D primary cell lines
from PDAC PDX tumour samples and recapitulation of the cell lines to CLOs.
RNA-sequencing has shown that the organoid and CLO models are
transcriptomicly similar and are more representative of the PDX tumour than the
isogenic cell line. Using these organoids and CLOs generated from PDX tumours,
as well as commercially available organoid lines, this shows that the novel model,
CLOs are morphologically and phenotypically similar to their parental organoids.
These CLOs can also be implanted in mice for the generation of tumours
representative of patient tumours. This method can be utilised for all cancer types,
allowing laboratories to utilise PDX samples already available for the development

of organoids and primary cell lines.
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Chapter 4. Experimental and in

silico assessment of the role of

MODY pathway genes in PDAC

4.1. Introduction

An association between PDAC and diabetes has been previously identified,
approximately 80% of PDAC patients have glucose intolerance, or diabetes at the
time of their diagnosis [123]. The majority of diabetes associated with pancreatic

cancer is diagnosed with the disease, or within two years of diagnosis [7].

In a pathway analysis study previously performed in our lab by Walsh et al. [122]
the MODY pathway was identified as the most significant pathway associated with
risk of developing PDAC. Regulation of beta-cell development was the second top
pathway associated with risk of PDAC development. Both pathways had SNPs in
the genes HNFIA, HNFIB, HNF4G, and HNF4A.

MODY is a rare form of diabetes which accounts for 1-2% of cases [133]. MODY
typically develops before the patient is 25 years. Unlike TIDM and T2DM which
are multifactorial disorders, involving several genes with a strong environmental
component, MODY is a monogenic disease. MODY patients typically have a family
history of diabetes in two or more generations [134]. Fourteen autosomal dominant
forms of MODY, as described in Table 1.4 (Chapter 1) have been identified,
manifest through mutations in genes which disrupt insulin production or release.
It is usually caused by mutations in genes which act as transcription factors. The
four most common forms of MODY -1, 2, 3 and 5 account for 90% of the cases.
Diagnosis of MODY and the identification of the genetic subtype is important, as

age of onset, response to treatment and hyperglycaemia levels differ [135].
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4.1.1. Aims

Aim 1: Identification and validation of regulatory SNPs capable of modulating
genes involved in the MODY pathway in PDAC, through in silico SNP analysis and
dual luciferase reporter assays.

Aim 2: Investigate the role of genes associated with SNPs of interest in PDAC,
through using publicly available online databases and RNA-sequencing data.

Aim 3: Assess the role of genes of interest in PDAC by developing knockout
organoids using CRISPR. Analysing the role of genes of interest by performing
CUT&RUN to profile protein-DNA interactions.
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4.2. Results

4.2.1. Functional analysis of SNPs and genes associated with the

MODY pathway identified through GWAS pathway analysis

All candidate SNPs identified in PDAC GWAS pathway analysis previously
performed in our group (Figure 4.1) and SNPs in LD with a R*>0.8 and a
regulomeDB score <3 were assessed for prioritisation for functional analysis 2.12.
A R?>0.8 was selected to limit the number of SNPs to be assessed, a regulomeDB

score <3 was selected was scores =4 have minimal binding evidence.

Kegg_Maturity Onset Diabetes of the Young
5
# HNF1A
45 -
a4
*HNF1B
35 -
T 3 * HNF4G
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Figure 4.1: Genes associated with PDAC in KEGG maturity onset diabetes of the
young (MODY) pathway (P = 5.10EI07). A total of five genes (red marker, P < 0.02)
were identified from the gene set as contributing the most to PDAC association in
the GWAS pathway analysis. All of these genes were selected for further analysis.
Figure taken from Walsh et al. [122].

4.2.1.1. SNPs identified in MODY genes associated with PDAC
GWAS SNPs, GWAS pathway SNPs and SNPs identified through literature searches
resulted in the identification of 27 SNPs in 8 genes from the MODY pathway

associated with PDAC. The genes identified, and their role in the normal pancreas
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are outlined in Table 4.1. The SNPs identified are listed in Table 4.2, SNPs in LD

with these were identified using LD link. Duplicate SNPs were removed, LD
pairwise analysis tables were generated using R? values from LD-matrix
(https://Idlink.nci.nih.gov/?tab=ldmatrix) and heatmaps were generated using
Prism GraphPad v9. The R* values represent the non-random association of two
SNPs [345]. To refine the SNPs identified for post-GWAS functional validation, the
best candidate from the SNP blocks was identified using the methods shown in

Figure 4.2 and brought forward for functional analysis.

Table 4.1: MODY pathway genes associated with SNPs identified in literature

searches.

Gene Name Symbol Function

Carboxyl ester lipase CEL Enzyme

Hepatocyte nuclear factor l-alpha HNFIA Transcription factor
Hepatocyte nuclear factor 1-Beta HNFIB Transcription factor
Hepatocyte nuclear factor 4 - alpha HNF4A Transcription factor
Hepatocyte nuclear factor 4 - gamma HNF4G Transcription factor
Nuclear receptor subfamily 5 group a member 2 NR5A2 Transcription factor
Paired box gene 4 PAX4 Transcription factor
Pancreatic and duodenal homeobox 1 PDXI Transcription factor
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Walsh et al. (2018)
Agnostic Pathway/Gene Set
Analysis of Genome-Wide
Association Data Identifies

Associations for Pancreatic
Cancer

Pathways Selected

Maturity onset diabetes of the young (MODY)

[

|
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Figure 4.2: The criteria used for SNP identification, in silico assessment and

prioritisation of SNPs from the MODY pathway from the study by Walsh et al.

[122].
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4.2.1.2. Analysis of CEL-associated SNPs

Carboxyl ester lipase (CEL) is a gene located at 9q34.13. It is 10 kb in length and
contains 11 exons. CEL is the causative gene of MODYS8. CEL has high levels of
expression in the pancreas and lactating mammary glands. It is secreted by the
pancreas to the duodenum where its role is to hydrolyse fates, cholesteryl esters
and fat-soluble vitamins. A full in silico analysis of the potential functionality of
rs488087 was performed as outlined in Table 4.3. University of California Santa
Cruz (UCSC) genome browser view of the region surrounding the SNP are
presented in Figure 4.3, no SNPs in LD were within the selection criteria set out

(R*>0.8, regulomeDB score <3).
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4.2.1.3. Analysis of HNFIA associated SNPs

Hepatocyte Nuclear Factor-1-Homeobox-A (HNFIA) is a gene located at 12q24.31
and contains 9 exons. HNFIA has high levels of expression in the kidney,
duodenum, liver and pancreas, where it acts as a transcription factor with HNFIB.
The GWAS SNP (rs1182933), two GWAS pathway SNPs (rs1169269 and rs2244608),
three SNPs identified in literature searches (Table 4.2) and eight SNPs in LD are
outlined in a LD block (R*>>0.8; n=14 SNPs) and highlighted in a heatmap (Figure
4.4). The full in silico analysis of the 14 SNPs associated with HNFIA is outlined in
Table 4.4. SNPs were then prioritised for functional analysis based on the criteria
outlined in Figure 4.2. Rs2258287 was selected for functional analysis as it is
located at an active transcription start site, within a CpG island and has histone
marks H3Kmel and H3K4me3 in the pancreas. UCSC genome browser view of the

region surrounding the SNPs is presented in Figure 4.5.
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Figure 4.4: LD heatmap of HNFIA SNPs of interest based on R* values in European
populations (LDLink). The R? values represent the non-random association of two

SNPs. *Highlights GWAS SNPs. #Highlights GWAS pathway analysis SNPs.
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MODY Pathway

4.2.1.4. Analysis of HNFIB associated SNPs

Hepatocyte Nuclear Factor-1-Homeobox-B (HNFIB) is a gene located at 17q12 and
contains 11 exons. HNFIB has high levels of expression in the kidney, gallbladder,
colon and pancreas, where it acts as a transcription factor with HNFIA. The GWAS
SNP (rs4795218), two GWAS pathway SNPs (rs12951345 and rs7223387), one SNP
identified in literature searches and one SNP in LD are outlined in a LD block
(R*>0.8; n=5 SNPs) and highlighted in a heatmap (Figure 4.6). The full in silicio
analysis of the SNPs associated with HNFIB is outlined in Table 4.5, and SNPs were
then prioritised for functional analysis based on the schematic outlined in (Figure
4.2). SNPs 15718961 and rs4795218 were selected for functional analysis, as both
were in enhancer regions, had a high regulomeDB score, and had histone marks in
pancreatic tissue. UCSC genome browser view of the region surrounding the SNPs

is presented in Figure 4.7.

LD Heatmap of HNF1B associated SNPs
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Figure 4.6: LD heatmap of HNFIB SNPs of interest based on R’ values in European
populations (LDLink). *Highlights GWAS SNPs. #Highlights GWAS pathway
analysis SNPs
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MODY Pathway

4.2.1.5. Identification and selection of HNF4G SNPs

Hepatocyte Nuclear Factor-4-Homeobox-G (HNF4G) is a gene located at 8q21.13
and contains 15 exons. HNF4G has high levels of expression in the small intestine,
duodenum and colon, where it acts as a transcription factor. The GWAS SNP
(rs2941471), two GWAS pathway SNPs (rsl1913641 and rs2943547), two SNPs
identified through literature searches and the two SNPs in LD (R>>0.8; n=8 SNPs)
are shown in a heatmap (Figure 4.8). The full in silico analysis of the SNPs
associated with HNF4G is outlined in Table 4.6. No SNPs were selected for
functional validation. UCSC genome browser view of the region surrounding the

SNPs is presented in Figure 4.9.

LD Heatmap of HNF4G associated SNPs
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Figure 4.8: LD heatmap of HNF4G SNPs of interest based on R* values in European
populations (LDLink). *Highlights GWAS SNPs. #Highlights GWAS pathway
analysis SNPs.
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MODY Pathway

4.2.1.6. Analysis of NR5A2 associated SNPs

Nuclear Receptor Subfamily 5 Group A Member 2 (NR5A2) is a gene located at
1g32.1 and contains 13 exons. NR5A2 has high levels of expression in the liver, small
intestine, and pancreas, where it acts as a DNA-binding zinc finger transcription
factor. The GWAS SNP (rs3790844) and six SNPS identified in literature searches
(Table 4.2), and the additional two SNPs in LD are shown in a heatmap (Figure
4.10). The full in silico analysis of the nine SNPs associated with NR5A2 is outlined
in Table 4.7. SNPs rs3790843 and rs3790844 were selected for functional analysis,
both are present in active transcription start sites, and have histone marks in the
pancreas, 13790843 also occurs in an CpG island. UCSC genome browser view of

the region surrounding the SNPs is presented in Figure 4.11.

LD Heatmap of NR5A2 associated SNPs
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Figure 4.10: LD heatmap of NR5A2 SNPs of interest based on R* values in European
populations (LDLink). *Highlights GWAS SNPs.

189



o6l

'SANS SVMD sybyybipy, anssi pub SN sapnjoul 7102 ‘pupjst Hd) p ul Juasaud st NS 1 pub sdaxyupw auoisty ‘gNs ayi fo uonounf
ay3 ‘spaudupd ay3 ul 23p3s uIPWIOLYD (DY) 21005 g(Jawonbad ‘sa)a]|p 2A13DUISIID PUD IUII[2.4 ‘UOIIISOd IUIOSOLLOIYD GO “UdMIDW JNS ‘DUIDU 2uab Sapnjoul 3)qp3 Sy,

— — — druadrajuf MOT/IUBISAMNQ) qc vV L 89¢586661 I 8¢6918¢s1  CVQIN
— — — Jruonuy MOT/IUSAMQ) S J L 00.L586661 I 6€69I8TST  CVSIN
— — — Jruonuy MOT/IUDSAMNQ) 9 L O 76L58666l1 I LYEIC8TsT  CVSIN
L . . TVSIN uondLsuen
J0 € P9 Suong qc D L L8906666l1 [ 8LL8698TSI CVSIN
. uondLsuen
dPsSNA ‘070 | - - Jraonuj Suong S J L 9¥I91000¢ I LOEIT8TST  CVSIN
JBLTACH
— druonu IATID e
oW L ! I SS.L oAy ¢ D V. 8LLL6666I I 6¥6918C8I  CVSIN
— wx oL smom SSLoAmY 7 I 5 780000 1 8066 ZVRIN
WP CH ’ '
JBLOIEH
— — WP CH Jruoajuy SS.L °2ADY ¥ D V T&v0000C I  «F¥806LEST CVSIN
PURcH
— — — Jruonuy SS.L °ADY S J L <O0¥L66661 I [2oLeLTsT  CVSIN
SDa.DUD,
(SAN) 1LO? SPUPIST mgm«gcﬁw uoibay Sba.LUDL qgabay v | fd uonisod  J4y) JDIDA auan
nd)H SUOISIE] : 21p3S uIPWIOLY)) Sa19]]V s

's1sAjpup (puonyounf.iof payoajas sgNS paulliapuy) ‘ZVSYN 2uab ayi yam paipioossp sgNS Jo sisAjpup g :/'% a]qp],
Abmiyand XAOW




6l

"‘TAODNT wodf s1030pf uondridsun.y fo sjpubis bas-qry>H "sadA;
1122 ]]p wodf sjuawajq A103p)nbay-si1) a3ppipund FAOINH pup uoiba. ta230woud b fo aA13DIIpuUl 24D spubjst Hd) “(spa.oupd/Hy(gd-uou) saul)
]122 uaAas ul (suazowoud) CONFHEH pub (122UDYUud) [PINFEH ‘(Haoubyud) On/)EH 'S21D.1Ga34A () BUOWID U01IDALISUOD pUD SYOD.J U01IDINbAL
AAODNA P2123]as ynm (anjq 1ybi ur payybyybiy) 3sauaul Jo sqNS bulpuno.ins suoibaa auab gy YN Jo maia uasmoag awouan) HSH ) [ a4nbig
- _ — __ | ;_:u_uaw 001) :o__n.i%:c,u ¥ wawusy N_-:_:Z BEL.,.:.&__ H
I "IN Nl

i Emm m i SN AL
£ AAOONH woxj (sadA1 122 T [ S10198] (¢) s1215n]) bas-qpy) 1019e,f uonduossuer],

SH2A 00 suo)

FAOONH WOy saul] 22 £ uo (sjuawafy L1oensay mwaN puno uayQ) MeW oV LOIEH SVLOIEH paidiv]
—~ ——— — = . )
FAOOINH WOIJ SAUT] [[22 £ U0 (SI0WOI IBIN PUnog udayO) Yew QWM EH ESNMIEH Pa1aie]
—~— — ‘H! —_ ———— " - - »
FAOOINH WOy saul] [[29 £ uo (sjudaway L1oensay meaN punog uauO) YeW [2INENEH IPWPAEH PAIate]
l | | ST¥0? HA0ONH
sadA} 122 [|® wox pauIquiod (S )2) suawa[y Alojensay-s1) aepipue)) JAOOINT

(u2ain) :_m_._-u._: saseq 00¢ > spuejs)) spuejs; nd)H

i = f § VRN
o =1

I9ON wo sauad bagjay

spuejs; Hd)

paean)) bagjay

“ IZ1'ZI0°00T T4
dq goz'6e
Aomyind XAOW




MODY Pathway

4.2.1.7. Identification and selection of PDXI SNPs

Pancreatic and duodenal homeobox 1 (PDXI) is a gene located at 12q12.2 and
contains 2 exons. PDXI has high levels of expression in the duodenum, small
intestine and pancreas, where it acts as a transcription factor and plays a major
role in glucose-dependent regulation of insulin gene expression. Full in silico
analysis of the GWAS SNP associated with PDXI is outlined in Table 4.8, UCSC
genome browser view of the region surrounding the SNPs is presented in Figure
412, no SNPs in LD were within the selection criteria set out (R*>0.8, regulomeDB

score <3).
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MODY Pathway
4.2.1.8. SNPs identified in GWAS, GWAS pathway analysis and literature

searches, but excluded from further analysis

In silico analysis of SNPs rs1853150, rs483175 and rsl18117270 found that all SNPs
had a RegulomeDB score of 5 and had a Quiescent/Low chromatin state in the
pancreas. None of the SNP were present in CpG islands, or had histone marks,
indicating that they were not present in an active regulatory, promoter or enhancer
region. No SNPs in LD were within the selection criteria set out (R?<0.8,

regulomeDB score <3).
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MODY Pathway

4.2.1.9. eQTL analysis of SNPs with an effect in the normal pancreas

To further characterise SNP functionality in MODY pathway genes, a cis-eQTL

analysis was performed using normal pancreas data from GTEx. Seven SNPs from

our analysis were found to act as eQTLs in pancreas tissue (Table 4.10) [347].

Table 4.10: Expression quantitative trait loci (eQTL) for pathway single nucleotide

polymorphisms (SNPs) in normal pancreatic tissue from GTEx. Normalised effect

size (NES) is the effect of the alternative allele relative to the reference allele.

SNP Gene P-value NES Organ
rs488087 CELP 1.3E-06 -0.27 Pancreas
rs6489786 SPPL3 5.3E-06 0.22 Pancreas
rs7954039 SPPL3 5.2E-06 0.22 Pancreas
17954331 SPPL3 5.2E-06 0.22 Pancreas
12941471 HNF4G 9.8E-05 0.19 Pancreas
rs2943547 HNF4G 2.3E-05 0.19 Pancreas
rs9581943 PDXI 2.5E-06 -0.27 Pancreas

Homozygous SNP rs488087 (TT) results in decreased expression of the CEL

pseudogene CELP in the normal pancreas (P=1.3E-06), with a normalised effect
size (NES) of -0.27 (Figure 4.13). Rs488087 (TT) also acts as an eQTL decreasing

the expression of CELP in brain, colon and skin-sun exposed tissues; as well as

decreasing CEL expression in oesophagus - mucosa.
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Figure 4.13: eQTL violin plots the effects of homozygous and heterozygous
expression of SNPs rs488087 on the gene expression of CELP in the pancreas.

GTEx eQTL analysis found the presence of SNPs rs7954331 (TT), rs7954039 (CC)
and rs6489786 (GG) results in an increased expression of SPPL3 in the normal
pancreas with an NES of 0.22 (Figure 4.14).
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Figure 4.14: eQTL violin plots the effects of homozygous and heterozygous
expression of SNPs rs7954331, rs7954039 and rs6489786 on the gene expression of
SPPL3 in the pancreas.

SNPs 152943547 (GG) and rs2941471 (AA) results in an increased expression of
HNF4G in the pancreas with an NES of 0.19 (Figure 4.15).
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Figure 4.15: eQTL violin plots the effects of homozygous and heterozygous
expression of SNPs rs2943547 and rs2941471 on the gene expression of HNF4G in

the pancreas.

SNP 159581943 (AA) acts an eQTL resulting in a decreased expression of PDXI in
normal pancreas with a NES of -0.27 (Figure 4.16).
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Figure 4.16: eQTL violin plots the effects of homozygous and heterozygous
expression of SNPs rs9581943 on the gene expression of PDXI in the pancreas.
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4.2.1.10. SNPs selected for functional validation

In total, six SNPs from four genes were selected for functional validation. Two SNPs from
genes CEL (rs488087) and HNFIA (rs2258287) were successfully cloned and edited using site
directed mutagenesis. HNFIB SNP (rs4795218) and NR5A2 SNP (rs3790843) were not brought
forward for dual luciferase reporter assays as attempts to optimise PCR cloning of the region
of interest were unsuccessful. Optimisation included the use of three different primer pairs,
and extension times of 30 seconds, one minute and two minutes. No colonies were observed
following three attempts to perform site directed mutagenesis of HNFIB SNPs (rs718961) and
NR5A2 SNP (rs3790844) therefore these SNPs not brought forward for dual luciferase
reporter assays (Table 4.11).
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4.2.1.11. Dual luciferase reports assays

SNPs rs2258287 (HNFIA), and rs488087 (CEL(P)), were selected for functional
validation using a dual luciferase reporter assay was performed, refer to Section
1.9.3 for an outline of dual luciferase reporter assay. The dual luciferase reporter
assay was performed using two established PDAC cell lines (ASPCI and PANCI),
and HEK293T cells, as per methodology described in Section 2.13. HOmo sapiens
COmprehensive MOdel COllection (HOCOMOCO) vll is a database of TF binding
models for 680 human and 453 mouse TFs [285]. HOCOMOCO-v1l was used to
generate position weight matrixes for changes in transcription factor binding due

to the presence of the alternative SNP.

Rs2258287 alternative allele (A) resulted in no change in expression in any cell line
(Figure 4.17). The presence of the alternative allele (A) is predicted to result in a
loss of binding of TFs TYY2 (22.72-fold, p=7.42E-03), OVOL2 (19.72-fold, 3.76E-
03) and ZSC22 (10.4-fold, p=4.34E-03). Rs2258287-A results in increased binding
potential of ZN260 (7.76-fold, p=5.60E-05) and RUNX3 (9-fold, p=4.16E-04).

Rs488087 alternative allele (T) resulted in increased luciferase expression
compared to reference allele in ASPCI cell line (Figure 4.18) but resulted in a slight
decrease in PANCI. The presence of the alternative allele (T) is predicted to result
in a gain of binding of ZEBI and PRGR by 47.5-fold (P=135E-04) and 14.83-fold
(P=2.08E-04) respectively. It also is predicted to result in a loss of binding
potential of KLFl, EGR4 and GABPA of 23.85-fold (P=1.48E-03), 12.31-fold
(P=2.19E-03), 11.47-fold (P=5.54E-03) respectively.
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Figure 4.17: (A) Effects of the candidate functional SNP rs2258287 on gene
expression in a dual luciferase reporter assay. Two allelic variants of 5’UTR
containing each allele variant were cloned upstream of the Firefly luciferase gene. A
panel of cell lines - HEK293T, ASPCI and PANCI - were transfected with reporter
constructs together with Renilla. Luminescence was measured 24 hours after
transfection using Dual-Glo Luciferase Assay System (Promega). Luciferase
expression was normalised to Renilla and made relative to p2Luc plasmid with no
insertion. Blue boxes - reference allele, red boxes — alternative allele. (B) DNA
sequence surrounding rs2258287 and ChIP-seq based motif logos for TTY2,
OVOL2, ZSC22, RUNX3 and ZN260 according to HOCOMOCO-vII [285]. Cto A
substitution alters motif binding (fold-change is given according to PERFECTOS-
APE [286]).
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Figure 4.18: Effects of the candidate function SNPs on gene expression in a dual

luciferase reporter assay. Two allelic variants of 5’ UTR containing each allele

variant were cloned upstream of the Firefly luciferase gene. A panel of cell lines -

HEK293T, ASPCI and PANCI - were transfected with reporter constructs together

with Renilla. Luminescence was measured 24 hours after transfection using Dual-

Glo Luciferase Assay System (Promega). Luciferase expression was normalised to

Renilla and made relative to p2Luc plasmid with no insertion. Blue boxes -

protective allele, red boxes — potential risk allele. DNA sequence surrounding
rs488087 and ChIP-seq based motif logos for ZEBI, KLFI, PRGR, EGR4 and GABPA
according to HOCOMOCO-vII [285]. C to T substitution alters motif binding (fold-
change is given according to PERFECTOS-APE [286]).

204



MODY Pathway

4.2.2. Role of genes in the MODY pathway in the development
and progression of PDAC

The role of MODY genes in PDAC was assessed using in silico analysis of genes
using publicly available datasets from Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) and RNA-sequencing data from PDAC organoids and normal
samples from a study by Tiriac et al. [236] (dbGAP: phs001611).

GEPIA2 is an enhanced web server for large-scale expression profiling and
interactive analysis using datasets from TCGA and GTEx [348]. GEPIA2 was used
to assess differences in expression of genes in PDAC versus normal pancreas
samples, and to perform Kaplan-Meier survival analysis on patients with high
(=80™ percentile) and low (<20™ percentile) gene expression. In addition, PCC
analysis was performed to identify genes with a similar expression pattern of the
gene of interest in PDAC and normal pancreas, to identify aberrant gene

expression patterns.

Data from a study by Tiriac et al. [236] was used in RNA-sequencing data analysis.
In the study, the group established a patient derived organoid library from 159
PDAC tumour and metastases in 138 patients. Organoid cultures were successfully
established for 75% of samples taken. In addition, 11 normal pancreatic ductal
organoid cultures were established from healthy normal pancreases. RNA-
sequencing was performed on 44 PDAC-confirmed and 11 normal pancreas

organoid samples.

In RNA-sequencing data analysis, patient samples were manually divided into
groups of high and low expression of the gene of interest using normalised gene
counts. RNA-seq data was analysed looking at differences in expression of
downstream genes controlled by transcription factors in the MODY pathway, with

lists obtained from https://maayanlab.cloud/Harmonizome/ (Appendix C). Using

this data, PCA of normal pancreas organoid samples and organoid samples with
high and low expression of the gene of interest was performed. Volcano plots of

differentially expressed genes in the samples with high and low expression of the
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gene of interest were generated, and significantly upregulated and downregulated
pathways were also identified. As the literature has shown that the combination of
a loss of GATA6, HNFIA and HNF4A results in a phenotypic switch to the
aggressive basal subtype of the disease, RNA-seq data analysis was also performed

on downstream genes of GATA6 and HNF4A.

Genes were also assessed using experimental functional techniques such as
CRISPR knockouts of genes HNFIA, HNFIB, HNF4G and NR5A2, and CUT&RUN
to identify putative binding sites of HNFIA and HNFIB.

4.2.2.1. Assessment of the role and expression of HNFIA

The overall survival of PDAC patients with low HNFIA expression (cut-off <20%)
was significantly increased (P=0.02) compared to patients with high HNFIA
expression (cut-off 280%). The expression of HNFIA is increased in PDAC tumour
samples compared to normal pancreas. PCC analysis was performed to identify
genes with a similar expression pattern in PDAC and normal pancreas, and FOXP4

was the only gene occurring in both tumour and normal samples (Figure 4.19).

RNA-seq analysis of genes controlled by transcription factor HNFIA (1131 genes)
found samples with high HNFIA expression clustered together and clustered
separately to samples with low HNFIA expression (Figure 4.20 A). The most
upregulated gene in samples with low HNFIA expression was RORB (log2 fold-
change 6.79; p-adj=6.7E-05). The most significantly downregulated gene was
CDHI7 (log2 fold-change -7.93; p-adj=2.22E-15) (Figure 4.20 B).

Differentially expressed genes (DEG) were analysed to identify enriched pathways
associated with upregulated and downregulated gene sets in HNFIA-low and
HNFIA-high samples (Figure 4.21). Thirteen pathways were found to be
downregulated in HNFIA-low samples, with cell differentiation 31 genes in the
pathway the most significant (p-adj=1.0E-03). Fifteen pathways were upregulated
in HNFIA-low samples. The most significantly upregulated pathway was
anatomical structure morphogenesis, with 32 genes (p-adj=3.40E-08) (Table 4.12).
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Figure 4.19: Analysis of HNFIA using TCGA and GTEx datasets on GEPIAZ,

including (A) survival analysis of overall survival of pancreatic adenocarcinoma
(PAAD) patients with high (=80th percentile) (red) and low (<20th percentile)
(blue) HNFIA expression in PDAC. (B) Comparison of HNFIA mRNA expression in

tumour (blue) and normal (red) samples. (C) Pearson correlation coefficient (PCC)

analysis identified genes with a similar expression pattern to HNFIA in PDAC and

normal pancreas.
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Figure 4.20: RNA-seq analysis of samples with high and low HNFIA expression (A)
Principal component analysis was performed to compare the expression profiles of
normal pancreas organoids, PDAC organoids with low and high expression of
HNFIA mRNA (B) Volcano plots of the differentially expressed genes
downregulated (blue) and upregulated (red) in PDAC organoids with low HNFIA vs.
high HNFIA mRNA expression. Each dot represents a gene; the X-axis shows the
log2 transformed fold-change of differentially expressed genes. The Y-axis shows

the -logio P-value from logistic regression analysis.
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Figure 4.21: A heatmap shows upregulated (blue) and downregulated (yellow)
differentially expressed genes (DEG) in HNFIA-low (purple) and HNFIA-high (red)

samples.
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Table 4.12: Differentially expressed genes were analysed to identify enriched

pathways associated with upregulated and downregulated gene sets in samples

with low and high HNFIA mRNA expression. The table lists the upregulated and

downregulated pathways, including adjusted P-value (p-adj), number of genes, and

pathway name.

Number

P-adj of Genes Pathway
Downregulated
1.0E-03 31 Cell differentiation
1.2E-03 7 Epithelial cell development
1.2E-03 20 Cell development
2.4E-03 22 Anatomical structure morphogenesis
3.0E-03 4 Glandular epithelial cell differentiation
3.3E-03 7 Neuron projection guidance
6.8E-03 3 Glandular epithelial cell development
6.8E-03 3 Type B pancreatic cell differentiation
6.8E-03 18 Movement of cell or subcellular component
6.8E-03 5 Digestion
7.9E-03 3 Sperm capacitation
8.0E-03 3 Epithelial cell morphogenesis
9.9E-03 9 Chemotaxis
Upregulated
3.4E-08 32 Anatomical structure morphogenesis
8.7E-08 20 Animal organ morphogenesis
8.7E-08 31 Regulation of developmental process
1.7E-07 35 Animal organ development
1.7E-07 22 Positive regulation of developmental process
1.7E-07 25 Positive regulation of multicellular organismal process
2.8E-07 25 Regulation of cell differentiation
4.5E-06 26 Nervous system development
4.5E-06 31 Regulation of multicellular organismal process
4.5E-06 3 Sensory organ development
4.5E-06 6 Glomerulus development
4.7E-06 16 Regulation of nervous system development
4.7E-06 24 Regulation of multicellular organismal development
7.6E-06 35 Cell differentiation
7.6E-06 3 Developmental growth
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4.2.2.2. Assessment of the role and expression of HNFIB

There was no significant difference in overall survival of PDAC patients with high
(=80™ percentile) and low (<20™ percentile) HNFIB mRNA expression. The
expression of HNFIB is increased in PDAC tumour samples compared to normal
pancreas. PCC analysis was performed to identify genes with a similar expression
pattern in PDAC and normal pancreas. Both tumour and normal had ENRICH5
and ANXA4 with the highest PCC (Figure 4.22).

RNA-seq analysis of genes controlled by transcription factor HNFIB (451 genes)
found no clustering of samples with high HNFIB mRNA expression compared to
samples with low HNFIB mRNA expression (Figure 4.23). The most significantly
upregulated gene in samples with low HNFIB mRNA expression was MAGIX (log2
fold-change 2.40; p-adj=8.34E-05). The most significantly downregulated gene
was SLCOIBI (log2 fold-change -5.90; p-adj=1.58E-02). No differentially pathways

expressed were identified between the two groups.
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Figure 4.22: Analysis of HNFIB using TCGA and GTEx datasets on GEPIA2
including (A) survival analysis of overall survival of pancreatic adenocarcinoma
patients with high (=80"" percentile) (red) and low (<20 percentile) (blue) HNFIB
expression in PDAC (B) Comparison of HNFIB mRNA expression in tumour (blue)
and normal (red) samples. (C) Pearson correlation coefficient (PCC) analysis
identified genes with a similar expression pattern to HNFIB in PDAC and normal

pancreas. Genes present in both groups are highlighted in bold.
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Figure 4.23: RNA-seq analysis of samples with high and low HNFIB expression (A)
Principal component analysis was performed to compare the expression profiles of
normal pancreas organoids, PDAC organoids with low and high HNFIB mRNA
expression. (B) Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) in PDAC organoids with low vs. high HNFIB mRNA
expression. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -logio P-value from

logistic regression analysis.
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4.2.2.3. Assessment of the role and expression of HNF4G

The overall survival of PDAC patients with low (<20th percentile) HNF4G
expression was significantly longer (P=0.04) than patients with high (=80th
percentile) HNF4G expression. The expression of HNF4G is significantly increased
in PDAC tumour samples compared to normal pancreas. PCC analysis was
performed to identify genes with a similar expression pattern in PDAC and normal
pancreas, RBM47 and ATP8BI were shown to have similar expression pattern to

HNF4G tumour and normal samples (Figure 4.24).

RNA-seq analysis of genes controlled by transcription factor HNF4G (4121 genes)
found samples with high HNF4G mRNA expression clustered together and
compared to samples with low HNF4G mRNA expression clustered separately
(Figure 4.25 A). The most upregulated gene in samples with low HNF4G expression
was GNG4 (log2 fold-change 3.62; p-adj=2.47E-02). The most significantly
downregulated gene was HGD (log2 fold-change -6.51; p-adj=4.00E-22), MODY
genes HNFIA, HNF4A and HNFIA-ASI were also downregulated with a log2 fold-
change -3.87, -3.89 and -8.63 and p-adj of 3.90E-17, 2.76E-16 and 2.76E-1],

respectively.

DEG were analysed to identify enriched pathways associated with upregulated and
downregulated gene sets in HNF4G-low and HNF4G-high samples (Figure 4.26).
Thirteen pathways were found to be downregulated in HNF4G-low samples, with
the most significant being organic hydroxy compound metabolic pross, with 20
genes and a P-value of 1.3E-06. Twelve pathways were upregulated in HNF4G -low
samples. The most significantly upregulated pathway was positive regulation of
nitrogen compound metabolic process, with 31 genes (p-adj=1.70E-04) (Table
4.13).
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Figure 4.24: Analysis of HNF4G using TCGA and GTEXx datasets on GEPIA2
including (A) survival analysis of overall survival of pancreatic adenocarcinoma
(PAAD) patients with high (=80th percentile) (red) and low (<20th percentile)
(blue) HNF4G expression in PDAC. (B) Comparison of HNF4G mRNA expression in
tumour (blue) and normal (red) samples. (C) Pearson correlation coefficient (PCC)
analysis identified genes with a similar expression pattern to HNF4G in PDAC and

normal pancreas.
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Figure 4.25: RNA-seq analysis of samples with high and low HNF4G expression (A)
Principal component analysis was performed to compare the expression profiles of
normal pancreas organoids, PDAC organoids with low and high HNF4G mRNA
expression. (B) Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) in PDAC organoids with low vs. high HNFIA
expression. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -logl0O P-value from

logistic regression analysis.
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Figure 4.26: A heatmap shows upregulated (blue) and downregulated (yellow)
differentially expressed genes (DEG) in HNF4G-low (purple) and HNF4G-high (red)

samples.
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Table 4.13: Differentially expressed genes were analysed to identify enriched

pathways associated with upregulated and downregulated gene sets in samples

with low and high HNF4G mRNA expression. The table lists the upregulated and

downregulated pathways, including adjusted P-value (p-adj), number of genes, and

pathway name.

Number of

P-adj Genes Pathways
Downregulated
1.3E-06 20 Organic hydroxy compound metabolic process
3.8E-06 31 Lipid metabolic process
8.0E-06 18 Regulation of hormone levels
9.8E-06 15 Alcohol metabolic process
9.8E-06 26 Organic acid metabolic process
9.8E-06 25 Carboxylic acid metabolic process
9.8E-06 19 Monocarboxylic acid metabolic process
9.8E-06 26 Oxoacid metabolic process
9.8E-06 35 Small molecule metabolic process
LIE-05 25 Cellular lipid metabolic process
L1E-05 6 Acylglycerol homeostasis
3.8E-05 B Steroid metabolic process
43E-05 9 Neutral lipid metabolic process
Upregulated
1 7E-04 31 llj;)jité:: regulation of nitrogen compound metabolic
8.3E-04 34 Cell differentiation
8.3E-04 21 Regulation of cell differentiation
8.3E-04 26 Regulation of developmental process
8.3E-04 15 Negative regulation of developmental process
9.1E-04 29 Positive regulation of cellular metabolic process
LOE-03 30 llj;)jité:: regulation of macromolecule metabolic
L.1IE-03 31 Positive regulation of metabolic process
L.1IE-03 7 Regulation of endocytosis
L.1IE-03 Regulation of blood coagulation
L.1IE-03 19 Positive regulation of protein metabolic process
1.6E-03 24 Anatomical structure morphogenesis
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4.2.2.4. Assessment of the role and expression of NR5A2

The expression of NR5A2 is significantly decreased in PDAC tumour samples
compared to normal pancreas. The overall survival of PDAC patients with high
(=80™ percentile) NR5A2 expression compared to low (<20™ percentile) NR5A2
expression showed no significant difference in patients. PCC analysis was
performed to identify genes with a similar expression pattern in PDAC and normal

pancreas, and no overlapping genes were identified (Figure 4.27).

RNA-seq analysis of genes controlled by transcription factor NR5A2 (4968 genes)
found no clustering of samples with high NR5A2 expression compared to samples
with low NR5A2 expression (Figure 4.28). The most significantly upregulated gene
in samples with low NR5A2 expression was FSTL4 (log2 fold-change 4.71; p-
adj=3.85E-06). The most significantly downregulated genes were CRISP2 (log2
fold-change -4.73; p-adj=1.51E-02) and NRG3 (log2 fold-change -4.70; p-adj=1.51E-

02). No differentially expressed pathways were identified between the two groups.
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Figure 4.27: Analysis of NR5A2 using TCGA and GTEx datasets on GEPIA2
including (A) survival analysis of overall survival of pancreatic adenocarcinoma
(PAAD) patients with high (=80th percentile) (red) and low (<20th percentile)
(blue)NR5A2 expression. (B) Comparison of NR5A2 mRNA expression in tumour
(blue) and normal (red) samples. (C) Pearson correlation coefficient (PCC) analysis
identified genes with a similar expression pattern to NR5A2 in PDAC and normal

pancreas.
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Figure 4.28. RNA-seq analysis of samples with high and low NR5A2 mRNA
expression (A) Principal component analysis was performed to compare the
expression profiles of normal pancreas organoids, PDAC organoids with low and
high NR5A2 mRNA expression (B) Volcano plots of the differentially expressed
genes downregulated (blue) and upregulated (red) in PDAC organoids with low vs.
high NR5A2 expression. Each dot represents a gene; the X-axis shows the log2
transformed fold-change of differentially expressed genes. The Y-axis shows the -

logl0 P-value from logistic regression analysis.
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4.2.2.5. Assessment of the role and expression of PDX1

The expression of PDXI is increased in PDAC tumour samples compared to normal
pancreas. No significant difference was observed in the overall survival of PDAC
patients with low PDXI expression (<20™ percentile) compared to high PDXI
expression (=80™ percentile). PCC analysis was performed to identify genes with a
similar expression pattern in PDAC and normal pancreas, and no overlapping

genes were identified (Figure 4.29).

RNA-seq analysis of genes controlled by transcription factor PDXI (638 genes)
found no clustering of samples with high PDXI expression compared to samples
with low PDXI expression (Figure 4.30). No genes were found to be significantly

up or downregulated.
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Figure 4.29: Analysis of PDXI using TCGA and GTEx datasets on GEPIAZ including
(A) survival analysis of overall survival of pancreatic adenocarcinoma (PAAD)
patients with high (=80 percentile) (red) and low (<20 percentile) (blue) PDXI
expression in PDAC. (B) Comparison of PDXI mRNA expression in tumour (blue)
and normal (red) samples. (C) Pearson correlation coefficient (PCC) analysis
identified genes with a similar expression pattern to PDXI in PDAC and normal

pancreas.
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Figure 4.30: RNA-seq analysis of PDXI (A) Principal component analysis was
performed to compare the expression profiles of normal pancreas organoids, PDAC
organoids with low PDXI expression and PDAC organoids with high PDXI

expression.

4.2.2.6. RNA-seq analysis of GATA6

RNA-seq analysis of genes controlled by transcription factor GATA6 (252 genes)
found samples with high GATA6 expression clustered together and clustered
separately to samples with low GATA6 expression (Figure 4.31 A). The most
upregulated gene in samples with low GATA expression was HPSE2 (log2 fold-
change 4.79; p-adj=2.03E-04). The most significantly downregulated gene was
REG4 (log2 fold-change -6.71; p-adj=4.05E-12) (Figure 4.31 B).

DEG were analysed to identify enriched pathways associated with upregulated and
downregulated gene sets in GATA6-low and GATA6-high samples (Figure 4.32).
Eleven pathways were significantly upregulated in GATA6-low samples. The most
significantly upregulated pathway was blood vessel development, with 5 genes

upregulated and an adjusted P-value of 4.90E-03 (Figure 4.32).
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Figure 4.31: RNA-seq analysis of samples with high and low GATA6 expression (A)
Principal component analysis was performed to compare the expression profiles of
normal pancreas organoids, PDAC organoids with low and high GATA6 mRNA
expression. (B) Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) in PDAC organoids with low vs. high GATA6
expression. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -loglO FDR from

logistic regression analysis.
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Figure 4.32: A heatmap shows upregulated (blue) and downregulated (yellow)
differentially expressed genes (DEG) in GATA6-low (purple) and GATA6-high (red)

samples.
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Table 4.14: Differentially expressed genes were analysed to identify enriched
pathways associated with upregulated and downregulated gene sets in in samples
with low and high GATAG6 expression. The table lists the upregulated pathways,

including adjusted P-value (p-adj), number of genes, and pathway name.

P-adj Nan; ?1‘:; of Pathways

Upregulated
4.9E-03 5 Blood vessel development
4.9E-03 3 Outflow tract morphogenesis
4.9E-03 3 Mesoderm development
4.9E-03 6 Animal organ morphogenesis
4.9E-03 2 Forebrain neuron development
4.9E-03 4 Forebrain development
4.9E-03 3 Response to retinoic acid
4.9E-03 3 Ear morphogenesis
4.9E-03 2 Middle ear morphogenesis
4.9F-03 6 ll:gls;tli:f:raszeﬁulation of transcription by RNA
4.9E-03 4 Sensory organ morphogenesis
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4.2.2.7. RNA-seq analysis of HNF4A

RNA-seq analysis of genes controlled by transcription factor HNF4A (887 genes)
found samples with high HNF4A expression clustered together and clustered
separately to samples with low HNF4A mRNA expression (Figure 4.33 A). The most
upregulated gene in samples with low HNF4A expression was COL8AI (log2 fold-
change 5.27; p-adj=8.34E-05). The most significantly downregulated gene was
HEPH (log2 fold-change -8.95; p-adj=6.57E-06) (Figure 4.33 B).

DEG were analysed to identify enriched pathways associated with upregulated and
downregulated gene sets in HNF4A-low and HNF4A-high samples (Figure 4.34).
Three pathways were significantly upregulated in and five pathways were
significantly downregulated in HNF4A-low samples. The most significantly
upregulated pathway was regulation of biological process, with 24 genes
upregulated (p-adj=3.50E-03) (Figure 4.34). The most significantly downregulated
pathway was negative regulation of developmental process, with 7 genes

downregulated (p-adj=6.30E-03) (Table 4.15).

228



MODY Pathway

A Principal component analysis (PCA)
20-
10-
: A
g 0 - A A A . .
» o , High HNF4A expression
N A Normal pancreas
E'\l)' -10- - “ Low HNF4A expression
~
-20-
. ]
3 20 -0 0 10
PC1: 26% variance
B * Up:9
<6 * Down: 32
=
5 HEPH COL8A1
& 4
g :
2 .
V2 L ge®
0
-5 0 5
log2 fold change

Figure 4.33: RNA-seq analysis of samples with high and low HNF4A expression (A)
Principal component analysis was performed to compare the expression profiles of
normal pancreas organoids, PDAC organoids with low and high HNF4A mRNA
expression. (B) Volcano plots of the differentially expressed genes downregulated
(blue) and upregulated (red) in PDAC organoids with low vs. high HNF4A
expression. Each dot represents a gene; the X-axis shows the log2 transformed fold-
change of differentially expressed genes. The Y-axis shows the -loglO FDR from

logistic regression analysis.
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Figure 4.34: A heatmap shows upregulated (blue) and downregulated (yellow)
differentially expressed genes (DEG) in HNF4A-low (purple) and HNFIA-high (red)

samples.
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Table 4.15: Differentially expressed genes were analysed to identify enriched
pathways associated with upregulated and downregulated gene sets in low and high
HNF4A expression. The table lists the upregulated and downregulated pathways,

including adjusted P-value, number of genes, and pathway name.

Number of

P-adj Genes Pathways
Downregulated
3.5E-03 5 Columnar/cuboidal epithelial cell differentiation
3.5E-03 16 Homeostatic process
3.5E-03 24 Regulation of biological quality
Upregulated
6.3E-03 2 Bone marrow development
6.3E-03 7 Negative regulation of developmental process
6.3E-03 2 Negative regulation of stem cell proliferation
7.2E-03 6 Negative regulation of cell differentiation
7 9E-03 5 Negative regulation of transforming growth factor

beta production
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4.23. Optimisation of use of lentiviral CRISPR to generate
knockout organoids

To study the effect of the knockout of MODY genes, a method for the use of
lentiviral CRISPR in organoids was developed. This work was funded by a EACR
Travel Fellowship, and was performed in Aarhus University, Denmark under the
supervision of Associate Professor Yonglun Luo. SgRNAs were generated using the
Golden Gate Assembly method as described in Section 2.14. Cells were selected for
one week using puromycin as a selection reagent. The efficiency of sgRNAs was
first assessed by testing the generation of CRISPR knockouts in PT291 2D cell line
for genes HNFIA, HNFIB, HNF4G, NR5A2 and PDXI (Table 4.16). sgRNA resulted
in successful gene editing of HNFIA (54%), HNFIB (17%), HNF4G (9%), and NR5A2
(53%). No gene edits were observed in samples for PDXI.

Table 4.16: Knockout efficiency of lentiviral CRISPR using sgRNA in PT29I cell line.

Gene ICE KO-Score Fit Score - R’
HNFIA 54 54 0.67

HNFIB 28 17 0.98

HNF4G 10 9 0.99

NR5A2 53 53 0.95

PDXI 0 0 1

Fit score represents inference of CRISPR edits (ICE) linear regression is computed during generation
of the ICE Score, the Pearson correlation coefficient (Fit Score - R®) is also computed and reported.
The knockout-score represents the proportion of cells that have a frameshift.

These optimised sgRNAs were used in PT291 organoids, in addition, the non-
efficient PDXI was used as a transfection control, to ensure the process does not
result in cell death. Transduction with HNFIA, HNFIB and HNF4G sgRNAs in
PT291 organoids resulted in organoids breaking down from the typical large
spheroid morphology into single cells, then dying (Figure 4.35). This was observed
to a lesser extent in NR5A2 and was not observed in the negative control (no

transduction), or with use of an inefficient sgRNA - PDXI.
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NR5A2

HNF1B PDX1

HNF4G

Figure 4.35: PT291 organoids imaged one week after transfection with CRISPR
sgRNA targeting genes HNFIA, HNFIB, HNF4G, NR5A2 and PDXI, and negative
control (no transduction). Organoids were selected by treatment with 1 ug/mL of

puromycin for one week. Images taken at 100X magnification, scale bar 1000 um.
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4.2.4. CUT&RUN of HNFIA and HNFIB in CLO models
As described in Section 1.9.2 CUT&RUN is a novel technique used to profile

protein-DNA interactions. This was performed in PT127 and PT291 CLO models to
determine the role of transcription factors HNFIA and HNFIB which act as
homodimers and heterodimers, as per the methods set out in Section 2.11. While
the protocols were followed exactly, the sequencing results indicated that the
experiment did not work. IGV software was used to compare the samples at whole
genome level, for both PT127 (Figure 4.36) and PT291 (Figure 4.37) it is observed
that there are no unique peaks in the sample compared to the negative control.
Both samples also had different binding patterns to HNFIA and HNFIB in HepG2

cells, which were visualised as a comparison [283,284].

Additionally, the region upstream of EIF4EBP2, a gene known to be transcribed by
HNFIA and HNFIB, was viewed. The genome viewer shows differential peaks
between triplicate groups for both PTI27 (Figure 4.38) and PT291 (Figure 4.39).
Additionally, the samples bind regions which were also negative control, and the
samples showed different binding patterns to those of HNFIA and HNFIB in
HegG?2 cells.
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4.3. Discussion

While GWAS has played a role in uncovering the mutational landscape of PDAC,
little is known about how these polymorphisms effect the growth and development
of the tumour [349,350]. An important step in improving outcomes for patients
with pancreatic cancer includes validation of genomic variants of PDAC identified
through GWAS and pathway analysis studies. The work in this chapter aims to
identify the best candidate SNPs for functional validation. The GWAS pathway
analysis study performed by Walsh et al. [122] identified five pathways and gene
sets associated with the development of PDAC, including the MODY pathway.
SNPs with an association with PDAC from all genes in the MODY pathway were
identified through literature searches and brought forward for in silico analysis. As
GWAS are performed using genotyping arrays — where a single candidate SNPs is
used to represent all SNPs in a haplotype block - the index SNP identified in the
study may not be the causative SNP [351]. Therefore, in addition to the SNPs
identified through these searches, SNPs in LD with the SNP of interest (R>>0.8)

were included for analysis.

Two SNPs - rs2258287 and rs488087 - were selected for functional validation.
These SNPs were selected as in silico analysis revealed that both SNPs were located
in regions in the genome which were transcribed in the pancreas, including the
presence of histone markers, and CpG islands [352,353]. Both SNPs are also within,
or close to the nearest gene, rs488087 in exon 11 of CEL and rs2258287 is 7bp 5' of
Cl2orf43. In the assay performed to assess the function of SNP rs2258287, the
presence of the alternative SNP (A) resulted in no change in luciferase gene

expression in any line.

In the dual luciferase reporter assay performed to assess the function of SNP
rs488087, the presence of the alternative SNP (T), results in increased luciferase
expression in ASPCI, and a slight decrease in luciferase expression in PANCI. eQTL
analysis from GTEx, showed that the presence of the alternative allele results in
decreased expression of CELP in the normal pancreas. CELP is a pseudogene of

CEL, which lacks exons 2-7. Exon 11 of CEL contains a variable number of tandem
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repeat (VNTR) region consisting of 7 to 23 of nearly identical 33-bp segments [354-
356]. Single base pair deletion mutations in the VNTR results in the onset of
MODY, illustrating the potential of single mutations in the gene to be causative of
disease [357]. A paper by Fjeld et al. [356] suggested that a crossover between CEL
gene and CELP-pseudogene causes chronic pancreatitis, a known risk factor for the
development of PDAC [358]. While the results showing the effect of rs488087 on
gene expression in ASPCl and PANCI cell lines in the dual luciferase reporter assay
are promising, the results of this study are limited. This SNP was also identified in
a small study in a French cohort of 36 PDAC patients, and would need to be
validated in a larger cohort [346]. The effect of this SNP in PDAC also requires

further validation in a full panel of PDAC cell lines.

Analysis of the function of MODY TFs, and the genes they regulate was performed
using RNA-seq data from a previously published PDAC organoid cohort. A
correlation was observed between if the level of gene expression has a significant
effect on patient survival, and if the high expression and low expression groups
clustered in PCA. This was observed in transcription factors HNFIB, PDXI, and
NR5A2, where high (=80" percentile) and low (<20® percentile) expression did
not affect patient’s overall survival (OS) and downstream gene PCA did not cluster.
However, both differences in expression of HNFIA and HNF4G significantly
affected patients’ outcomes, with high HNFIA expression resulting in longer OS
(P=0.02), and low HNF4G expression resulting a longer OS (P=0.04). A potential
explanation is the hypothesis of gene dosage compensation, a mechanism by which
the expression of certain genes is modulated to compensate for differences in gene
dosage, so changes in gene expression do not result in a phenotypic change [359].
An example of this within these results is NR5A2 - NR5A2 and NR5AI both
recognise the same DNA sequence, and both act with GATA4 and GATA®6 to

activate promoter activity [360,361].

Analysis of RNA-seq data from patients with low levels of expression of HNF4G
compared to patients with high levels of HNF4G showed patients have significantly
decreased expression of MODY pathway genes HNFIA and HNF4A. In addition,

HNFIA-ASI was the most significantly downregulated gene in these patients. Little
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research has been done into the role of HNFIA-ASI in PDAC, however it has been

found to be downregulated in PDAC [362]. In oesophageal adenocarcinoma,
HNFIA-ASI was found to regulate cell proliferation and migration [363]. HNFIA-
ASI has also been identified to act as an oncogene in hepatocellular carcinoma
through sponging tumour suppressor hsa-miR-30b-5p [364]. This data analysis
found that in HNFIB-low expression samples, the most downregulated gene is
SLCOIBI, (solute carrier organic anion transporter family member 1Bl1) which is
involved in drug transport. SLCOIBI has been found to be overexpressed in

pancreatic cancer when compared with normal pancreatic tissue [365].

In addition to the MODY genes, the GATA6 and HNF4A expression profiles were
also assessed, as a loss of GATA6-expression with concomitant loss of HNFIA and
HNF4A, results in a full phenotypic switch from classical subtype to basal subtype
[366]. Decreased expression of GATA6 and HNF4A results in the upregulation of
genes involved in the remodelling of the cellular matrix, HPSE2 and COL8AI, a
collagen related gene. Patients with the basal subtype of PDAC have reduced
survival times, and ECM deposition creates a physical barrier preventing T-cells
from migrating toward tumour cells, preventing effective use of treatment with

immunotherapies [367,368].

Preliminary results using CRISPR in PT291 organoids to knockout genes HNFIA,
HNFIB, HNF4G and NR5A2 resulted in cell death, however cells in the negative
control, and non-efficient PDXI control survived. Given that these are preliminary
results, caution must be taken prior to their use in concluding the function of the
genes in PDAC. However, data from the Cancer Dependency Map
(https://score.depmap.sanger.ac.uk/) shows that HNFIA is an essential gene in
ASPC], a cell line subtyped as classical PDAC. Results from Chapter 3 found that
PT291 cell lines had a higher probability of being in the basal subtype than PT291
organoid models. Potentially, HNFIA is an essential gene in PT291 to maintain the
organoid phenotype, so knockdown using CRISPR results in cell death.
Additionally, the RNA-seq data analysis also showed that samples with low HNF4G
expression also had significant downregulation of HNFIA compared to samples

with high HNF4G expression, which may have the same effect. In addition to their
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role in MODY, HNFIA, HNFIB, and HNF4G are also involved in the regulation of

beta-cell development pathway, and in the development of the embryonic
pancreas. Further studies into the function of these genes is required to uncover
their role in PDAC. It also highlights that is it of particular importance that the

appropriate subtype of PDAC is being used to model their role in the disease.

One of the aims of this chapter was to assess the role of HNFIA and HNFIB in PDAC
and identify if these transcription factors worked together in the regulation of gene
expression in the disease, however results were inconclusive. CUT&RUN was
selected to perform this experiment for a number of reasons, including reduced
cell numbers required for the experiment. ChIP-seq requires 10 million cells per
replicate and obtaining this cell number using organoids or CLO models is
challenging [369]. ChIP-seq also requires serum free conditions, which is difficult
to model using organoids as the Wnt-3a/Rspondin3/Noggin required for the
growth of organoids is derived from serum containing conditioned media from L-
WRN cells. ChIP-seq also requires a large number of sequencing reads to
differentiate signal from background, increasing the cost of the experiment [369].
Limitations of the CUT&RUN experiment include: a lack of optimised antibodies,
at the time of writing, no antibodies have been validated for CUT&RUN for HNFIA
or HNFIB and there have been no publications using this method with these
transcription factors. Finally, while qPCR should be performed for quality control
prior to sequencing, CUT&RUN results in small (50 bp) regions, designing PCR

primers to target these amplicons is extremely difficult [269].

In conclusion, here we propose that SNPs in the MODY genes may be involved in
PDAC. This work found that rs488087 may have a functional role in gene
regulation, eQTL analysis shows this SNP is associated with decreased expression
of CEL(P). Analysis of MODY transcription factors using publicly available data, in
a PDAC RNA-seq dataset has highlighted differences in expression of HNFIA and
HNF4G results in differences of overall survival of patients. Differential expression
of both genes has downstream effects on a number of molecular pathways. These

findings further underpinning the potential role of the MODY genes in PDAC.
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Chapter 5. Assessing the role of
the ATM/DNA repair pathway on

drug treatment response

5.1. Introduction

DNA damage is a common event in cells and requires immediate repair to ensure
that only exact genetic material is passed to daughter cells [370]. To prevent
damaged DNA from being passed down to daughter cells, during the cell cycle,
cells go through a series of cell cycle checkpoints before cell division [175]. In
response to stress, the checkpoints are activated to prevent progression through
the cell cycle and initiate repair [176]. In a process called the DDR, if the DNA
damage is beyond repair, apoptosis is induced - this is to ensure the elimination
of cells with mutations in the DNA [177]. The enzyme PARP acts to repair single
stranded DNA breaks. In BRCA mutated cancers, inhibiting the enzyme activity of
PARP results in synthetic lethality by preventing DNA repair (Figure 5.1) [371].

The GWAS pathway analysis performed by Walsh et al. [122] identified the Pujana
ATM PCC Network, as one of the top five gene sets for risk of developing PDAC
[186]. Within this gene set, a number of SNPs were associated with the
development of the disease. SNP rs3124737 (CASP7) was identified as having a
positive influence on CASP7 expression in normal pancreas using GTEx and an
independent pancreatic cancer dataset from the Laboratory of Translational
Genomics in the NCI. Patients who are homozygous for this SNP had a reduced
probability of developing PDAC (OR=0.91; 95% CI 0.88-0.95). Rs7859034,
associated with SM(C2, was identified as the top signal in the ATM PCC gene set
0.9 (95% CI 0.86-0.93) for rs7859034. GTEx analysis of rs7859034 did not identify
any eQTL in the normal pancreas, however, the SNP did have an eQTL effect on

the expression of SMC2 in multiple tissues, including the heart, thyroid and brain.
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Figure 5.1: PARPI function and reqgulation. Abbreviations: Granz: Granzyme; Casp:
Caspase; TF: Transcription factor. Modified without permission from Ko et al. [371].

In addition to DDR SNPs altering the risk of PDAC, DDR genes include some of
the most frequently mutated genes in cancer. These genes are able to induce the
mutator phenotype and act as a driver of more mutations [177]. The unstable
genome subtype of PDAC represents 14% of all cases and has a strong correlation
with mutations in DDR genes, including ATM, BRCAI/2 and PALB2 [42]. In a study
by Jones et al. [40] large-scale sequencing of PDAC has shown that on average,
there are 63 mutations in the PDAC genome. In the PDAC classification by
Collisson et al. [40,66], genes involved in the DDR pathway are some of the most
commonly mutated genes in PDAC, with mutations in ATM the most frequent. In
collaboration with the Cavalli group (Italy), the role of a novel DDR pathway
targeting compound (ARN24089) in combination with cisplatin and PARP
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inhibitor (PARPi) olaparib in the treatment of PDAC was studied. The chemical
structure of these molecules is shown in Figure 5.2. The group synthesised a
dihydroquinoline pyrazoline-based molecule (ARN24089) that disrupts the
RAD51-BRCA2 protein-protein interaction, thus mimicking the effect of BRCA2
mutation. ARN24089 inhibits the homologous recombination in a human
pancreatic adenocarcinoma cell line. In addition, it synergises with olaparib to
trigger synthetic lethality. This strategy aims to widen the use of PARPi in BRCA-
competent and olaparib-resistant cancers, making fully small-molecule-induced

synthetic lethality an innovative approach toward unmet oncological needs [372].

Cisplatin Olaparib ARN24089

Figure 5.2: Chemical structure of compounds used in this chapter, cisplatin,
olaparib and ARN24089. Figure modified without permission from Jamieson and
Lippard [373], Chen et al. [374] and Bagnolini et al. [372].

5.1.1. Aims

Aim 1: Identification and validation of regulatory SNPs capable of modulating
genes involved in the DDR pathway in PDAC, through in silico SNP analysis and
dual luciferase reporter assays.

Aim 2: Assess the role of genes associated with SNPs of interest in PDAC, through
IHC, RT-qPCR, and using publicly available online databases.

Aim 3: Using novel drug ARN24089 to target the DDR pathway in non-BRCA
mutated PDAC, in combination with cisplatin and olaparib. Assessing the
mechanism of action of the drug through assessing levels of cleaved caspase-3 and

-7 and assessing RAD5I expression.
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5.2. Results

5.2.1. Functional analysis of SNPs and genes associated with ATM

and DDR pathways identified through GWAS pathway analysis
All candidate SNPs identified in PDAC GWAS pathway analysis (Figure 5.3), and
SNPs in LD with a R*>0.8 were assessed for prioritisation for functional analysis,

as per methodology described in Section 2.12.

Pujana ATM (Ataxia-telangiectasia mutated)
Pearson’s correlation coefficient network

PNMT ®

sme2 ®

HHHH

|||||||

-10log (P-value)

rrrrrr . ° .
siker BCLaLY Usp19 PFONG GSR @ MAPKS £2F4
Gpgg l phpr . cm7 . 8TF ® S PAXe® RpL30 o P20 JMEM1Z3® LOHBe pisr1 o AnGELL® b PMO3 °
i 1 POP4

=s R P27 594 l ACR3 i
i i i :
Figure 5.3: Genes associated with PDAC in the Pujana ATM Pearson correlation

coefficient (PCC) network gene set (P = 1.25E-05). A total of 67 genes (red circles, P

< 0.02) were identified from the gene set as contributing the most to PDAC
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association in the GWAS pathway analysis. Genes of interest highlighted using
circle. Modified without permission from Walsh et al. [122].

5.2.1.1. SNPs identified in DDR genes associated with PDAC

GWAS SNPs, GWAS pathway analysis SNPs and SNPs from literature searches
resulted in the identification of 12 SNPs in genes associated with the DDR pathway.
The genes of interest identified, and their role in the normal pancreas is outlined
in (Table 5.1). The SNPs identified are listed in Table 5.2. SNPs in LD with these
were identified using LD link, and LD heatmaps were generated. To refine the SNPs
identified for post-GWAS functional validation, the best candidate from the SNP
blocks was identified using the criteria shown in Figure 5.4 and brought forward

for functional analysis.
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Table 5.1: DNA damage repair (DDR) pathway genes associated with SNPs

identified in literature searches.

Gene Name Symbol Function

B-cell lymphoma 2 like 11 BCL2LII Apoptotic regulator

Caspase 7 CASP7 Executhner protein of
apoptosis

Gastrin releasing peptide GRP Stimulates the release of gastrin

Mediator complex subunit 1 MEDI Coactivator of RNA polymerase
II-dependent genes

Phenylethanolamine N- PNMT Methylation of norepinephrine

methyltransferase

Structural maintenance of Conversion of interphase

SMC2 )
chromosomes 2 chromatin
Thyroid hormone receptor alpha THRA Nuclear hormone receptor
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Walsh et al. (2018)
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Figure 5.4: The criteria used for SNP identification, in silico assessment and

prioritisation of SNPs from the Pujana ATM PCC gene set from the study by Walsh

et al. [122].

All candidate SNPs identified in PDAC GWAS studies, and SNPs in LD with a

regulomeDB (regDB) score <3 and an R*>>0.8 which met the criteria (Figure 5.4)

were assessed for functional analysis. In total, 12 SNPs were identified (Table 5.2)

and a dual luciferase reporter assay was performed to assess if prioritised SNPs had

a functional effect on gene expression.
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5.2.1.2. Analysis of BCL2LII associated SNPs

B-cell lymphoma 2 like 11 (BCL2LII) is a gene located at 2q13 and contains 14 exons.
BCL2LII has high levels of expression in lymph nodes, thyroid and bone marrow,
and low levels of expression in the pancreas, where it acts as an apoptotic regulator.
Two SNPs identified from GWAS literature searches, and the five SNPs identified
through proxy analysis are outline in an LD block (R*>0.8; n=7) and highlighted in
a heatmap (Figure 5.5). The full in silico analysis of the 7 SNPs associated with
BCL2LII is outlined in Table 5.3. SNPs were then prioritised for functional analysis
based on the criteria outlined in Figure 5.4. SNPs rs11378324 and rs2241845 was
selected for functional analysis as both are in CpG islands, and rs11378324 is within
a predicted enhancer site, and rs2241845 is in an active transcription start site in
the pancreas. UCSC genome browser view of the region surrounding the SNPs is

presented in Figure 5.6.

LD Heatmap of BCL2L11 associated SNPs
R2
1.00
152015454~ 1.000

rsll378324 1.000
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rs2241845=— 0.992 . 1.000
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Figure 5.5. LD heatmap of BCL2LII SNPs of interest based on R* values in European
populations (LDLink).

250



|14

‘SANS
sisjpup Abmyind Sy D sybijybi# 'SINS SYMD siybiybipy, anssiy pub SN sapnjoul 7102 'pupjst Hd) v ul Juasasd st NS Ji pub saaxuput 2uoisly ‘gNs ayi1 fo uonounf
ay3 ‘spaudupd ay3 ul 23p3s uIpWIOLYD (DY) 24008 g(qauIonba. ‘s3]a]|p 2A13DUIAID puUD IUAI[2.4 ‘UOIIISOd IUWIOSOLLOIYD GO “UdXIDW JNS ‘DUIDU 2uab Sapnjoul 3)qp3 Sy,

ureig ‘cc'o-T — — oruonu] - uondudsuen suong L V. 698€68II1 T 66505981 117104
urelg z9'0-1  — oK druonu] - uondudsuen Suong  eg \4 D 0190611 T  TEELL8IST  IITCTIDY
ureig ‘z¢'0-1 — — oruonu] - uondudsuen suong B V. ¥86T6SIL T  8099VL9ST 117104
urelg 2¢°0- 1 $9K — SISHueqy e¢  DDDDDD I 9PCLB8IN T  PTEBLLST ITITID4
urerg z9'0-1 59X — oSruonu] SSLoAmY qac 5 V 00I6/SII T SH8WCest IIMC10d
ureig 19'0-T  — — dJluoIU]  MOT/IULdSAMNY L B vV SPITLSIT T FSPSIOTST 17104
ureig 7¢'0-1 — — druonu] - uondudsuen Suong  eg B V. 86S006I1 T €8696€€I8t 117104
(san) 120> P www& IDLDIEH Nﬂ%ﬂwﬁ mgswunwwhwéu gabay NMW%W MMWMNN 1Yy> Dl 2oudp

's1sAjpup |puojounf .uof payoajas alam sgNS paullapuy) ‘[I1ZTDE 2uab ayi yaim papidoossp sgNS Jo sisAjpup od1jis ul jng :€°G a|qo],

Abmying yaa



(44
"‘TAODNT wodf s1030pf uondriosun.y fo sjpubis bas-qry>H "sadA;
1122 ]]p wodf sjuawajq A103pnbay-s1) a3ppipund FAOINH pup uoiba. ta23owoud b fo aA13DIIpuUl 24D spubjst Hd) “(spa.oupd/Hy(gd-uou) saul)
]122 UaA3s ul (suazowoud) CONFHEH pub (12oUDYUud) [PINFEH ‘(Haoubyud) On/ ) EH 'S21D.1Ga34A () BUOWID U01IDALISUOD pUD SYOD.] U0IIDINbAL

AAOINA P2393]as ynm (anjq 1ybiy ut pazybyybiy) 1sauajul fo sgNS buipuno.uns suoibau auab [[7z71DG JO MAlA 1aSMOUG 2WIOUID) DSI[] (9°G aInbL]

_ _ _ -_ _ _ _ _ SHIA (0] suo)
(sa12adg () [) UONIBAIISUO)) 3 JUAWUSI[Y ZNNJA AIRIGIUIA

mi vEsl w11’ mn i Il I | sesndaL
£ AAOINT woij (sadKy 1122 6T [ *s10138] (t¢) s1asn]) bas-gpy) 1010e,§ uondudsuel],
M w ) | i o OV LDIEH pasak
FAOONH wox saut] 22 £ uo (sjuawaz Lo nday way punog uayO) YMeW oV LOIEH SVLOAEH P1adv]

_ _ EANPNEH patake]

FAODNH WOl saul] [[22 £ U0 (SIdjowolg AN puno.f uayo) YeW 2NN EH

v ™ T MBI oA oA o o . i
FAOONH Woly sauij [[20 £ uo (sjuawajyg L1oiensay waN punog uayO) YeW [PINENEH [PWPAEH Paiaie]
_ | | | SN2 HA0ONH

sad Ay (122 [v woxy paurquiod (SYD) S1udwa[y Ao niay-s1) aepipue) JAOOINT

— spueis 94
(u2a1n) Wy S1] ame saseq ()¢ > spueysp) spuejsy Hd)
n 1

| -+ S pavein) bagioy
190N woy sauas bagidy 1177109 X0D
<
1T
5

| “ 69T'C0L'TI TP
dq 00£’09

Abmying yaa



DDR Pathway

5.2.1.3. Analysis of CASP7 associated SNPs

Caspase7 (CASP7) is a gene located at 10g25.3 and contains 13 exons. CASP7 has
high levels of expression in colon, small intestine and duodenum, and low levels of
expression in the pancreas, where it acts as the executioner of apoptosis. One SNP
was identified from GWAS pathway analysis, and no SNPs within the selection
criteria (RegulomeDB <4; R*>0.8) were identified through proxy analysis. The full
in silico analysis of rs3124737 is outlined in Table 5.4. rs3124737 was selected for
functional analysis as it was identified as having a positive influence on CASP7
expression in normal pancreas using GTEx. UCSC genome browser view of the

region surrounding the SNPs is presented in Figure 5.7.
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5.2.1.4. Analysis of PNMT associated SNP

Phenylethanolamine N-methyltransferase (PNMT) is a gene located at 17q12 and
contains 5 exons. PNMT has high levels of expression in adrenal glands and low
expression in fat, where it methylates norepinephrine to form epinephrine. One
SNP was identified from GWAS pathway analysis, and no SNPs were identified
within the selection criteria (RegulomeDB <3; R*>0.8) through proxy analysis. The
full in silico analysis of 1s876493 is outlined in Table 5.5. Rs876493 was selected
for functional analysis as it was present in a CpG island and with an H3K27ac
histone mark in the pancreas. UCSC genome browser view of the region

surrounding the SNPs is presented in Figure 5.8.
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DDR Pathway

5.2.1.5. Analysis of GRP associated SNP

Gastrin releasing peptide (GRP) is a gene located at 18q21.32 and contains 5 exons.
GRP has high levels of expression in testis, lung and prostate, and low expression
in the pancreas, where it controls the release of gastrointestinal hormones, smooth
muscle cell contraction, and epithelial cell proliferation. SNP rs57791062 identified
in GWAS pathway analysis, one SNP identified in literature as a GWAS SNP, and
an additional SNP was identified through proxy analysis are presented in an LD
block (R*>0.8; n=3) and highlighted in a heatmap (Figure 5.9). The full in silico
analysis of SNPs is outlined in Table 5.6. No SNPs were selected for functional
analysis, as no SNPs had a low regulomeDB score, were present in a CpG island or
had histone marks in the pancreas. UCSC genome browser view of the region

surrounding the SNPs is presented in Figure 5.10.

LD Heatmap of GRP associated SNPs

R2
1.00
1rs9957145— 1.000
0.95
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Figure 5.9: LD heatmap of GRP SNPs of interest based on R’ values in European
populations (LDLink). *Highlights GWAS SNPs. #Highlights GWAS pathway
analysis SNPs.
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DDR Pathway

5.2.1.6. Analysis of MEDI associated SNP

Mediator complex subunit 1 (MEDI) is a gene located at 17q12 and it contains 17
exons. MEDI has high levels of expression in a number of tissues, including, lymph
nodes, appendix and endometrium, and low expression in the pancreas, where it
acts with RNA polymerase II to control transcriptional regulation. One SNP was
identified in literature searches, and 12 SNPs were identified through proxy
analysis in are presented an LD block (R*>0.8; n=I3) and highlighted in a heatmap
(Figure 5.11). The full in silico analysis of the SNPs is outlined in Table 5.7. No SNPs
were selected for functional analysis. UCSC genome browser view of the region

surrounding the SNPs is presented in Figure 5.12.

LD Heatmap of MED1 associated SNPs
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Figure 5.11: LD heatmap of MEDI SNPs of interest based on R? values in European
populations (LDLink).
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DDR Pathway

5.2.1.7. Analysis of SMC2 associated SNPS

Structural maintenance of chromosomes 2 (SM(C2) is a gene located at 9g31.1 and
it contains 29 exons. SM(C2 has high levels of expression in a number of tissues,
including, lymph nodes, testis and appendix, and low expression in the pancreas,
where it acts as central component of the condensin complex. One SNP was
identified in GWAS pathway analysis, three SNPs were identified in literature
searches, and 10 SNPs were identified through proxy analysis. These are presented
in an LD block (R*>>0.8; n=14) and highlighted in a heatmap (Figure 5.13). The full
in silico analysis of the SNPs is outlined in Table 5.8. SNPs rs4742901 and
rs4742902 were selected for functional analysis, as both were in transcription start
sites, CpG islands and had a H3K27ac histone mark in the pancreas. UCSC genome

browser view of the region surrounding the SNPs is presented in Figure 5.14.

LD Heatmap of SMC2 associated SNPs
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Figure 5.13: LD heatmap of SMC2 SNPs of interest based on R* values in European
populations (LDLink). *Highlights GWAS SNPs. #Highlights GWAS pathway
analysis SNPs.
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DDR Pathway

5.2.1.8. Analysis of THRA associated SNP

Thyroid hormone receptor alpha (THRA) is a gene located at 17q21.1 and contains
11 exons. THRA has high levels of expression in the brain and ovary, and low
expression in the pancreas, nuclear hormone receptor for triiodothyronine. One
SNP was identified in GWAS pathway analysis and no SNPs were within the
selection criteria (RegulomeDB <3; R*>0.8) were identified through proxy analysis.
The full in silico analysis of the SNP is outlined in Table 5.9. The SNP was not
selected for functional analysis. Overview of the potential regulatory tracks of this

SNPs are shown in the UCSC genome browser view in Figure 5.15.
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DDR Pathway

5.2.1.9. SNPs selected for functional validation

In total, six SNPs from four genes were selected for functional validation. Two SNPs
from gene SMC2 (rs4742901 and rs4742902) and CASP7 SNP (rs3124737) were
successfully cloned and edited using site directed mutagenesis. PNMT SNP
(rs876493) was not brought forward for dual luciferase reporter assays as attempts
to optimise PCR cloning of the region of interest were unsuccessful. Optimisation
included the use of three different primer pairs, and extension times of 30 seconds
and one minute. No colonies were observed following three attempts to perform
site directed mutagenesis of BCL2LII SNPs (rs11378324 and rs2241845) therefore

these SNPs not brought forward for dual luciferase reporter assays (Table 5.10).
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DDR Pathway

5.2.2. Role of CASP7 in PDAC

5.2.2.1. Functional validation of SNPs associated with CASP7

In a PDAC GWAS pathway analysis previously conducted by our group a candidate
risk allele rs3124737-G in close proximity to CASP7 in the Pujana ATM PCC
Network was gene set was identified. An eQTL was identified between rs3124737-
G and CASP7 where the risk allele resulted in an increased expression in two
normal pancreas tissue databases (GTEx P=2.5E-08; =0 .48) and (LTG P =0.02;
B =0.28) [122]. The eQTL effect of the alternative allele of SNP rs3124737-G was
associated with higher expression of the CASP7 gene in normal pancreatic tissue

using GTEx (Figure 5.16. A).

A genomic region containing the selected SNP rs3124737 (CASP7) was cloned into
a luciferase reporter vector to test the effect of each allelic variant on transcription
in a dual luciferase reporter assay, as per methodology described in Section 2.13.
The SNP rs3124737-G influenced the reporter expression level in both established
pancreatic cell lines PANCI and ASPC], but not in the cell line HEK293T. The dual
luciferase reporter assay showed an increased activity of the G allele at rs3124737

relative to the A allele in PANCI and ASPCI (Figure 5.16. B).

HOCOMOCO-v1l was used to generate PWM for changes in transcription factor
binding due to the presence of the SNP. The presence of the alternative allele (G)
is predicted to result in a loss of binding of MYBB (41.36-fold, p=3.23E-03) and
ONEC2 (9.43-fold, 2.66E-03). Whereas rs3124737-G is predicted to result in
increased binding of transcription factors E2F8, KLF1 and BRCA, of 23.87-fold
(P=4.59E-04), 20.6-fold, (P=3.60E-04) and 6.74-fold (P=3.95E-04) respectively
(Figure 5.16 C).
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Figure 5.16: (A) GTEX - violin plot of expression of different alleles in normal
pancreas. (B) Effects of the candidate function SNPs on gene expression in a dual
luciferase reporter assay. Two allelic variants of putative enhancers containing
each SNP were cloned upstream of the Firefly luciferase gene. A panel of cell lines -
HEK293T, ASPCI and PANCI - were transfected with reporter constructs together
with Renilla. Luminescence was measured 24 hours after transfection using Dual-
Glo Luciferase Assay System (Promega). Luciferase expression was normalised to
Renilla and made relative to p2Luc plasmid with no insertion. Blue boxes -
reference allele, red boxes — alternative allele. (C). DNA sequence surrounding
rs3124737 and ChIP-seq based motif logos for MYBB, E2FS8, KLFI, ONEC2 and
BRCAI according to HOCOMOCO-vII [285]. A to G substitution alters motif P-
value (fold-change is given according to PERFECTOS-APE [286]).
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5.2.2.2. Role of CASP7 in PDAC

CASP7 is critical in apoptosis induction, acting as a candidate for susceptibility to
insulin-dependent diabetes. Inactivating mutations in CASP7 have been reported
to contribute to the pathogenesis of some human solid cancers; therefore, CASP7
was identified as a candidate for further exploration and validation. IHC was
performed to assess the expression of CASP7 in a cohort of pancreatic cancer
patients. The protein and mRNA expression of CASP7 was also assessed in
established pancreatic cancer cell lines through Western blotting and RT-qPCR,

and in publicly available data.

5.2.2.3. Inmunohistochemistry of CASP7

FFPE tumour specimens from 49 patients and 3 normal pancreas tissue specimens
were analysed by means of IHC for expression of CASP7. Samples were stained with
a CASP7 antibody recognising both the precursor and active forms of the protein,
were scored and presented as positive or negative staining. Negative staining was
observed in 33 (67%), and positive staining was observed in 16 (33%) of the
samples, with representative images in Figure 5.17. Information on patient age at
diagnosis was available for all 49 cases; ages ranged from 38 to 8l years and the
median age was 64 years. Average survival was 25.9 months, with 71% of the
patients deceased at the time of latest available follow up (31/01/2017). Tumour
type for all cases was ductal, one case with tumour invading the colon, and another
invading the intestine. 13 tumours were poorly differentiated, 31 were moderately
differentiation and 5 were well differentiated. Relevant histopathological

information was available for all cases (Table 5.11).
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Figure 5.17: Representative images of CASP7 staining (A) PDAC tumour with
negative expression (B) PDAC tumour with positive expression and (C) positive

CASP7 staining in normal pancreas. Images taken at 200X, scale bar 100 um.
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Table 5.11: Patient information and statistics divided by patients with negative and

positive CASP7 staining.

Negative Staining  Positive Staining x2
n=33 (67%) n=16 (33%) P-value
Gender* 0.7541
Male 20 (60.61 %) 11 (68.75 %)
Female 13 (39.39 %) 5 (31.25 %)
Age a.t surgery 60 69 _
(median)
T stage™* 0.2578
1 3 (9.09 %) 0 (0.00 %)
2 2 (6.06 %) 1(6.25 %)
3 28 (84.85 %) 15 (93.75 %)
N stage™* 0.3354
0 8 (24.24 %) 6 (37.50 %)
1 25 (75.76 %) 10 (62.50 %)
RO (>Imm)* >0.9999
Yes 32 (96.97 %) 16 (100.00 %)
No 1(3.03 %) 0 (0.00 %)
Differentiation** 0.0003
Poor 8 (24.24 %) 5 (31.25 %)
Moderate 22 (66.67 %) 2 (12.50 %)
Well 3 (9.09 %) 9 (56.25 %)
Max pathological axis 2.98 cm 2.9l cm —
Lymphatic invasion* 0.0032
Absent 2 (6.06 %) 7 (43.75 %)
Present 31 (93.94 %) 9 (56.25 %)
Perineural invasion* >0.9999
Absent 2 (6.06 %) 0 (0.00 %)
Present 31 (93.94 %) 16 (100.00 %)
Portal vein
involvement* >0.9999
No 32 (96.97 %) 15 (93.75 %)
Yes 1(3.03 %) 1(6.25 %)
Survival Status* 0.5010
Dead 25 (75.76 %) 10 (62.50 %)
Alive 8 (24.24 %) 6 (37.50 %)

Survival (Months)

242

294

x2 —*Fisher’s exact test; ** Chi-squared.
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Kaplan-Meier survival (Figure 5.18) analysis revealed that patients with CASP7
expression have significantly longer (P-value=0.015, log rank) survival times than
patients with no CASP7 expression. Patients with no expression have a median
survival of 24.15 months, while patients with positive CASP7 expression have a
median survival of 29.43 months. Positive (medium to high) protein expression of

CASP7 was observed in the three normal pancreas samples included for staining.

CASP?7 Expression Survival Analysis

p—

o

o
]

== CASP7 expression (n=16)
=*= No CASP7 expression (n=33)

p = 0.0152

Probability of Survival
g1
o

| L

0 20 40 60 80 100
Months

Figure 5.18: Kaplan-Meier survival analysis of PDAC patients with CASP7
expression (blue) compared to PDAC patients without CASP7 expression (red).

5.2.2.4. CASP7 expression in PDAC established cell lines

RT-qPCR was performed to assess the mRNA levels of CASP7 in a panel of PDAC
cell lines (Figure 5.19) and in a subset of tumour versus adjacent normal PDAC
samples (Figure 5.20). In the cell line panel, all cell lines developed from the
primary cancer in the pancreas (blue, Figure 5.19) have increased expression of
CASP7 compared to the transformed normal epithelial cell line H6¢7 (red, Figure
5.19). Metastatic cell lines (green, Figure 5.19) have lower expression than the cell

lines established from the primary tumour.
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Figure 5.19: Relative quantification of (2**“") of CASP7 mRNA expression in
transformed normal pancreas (red) (H6¢7), established cell lines derived from
primary cancer site (blue) (BxPC3, CAPANI, CAPAN2, HPAC, MiaPaCa-2, PANCI)
and metastatic cancer sites (green) (SW1990, HuPT4, ASPCI). GAPDH used as

endogenous control.
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Figure 5.20: Relative quantification of (2““") of CASP7 mRNA expression in PDAC
tumour (blue) (n=3) vs. adjacent normal (red) (n=8) panel. 18S used as endogenous

control.
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Protein levels of CASP7 in established PDAC cell lines were also assessed. Western
blot analysis of PDAC cell line panel indicated that there is varied expression of
full length CASP7 in cell lines. High levels of CASP7 expression were observed in
PDAC established cell lines BxPC3, Capanl, Capan2, and in H6c7, a transformed
immortalised normal pancreas cell line. Low levels of expression were observed in
AsPCl, HuPT4, MiaPaCa-2,PANC], PT213, and no detectable expression was
observed in HPAC, SW1990 and Fibl02, a fibroblast cell line derived from tumour-
adjacent tissue. Non-specific binding was observed at a number of molecular

weights (Figure 5.21).

cl
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. 40 kDa
Caspase?7 e e 4
0.16 0.91 0.71 0.76 0 0.34 0.20 0.24 0.36 0 0.86 0 0.52
a - tubulin e e — a 50 kDa

Figure 5.21: Western blot analysis for the expression of full length 7 CASP7 in 9
PDAC established cell lines (AsPCl, BxPC3, Capanl, Capan2, HPAC, HuPT4,
MiaPaCa-2, PANCI, and SW1990), primary PDAC line (PT213), fibroblast line
derived from tumour-adjacent tissue (Fibl02), transformed normal cell line (H6¢7)

and positive control (HeLa) Image] software was used to perform densitometry.

5.2.2.5. In silico analysis of CASP7 expression in publicly available datasets

The expression of CASP7 in PDAC and normal pancreas tissue was assessed using
publicly available datasets. GEPIA2 was used to assess mRNA expression in
different tumour and normal tissues across all cancer types (Figure 5.22 A). The
effect of the expression of CASP7 on the survival of pancreatic cancer patients was

also plotted using GEPIA2 (Figure 5.22 B). GEPIA2 was also used to plot RNA
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expression levels during pancreatic cancer stages I-IV (Figure 5.22 C). Data from
www.proteinatlas.org indicates that staining of CASP7 is medium in normal

samples, and no staining was detected in 58% of PDAC tumours tested.
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Figure 5.22: The GEPIA2 database was used to examine the expression of CASP7 in
pancreatic cancer and the normal pancreas. Plots were generated using data from
TCGA for pancreatic cancer and GTEx for normal pancreas. (A) mRNA expression
in different tumour and normal tissues, TCGA tumour abbreviations used. (B) The
effect of CASP7 expression on the overall survival of pancreatic cancer. (C) RNA

expression levels during pancreatic cancer stages I-1V.
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5.2.2.6. Functional assessment of the effect of SNPs rs4742902 and

rs4742901 on gene transcription

SNPs rs4742901 and rs4742902 act as eQTLs in multiple non-pancreas tissues in
GTEx whereby the alternative reference alleles result in increased expression of
SMC2 gene. Figure 5.23 and Figure 5.24 presents the effect size in various tissues
of rs4742901 and rs4742902 allelic configuration on SMC2 gene expression. The
SNPs are 200 bp apart, upstream of SMC2 and occur in a CpG island, and are in
high LD (R*0.8, LD Link) with rs7859034, the top gene signal in the Pujana ATM
PCC Network in the PDAC GWAS pathway analysis previously conducted by our
group [122].

The dual luciferase reporter assay was performed using established PDAC cell lines
ASPC1 and PANCI, and HEK293T cells for SMC2 SNPs rs4742901, and rs4742902.
No effect was observed for rs4742901 (Figure 5.25 A). In rs4742901, HOCOMOCO-
vll PWM analysis shows that the presence of the alternative allele (C) is predicted
to result in a gain of binding of MXIl-long, MXIl, BHE, MYC and HES5 by 49.56-
fold (P=1.29E-04), 38.84-fold (P=4.83E-04), 27.62-fold (P=3.27E-04), 22.71-fold
(P=3.60E-04) and 14.64-fold (P=2.44E-04) respectively (Figure 5.25 B).

rs4742902 results in increased luciferase expression compared to reference allele
in HEK293T cells, but no difference observed in PANCI1 and ASPCI1 cells (Figure
5.26 A). PWM analysis for rs4742902 showed that the presence of the alternative
allele (G) is predicted to result in a loss of binding of RUNX2, RUNXI, RUN3, and
ZN563 by 35.25-fold (P=3.30E-05), 26.34-fold (P=6.80E-05), 17.03-fold (P=1.06E-
04) and 12.65-fold (P=4.60E-05) respectively. The alternative SNP (G) is also is
predicted to result in a gain of 6.39-fold (P=8.80E-05) of transcription factor
ARNT?2 (Figure 5.26 B).
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Tissue

Brain - Cerebellum
Brain - Cerebellar Hemisphere
Brain - Caudate (basal ganglia)
Brain - Frontal Cortex (BA9)
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Figure 5.23: eQTL prediction of top signals in normal tissues using GTEx for

Samples NES
209 0.711
175 0.601
194 0.523
175 0.522
170 0.484
205 0473
574 0.462
114 0.457
165 0.447
147 0.443
126 0.440
372 0.439
73 0428
129 0.426
386 0.383
170 0.360
202 0.359
237 0.335
584 0.281
517 0.266
167 0.260
318 0.254
532 0.252
324 0.251
141 0.233
213 0.224
208 0.224
387 0.222
330 0.221
221 0.174
233 0.172
465 0.171
368 0.162
605 0.153
469 0.148
706 0.147
129 0.138
305 0.136
322 0.107
144 0.0912
174 0.0838
515 0.0759
396 0.0471
581 0.00146
497 -0.00777
483 -0.0630
670 -0.0806
227 -0.0819
147 -0.120

p-value

1.4e-21
1.2e-18
9.9e-16
2.4e-15
3.8e-13
1.6e-11
1.3e-39
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2.3e9
1.4e-10
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2.0e-34
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1.1e-8
5.4e-11
3.0e-11
3.7e-21
5.0e-26
1.4e-5
5.1e-10
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1.2e-4
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6.0e-8
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0.07
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rs4742901. Normalised effect size (NES) is the effect of the alternative allele relative

to the reference allele. M-value posterior probability that an effect exists in a tissue.

eQTL expression quantitative trait loci- identification of genetic associations with
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Single-tissue eQTL

Tissue Samples NES p-value m-value NES (with 95% Cl)
Brain - Cerebellum 209 0.724 3.4e-22 1.00 —_—
Brain - Cerebellar Hemisphere 175 0.609 6.3e-19 1.00 —_—
Brain - Frontal Cortex (BA9) 175 0.522 24e-15 1.00 ——
Brain - Caudate (basal ganglia) 194 0.518 2.0e-15 1.00 —_—
Brain - Putamen (basal ganglia) 170 0.485 5.1e-13  1.00 -
Brain - Cortex 205 0.483 56e-12 1.00 —
@ Thyroid 574 0.465 51e-40 1.00 -.-
Brain - Substantia nigra 114 0.460 6.3e-8 1.00 T
Brain - Spinal cord (cervical c-1) 126 0.447 4.2e-6 1.00 -_——
Brain - Anterior cingulate cortex (BA24) 147 0.443 14e-10 1.00 ——
@ Heart - Atrial Appendage 372 0.439 2.0e-34 1.00 . =
Brain - Hippocampus 165 0.438 6.4e-9 1.00 —_—
Kidney - Cortex 73 0.432 7.2e-5 1.00 -_—
Brain - Amygdala 129 0.426 5.8e-8 1.00 ——
@ Heart - Left Ventricle 386 0.384 1.5e-26  1.00 -
Brain - Hypothalamus 170 0.360 1.1e-8 1.00 —_—
Brain - Nucleus accumbens (basal ganglia) 202 0.358 7.6e-11 1.00 —
Pituitary 237 0.335 2.8e-11 1.00 -
@ Artery - Tibial 584 0.281 3.8e-21 1.00 '.'
@ Skin - Not Sun Exposed (Suprapubic) 517 0.265 1.1e-25 1.00 .'
Ovary 167 0.260 1.4e5 1.00 ——
Colon - Sigmoid 318 0.254 5.1e-10  1.00 -
Nerve - Tibial 532 0.252 2.6e-18 1.00 -
Stomach 324 0.251 1.9e-11 1.00 -
® Vagina 141 0.233 1.2e4 1.00 ——
Liver 208 0.226 1.2e-5 1.00 —
® Artery - Aorta 387 0.224 49e8  1.00 -
@ Esophagus - Gastroesophageal Junction 330 0.221 3.1e-11 1.00 -
Artery - Coronary 213 0.220 3.1e4 1.00 —
Adrenal Gland 233 0.176 5.6e-6 1.00 -
Prostate 221 0.173 4.1e4 0.987 —
Esophagus - Muscularis 465 0.171 9.2e-10 1.00 -
Colon - Transverse 368 0.162 5.4e-8 1.00 -
@ Skin - Sun Exposed (Lower leg) 605 0.153 8.8e-13  1.00 .
Muscle - Skeletal 706 0.147 2.7e-7 0.956 -
Adipose - Visceral (Omentum) 469 0.146 2.9e-6 0.949 -
Uterus 129 0.138 0.07 0.838 —
® Pancreas 305 0.136 19e-3  0.780 ——
Testis 322 0.101 0.02 0.0260 -
Minor Salivary Gland 144 0.0912 0.1 0.134 T
@ Small Intestine - Terminal lleum 174 0.0838  0.02 0.00 ——
Lung 515 0.0778 7.0e-5 0.00
Breast - Mammary Tissue 396 0.0436 0.2 0.00 T
@ Adipose - Subcutaneous 581 0.000429 1 0.00 '.'
o Esophagus - Mucosa 497 -0.00809 0.6 0.00 .
Cells - Cultured fibroblasts 483 -0.0630 2.8e4 0.00
@ Whole Blood 670 -0.0816  1.3e-5 0.00 .
® Spleen 227 -0.0819  0.007 0.00 -
Cells - EBV-transformed lymphocytes 147 -0.121 2.7e-4 0.00 -

0.0 0.2 04 0.6 0.8
NES

Figure 5.24: eQTL prediction of top signals in normal tissues using GTEx for
rs4742902. Normalised effect size (NES) is the effect of the alternative allele
relative to the reference allele. M-value posterior probability that an effect exists in
a tissue. eQTL expression quantitative trait loci- identification of genetic

associations with gene expression level.
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Figure 5.25: (A) Effects of the candidate SNP rs4742901 on gene expression in a
dual luciferase reporter assay. Two allelic variants of 5’UTR regions containing
each allele variant were cloned upstream of the Firefly luciferase gene. A panel of
cell lines - HEK293T, ASPCI and PANCI - were transfected with reporter
constructs together with Renilla. Luminescence was measured 24 hours after
transfection using Dual-Glo Luciferase Assay System (Promega). Luciferase
expression was normalised to Renilla and made relative to p2Luc plasmid with no
insertion. Blue boxes - reference allele, red boxes — alternative allele. (B) DNA
sequence surrounding rs4742901 and ChIP-seq based motif logos for MXIl, BHE,
MYC and HE5 according to HOCOMOCO-vII [285]. T to C substitution alters
motif P-value (fold-change is given according to PERFECTOS-APE [286]).
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Figure 5.26: (A) Effects of the candidate SNP rs4742902 on gene expression in a

dual luciferase reporter assay. Two allelic variants of 5’UTR regions containing

each SNP were cloned upstream of the Firefly luciferase gene. A panel of cell lines —
HEK293T, ASPCI and PANCI - were transfected with reporter constructs together

with Renilla. Luminescence was measured 24 hours after transfection using Dual-

Glo Luciferase Assay System (Promega). Luciferase expression was normalised to

Renilla and made relative to p2Luc plasmid with no insertion Blue boxes — reference

allele, red box - alternative allele. (B) DNA sequence surrounding rs4742901 and
ChIP-seq based motiflogos for RUNXI, RUNX2, RUNX3, ZN563 and ARNT2
according to HOCOMOCO-vII [285]. A to G substitution alters motif P-value (fold-
change is given according to PERFECTOS-APE [286]).
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5.2.2.7. Role of SMC2 in PDAC

The expression of SMC2 in PDAC and normal pancreas tissue was assessed using
publicly available datasets. GEPIA2 was used to assess mRNA expression in
different tumour and normal tissues across multiple cell types (Figure 5.27 A). The
effect of the expression of SMC2 on the survival of pancreatic cancer patients was
plotted using GEPIA2 (Figure 5.27 B). GEPIA2 was also used to plot RNA

expression levels during pancreatic cancer stages I-IV (Figure 5.27 C).
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Figure 5.27: The GEPIA2 database was used to examine the expression of SMC2 in
pancreatic cancer and the normal pancreas. Plots were generated using data from
TCGA for pancreatic cancer and GTEx for normal pancreas. (A) SMC2 mRNA
expression in different tumour and normal tissues, TCGA tumour abbreviations
used. (B) Effect of SMC2 expression on the overall survival of pancreatic cancer. (C)

SMC(C2 RNA expression levels during pancreatic cancer stages I-1V.
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5.2.3. Targeting the DDR pathway in non-BRCA mutant PDAC

cells using a novel compound capable of mimicking the effect of

BRCA2 mutation

The function of a novel compound, a dihydroquinoline pyrazoline-based molecule
(ARN24089) that disrupts the RAD51-BRCA2 protein-protein interaction was
investigated. The hypothesis is that the drug mimics the effect of BRCA2 mutation
and sensitises cells to DDR targeting drugs, such as cisplatin and olaparib, a PARP

inhibitor, as per methodology described in Section 2.6.

5.2.3.1. Single drug response assays

Drug response assays were performed to assess the response to olaparib treatment
in PDM37, PDM41, PDM106 and PT291 organoids, and PT127 CLOs. An ICso value
for olaparib was not obtained for any line at maximum the concentration set out
in this experiment (10 pM) (Figure 5.28). This was selected as the maximum
concentration as plasma concentrations achieved in adults receiving olaparib (100
mg BID) are (Cmin=1 pM and Cmax = 8.5 pM). For patients receiving 400 mg BID

olaparib as a single agent, the plasma concentration (Cmax) is 18 pM.

PDM37, PDM41 and PT291 were responsive to treatment with ARN24089, with
PDM37 achieving an ICsp of 13.95 uM (95% CI, 9.51 - 20.49). At the maximum
soluble concentration of ARN24089 (40 uM), PDM4l had a mean viability of
46.60% and PT291 had a mean viability of 34.70% (Figure 5.29).

In treatment with cisplatin, PDM41 and PT291 had ICso values of 9.51 uM (95% (I,

6.2 -14.4) and 9.74 M (95% (I, 6.2 - 15) respectively. PDM106 was not responsive

to treatment with cisplatin.
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Figure 5.28: Growth inhibition of PDM37 organoids (blue), PDM41 organoids (red),
PDMI06 organoids (green), PTI27 CLOs (purple) and PT29I organoids (orange)
over 5 days of treatment with olaparib. Viability of organoids and CLOs was
measured by Cell Titre Glo. Percentage viability was calculated relative to
untreated control cells. Error bars represent standard error of the mean of

biological triplicate experiments.
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Figure 5.29: Growth inhibition of PDM37 organoids (blue), PDM41 organoids (red),
PDMI06 organoids (green), PTI27 CLOs (purple) and PT29I organoids (orange)
over 5 days of treatment ARN24089. Viability of organoids and CLOs was
measured by Cell Titre Glo. Percentage viability was calculated relative to
untreated control cells. Error bars represent standard deviation of biological

triplicate experiments.
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Figure 5.30: Growth inhibition of PDM37 organoids (blue), PDM4I organoids (red),
PDMI06 organoids (green), PTI27 CLOs (purple) and PT29I organoids (orange)
over 5 days of treatment with cisplatin. Viability of organoids and CLOs was
measured by Cell Titre Glo. Percentage viability was calculated relative to
untreated control cells. Error bars represent standard error the of mean the of

mean of biological triplicate experiments.
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5.2.3.2. Combination drug response assays

The novel compound, ARN24089, was tested in combination with olaparib and
cisplatin. All organoid lines were tested with the agents in single, double and triple
combinations at the concentrations outlined in Table 5.12. In PDM37, no
significant difference was found between the treatment with ARN24089 as a single
agent or in combination with the other drugs. This is due to the use of a single
concentration higher than the 1Cso (13.95 pM) (Figure 5.31). PDM106 showed no
significant response to any treatment combination (Figure 5.32). In PDM41 and
PT29], no significant difference was observed between single and combination
treatments with 5 pM cisplatin (Figure 5.34 and Figure 5.36). In both PDM41 and
PT29], a significant difference was observed between treatment with olaparib
alone, and in combination with ARN24089, (PDM41 P=0.021; PT291 P<0.0001). In
both PDM41 and PT29], this double combination treatment was more effective
than the triple combination with 1 uM cisplatin, however this difference was not

significant (Figure 5.33 and Figure 5.35).

Table 5.12: Combinations used for treatment with organoids with cisplatin, olaparib
and ARN24089, with low cisplatin concentration (I uM) and high cisplatin

concentration (5 uM).

Combinations - 1 uM cisplatin Combinations - 5 uM cisplatin
No drug control No drug control
Cisplatin (1 pM) Cisplatin (5 pM)

Olaparib (10 pM) Olaparib (10 pM
ARN24089 (20 puM) ARN24089 (20 pM
Cisplatin (1 uM) & olaparib (10 pM) Cisplatin (5 pM) & olaparib 10 pM

Cisplatin (1 uM) & ARN24089 (20 uM) Cisplatin (5 ptM) & ARN24089 (20 uM)

Olaparib (10 pM) & ARN24089 (20 uM) Olaparib (10 pM) & ARN24089 (20 pM)

Cisplatin (1 uM), olaparib (10 pM) & Cisplatin (5 pM), olaparib (10 pM) &
ARN24089 (20 uM) ARN24089 (20 uM)
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PDM37 Combination Assay
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Figure 5.31: Growth inhibition of PDM37 organoids treated with cisplatin (5 uM),
olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus
ARNZ24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.
The viability of organoids was examined by Cell Titre Glo. Percentage viability was
calculated relative to untreated control cells. Error bars represent standard error
the of mean of triplicate experiments. A one-way ANOVA was used to determine
statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.00L
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PDM106 Combination Assay
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Figure 5.32: Growth inhibition of PDMI106 organoids treated with cisplatin (5 uM),
olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus

ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.

The viability of organoids was measured by Cell Titre Glo. Percentage viability was
calculated relative to untreated control cells. Error bars represent standard error
the of mean of triplicate experiments. A one-way ANOVA was used to determine

statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.00L
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PDM41 Combination Assay
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Figure 5.33: Growth inhibition of PDM4I organoid cells treated with cisplatin (1
uM), olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin
plus ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and
ARN24089. The viability of organoids was measured by Cell Titre Glo. Percentage
viability was calculated relative to untreated control cells. Error bars represent
standard error the of mean of triplicate experiments. A one-way ANOVA was used
to determine statistical significance. * denotes p < 0.05, ** denotes p < 0.01, ***

denotes p < 0.00L
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PDM41 Combination Assay
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Figure 5.34: Growth inhibition of PDM41 organoid cells treated cisplatin (5 uM),
olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus
ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.
The viability of organoids was measured by Cell Titre Glo. Percentage viability was
calculated relative to untreated control cells. Error bars represent standard error
the of mean of triplicate experiments. A one-way ANOVA was used to determine
statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.00L
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PT291 Combination Assay
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Figure 5.35: Growth inhibition of PT291 organoid cells treated with cisplatin (1 uM),
olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus
ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.
The viability of organoids was measured by Cell Titre Glo. Percentage viability was
calculated relative to untreated control cells. Error bars represent standard error
the of mean of triplicate experiments. A one-way ANOVA was used to determine
statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.00L
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PT291 Combination Assay
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Figure 5.36: Growth inhibition of PT291 organoid cells treated with cisplatin (5 uM),
olaparib (10 uM) and ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus
ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.
The viability of organoids was measured by Cell Titre Glo. Percentage viability was
calculated relative to untreated control cells. Error bars represent standard error
the of mean of triplicate experiments. A one-way ANOVA was used to determine
statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.00L
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5.2.3.3. Translocation of RAD5I

RAD5I is a protein which acts with BRCA2 and PALB2 to repair double-stranded
breaks in DNA. The expression of RAD5I was assessed in PDM41 and PT291
organoids which had been treated for 24 hours with cisplatin (1 uM), olaparib (10
M) and ARN24089 (20 pM), alone and in combination. Separated colour channel
images show a clear nuclear localisation of RAD5I in cisplatin treated samples
compared to the controls (Figure 5.37 and Figure 5.38). In both PDM41 and PT29],
significantly increased expression of RAD51 was observed in the samples treated
with cisplatin relative to the control (Figure 5.39). There was also a significant
reduction in RAD5I1 expression in olaparib and ARN24089 combination compared
to ARN24089 alone.
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Figure 5.37: Images of immunofluorescence staining of DAPI (blue), RAD5I (green)

Olaparib & ARN24089

and merged in PDM4I organoids 24 hours after treatment with cisplatin (1 uM),
olaparib (10 uM), ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus
ARN24089, olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089.
Organoids were imaged at 630X. Scale bars 40 um.
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RAD51 Merged

Figure 5.38: Images of immunofluorescence staining of DAPI (blue), RAD5I (green)

Control

Olaparib Only Cisplatin Only

ARN24089 Only

Olaparib & ARN24089

and merged in PT29I organoids 24 hours after treatment cisplatin (1 uM), olaparib
(10 uM), ARN24089 (20 uM), cisplatin plus olaparib, cisplatin plus ARN24089,
olaparib plus ARN24089 and cisplatin plus olaparib and ARN24089. Organoids
were imaged at 630X. Scale bars 40 um.
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Figure 5.39: A bar graph showing the expression of RAD5I relative to the untreated
control 24 hours after treatment with cisplatin (1 uM), olaparib (10 uM),
ARN24089 (20 uM), and olaparib plus ARN24089 after in PDM41 and PT291. A
one-way ANOVA was performed. * denotes p < 0.05, ** denotes p < 0.01, ***
denotes p < 0.00L

5.2.3.4. Caspase-3/7 mediated apoptosis

The Incucyte® Caspase-3/7 dye binds to cleaved caspase-3/7 and allows for the
identification of cells undergoing caspase-3/7 mediated apoptosis. This assay was
performed in PDM41 and PT291 organoids which had been treated with cisplatin
(1 uM), olaparib (10 pM) and ARN24089 (20 puM), alone and in combination.
Images were taken every two hours over the course of 5 days (Figure 5.40 and
Figure 5.42). Treatment of PDM41 (Figure 5.41) shows that organoids treated with
the combination of olaparib and ARN24089 had the highest levels of caspase-3/7
cleavage, with levels increasing until approximately 40 hours. ARN24089 alone
had the second highest levels of cleaved caspase-3/7, and olaparib, cisplatin and
the control all had similar levels of cleaved caspase-3/7. In PT29], cisplatin alone
had the highest levels of cleaved caspase-3/7, followed by olaparib alone.
Treatment with the combination of olaparib and ARN24089 showed similar levels

to the control (Figure 5.43).
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Figure 5.40: Representative images from Day O, Day 2 and Day 5, taken on
Incucyte Live Cell Imaging System of PDM41 organoids treated with cisplatin (1
uM), olaparib (10 uM), ARN24089 (20 uM), and olaparib plus ARN24089 after in
the presence of Caspase-3/7 Green Dye. Magnification 100x, scale bars 400 pm.
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Figure 5.41: Time course of apoptosis of PDM41 organoid in the presence of

caspase-3/7 green dye and with cisplatin (1 uM), olaparib (10 uM), ARN24089 (20
M), and olaparib plus ARN24089. Images taken every 2 hours over the course of

five days. Error bars represent standard error the of mean of triplicate experiments.
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Figure 5.42: Representative images from Day 0, Day 2 and Day 5, taken on
Incucyte Live Cell Imaging System of PDM29I organoids treated with cisplatin (1
uM), olaparib (10 uM), ARN24089 (20 uM), and olaparib plus ARN24089 after in
the presence of Caspase-3/7 Green Dye. Magnification 100x, scale bars 400 pm.
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Figure 5.43: Time course of apoptosis of PT291 organoid in the presence of caspase-
3/7 green dye and with cisplatin (1 uM), olaparib (10 uM), ARN24089 (20 uM), and
olaparib plus ARN24089. Images taken every 2 hours over the course of five days.

Error bars represent standard error the of mean of triplicate experiments.
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5.3. Discussion

The GWAS pathway analysis study performed by Walsh et al. [122] identified five
pathways and gene sets associated with the development of PDAC. An important
step in improving outcomes for patients with pancreatic cancer includes validation
of genomic variants of PDAC identified in GWAS and pathway analysis studies.
The gene set is based on is a network of transcripts whose expression has a positive
correlation with ATM in normal tissues [186]. In this chapter, a functional analysis
of candidate SNPs and genes identified from the Pujana ATM PCC Network gene
set and all SNPs in LD with a high R*>0.8, was performed.

The pathway analysis highlighted CASP7 as a gene of interest within the Pujana
ATM PCC, as it found that that patients with the SNP rs3124737, had reduced
probability of developing PDAC (OR=0.9; CI 0.81-0.95, P-value=2.5E-8). This
study also identified that rs3124737 acts as an eQTL as the alternative allele has

positive influence on CASP7 expression in normal pancreas.

Potential functional variants for CASP7 and SM(C2 were selected for in vitro
functional characterisation using dual luciferase reporter assays in two established
pancreatic cancer cell lines, ASPCl and PANC], and the HEK293T cell line to
confirm the alternative alleles of these SNPs affected the transcriptional promoter

activity.

The role of CASP7 polymorphisms have been studied in a number of different
disease settings and have been found to have an effect on disease risk. A study
looking at the role of SNPs in the 3’UTR of CASP7 found rs4353229 TT was
associated with a decreased risk of developing gastric cancer in an Eastern Chinese
population [377]. Research into ischaemic stroke (IS) indicates that the
rs12415607-A allele induces lower levels of transcriptional activity and CASP7
mRNA, and thus is associated with a reduced risk of IS [378]. CASP7
polymorphisms have also been associated with the development of rheumatoid

arthritis and diabetes in a Bedouin Arab family [379,380].

Caspases play an important role in the execution of apoptosis; however, the
potential role of CASP7 in pancreatic cancer is unclear. These results found that
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CASP7 SNP rs3124737-G increased luciferase activity compared to the reference
allele, in ASPCI and PANC], indicating that CASP7 may play a role in pancreatic
cancer development. HOCOMOCO analysis predicts that the presence of
rs3124737-G alters the binding site of a number of proteins. This alteration results
in increased binding potential of BRCAI, a known tumour suppressor by 6.74-fold
[381]. It also results in decreased binding potential of transcription factor MYBB
(MYBL2). MYBB has previously been shown to be overexpressed in PDAC [382]. In
lung cancer cells, knockdown of MYBB resulted in the induction of apoptosis,

highlighting the potential link between MYBB and CASP7 expression [383].

In order to establish the protein expression of CASP7 in PDAC, IHC was performed
on a cohort of 49 PDAC cancer patients, and three normal pancreas samples. Our
results found that 67% of the samples were CASP7 negative. Survival analysis on
the patient cohort was performed and patient tumours expressing CASP7 had a
significantly increased survival time compared to those who did not express CASP7
(24.15 vs. 29.43 months). However, it is important to note that scoring by a
pathologist and multivariate analysis is required before any definitive conclusion
on survival can be determined from this data. Similar levels of expression were
obtained from proteinatlas.org, which found 58% of samples stained had no CASP7
expression, indicating differential expression among PDAC cases. Survival analysis
on the expression of CASP7 expression from GEPIA2 shows different overall
survival levels to the one performed from the patient cohort. There are a number
of potential reasons for this discrepancy - GEPIA2 analysis used mRNA data,
whereas analysis on the cohort used protein expression data. Additionally, the
GEPIA2 dataset was divided into above and before the 50" percentile, however,
the patient cohort was divided into expression and no expression. Furthermore,
analysis of the expression of CASP7 in established cell lines was performed.
Differential expression of CASP7 in PDAC cell lines was observed, with higher
levels of CASP7 in established PDAC cell lines derived from primary tumours
compared to those derived from metastatic site of PDAC. Parallel analysis of
protein expression of total CASP7 revealed that the metastatic derived cells lines,
ASPC1, HuPT4 and SW1990 had the lowest CASP7 protein expression, correlating
with the mRNA data.
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Inactivating mutations of the CASP7 gene are rare; although functional analysis
shows that inactivating CASP7 mutations in vitro may promote loss of its apoptotic
function, thereby contributing to the pathogenesis of some solid cancers [384].
CASP7 is found to be downregulated in colon and gastric [385,386]. In ER positive
breast cancer, high expression of CASP7 showed better relapse-free survival [387].

The presence of cleaved CASP7 in breast cancer results in a better prognosis [388].

SNPs in close proximity (< 20 kb upstream/downstream) to the SMC2 gene were
selected for functional analysis as these were in CpG islands and had H3K27ac
histone marks in the pancreas. In addition, these SNPs were in LD with rs7859034,
the top gene signal in the Pujana ATM PCC Network in the PDAC GWAS pathway
analysis previously conducted by our group [122]. The SNPs selected for functional
analysis by dual luciferase reporter assay, rs4742901 and rs4742902 are 200 bps
apart, and are located upstream of the SMC2 gene. The luciferase assay data
showed an increase in the functional activity of the construct harbouring the
alternative rs4742901-C allele in the HEK293T cell line only. Interestingly,
HOCOMOCO-v1l motif analysis of the DNA regions surrounding the SNPs showed
that rs4742901-C resulted in a gain of binding potential of MXIl-long, MXI1, BHE,
MYC and HES5. A strong enhancer activity was observed for rs4742902-G (alt)
compared to the A (ref) allele in all three cell lines tested. Analysis of motifs suggest
that the rs4742902-G (alt) results in a loss of binding of RUNX2, RUNXI, RUNS3,
and ZN563, but preferential binding to TF ARNT2.

The structural maintenance of chromosome 2 (SMC2) plays an important role in
packaging of chromatin before cell division and DDR, which is required for proper
chromosome segregation and maintenance of chromosomal stability [389]. SM(C2
is suggested to have a pro-oncogenic role, and is direct transcriptional target of the
oncogenic Wnt signalling pathway [390]. SMC2 recruitment to mitotic
chromosomes is controlled by DDR checkpoints, such as Chk2, which facilitates
effective repair of genomic damage, therefore further highlighting the role of the
DDR pathway in PDAC development [39]1].
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The DDR pathway is a complex network of cellular pathways capable of repairing
abnormal DNA lesions. The PARP pathway is used as a salvage mechanism to
detect and repair DNA damage. The use of PARP inhibitors is well established in
BRCA-associated cancers, in which BRCA mutant cancers show better responses to
platinum-based agents [392]. FOLFIRINOX is the only platinum-based treatment
regime that has been approved for PDAC, retrospective studies have shown that
treatment with FOLFIRINOX shows a significant survival in patients with germline

mutations in BRCAI/BRCA2 and PALB2.

The phase III POLO study evaluated PARPi olaparib, as maintenance therapy in
metastatic PDAC and germline BRACI/2 mutations. Patients that had stable
disease following 16 weeks of platinum-based therapy were then randomised to
receive olaparib or placebo [180]. Patients in the olaparib-treated arm displayed
significantly longer progression free survival (median PFS: 7.4 versus 3.8 months)
and an improvement in objective response rate (23.1% vs. 11.5%) and median
duration of response (24.9 vs. 3.7 months), but no OS difference was observed.
This practice changing trial was the first to stratify PDAC based on genetic
mutations and led to the FDA approval of olaparib for the maintenance treatment
of adult patients with deleterious or suspected deleterious germline BRCA mutated
(gBRCAm) in metastatic PDAC. However, interesting findings in this trial and
others have found that between 22-40% of gBRCAm PDAC patients progressed or
did not respond to platinum-based/PARPi therapies [181,393]. Furthermore, recent
studies found that the addition of the PARPi veliparib to gemcitabine plus cisplatin
did not improve response rate in stage III-IV PDAC with gBRCAm or PALB2
mutations, indicating the presence of patients with alternative non-HR deficient
mechanisms [394]. Additionally, retrospective studies have shown that treatment
with FOLFIRINOX results in a significant increase in survival in patients with
mutations in BRCAI/BRCA2 and PALB2 [395]. However, the use of high dose PARP
inhibitors and multi-chemotherapy regime FOLFIRINOX for the treatment of
PDAC can be extremely toxic, and only 25% of patients are eligible due to the high
levels of adverse effects [38,396,397].
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This suggests that there are sub-populations in both sporadic and hereditary PDAC
where other distinct modulators could be exploited to provide significant benefit
to PDAC patients. This could also open up new avenues for novel anti-cancer
concepts. Therefore, to further elucidate if the DDR pathway can be treated in non-
germline BRCAI/2 mutated PDAC, a novel dihydroquinoline pyrazoline-based
molecule (ARN24089) was tested in organoid models [372]. During the DDR
process, RAD5I1 is recruited by BRCA2 to the double-stranded break sites to by
PALB2. Activated RAD51 allows the incursion of sister chromatids to allow for
homologous repair. ATM loss also results in a failure to make this complex, leading
to error prone NHE] [392]. ARN24089 disrupts the RAD51-BRCA2 protein-protein
interaction, mimicking a BRCA2 mutation thus sensitising the cells to treatment
with PARP inhibitor [398]. The novel compound ARN24089 disrupts the RAD5I-
BRCA2 protein-protein interaction, mimicking a BRCA2 mutation thus sensitising
the cells to treatment with a PARP inhibitor [372]. This study aimed to determine,
for the first time, the efficacy of ARN24089 in organoids models. In vitro growth
inhibitory assays were performed with ARN24089 (20 pM), olaparib (10 uM) and
cisplatin (1 pM & 5 pM) as single, double and triple combinations. These assays
found that after 5 days of treatment, the double combination of ARN24089 (20
uM) and olaparib (10 uM) was more effective at growth inhibition than the triple
combination of ARN24089 (20 uM), olaparib (10 uM) and cisplatin (1 uM).

Immunofluorescence imaging of RAD5I organoids treated with single, double and
triple combinations of cisplatin (1 uM), olaparib (10 pM) and ARN24089 (20 uM)
show clear differences in the localisation of RAD5I after treatment for 24 hours.
Cisplatin only treated cells show a clear localisation of RAD5I to the nucleus,
whereas treatment with the combination of ARN24089 and olaparib show
significantly reduced levels of RAD51 in the organoids compared to the control,
and treatment with ARN24089 only. A study by Cruz et al. [399] found that the
detection of RAD5I foci in the nucleus correlates with PARPi resistance. Nuclear
localisation of RAD5I occurs in response to DNA damage, however this process
requires BRCA2 to occur [400,401]. Together, this suggests that RAD5I foci
induction to the nucleus was blocked by ARN24089 and olaparib, indicating that
in PDAC organoid models, when used in combination with olaparib, ARN24089
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disrupts the RADS51-BRCA2 protein-protein interaction. Further confirmation
would require analysis of the pH2AX foci number, indicating the accumulation of

DNA double-strand breaks within the combination.

The results show that when used in the treatment of PDAC organoid lines PDM41
and PT291 show the same level, or greater response to treatment with a dual
combination of ARN24089 (20 pM) and olaparib (10 pM) compared to treatment
with a triple combination of cisplatin (1 uM), ARN24089 (20 pM) and olaparib (10
M) over 5 days. Using the Incucyte Imaging Software, it was observed that in
PDM41 the highest levels of casapse-3/7 cleavage was in the double
(olaparib/ARN24089) combination, with levels of cleaved caspase-3/7 increasing
until the 40-hour timepoint, and then remaining stable. Treatment with cisplatin
(1 uM) resulted in similar levels of caspase cleavage as the control. In PT291, the
lowest levels of caspase3/7 cleavage are observed in organoids treated with a
combination of ARN24089 and olaparib, and the highest levels were observed in
cisplatin treated organoids. However, differences in size of the organoids, resulting
from decreased proliferation due to drug treatment may account for these
differences. The variable results of apoptosis induction by the ARN24089/olaparib
combination in both organoids may require further analysis such as cell cycle
analysis, assessing levels of cleaved-PARP and pH2AX foci number to determine
the mechanisms of cell death. Furthermore, as we observed that the DNA
damaging agent cisplatin induces translocation of RAD51 to the nucleus, in vitro
pre-treatment with cisplatin prior to ARN24089/olaparib may improve the

effectiveness of these drug combinations.

PARPs are activated by DNA breaks and use of PARP inhibitors are well established
in BRCA-associated cancers [392]. However, use of high dose PARP inhibitors for
the treatment of PDAC can be extremely toxic, with side effects including sporadic
acute myeloid leukaemia [396]. High levels of >3 grade 3 toxicities are associated
in patients treated with combinations of PARP and cisplatin/gemcitabine [396]. In
order to improve results in in vitro assays using organoids to assess the
effectiveness of these drugs, pre-treatment with a DNA damaging agent, such as

cisplatin, may be required.
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While the work in this chapter has shed light on the importance role of the DDR
pathway in PDAC research, it has a number of limitations. Due to the limited
solubility of ARN24089 (maximum soluble concentration of 40 pM), it was not
possible to study its potential use as a single agent in PDAC organoids, as a reliable
ICso value could not be obtained. This drug will also require improvements in its
solubility before it can potentially be used in vivo studies. Finally, there are a
number of limitations of the dual luciferase reporter assay, as the plasmid had
limited available restriction enzyme sites, therefore sequences which contained
test RE sites were excluded from further analysis. We were also unable to obtain
the plasmid without a SV40 promoter, so the negative control used in the

experiment was cells with transfection reagent only.

In conclusion, here we propose that SNPs in the Pujana ATM PCC Network gene
set may be involved in regulating key genes CASP7 and SMC(C2, further
underpinning the potential role of DDR in PDAC development. Direct targeting of
the RAD51-BRCA2 protein-protein complex in non-BRCA2 mutated PDAC
organoids highlights a potential new therapeutic strategies for the treatment of

pancreatic cancer.
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Chapter 6. Summary and future

work

6.1. Summary

The overall aim of this project was to develop a novel in vitro model for the study
of PDAC and to validate genomic variants of the disease. By establishing novel
methods for the development of organoids from PDAC tumour samples, the work
in this thesis has built on the advancements in the field of in vitro cancer modelling
to bridge the in vivo/ in vitro gap in PDAC research. In addition, methods for the
generation of isogenic PDAC cell lines, and a novel model for PDAC, CLOs have
been outlined in this thesis. RNA-sequencing has validated that the organoid and
CLO models are transcriptomicly similar and are more representative of the PDX
tumour than the isogenic cell line. Organoid and CLO models have also been
shown to be morphologically and phenotypically similar. Finally, an in vivo study
has shown that when implanted subcutaneously, the CLO model was capable of
recapitulating the morphology of adenocarcinoma. These CLO models makes the
use of more representative in vivo organotypic models more accessible for all PDAC

researchers.

In addition, work in this thesis has prioritised, and functionally validated GWAS
pathway analysis associated SNPs through dual luciferase reporter assay and
proposes that SNPs in the DDR pathway (rs4742902, rs3124737) and MODY
pathway (rs488087) have a functional effect on gene expression. Analysis of the
role of the associated genes (SMC2, CASP7 and CEL) suggests that these genes may
play a role in the development and progression of the disease. Further analysis of
MODY transcription factors has highlighted differences in expression of HNFIA
and HNF4G effects the of overall survival of patients, and differential expression of
both genes has downstream effects on a number of molecular pathways. Further

underpinning the potential role of the MODY pathway in PDAC.
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Additionally, this thesis explored the role of DDR in drug response, and organoid
models were used to assess the effectiveness of the novel compound ARN24089.
This compound has shown effectiveness alone, and in combination with olaparib,

in a number of different organoid models

6.2. Conclusions

In conclusion, this thesis presents a novel in vitro model of PDAC: CLOs, which
are more representative of the tumour growth and development than established
cell lines. This model overcomes a number of the issues associated with the use of
organotypic models, including sourcing of tumour samples, slow growth rates and
use of expensive reagents, making organoid culture assessable to more researchers.
Additionally, the use of CLOs is not limited to PDAC, and therefore has the

potential to improve in vitro modelling for all cancer types.

The functional validation of GWAS pathway analysis associated SNPs through dual
luciferase reporter assay has highlighted the potential mechanisms underlying
PDAC carcinogenesis. These SNPs could also be used for the development of
multigenic predictors for identifying individuals at high risk of developing
pancreatic cancer. Finally, the use of a novel compound, ARN24089, in the direct
targeting of the RAD51-BRCA2 protein-protein complex in non-BRCA2 mutated
PDAC organoids highlights new potential therapeutic strategies for the treatment
of PDAC.

6.3. Future work

1. Further development of organoid and CLO models to make them more
representative of the PDAC tumours in patients. This includes developing
methods to use cells present in the PDAC tumour microenvironment,
stromal cells, cancer-associated fibroblasts and immune cells.

2. Optimisation of the method for establishing organoids and isogenic
primary cell lines from PDX tumours for other cancer types, as well as

validating the use of CLOs in different cancer types.
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3. The generation of CRISPR-knockout cell lines and organoids would allow
for further assessment of the function of MODY and DDR pathway genes,
such as HNFIA, HNF4G, SMC2 and CASP7 in PDAC, in the development
and progression of the disease.

4. To further assess the effect of SNPs on the development and progression of
PDAC, functional validation through dual luciferase reporter assay of all
SNPs identified in a GWAS and pathway analysis studies should be
performed using a large panel of PDAC cell lines. This would allow for
identification of subtypes of the disease in which the SNPs may have an
effect.

5. Generation of CRISPR edited organoids and cell lines, would allow for the
full functional validation of the GWAS SNPs in PDAC, and results from this
could be used in the development of a multigenic predictors for identifying
people at risk of developing the disease.

6. Further investigations into the use of novel compound ARN24089 in the in
vivo treatment of PDAC. Including optimisation of treatment regimens in
combinations of ARN24089, cisplatin and olaparib, including pre-
treatment priming with cisplatin, followed by treatment with a
combination of ARN24089 and olaparib. Other treatment combinations
using drugs, such as immunotherapy pembrolizumab could be assessed.
Establishing the mechanism of action of the drug through assessment of
cytostatic/cytotoxic effects including cell cycle progression, type of cell
death mechanism (apoptosis, necrosis, necroptosis). Additionally, the effect
of treatment on DDR pathway could be assessed through evaluating the
expression of y-H2AX and cleaved-PARP in treated cells and performing
p21/cell cycle analysis.
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Chapter 8. Appendix

8.1. Appendix A
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CATGAGTACTTATTACAAGATAATTATGCTGAAAGTTAAGTTATCTGAAATGT
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Supplementary Figure 8.1: Representative chromatogram, image shown is KRAS
gene in patient PDMI106. Highlighted in blue is the G to T change, resulting in a
G2V KRAS mutation.
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Appendix

8.4. Appendix D

Supplementary Table 8.3: Gene list - genes upregulated in both PT127 PDX and
CLO when compared with PTI127 cell line (fold change >2, p-adj < 0.001).

Gene Name Log2Fold Change p-adj

KIF12 5422 1.62E-62
CAI2 5302 1.44E-19
LRIGI 5.286  5.37E-57
LTB 5.263 8.48E-05
FAM3B 5.004  6.01E-51
TNFRSFIIB 476 5.34E-09
SLC5A1 4749  1.95E-50
LCN2 4551 4.24E-12
PLEKHBI 4505 4.08E-13
DEGS2 4455 1.86E-07
FAM222A 4176 1.96E-08
NECTIN3 3.92 4.77E-14
SELENBPI 3.873 1.29E-12
GJBI 3.831 LOGE-12
FILIPIL 3.795 1.92E-14
MYH7B 3.776  5.46E-07
PLBI 3.748 2.16E-24
NROB2 3.738  4.10E-09
PLEKHSI 3.669 3.63E-28
PLA2G4F 3.638 1.05E-24
CLDN2 3.594 4.09E-79
SLC9A3 3.539  9.80E-12
C9orf152 3.527  7.66E-12
SMIM24 3.516 3.49E-09
KLKI 3.488 8.79E-23
CCDC40 3.452 1.39E-11
RSPHI 3418 1.59E-45
PSTPIP2 3394 4.18E-08
ITPR2 3386 5.38E-07
BRSK2 3365  0.00015
PTGER4 3344 1.79E-19
DAPK2 3338  6.65E-10
LINCO1124 3.277  135E-07
ZSWIM>5 3.245 5.34E-20
AMACR 3.235 1.17E-18
IGSF9 3175 2.46E-18
GPC2 2.64 1.22E-06
SIAE 2.64 4.95E-06

368

Gene Name Log2Fold Change p-adj

SEMAGA 316  1.90E-06
MEX3A 3125 2.64E-08
DEPTOR 3.115 2.43E-52
EPHX2 3.031 2.45E-18
LARGE2 2996 5.92E-06
TMEMZ229B 2.979 9.77E-13
100288152 2975 3.29E-08
MAP2K6 2.963 4.38E-10
ATPIOB 2.953 7.15E-42
GPX2 2.941 1.01E-31
SLCIA4 2.927 1.58E-16
CRACR2A 2925  1.25E-05
RNASEI 2913 1.44E-08
SELENOM 2.889 1.28E-21
RXFP4 2.882  2.53E-09
RGMB 2.871 3.57E-18
SEZ6L2 2.867  146E-07
SLC4A8 2.855  6.12E-06
MLLT3 2.845 1.31E-19
BDH2 2.839 3.17E-10
EPHB3 2.809 6.31E-11
CRISPLD2 2.797  0.00023
PDZK1 2.786 6.55E-13
TPPP3 2.755  3.95E-06
SP5 2.753 0.00019
CCDCI170 2.751 1.43E-12
MDK 2.746 1.34E-10
PAQR6 2738  0.00074
MAPILC3A 2.73 2.32E-14
RAB30 2.718 1.91E-05
SOWAHA 2.699 231E-14
NEDD9 2.694  2.88E-05
ACSSI 2.682  5.28E-20
MYCL 2.673 5.40E-09
BCL2L14 2.646 0.0002
HNFIA-ASI 2.643 5.24E-06
ALDHIAI 2.259 2.75E-46
GATM 2258  4.67E-09
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100124692
KREMENI
TSPOAPI
SELENOW
INPP5]
IFI6
MCF2L
RAB26
MGAM2
INKA2
ORMDL3
MAPKSIPI
TNFAIP2
GRAMD2A
TGFB3
PDE4D
TOX3
ALDHIBI
HS6STI
SLC29A4
AIFM3
ARHGEF40
SCAMPS
FAAH
KCTDI7
FOXA3
ETS2
GSDMB
SGSH
PAPSS2
PYCARD
ASRGLI
FKBP7
PLPP3

2.634
2.604
2.579
2.579
2.543
2.534
2.533
2.519
2.517
2.505
2.505
2.498
2.496
2.49
2.452
2.445
2.44
2.438
2.417
24
2394
2394
2376
2375
236
236
2352
2.327
2324
2323
2312
2.276
2.267
2.266

5.42E-34
4.31E-06
1.86E-08
1.13E-18
7.16E-07
2.67E-05
2.81E-10
4.82E-05
3.09E-07
2.42E-14
2.02E-09
2.49E-06
1.92E-08
5.35E-16
0.00093
1.06E-08
0.00029
8.55E-53
6.87E-08
0.00014
6.63E-10
3.02E-05
1.26E-12
5.63E-10
1.83E-06
1.43E-12
2.60E-32
0.00041
4.02E-08
0.00042
1.55E-06
7.24E-08
0.00013
0.00066

ABAT
SOX9-ASI
FOXD4
ESPN
MYLIP
CCSERI
VIPRI
RN7SK
SERPINA4
IFI27
CEMIP2
TESC
RBBPSNL
MMPII
CES3
AKRIC3
STXBP6
MLEC
QSOXI
NFIA
CHST6
ARRB2
STK3I
CTSS
ZNF233
LRRC73
MYB
RABIIFIP3
100129046
TEAD2
PLCB4
COROIA
ACCS
SYK

2.244
2.227
2.209
2.19
2.189
2.187
2178
2167
2.162
2151
2.148
2.138
2134
2129
2122
2.118
2.107
2102
2.095
2.086
2.07
2.067
2.063
2.063
2.05
2.048
2.047
2.044
2.029
2.025
2.025
2.019
2.006
2.002

2.45E-10
8.80E-05
1.25E-05
2.55E-09
1.25E-25
0.00064
7.25E-14
1.06E-08
1.75E-07
0.00094
1.16E-07
2.12E-06
4.95E-17
3.08E-08
1.97E-11
2.76E-16
3.33E-11
1.18E-11
1.20E-14
2.62E-12
2.07E-11
3.82E-16
9.70E-06
1.I8E-08
5.37E-05
1.69E-05
1.51E-14
3.49E-05
3.29E-14
2.91E-17
0.000444
1.13E-31
7.84E-05
1.96E-08
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Supplementary Table 8.4: Gene list - genes downregulated in both PT127 PDX and
CLO when compared with PTI127 cell line (fold change >2, p-adj < 0.001).

Gene List fog2Fold p-adj Gene List fog2Fold p-adj
Change Change
FOSB -7.241 1.82E-55 HBEGF -3.295 L56E-07
CAVI -7.054 L16E-101 MYBLI -3.27 5.46E-06
AXL -6.625  6.32E-262 CTGF -3.252 4.80E-14
RAB3B -6.322 1.39E-60 ERRFII -3.243 6.42E-14
FOS -5.132 1.1I3E-31 MICB -3.203 1.24E-11
PADII -4.767 1.24E-51 SMAD7 -3.144 2.10E-10
DUSPI -4.67 2.09E-42 TSC22D3 -3.136 1.27E-12
EHD2 -4.651 2.54E-09 THSD4 -3.083 2.45E-21
EGRI -4.637 3.22E-50 KRT80 -3.059 9.8IE-55
ATF3 -4383  4.50E-09 SLC7A7 -3.044 1.O5E-16
TGM2 -4348  335E-176 PMAIPI -3.024 3.98E-15
CYR61 -4.301 1.62E-62 652995 -3.02 5.44E-17
OXTR -4.236 1.98E-10 ID2 -3.014 231E-11
PHACTR3 -4.21 1.1I3E-31 RGCC -2.952 1.82E-29
NR4AI -4.174 6.61E-11 LICAM -2.873 2.27E-07
FOSLI -3.986 2.47E-35 PLAUR -2.868 5.74E-06
KRT86 -3.876 1.44E-19 GADD45B -2.86 8.18E-09
SUSD2 -3.862 4.44E-26 SLCI6A4 -2.814 8.15E-26
AKAPI2 -3.796 1.86E-64 ARHGAP29 -2.813 2.58E-08
ADGRFI -3.731 9.83E-27 LAT2 -2.792 3.03E-32
LCK -3.681 2.45E-21 PEARI -2.791 2.23E-05
CAVINI -3.66 1.43E-78 FGFBPI -2.787 0.00016
PLK2 -3.623 2.30E-40 ANOI -2.774 1.1IE-36
LGALSI -3.598 4.75E-45 ZFP36 -2.761 1.81E-05
284454 -3.584 1.52E-09 WNT7B -2.753 2.44E-11
ARHGDIB -3.58 2.63E-34 NCEHI -2.711 4.27E-23
EDNI -3.579 1.43E-64 NTN4 -2.633 6.66E-05
UNCI3D -3.472 1.51E-27 MIR4435-2HG -2.628 7.08E-32
MMP7 -3.463 1.17E-08 STEAP4 -2.623 3.44E-21
ELFN2 -3.455 1.30E-06 SNORC -2.621 9.24E-14
ANXAI -3.415 4.82E-31 CAVIN3 -2.618 5.03E-16
CACNG4 -3.391 2.59E-18 ANXAZR -2.603 4.38E-10
PLAU -3.355 5.27E-60 CYTOR -2.583 5.81E-09
KLF2 -3.347 1.90E-17 RNF39 -2.571 1.95E-19
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CAV2 -3.346 4.90E-24 KLF6 -2.552 2.57E-05
GPAT3 -3.297 3.55E-28 ANLN -2.544 3.89E-17
KLK7 -2.532 0.0007 CDKNZB -2.212 1.41E-05
ID3 -2.517 2.16E-05 100506906 -2.206 0.00088
ERFE -2.493 6.50E-08 EVAIC -2.205 7.97E-24
100287314 -2.489 7.83E-16 DUSP5 -2.19 0.00055
SGKI -2.486 7.57E-21 LAT -2.182 1.07E-14
TMPRSSI3 -2.476 0.00031 BCAR3 -2.176 9.14E-32
CLCFI -2.457 2.64E-08 ITGB2 -2.171 L16E-07
ATP2B4 -2.452 LIE-13 CXCL2 -2.162 1.06E-06
DUSPIO -2.448 1.77E-39 GRHL3 -2.145 2.98E-23
IL6R -2.393 3.62E-24 TTYHI -2.144 1.43E-05
OLFML2A -2.376 4.05E-07 CITEDZ2 -2.143 1.99E-29
FAMI22B -2.376 2.04E-12 HMGAI -2.14 1.89E-15
MSMOI -2.363 3.79E-09 PTAFR -2.139 4.88E-19
SMURF2 -2.356 6.07E-16 B3GNTLI -2.132 6.95E-11
TNNTI -2.347 2.70E-08 AMIGO2 -2.13 1.33E-17
DCBLD2 -2.337 1.31E-05 KRT7 211 0.0006
221584 -2.336 9.97E-10 RBMS2 -2.096 2.03E-10
CHACI -2.331 4.38E-07 FAM3C -2.078 7.55E-22
DUSP6 -2.327 1.22E-19 SLC20A1 -2.068 1.79E-07
LIF -2.319 4.58E-05 HESI -2.066 2.02E-15
MOSPDI -2.318 2.88E-09 DENND3 -2.063 1.00E-06
ARNTL2 -2.299 4.73E-07 KIAA0040 -2.047 0.00049
ZNFI65 -2.291 1.88E-33 HDAC9 -2.046 3.15E-13
FAMI122C -2.291 5.25E-15 VSIR -2.044 1.01E-09
643977 -2.289 LI5E-1B THBSI -2.041 8.25E-18
TIMP2 -2.286 9.19E-49 SI00AZ2 -2.015 4.64E-06
ARSK -2.263 1.54E-05 KIF20B -2.011 0.00038
B -2.255 1.34E-07 HMGCSI -2.005 2.24E-07
SEMA7A -2.223 2.26E-06 ETSI -2 2.01E-05
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Supplementary Table 8.5: Gene list - genes upregulated in both PT291 PDX and
CLO when compared with PT29I cell line (fold change >2, p-adj < 0.001).

log2Fold
Gene Name p-adj
Change

SERPINAS 4.212 2.17E-14
CCDCli4 417 4.30E-22
PTK7 4.061 2.95E-27
FCGBP 3.931 1.87E-29
CCDCI70 3.607 4.53E-13
ANPEP 3.575 1.43E-09
TFF3 3.512 3.51E-11
NECTIN3 3469  4.17E-09
NDRGI 3.461 1.94E-11
SERPINA4 3414  2.62E-13
PPIL6 3215 937E-07
FOXJI 3.037 2.97E-10
TGFB3 3.015 8.47E-19
SLC29A4 2986 3.75E-07
PLEKHBI 2.89 2.69E-14
CFAP73 2.84 4.88E-07
DEPTOR 2.811 236E-09
EGLN3 2794 190E-22
GCNTI 2.778  1.82E-09
PPMIL 2771  3.59E-12
LRIGI 2.709  8.57E-11
FKBP9PI 2.685 5.22E-05
PRSS33 2.646  0.00026
TRPM5 2596  0.00055
100506211 2581 3.46E-09
CCDC40 2.58 4.78E-08
WDR78 2,576  2.32E-06
GNAZ 2512  8.39E-10
FAM222A 2509  138E-07
LINC00261 25  43IE-05
ASRGLI 2444 2.60E-06
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log2Fold
Gene Name p-adj
Change
RCBTB2 2434 2.55E-11
SEMAS3F 2.362 23IE-23
STXBP6 2.343 1.99E-11
TMEM97 2316 0.0007
LRRC73 2315 2.94E-11
ITPR2 2306  1.32E-05
NAALADL2 2.272 5.79E-14
RASLIIA 2272  7.44E-05
APBAI 2271 4.59E-08
FHADI 2271  6.05E-10
FAM227A 2.262  5.65E-10
CLU 2.239  120E-05
RNASEI 223 4.96E-05
DEGS2 2.214 1.16E-08
RSPHI 2202 2.63E-08
HNFIA-ASI 2194  9.64E-07
PTPRN2 2192 333E-13
SYNM 2179  102E-05
C4A 2176  7.21E-08
PPPIRIB 2151 1.64E-20
usp2 2146 6.50E-06
TMEM?231 2144  1.60E-05
C4B 2131 8.57E-08
ST6GALNACI 2128  431E-05
MESPI1 2.083 6.24E-09
SNEDI 2.082  2.69E-13
ALDOC 2.066 0.00069
PROMI 2.05 1.70E-12
HISTIH4K 2.043 1.65E-06
SLC4A8 2.042  291E-07
FAMIIOC 2.018 1.47E-06
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Supplementary Table 8.6: Gene list — genes downregulated in both PT291 PDX and
CLO when compared with PT29I cell line (fold change >2, p-adj < 0.001).

Gene log2Fold log2Fold
Name Change p-adj Gene Name Change p-adj
AHNAK2 -5.316 1.28E-110 GPAT3 -2.828 6.09E-09
AXL -5301  2.00E-44 PHACTR3 -2.787 5.07E-06
COLI7AI -4.747 0.0002 EMPI -2.774 6.03E-25
CDHR2 -4.682 4.55E-11 GJB3 -2.763 2.63E-34
ECMI -4.628 9.92E-49 PLAUR -2.757 3.59E-17
FOSB -4.491 2.55E-11 MDFI -2.757 2.68E-12
ID3 -4.263 8.26E-17 GEM -2.736 2.77E-18
SEMA7A -3.985 5.67E-39 ILI8 -2.683 1.84E-10
IL23A -3.926 1.92E-29 652995 -2.681 2.51E-05
AKAPI2 -3.887 3.40E-11 DCBLD2 -2.678 8.37E-11
TM4SF4 -3.865 0.00055 ELFN2 -2.639 1.03E-07
FLNC -3.848 1.75E-08 SMIM>5 -2.634 0.00094
CDHI7 -3.757 0.00044 SDRI6C5 -2.617 9.01E-06
LAT2 -3.757 2.11E-46 OXTR -2.611 9.83E-06
CAVINI -3.704 8.30E-24 PCEDIB -2.605 7.03E-05
UNCI3D -3.629 8.24E-24 CYP3A5 -2.588 1.02E-05
SNCG -3.594 4.14E-08 RASA3 -2.555 1.78E-06
SULT2BI -3.551 1.25E-11 GPSMI -2.514 0.00032
LGALSI -3.437 1.46E-26 UNC5B -2.485 0.0006
BTBDII -3.424 6.91E-09 PLEKHNI -2.468 2.97E-10
RAB3B -3.422 1.57E-10 P2RY2 -2.443 3.57E-07
FOSLI -3.414 2.08E-10 ETSI -2.436 8.63E-08
PADII -3.414 1.48E-10 CRYBG2 -2.398 4.15E-06
SDCBP2 -3.338 1.90E-08 ARL4C -239%4 4.33E-09
CAVI -3.321 3.16E-08 TNFAIP3 -2394  8.60E-05
IDI -3.267 3.22E-07 KLKi1I -2.391 3.57E-07
AREG -3.23 2.10E-48 CXCL8 -2.391 9.14E-10
DUSPI -3.224 2.53E-16 DUSPIO -2.375 1.28E-07
727738 -3.172 2.10E-48 1132 -2373 L1IE-06
3 -3.047 9.10E-15 8511 -2352  8.08E-05
CPNE7 -2.962 2.07E-06 ADAMTSL5 -234 L17E-08
ABLIM3 -2.933 2.95E-27 PTPRR -2.336 5.46E-09
CYP4F3 -2.925 0.00035 SYNGR3 -2.31 0.00077
PLAU -2.918 L10E-17 PSORSICI -2.296 L16E-06
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SMAD7
AMIGO2
CD55
MMP23B
ITGA2
STOM
KIAA0040
MTMRII
PERMI
PROCR
HEPH
IRS2
KLK7
SH3TC2
PLCXD2
PTPRB
LIF
PRDMI
PIMI

-2.908
-2.875
-2.236
-2.226
-2.221
-2.217
-2.189
-2.186
-2.178
-2.177
-2.163
-2.145
-2.129
-2.12
-2.119
-2.114
-2.103
-2.102
-2.094

3.01E-18
3.99E-21
1.34E-13
7.11E-05
7.93E-26
2.66E-07
1.50E-06
1.8IE-05
4.58E-06
9.52E-11
4.92E-05
1.60E-15
0.00032
L.I5E-19
0.0003
1.28E-24
1.34E-34
2.46E-07
2.07E-09
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PHLDB2
MMP7
RNDI
TNFRSFIIB
SERPINB5
SLC22A3
SI00AZ2
DUSP5
ARLI4.00
FSCNI
284454
KLKIO
CLCFI
LMTK3
SMIM6
CAV2
TNFRSF6B
EPHB6

-2.277
-2.247
-2.089
-2.084
-2.083
-2.081
-2.07
-2.058
-2.058
-2.054
-2.053
-2.043
-2.041
-2.035
-2.019
-2.012
-2.006
-2.004

1.48E-09
1.24E-06
0.0003
8.31E-11
8.15E-05
7.58E-15
3.58E-06
4.04E-08
0.0002
0.00066
2.58E-10
4.77E-07
1.10E-06
0.00051
2.29E-05
1.42E-14
9.01E-05
2.91E-07




