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ABSTRACT

Large bowel cancer, or colorectal cancer (CRC) is the third most common cause of
cancer worldwide and the fourth biggest cause of cancer mortality. Twin studies have
shown that the heritable contribution is ~35%, with ~5% of cases due to rare, high-
penetrance mutations. In the last decade, the use of genome-wide association studies
on large, well-characterised case-control cohorts of CRC has facilitated the
identification of over 25 common genetic variants that carry with them an increased
predisposition to colorectal cancer, invoking the common-disease common variant
paradigm. As almost all of these variants lie within non-coding regions, the
underlying causal mechanism is to-date poorly understood for the majority of these

loci, and it is thought that they mediate risk by influencing gene expression levels.

To test this hypothesis, an agnostic approach that utilises expression quantitative trait
loci (eQTL) analysis was first carried on 115 normal colorectal mucosa samples and
59 peripheral blood mononuclear cells (PBMC). As these heritable variation on gene
expression are likely to be subtle, there is a strong emphasis on the technical
methodology to minimise experimentally-induced non-biological variations,
including the extraction of high-quality RNA from primary tissue, the selection and
validation of reference genes for normalisation of gene expression quantification, as
well as internal validation of the samples and data processing. Thereafter, the
association between the 25 CRC risk variants and the expression of their cis-genes
were examined systematically, demonstrating that ten of these variants are also
tissue-specific eQTLs. This intermediate phenotype strongly suggests that they
confer risk, at least in part, by modifying regulatory mechanisms. One of the best
eQTL associations (Xp22.2) is investigated in further detail to reveal a novel indel
polymorphism (Indel24) at the distal promoter region of target gene SHROOM2 that
influenced both transcript abundance and CRC risk more than the original tagging
SNP. Functional verification with gene reporter assays indicated that Indel24
displays differential allelic control over transcriptional activity. Further in silico
analysis and mutations to the reporter gene constructs provided evidence that Indel24
modulates transcription by modifying the spacing between CCAAT motifs and the



consequent binding affinity of NF-Y transcription factor. SiRNA depletion of NF-Y
was associated with a reduction in transcriptional activity of the Indel24 gene
construct as well as endogenous SHROOM2, which is strongly supportive of the
interaction between Indel24 and NF-Y in the transcriptional activation of
SHROOMZ2. Preliminary evidence is suggestive of SHROOMZ2 being expressed at the

top of the intestinal epithelial crypt and playing a role in cell cycle regulation.

Hypothesis-driven approaches can also be of utility in demonstrating functionality of
CRC risk variants, complementing the hypothesis-free approach of eQTL analysis.
Guided by a recently discovered gene-environment interaction between the 16q22.1
risk variant and circulating vitamin D levels, the influence of the rs9929218 SNP on
CDH1 gene expression was examined, in relation to the expression of putative
regulatory genes derived from in silico analysis and studies of other target genes.
Although there was no direct association between rs9929218 and CDH1 expression,
there were multiple two-way interactions that were together suggestive of rs9929218
influencing the VDR/FOXO4 regulation of CDH1. This provides functional support
for the mechanism underlying the epidemiological observation of the gene-
environment interaction between 16g22.1 and vitamin D, and demonstrates a
candidate-based approach in deciphering the link between genetic locus and CRC
susceptibility.

In summary, the research presented in this thesis has validated the experimental
rationale of utilising expression studies of normal colorectal mucosa to hone in on
the molecular mechanisms and susceptibility genes underlying the association

between common genetic variation and CRC risk.



LAY ABSTRACT

Large bowel cancer is the third most common cause of cancer worldwide and the
fourth biggest cause of cancer deaths. Large-scale comparative studies of people with
and without colorectal cancer have shown that there are inherited genetic factors that
predispose one to the disease. These genetic factors are present at varying
frequencies in the general population with varying effects on disease risk; rare
genetic mutations have a big impact on the lifetime chances of developing the
disease, whereas common normal DNA sequence differences have a smaller

influence on disease susceptibility.

Although the risk conferred by these common DNA differences are individually
modest, collectively they have a significant influence on the risk of developing the
disease. How these variants lead to the development of large bowel cancer is poorly
understood, and this study seeks to shed light on the underlying mechanisms.
Understanding how these heritable factors lead to disease is important as not only
will it improve our understanding of how cancer develops, it will also inform the

design of preventative and therapeutic strategies.

By analysing the cells of the human large bowel and blood, this study demonstrates
that some of these common genetic differences linked to large bowel cancer do not
alter the function of genes, but instead influence the levels of gene products that are
expressed. Further investigation of one of the genetic variants with the strongest
influence on gene expression identifies the underlying molecular mechanism and the
gene it influences (known as SHROOM?2). The research presented in this thesis also
presents a framework of investigation into the function of this gene in the large
bowel, and how differences in its expression could lead to large bowel cancer.
Finally, this thesis describes the investigation of the molecular mechanism
underlying the synergistic effect of DNA variation and vitamin D levels on the risk
of developing large bowel cancer. This is an important aspect to address as it is
known that large bowel cancer arises from a combination of genetic and
environmental factors, and a clearer understanding of this complex relationship will

ultimately be of public health benefit.
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Chapter 1

Introduction

1.1 Introduction

The understanding of the genetic predispasiti colorectal cancer (CRC) has
progressed in the last decade with the advent nbrge-wide association studies
(GWAS). At least twenty-five common genetic vareahtive been established to be
associated with CRC risk, invoking the common disesommon variant paradigm
(Reichet al 2001). However, the functional mechanisms by Wtieey influence
risk are not well-understood. Therefore, the ingasion into these mechanisms has
considerable relevance to understanding the a¢tiogenesis of this complex
disease, which may ultimately lead to the discovefynovel therapeutic and
preventative targets. The research presented ® ttiesis has systematically
investigated whether these risk loci are associati¢ill the baseline expression of
nearby genes in tissue types relevant to coloreetiater. Significant associations
are prioritised and followed-up with functional ags to elucidate the causal

molecular mechanisms.

The importance of delineating the moleculacihamisms that underlie CRC is
underscored by the fact that colorectal cancermmjor health problem globally. In
this introductory chapter, the incidence and burde@RC is firstly discussed. The
molecular events giving rise to CRC and its celbofin are considered as these are
pertinent issues that will influence the study gesand the interpretation of various
aspects of the gene expression analysis. A revidWeorisk factors associated with
CRC is presented, including dietaryl/lifestyle fastanflammation, the microbiome
and genetic predisposition. This ranges from raneilfal cancer syndromes to low-
penetrance common susceptibility alleles, whiclmféine impetus for this research.
Though limited, the current understanding of these& variants and mechanisms is
described. As all of these risk loci reside withon-coding regions, it is thought that
they confer risk by subtly influencing the regudatiof gene expression and may also

act as expression quantitative trait loci (eQTL)eTse of eQTL analysis in complex



disease traits and the functional annotation of CRK loci is therefore discussed.
Finally, the aims of the project are presented #wedexperimental approaches are

described.

1.2 Colorectal cancer: epidemiology and pathogenesi s

1.2.1 Incidence and burden

Large bowel cancer, or colorectal cancer (CRGhe third most common cause
of cancer worldwide and the fourth biggest causeaater mortality, with nearly 1.4
million new cases diagnosed in 2012 (World Cancesedrch Fund International,
URL1.1). It is more common in the developed worldhere the incidence is over
two and a half times higher in developed count@mspared to less developed ones.
In the United Kingdom, there were on average 22/awly diagnosed cases of
CRC per year in men, and 17,846 new cases in waimeng 2008-2010 (Office for
National Statistics; URL1.2). It is estimated tthah 14 men and 1 in 19 women will
develop CRC at some point in their lives (Cancesddech UK; URL1.3). In the
United States, there has been a steady declihe im¢idence of CRC in patients age
50 years or older during 1975-2010, but the oppdsis been observed for young
adults aged 20 to 49 years (Baittyal 2015).

Age-standardised rates suggest that bowel cancemase common in
industrialised countries with westernised societ@&wobal data from 2008 indicates
that the WHO European region had the highest incieleof colorectal cancer
followed by the WHO Americas region, whereas WHQidsn region had the
lowest incidence. According to the World Bank in@groups for countries, high
income countries had considerably higher CRC imzderates than any other
income group, with nearly five times higher thae tlate in low income countries
(World Health Organisation; URL1.4). However, itoskd be noted that this
manifestation of colorectal cancer burden may yaetilect longer life expectancy in

developed populations, as well as better diagnasiicrecording tools.

With earlier detection and improvements iratngent strategies, CRC mortality

rates have decreased overall in the UK since thg #370s. However, although it is



a treatable disease with bowel surgery and adjuddueimo-radiotherapy, the
prognosis of CRC is still relatively poor. In 201tRere were 16,187 deaths from
bowel cancer in the UK, of which 54% were men afiétodvere women. (Cancer
Research UK; URL1.5). Several factors are assatiait higher risk of death, such
as age, socio-economic deprivation, and most iraptiyt the stage of the cancer at
diagnosis. In men, the five-year survival rate &¥® in stage | CRC falls
dramatically to 7% in stage IV CRC. In women, figear survival ranges from 100%
at stage | to 8% at stage IV. There is compellngence that early detection and
prevention by removal of premalignant polyps caduoe mortality, as indicated by
randomised trials of population screening (Towedr al 2007) and intensive
surveillance of genetically defined high-risk greuplarvinenet al 2000). An
understanding of the disease aetiology and riskofscwill not only allow risk
modifications and preventative therapies, but dlswe an impact on targeted

screening and treatment strategies.

1.2.2 Molecular genetics of colorectal cancer

Historically, CRC classification has been lolasely on clinical and pathological
features. There is growing evidence that over thet mlecade that CRC is a
heterogenous complex of diseases, where the mateantl genetic features of the
tumour can determine prognosis and the respontbetapeutic agents, in particular

targeted therapy.

The sequence from the pre-malignant adenontarmnoma is well understood
on a clinical level, and Vogelstein first describedis multistep genetic model that
the accumulation of multiple mutations leads to sbkective growth advantage that
underlies tumourigenesis (Fearon and Vogelstei®Q)}L9n this model, the early loss
or mutation of APC serve as the initiating evenadenoma formation, with at least
seven distinct mutations required for carcinogeneSince then, genome-wide
sequencing of CRC have calculated about 80 mutgteds per tumour, with less
than 15 mutations considered to be true driverso\& al 2007). More recently,
the alternative route of colon cancer carcinogenesi serrated polyps have been

described to account for 30% of CRC, where actigathutations of the mitogen-



activated protein kinase pathway compon&R$\F or KRASplay a prominent role
in this pathway (as reviewed in Bettingt@h al 2013). Although the precise
molecular events that lead to the development d @Rd its phenotypic changes are
still not fully understood, there is now clear ande for the presence of different
subtypes of CRC.

There are at least three distinct moleculényays that have been recognised to
give rise to CRC. The chromosomal instability (Clpjthway is defined by the
accumulation of numerical (aneuploidy) or strudtuwhromosomal abnormalities
that result in karyotypic variability. It is the stocommon manifestation of genomic
instability in CRC, occurring in approximately 708f6colorectal tumours (Lengauer
et al 1997), and is characterised by chromosomal nmnegeraents and loss-of-
heterozygosity (LOH) at tumour suppressor gene. IG¢N tumours can also be
discerned by the accumulation of mutations in $gecincogenes such a&PC
KRAS, PIK3CA, BRAFetc and tumour suppressor genes, but whethercédates
the appropriate environment for the accumulationheke mutations or vice versa

remains unclear (Pinet al, 2010).

The microsatellite instability (MSI) pathwag the other important pathway
leading to genomic instability in CRC. It is chamtsed by genetic hypermutability
caused by the dysfunction of DNA mismatch repaiMi®) genes. Deficiency in
DNA repair gives rise to the accumulation of abralities in microsatellites, which
are nucleotide repeat sequences of 1-6 base patrare prone to mutations due to
the inability of DNA polymerases to bind these satpe motifs efficiently. As a
result of insertions or deletions in coding regjoinameshift mutations occur with
subsequent deleterious protein truncations. The DR system is inactivated
either by germline mutations in MMR genes (as seehe familial syndrome Lynch
Syndrome), or epigenetically by gene promoter hye¢nylation and silencing of
MLH1 in sporadic CRC (Hermaet al 1998; Veigekt al 1998). More recently, the
Cancer Genome Atlas Project (TCGA) demonstratew/fagie-genome sequencing
that a quarter of hypermutated tumours had sonmat@match-repair gene and
polymerase (POLE) mutations (Muzngt al, 2012).



Microsatellite instability in sporadic CRC tha related to hypermethylation and
MLHL1 silencing is dependent on the third molecular wathwhich is characterised
by epigenetic instability as evident by the presené widespread CpG island
methylation (Toyotaet al, 1999). The CpG Island Methylation Phenotype (CINAP
associated with distinct genetic profiles, wherdMB1 is characterised by higher
rates of MSI andBRAF mutations (Weisenbergat al 2006; Sheret al 2007),
CIMP2 is associated witKRASmutations, and CIMP-negative cases are enriched
with TP53mutations (Sheast al, 2007; Hinoueet al, 2012).

CRC subtyping has also been addressed usimgaygression profiling in large
patient cohorts, where molecular expression subtyya@e not only been associated
with different molecular pathways and cellular pbtypes, but also with prognosis
and treatment responses (Salaziaal, 2011; De Sousat al 2013; Sadanandast
al, 2013).

1.2.3 Cell of origin of colorectal cancer

The epithelial layer of the human large intestconsists of a single sheet of
columnar epithelial cells, which form crypt-likevaginations into the lamina propria
connective tissue to form the functional unitstef tolon. The four major terminally
differentiated epithelial cell types in the colomiypt are known as the enterocytes
(absorptive cells), the goblet cells (mucus-senggti the enteroendocrine cells
(peptide hormone-secreting), and the recently cieniged tuft cells (opioid and
prostaglandin-secreting) (Gerbet al 2013) (Figure 1.1). The organisation,
architecture, differentiation and homeostasis efdtypt component cells are pivotal
to the normal functioning of the colonic epitheliuamd are thought to be maintained
by the gene expression gradients of key signaitintecules along the vertical crypt
axis, mediated by autocrine and paracrine pathvibgs arise from epithelial-
mesenchymal interactions (Figure 1.2). The keydalmy pathways implicated are
those of Wnt (Korineket al, 1998; Pintoet al, 2003; Sansonet al 2004),
EphB/Ephrin B (Batlleet al, 2002), Notch (Jensest al, 2000; van E®t al, 2005),
BMP (Heet al, 2004; Kosinsket al, 2007) and Hedgehog (Madisenal, 2005).
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Figure 1.1 In the colon (scanning electron micrograph in top panel), LGR5" stem cells at the
crypt base generate rapidly proliferating TA (transit-amplifying) cells in the lower half of the
crypt (bottom left panel). TA cells subsequently differentiate into the mature lineages of the
surface epithelium (enterocytes, goblet cells, enteroendocrine cells and tuft cells), as shown
in the lineage tree (bottom right panel). Epithelial turnover occurs every 5-7 days. Adapted

from Barker, 2014.
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There is a high rate of cell death and raprdver due to persistent abrasion
from the luminal contents, which imposes a requaeinior daily self-renewal driven
by small populations of adult stem cells. The ewate points towards a stem-cell
population that resides at the base of the cryttizvihe stem-cell niche, formed by
the stem cells themselves and surrounding meserathgells, the intestinal
subepithelial myofibroblasts. Crucially, lineagaeing experiments in mice using
inducible stem-cell markers have confirmed monaalorconversion and
multipotentiality in the intestinal crypts, wheteetstem cell marker LGRZXrypt
base columnar cells was shown to generate all édjgitHineages over a 60-day
period (Barkeret al 2007). CD24 and KIT goblet cells that are in close proximity
to LGRS stem cells at the crypt base have been identidigdorobable niche
components (Rothernbeeg al, 2012), but the major source of Wnt in the colas h

yet to be identified.

Although genetic/epigenetic lesions are widstgepted to have a major role in
determining tumour phenotype, it is also thouglat ttancers of distinct subtypes
may derive from different ‘cells of origin’ leadintp inter- and intra-tumoural
heterogeneity (Visvader, 2011). In studies of aadtal cancer, there is accumulating
evidence that supports a bottom-up theory of candgin, as the ability of stem
cells to indefinitely self-renew while generatingwnfunctional epithelia makes them
prime candidates for accumulating sequential germtiepigenetic mutations that
promote oncogenesis. Two distinct crypt stem dedlge been identified as the cells
of origin of intestinal cancers using an in-vivogeting approach in mouse models
that involves lineage tracing of cells as they ugddransformation. APC deletion in
long-lived LGR5 stem cells but not in short-lived transit-amplifyicells revealed
that intestinal cancer in mice originates from ¢rgtem cells (Barkeet al, 2009).
This target cell is also marked by PROM1 (Ztual, 2009). A BMIT stem cell
located in the +4 or +5 position from the basehefdrypt and therefore distinct from
the LGR5 stem cell was also shown to be susceptible to twigenesis by

deregulated Wnt signalling.

In contrast, the top-down hypothesis of intestcancer postulates that any cell in
the normal cellular hierarchy with proliferativepegity could also serve as a cell of

origin of cancer, if it acquires mutations thatinstigate self-renewal capacity and



prevent differentiation to a post-mitotic state pforting this paradigm are several
recent transgenic mouse model studies that implidestinct mechanisms involving
non-stem cells. Schwitallat al demonstrated that the combination fatatenin
activation and NReB signaling can convert LGREells into LGRS stem cells that
give rise to intestinal neoplasms, exemplifying tbhacept of cell-type plasticity and
bidirectional conversion that results in the dent#htiation of non-stem cells,
allowing them to act as tumour progenitors (Schiaitet al, 2013). Consistent with
this study, a lineage-tracing study of tuft ceksmbnstrated relative quiescence and
longevity of a small number of DCLKIcells, which converted into potent cancer-
initiating cells when subjected to a combinationA®fC loss and an inflammatory
stimulus (Westphaleret al 2014). Non-inflammatory processes have also been
implicated; a recent mouse model of hereditary thigelyposis syndrome (HMPS)
showed that the aberrant epithelial expressionG&REM1 can promote the
persistence and/or reacquisition of stem cell andour-initiating properties in
LGRS progenitor cells that have exited the stem cetaioy disrupting homeostatic
intestinal morphogen gradients (Daetsal, 2015). In all likelihood, the cellular and
molecular mechanisms underlying both hypothesesatranutually exclusive and
most probably act together as well as interact etininsic mechanisms such as the

stromal micro-environment to determine tumour lgatbology and behaviour.

1.3 Colorectal cancer: risk factors

Colorectal cancer typically develops over mamars, with a multifactorial
aetiology that involves environmental factors, dienesusceptibility and their
interactions. It occurs more frequently in the alidarge bowel (descending colon
and rectum) compared to the more proximal regidribeolarge intestine (Rabaneck
et al 2003), which might reflect differences in the load environment and inherent
cellular variation between these gut compartmehit® risk factors that increases
ones susceptibility to the disease have been exédnseviewed elsewhere (Raskov
et al 2014; Tenesat al 2009; Terz et al 2010; Louiset al, 2014) but the main

themes will be presented here.



1.3.1 Dietary and lifestyle risk factors

The higher incidence of CRC in developed coestis suggestive of a
contribution from environmental factors, broadlyided to include a wide range of
cultural, lifestyle and dietary practices. Thigisdent from early studies of migrants
from low to high incidence countries, who attaim@er incidence rates similar to
those of their adopted country within a single gatien (as reviewed by Boykt al,
2000). Supporting this further are the rapidly @aging incidence rates in developed
and westernised Asian countries with previously |mates, possibly reflecting
lifestyle changes as well as gene-environmentantams (as reviewed in Suegal
2005).

Although there is little doubt that diet cabtrtes to the development of CRC,
studies that accurately examine the relationshipvdxEn a specific food item and
cancer are difficult to design, not least becabtsedietary assessment methods are
inherently subjected to recall bias. Nevertheldsste are several dietary elements
that have been shown to be linked to CRC.

A high intake of dietary fibre, in particuleereal fibre and whole grains, has been
associated with a reduced risk of colorectal ca(ieneet al 2011). The partial or
total fermentation of fibre in the colon leads be fproduction of short chain fatty
acids such as butyrate, and it is thought thatetipdesy a pivotal role in maintaining
normal colonic function and preventing disease dégucing the intraluminal pH,
decreasing the conversion of bile acids to secgnite acids (Birketet al, 1996),
and more importantly, exerting anti-proliferativeoperties and tumour-suppressive
effects (Leonekt al, 2012; Funget al, 2013). Dietary fibres also have the effect of
diluting stool contents, bulking and increasing tregjuency of bowel movements,

reducing the concentration and contact time oficagens (Andersoat al, 2009).

Numerous prospective studies have linked measumption, in particular red
meat and processed meat, to a higher risk of CR@sg$bnet al 2006; Charet al
2011). A dose-response meta-analysis of epiden@abgtudies suggest that there
was a 24% increase in CRC risk for an increase20f/May of red meat and a 36%
increase in risk for 30g/day of processed meatdtdral, 2002). It is postulated that

the haem iron in red meat has a catalytic effecthenendogenous formation of
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carcinogenic N-nitroso compounds and the formatbrcytotoxic and genotoxic
aldehydes (Bastidet al 2011). The nitrites found in processed meat dse a

converted to N-nitroso compounds in the bowel.

Early epidemiological observations showed thatincidence and death rates of
CRC were lower among individuals living in south&titudes with relatively higher
sunlight exposure, than among those living at morthatitudes (Garlaneét al
1980). Because exposure to ultraviolet-B sunlightls to the production of vitamin
D, it was hypothesised that the variation in vitarDi levels might account for this
association. This hypothesis have since been tastedarious ways, including
association studies with annual solar radiationelkev(Mizoue et al 2004),
seasonality (Robsahmat al 2004), dietary vitamin D intake (Graet al, 2004;
Giovannucciet al 2005; Touvieret al 2011), pre-diagnostic circulating vitamin D
levels (Garlandet al, 1989; Tangreat al 1997; Feskaniclet al 2004), genetic
polymorphisms in the vitamin D receptor (Woeg al 2003; Parket al, 2005,
Touvier et al 2011), and a composite score of multiple vitarBinpredictors
including skin pigmentation, region of residencitaty intake, body mass index
and physical activity (Giovannucat al 2005). Although establishing a causal
relationship between CRC incidence and vitamin D clgllenging because
environmental risk factors associated with CRC m@iap be associated with vitamin
D deficiency (e.g. co-causality with physical aityiy; all the epidemiological
findings point towards hypovitaminosis D as a fa&tor for developing CRC, with
biological data to suggest that the vitamin D patyvactivation induces cellular
differentiation and inhibits proliferation, invasivess, angiogenesis and metastatic
potential (as reviewed by Peterékal 2004).

There is also some evidence of an associbgbmeen total energy intake and the
risk of developing CRC. However, this is relatiapsis likely to be indirect and may
be dependent on other factors, such as physicaltadas reviewed by Wiseman,
2008). Exercise appears to have a dose-responseticedin the rate of CRC, and it
is postulated that the increase in insulin-likewgto factor-binding protein and the
reduction of prostaglandins may be the mechaniswhigh exercise provides this
protective effect. Other non-dietary factors halge deen associated with increasing

the risk of CRC. Tobacco smoking doubles the riskaborectal adenomas (Botteri
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et al 2008), and other cohort studies have found ticahal intake increases the risk
of CRC (Moskakt al, 2007).

1.3.2 Inflammation

Inflammatory bowel disease is a major risktdador developing colorectal
cancer. Over 20% of patients with inflammatory bbwisease develop colitis-
associated cancer (CAC) within 30 years of diseaset, a subtype of CRC that is
associated with a high mortality of >50% (Laka&tsal, 2008). Although CAC is
thought of as a distinct subtype of colorectal eanthere are similarities between
CAC and other types of CRC that develop without sigys of overt inflammatory
disease. The essential stages of cancer developmuehtas aberrant crypt foci,
polyps, adenomas and carcinomas, as well as congeaetic and signalling
pathways such as those involving Wpitcatenin, KRAS, p53, TGB; and DNA
mismatch repairare similar between CAC and sporadic CRC (aswadeby Terzt
et al 2010). Furthermore, sporadic CRC display inflatama infiltration and
increased pro-inflammatory cytokine expression \(@lg, 2004; Atreyat al, 2008).
There is evidence from numerous observational esudhat non-steroidal anti-
inflammatory drugs such as sulindac, celecoxib aasbirin may have
chemopreventative effects, and it is thought tisé compounds mediate risk
reduction by modulating cyclooxygenase (COX) enzjenactivity and thenuclear
factor«xB (NK-xB) pathway(Yamamotoet al 1999; Larssort al, 2006, Flossmann
et al 2007; Charet al 2007; Arberet al 2006, Meyskengt al 2008; Halfet al
2009). Of these agents, the evidence for aspirimast convincing, with a large
randomised controlled trial showing a risk reduttin high-risk individuals taking

low-dose aspirin (Buret al 2011).

1.3.3 The microbiome

There is emerging interest in the role of thierobiota in the initiation and
progression of CRC. Microbiome changes that haes lbeported to be observed in
CRC patients includes. bovis(as reviewed in Burnett-Hartmaet al 2008),
Streptococcus spp. (Wangt al 2012), Escherichia coli(Bonnet et al, 2014)
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Fusobacterium nucleaturfCastellarinet al 2012; Kosticet al 2012), Clostridium
(Scanlanet al 2008), Bacteroides (Wangt al 2012) and various butyrate-
producing bacteria (Balamuruga al, 2008; Wanget al 2012). Apart from these
observed associations, experimental animal stuglipport a direct influence of the
gut microbiota on tumour formation (Dot al, 1997; Arthuret al 2012) that is
inter-dependent with the host inflammatory respdAsthur et al, 2014; Bolejiet al
2010).

Bacterial metabolism in the colon is fermemeatand also utilises anaerobic
respiration. As alluded to in the previous sectiongigested dietary components and
endogenous products are fermented by the anaerolmmbial community to
produce an extraordinarily wide range of metabslitthe major fermentation
products are organic acids, in particular the sbloatin fatty acids (SCFA) acetate,
propionate and butyrates. Aside from providing aergy source to gut epithelial
cells, SCFA have been shown to regulate colonicla¢gry T-cells (Smithet al
2013), downregulate pro-inflammatory cytokines inlooic macrophages by
inhibiting the activity of histone deacetylases §6¢et al, 2014), selectively induce
apoptosis of CRC cells (Budd al 2003; Clarkeet al, 2008), and maintain intestinal
homeostasis. Prominent butyrate-producing specigicates healthy, diverse
microbiota, and maintains favourable conditions #orstable and healthy gut
community. By contrast, dysbiosis is characteribgda reduction in microbial
diversity and an increase in pro-inflammatory, pg#nic species, which can be

caused by a poor diet, antimicrobial therapy oregierpredisposition.

The microbial communities that inhabit our tgaistestinal tract are tractable
environmental factors that we are exposed to coatisly, and it has become
increasingly clear that the collective activitidghe resident gut microbiota and their
metabolic products plays a role in the developmé@RC (as reviewed by Schwabe
et al 2013; Louiset al 2014). Hence, it is likely that there is a maltiéted
relationship between diet and microbial metaboltbat promotes CRC via pro-

inflammatory interactions with host intestinal sell
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1.3.4 Genetic heritability

It has long been known that inherited susbéjpyi plays an important role in the
predisposition to CRC. The earliest evidence fas tame from epidemiological
studies in the fifties that showed a 2-3 fold i in risk in first degree relatives of
CRC patients (Johnst al, 2001). Analysis of phenotype concordance in twins
estimates the heritability of colorectal cancetttom liability scale to be around 0.35
(Lichtensteinet al 2000). Until recently, our understanding of therdditary
component was based on rare, high-penetrance ongath a few genes, such as
APC, mismatch repair (MMR) geneSMAD4 andMUTYH Despite the large effects
of these rare variants, their low allele frequenwans their overall contribution to
disease burden is small (Foulketsal, 2008). Statistical modelling of the pattern of
familial occurrence of colorectal cancer after agmn of known high-risk genes
suggest that the remaining genetic heritabilitiikisly to be polygenic with the co-
inheritance of multiple genetic variants, each waitimodest individual effect, causing
a wide range of risk in the population (Figure 1RBare, moderately-penetrant risk
alleles (MAF<2%; relative risks>2.0) and common,w-penetrance alleles
(MAF>10%; OR<1.5) are likely to occur as a contimjuand extensive efforts are

underway to comprehensively identify these susb#ipyivariants.

Controls

A HHH T H BT

Locus
oo WK =

Alleles: © Lowrisk @ High risk

Figure 1.3. Polygenic model of disease susceptibility. Cases have a shift towards a higher
number of high risk alleles. Adapted from Whiffin et al, 2014.
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1.3.4.1 Very rare, high-penetrance familial colorec tal cancer

syndromes

Hereditary CRC, where a clear genetic basistfe disease has been defined,
accounts for 4-6% of colon cancer incidence (Rus@07). Family-based genetic
linkage and positional cloning studies have ledh® identification of numerous
CRC susceptibility genes (Table 1.1). The two majendelian cancer syndromes
that account for the vast majority of hereditary CCRases include Familial

Adenomatous Polyposis (FAP) and Lynch Syndrome.

GENE(S) SYNDROME RISK IN MODE OF
MUTATION INHERITANCE
CARRIERS
APC FAP 90% by age 45 Dominant
Mismatch repair Lynch Syndrome 40%-80% by age Dominant
genes 75
MUTYH MYH-associated 35%—53% Recessive
polyposis
SMAD4/BMPR1A Juvenile Polyposis 17%-68% by age Dominant
syndrome 60
STK11 Peutz-Jeghers syndrome  39% by age 70 Dominant
PTEN Cowden syndrome 15% lifetime risk Dominant
POLD1/POLE Oligopolyposis Dominant

Table 1.1 Familial CRC syndromes and the associated high-penetrance gene mutations.
Adapted from Whiffin et al, 2014.

Familial adenomatous polyposis (FAP) is charémed by the development of
hundreds to thousands of benign adenomatous paohgiscarpet the colon and
rectum of affected individuals. These polyps usualbpear during the second or
third decade of life. If the colon is not removedncer will inevitably develop in all
FAP patients, with an average age of colon caneegldpment of 39 years (Wil

al, 2002). It is inherited as an autosomal dominaseabe, with a population
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incidence of approximately 1 in 8000 (Bisgaatdl, 1994). Germline mutations of
the APCgene on chromosome 5921 is responsible for over @#tfected families.
APC mutations achieve near 100% penetrance, althdwagk ts marked variation in
phenotypic expression of the disease. Extracolamimours also occur and include
small bowel, gastric and periampullary tumourseadl adenomas and carcinomas,
and thyroid carcinomas. Other associated lesionkide desmoid tumours and
congenital hypertrophy of the retinal pigment eglitm (CHRPE) (Lynchet al
1998).

The gene product of the intaPC gene functions as a tumour suppressor. It is a
negative regulator in the Wnt signalling pathwap$&et al 2000), where it binds to
and phosphorylates soluble beta-catenin leadinig tytosolic degradation. In FAP,
the loss of functioning APC protein leads to theegulated translocation and
accumulation of beta-catenin in the cell nucleusens it interacts with TCF/LEF
transcription factors to constitutively activate tlanscription of many gene targets
includingMYC, CCNDJ, CD44 andBMP4 (Tetsuet al, 1999; Heet al, 1998; van de
Weteringet al, 2002). The loss of wild-typAPC may also affect tumourigenesis via
other mechanisms such as the regulation of celtatin (Kawasakiet al 2003;
Sansonret al 2004) and the organisation of the actin cytoskéretwork (Watanabe
et al 2004).

Lynch Syndrome is an autosomal dominant desoehd is the most common
familial CRC syndrome, accounting for 2% - 3% df @RC cases (Lynclet al
2000). Without a distinct polyposis phenotype, #aitked family history becomes
critical in the detection of Lynch Syndrome fanslieynch Syndrome tumours tend
to display an earlier onset than sporadic coloreanand are more likely to occur in
the proximal colon (Lynclet al 2009). Apart from CRC, Lynch Syndrome families
also see a predisposition for extra-colonic caneeeost notably endometrial cancers,
as well as cancers of the ovary, small intestiteanach, hepatobiliary tract, urinary
tract and brain. Germline mutations in one of tHdRigenes are responsible for this
susceptibility disorder, and confers a lifetime&krig CRC and endometrial cancer of
60-80% and 40-60% respectively (Meyetr al 2009). The penetrance has been
observed to be significantly greater in males tieamales (74% vs 30%) but the risk
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of endometrial cancer exceeded that for CRC in fesn@2%) (Dunloget al 1997),

suggesting that there are gender-specific modifiersk.

There has been a total of seven genes idsh@s members of the MMR family,
with the majority of Lynch Syndrome families havintations in eitheMSH2 or
MLH1 (Liu et al 1996; Mitchellet al 2002). Mutations ofMSH6 have been
identified in a small minority of cases (Kolodretral, 1999), while rare mutations in
PMSlandPMS2have been reported (Nicolaidessal, 1994; Worthleyet al, 2005).
Lynch Syndrome is usually caused by the inheritaricane mutant MMR allele and
loss of heterozygosity at the remaining wild-tygkele. This leads to a mutator
phenotype where cells accumulate further mutatairen amplified rate, increasing
the probability of mutations in other proto-oncogerand tumour suppressors. The
mutator phenotype manifests as a specific genamtability event at small repeated
sequences in DNA called microsatellite instabilityu et al 1996), as the MMR
system is less effective in correcting the slippager of DNA polymerase at highly
repetitive regions of DNA. There are also other-repair functions of the MMR
pathway that may contribute to tumourigenesis, saglthe activation of cell cycle
checkpoints and apoptosis in response to DNA-damgagagents and the
maintenance of homologous recombination fidelity (@viewed by Heinen, 2011).
Evidence from studies of mouse models suggestaltiaiugh the development of a
mutator phenotype is sufficient to drive tumourigeis, the ability of MMR-
defective cells to survive under conditions of @ased damage may accelerate the
process (Liret al, 2004; Yanget at 2004).

In the last decade, families with an atterdidé@P-like phenotype that do not
appear to carry any germline mutationARC have been described. Over 25% of
these patients carried germline biallelic mutationshe base-excision repair gene
MUTYH (Al-Tassanet al, 2002; Jonest al 2002; Siebeket al, 2003; Farringtoret
al; 2005), and this form of recessive hereditary earas been termedUTYH
associated polyposis (MAP). More recently, speajéemline exonuclease domain
mutations in polymerase proofreading ge®LD1 and POLE have also been
identified to be causative for the development oftiple colorectal adenomas and
CRC (Palleset al 2013). Collectively, the MMR defects of Lynch 8yome, base

excision repair defects that cause MAP, and theatiomis in proofreading genes
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emphasise the critical role of replication errang @oupled repair of base pair-level

mutations in the predisposition to CRC.

Rarer mutations in other genes associated hé@tkditary CRC include those in
STK11(Peutz-Jeghers syndrom@&TEN (Cowden’s disease) aBMPR1A/SMAD4
(Juvenile Polyposis) (Ngeoet al 2013), where CRC risk is mediated through the
development of hamartomas or mixed polyps. In coispa to the gatekeeper
function of theAPC gene and the caretaker roles of the mismatchrrapdMUTYH
genes, these genes are believed to create anli@pithdieu at risk for neoplastic
development and have been dubbed ‘landscaper géfiegler et al 1998),
highlighting the various signalling pathways thantibutes to the formation of

cancer.

1.3.4.2 Rare, moderately-penetrant risk variants

Candidate gene resequencing studies in affé¢atailies have been the mainstay
of the methodologies used to identify this subgradprisk variants. As these
approaches relied oa priori knowledge, their success has been hampered by our
limited knowledge of tumour biology. Rare successethis approach include the
discovery of the missense variant (APC 11307K) thairesent in ~6% of Ashkenazi
Jews (Lakenet al 1997). The APC I11307K T>A variant creates a small
hypermutable region that appears to increase egjalit errors inAPC, increasing

the risk of CRC by approximately two-fold.

With the advent of large-scale exome sequegnsindies in recent years, exome
arrays have been specifically designed to allowrexavide systematic interrogation
of coding variants with putative detrimental fuoctl consequences. In a large
unrelated case-control study, four novel codingiavas were identified to be
associated with CRC risk (Timofeegtal submitted). However, the minor alleles of
these variants are common (MAF 0.09-0.50) with rnsoafect sizes (OR 1.08-
1.15). No rare alleles (MAF<0.05) of moderate dffaere identified, despite
adequate power to detect such effect sizes. Thisngary to the expectation that
coding sequence variants with putative deleterietfiects might have a more

profound impact on risk. This suggests that rareetie variation of moderate
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penetrance are likely to segregate in families, &mak exome and genome

sequencing of trios and families may be a bettategjy to identify these variants.

1.3.4.3 Common genetic risk variants

A substantial proportion of the remaining tadie risk is likely to be accounted
for by numerous low-penetrance genetic variantgh eaith a relatively high
frequency in the population, as described in th@rimon disease-common variant”
hypothesis. This model posits that if a heritalidease is common in the population,
then the genetic contributors will also be commothe population. However, even
though the contribution of an individual variantth@ overall inherited susceptibility
of a disease may be relatively large, the penetrafichese variants will be very
small, which would explain why these variants ragluse multiple cases in families

and hence are not detectable through genetic linkaglies.

Until mid-2007, no common variants contributingtte® heritability of colorectal
cancer risk had been successfully identified antsistently replicated. In the last
decade, genome-wide association studies (GWAS) pamaeded a new conceptual
framework in the search for the genetic basis o€ECBy exploiting the non-random
coinheritance of genetic variants (linkage diselguim [LD]), these studies utilise
single nucleotide polymorphism (SNP) “tags” for ludypes to representatively
assay the entire genome. As the genome is screatiexlit any prior hypothesis for
specific regions, genes, or variants thereof, GW&& regarded as “agnostic” or
hypothesis-generating, rather than hypothesis-driféne last decade has seen the
assembly of large well-characterised case-conwdks with sufficient power to
account for the large number of statistical teggfgpmed and detect small effect
sizes. Facilitated by technological advances anst-remluction in high-density
reproducible genotyping platforms, over twenty camniow-penetrance variants
have since been identified to be associated witlC,C&I of which have been

validated in multiple case-control cohorts fromioas populations (Table 1.2).
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Effect size:

tagSNP Locus SNP position MAF OR (95% Cl) Reference
rs10911251 | 1g25.3 chr1:183081194 | 0.39 1.09 (1.06-1.13) Peters et al, 2013
rs6687758 1941 chrl:222164948 | 0.22 1.09 (1.06-1.12) | Houlston et al, 2010
rs6691170 1941 chrl:222045446 | 0.26 1.06 (1.03-1.09) Houlston et al, 2010
rs10936599 | 3g26.2 chr3:169492101 | 0.30 0.93 (0.91-0.96) | Houlston et al, 2010
rs1321311 6p21.2 chr6:36622900 0.25 1.10 (1.07-1.13) Dunlop et al, 2012
rs16892766 | 8¢g23.3 chr8:117630683 | 0.07 1.27 (1.20-1.34)* | Tomlinson et al, 2008
rs6983267 8g24.21 chr8:128413305 | 0.49 1.17 (1.12-1.23)* Zank.e et al, 2007;
Tomlinson et al, 2007
rs1035209 10g24.2 chr10:101345366 | 0.14 1.12 (1.08-1.16) Whiffin et al, 2014
rs10795668 | 10p14 chr10:8701219 0.33 0.87 (0.83-0.91)* | Tomlinson et al, 2008
rs3802842 11923.1 chr11:111171709 | 0.29 1.11 (1.08-1.15) Tenesa et al, 2008
rs3824999 11913.4 | chrl1:74345550 | 0.38 1.08 (1.05-1.10) Dunlop et al, 2012
rs3217810 12p13.32 | chr12:4388271 0.06 1.20 (1.12-1.28) Peters et al, 2013
rs11169552 | 12g13.13 | chr12:51155663 | 0.24 0.92 (0.90-0.95) | Houlston et al, 2010
rs7136702 12913.13 | chr12:50880216 | 0.46 1.06 (1.04-1.08) | Houlston et al, 2010
rs1957636 14922.2 chr14:54560018 | 0.43 1.08 (1.06-1.11) Tomlinson et al, 2011
rs4444235 14922.2 chrl4:54410919 | 0.46 1.11 (1.08-1.15) Houlston et al, 2008
rs11632715 | 15q13.3 chr15:33004247 | 0.47 1.12 (1.08-1.16) Tomlinson et al, 2011
rs16969681 | 15g913.3 chr15:32993111 | 0.18 1.18 (1.11-1.25) Tomlinson et al, 2011
rs9929218 16g22.1 chr16:68820946 | 0.29 0.90 (0.87-0.94) Houlston et al, 2008
rs4939827 18¢g21.1 chr18:46453463 | 0.48 0.86 (0.79-0.92) | Broderick et al, 2007
rs10411210 | 19913.11 | chr19:33532300 | 0.10 0.83 (0.78-0.88) Houlston et al, 2008
rs4813802 20p12.3 chr20:6699595 0.25 1.09 (1.06-1.12) Tomlinson et al, 2011
rs4925386 20913.33 | chr20:60921044 | 0.41 0.93 (0.91-0.95) | Houlston et al, 2010
rs961253 20p12.3 chr20:6404281 0.35 1.12 (1.08-1.16) Houlston et al, 2008
rs5934683 Xp22.2 chrX:9751474 0.37 1.07 (1.04-1.10) Dunlop et al, 2012

Table 1.2 Twenty-five single-nucleotide polymorphisms that are associated with CRC as
identified from GWAS. * denotes OR for heterozygotes are presented when the OR per allele
is not calculated.
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The first GWAS for CRC were carried out in 8aod (Zankeet al 2007; Tenesa
et al 2008), England (Tomlinsoet al 2007; Brodericket al, 2008), and Canada
(Zanke et al 2007). These studies utilised a primary phast ithelved modest
sample sizes (~1000 cases and 1000 controls gexubtigs ~0.5 million tagging
SNPs), followed by larger validation phases of ¢h88/Ps with the strongest signals
of association. Although the six initial genetiaigat associations with CRC were
highly significant and passed the stringent thriestad multiple-testing, the effect
size of these variants were modest at best (odidssra.2). Consequently, the power
to detect the effects of such loci was modest, Withlikelihood of discovery being
highly sensitive to small chance differences inaggpe frequencies. Hence, it is
thought that many more CRC loci of similar or smaleffect size may exist,
prompting further large-scale collaborative effadsdiscover new risk variants that
may not be easily discoverable owing to small effazes and/or low risk allele
frequencies. Meta-analyses of all initial UK GWA&al (Houlstoret al, 2008) and
further case-control sets (Houlsteh al, 2010, Dunlopet al 2012; Whiffin et al
2014) revealed fourteen further risk loci with exenaller effect sizes (odds ratio
1.1) than those that had been detected previo@lynote, an X-linked locus at
Xp22.2 was associated with CRC, and representfirghe@vidence for the role of X-
chromosome variation in the predisposition to a-s@x specific cancer (Dunlogt
al, 2012).

Other new variants have also been discovesednbdifying the traditional
GWAS approaches. A candidate-gene based fine-mggpiily was able to identify
new predisposition tagging SNPs, as well as dedatevéhe tagSNP association at
the GREM1locus, demonstrating that the original rs4779584° Svas a synthetic
association tagging two independent functional SNsnlinsonet al 2011). To
increase sample size and statistical power, a amebysis included colorectal
adenoma cases based on the knowledge that aderammawell-defined CRC
precursors and hence share a similar aetiology twéhmalignant phenotype (Peters
et al 2013). However, two out of their four putativesagations failed to be
replicated in another meta-analysis that sharemvariapping sample set (Whiffet
al, 2014). As these studies relied on different irapah references (HapMap 30
trios in Peterset al 2013 versus 1000 Genomes Project in Whiffiral, 2014) to
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recover the genotypes of this two SNPs, the faibidreeplication is likely to reflect
discrepancies in imputation, a key issue pertinenthe later GWAS studies.
Although imputation with publicly available, welktalogued deep-sequencing data
is a highly useful and cost-effective measure tonglement genotyping arrays,
technical validation of imputation fidelity by sespcing is paramount to avoid

spurious results.

GWAS have proved to be a powerful approachdentifying common, low
penetrance susceptibility loci for CRC without prkmowledge of disease pathways.
Although each individual risk allele confers onlgmall relative risk, the SNPs are
common and hence contribute significantly to theerall incidence of CRC.
Furthermore, the accrual of risk variants in anviidial also impacts significantly
on an individual's risk of developing CRC (Figure4)l and may allow the
identification of higher-risk individuals in the meral population who might benefit
from earlier screening (Dunlopt al 2012; Lubbeet al 2012). Although the
collective risk conferred by currently identifiedramon variation explains only ~2%
of colorectal cancer, this estimate is likely to dumservative for several reasons.
Firstly, the effect of the causal variant(s) athebizus is expected to be larger than
the association detected by the tagging variant. exslenced by the 14q22
association, multiple risk variants may exist athebbcus, including low-frequency
variants with significantly larger effects (Tomlorset al 2011). Secondly, the
interactions of these variants with epigenetic l&tipn or environmental factors may
lead to a greater increase in disease risk. Ejgistaeractions between these low-
penetrance variants could in theory result in gdampact on CRC risk (Zudt al,
2012), however, the evidence to date suggestshibatffects of most risk loci appear
to be independent. Aside from effect underestimatb established risk loci, the
remaining heritable susceptibility may also be edid in a multitude of common
risk alleles with even smaller effect sizes thag get to be identified. This is
evidenced by larger and more highly-powered GWA®remast (Michailidowet al
2013) and prostate (Eeles al, 2013) cancer, identifying 41 and 23 novel ris& lo
respectively. Furthermore, structural variation hsws indels and copy number
variation that are likely to play a role in disegmedisposition are not optimally

captured by commerical GWAS arrays, and may acctmmsome of the missing
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heritability that have eluded GWAS efforts thus. fArnew generation of studies
involving exome and whole-genome sequencing, ad a®lgene-environment
interactions are hence underway to improve our rstaeding in the inherited

predisposition to CRC.
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Figure 1.4 Plots showing the increasing odds ratios for colorectal cancer with the increasing
number of risk alleles, London, United Kingdom, 1999-2007. The vertical bars represent
95% confidence intervals. The horizontal line denotes the null value (odds ratio = 1.0.
Adapted from Lubbe et al, 2012.
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1.4 Functional effects of low-penetrance CRC risk v ariants

As alluded to in the previous section, GWASgeneral have detected risk
variants with only modest effect sizes that arengsktoo small to be meaningful.
However, individually small effect sizes represém reality of common genetic
variation and do not necessarily preclude clinigdity. For instance, a GWAS hit
for circulating lipid levels maps to the HMG-CoAdetase (HMGCR) gene
(Kathiresaret al 2008), the rate-limiting enzyme in cholesteraldynthesis and the
target of the extremely successful cholesterol-tovgestatin drug. This discrepancy
occurs because a drug’s efficacy bears littleigiab the degree of genetic variation
in its target gene. Similarly, the size of the bgital effect cannot be predicted by
the epidemiological risk, or vice versa, not ledse to pathway redundancies.
Unravelling the mechanisms underlying GWAS assmriatwill ultimately bring us
closer to elucidating the genetic basis of compléesease, which in turn could
identify novel causative biological pathways thaaymbe suitable targets for
chemopreventative drug development or repositionirignown therapeutics, as well

as offer opportunities for personalised medicine.

The GWAS association signals in CRC have gebé translated into a full
understanding of the genetic elements that are atiedi the effects of these
susceptibility loci. Modern GWAS genotyping chigpitally target SNPs chosen to
capture variation across large genomic regionss@H&NPs are not selected for
having likely functional consequences, hence, fniis1 a successful GWAS merely
mark a locus that encompasses one or more gerai@nts that have biological
functions driving the observed association withtthé& phenotype. Contrary to early
expectations, none of the GWAS-identified CRC ngkiants are in protein-coding
regions (Table 1.3). Assuming that the same is fioughe candidate causal SNPs
within the tagged haplotype block, the common hbility of CRC risk is thought to
be mediated through genetic variation that infleegene regulation rather than
protein sequence. The major challenge post-GWAS fi;id the strongest candidate

causal variants and identifying their target genes.

24



SNP Locus Closest gene | Relative position Reference
rs10911251 1925.3 LAMC1 Intronic Peters et al, 2013
rs6687758 1941 DUSP10 125Kb upstream Houlston et al, 2010
rs6691170 1941 DUSP10 250Kb upstream Houlston et al, 2010
rs10936599 3026.2 MYNN Intronic Houlston et al, 2010
rs1321311 6p21.2 CDKN1A 21Kb upstream Dunlop et al, 2012
rs16892766 80g23.3 EIF3H 24Kb downstream Tomlinson et al, 2008
rs6983267 8q24.21 | POU5F1B 13Kb upstream Zanke et al, 2007,
Tomlinson et al, 2007
rs1035209 10924.2 SLC25A28 25Kb downstream Whiffin et al, 2014
rs10795668 10p14 BC031880* 400Mb downstream | Tomlinson et al, 2008
rs3802842 11g23.1 COLCA2 Intronic Tenesa et al, 2008
rs3824999 11913.4 POLD3 Intronic Dunlop et al, 2012
rs3217810 12p13.32 | CCND2 Intronic Peters et al, 2013
rs11169552 12913.13 | DIP2B 2.5Kb upstream Houlston et al, 2010
rs7136702 12g13.13 | LARP4 6.5Kb downstream Houlston et al, 2010
rs1957636 14922.2 BMP4 135Kb upstream Tomlinson et al, 2011
rs4444235 14922.2 BMP4 5.5Kb downstream Houlston et al, 2008
rs11632715 15913.3 GREM1 6Kb upstream Tomlinson et al, 2011
rs16969681 15913.3 SCG5 59Kb downstream Tomlinson et al, 2011
rs9929218 16g22.1 CDH1 Intronic Houlston et al, 2008
rs4939827 18g21.1 SMAD7 Intronic Broderick et al, 2007
rs10411210 19913.11 | RHPN2 Intronic Houlston et al, 2008
rs4813802 20pl12.3 BMP2 49Kb upstream Tomlinson et al, 2011
rs961253 20p12.3 BMP2 344Kb upstream Houlston et al, 2008
rs4925386 20g13.33 | LAMAS Intronic Houlston et al, 2010
rs5934683 Xp22.2 GPR143 Intronic Dunlop et al, 2012

Table 1.3 The location of the tagging SNPs associated with CRC risk in relation to the
closest gene. * denotes a predicted gene when there is no known protein-coding transcript in

the vicinity
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Identification of the truly causal variant vegs a complete catalogue of all
variants within the locus and the generation ohsaacatalogue has been the rate-
limiting step. Fine-mapping of CRC risk loci is yanuch in its infancy, with most
studies attempting to only narrow down the locatiérputative functional variants
by imputation and targeted re-sequencing methoisngh et al, 2008; Carvajal-
Carmonaet al 2011; Whiffinet al 2013). While these studies suggest candidate

regions, very few functional studies have beenediwut to test these postulations.

The most well-studied CRC locus is the 8q24.214pwthich despite its location in a
gene desert, has pleiotropic effects on cancereptibdity. Apart from its
association with CRC, this locus also habours kisk for solid tumours such as
breast (Eastoet al 2007), prostate (Al Olamet al, 2009), ovarian (Ghoussaiet
al, 2008) and bladder cancer (Kiememg\al 2008), as well as chronic lymphocytic
leukemia (Crowther-Swanepaeti al, 2010). The rs6983267 SNP which is associated
with increased risk of both colorectal and prosta@i@ncers lie within an
evolutionarily conserved region, and has been shaamomputational predictions,
enhancer reporter assays, chromatin-immunopretgpita ChlP) and transgenic
mouse embryos to possesssilico, in vitro andin vivo properties of an enhancer,
with allele-specific differential binding to the Wregulated transcription factors
TCF4 (Tuupaneret al, 2009; Soteloet al 2010) and TCF7L2 (Pomerangt al,
2009). The target gene of this proposed enhananesit is not immediately
obvious; although the well-known CRC proto-oncog®héC lies ~335kb telomeric
to rs6983267, there is a lack of association beiwde rs6983267 and gene
expression in normal colorectal tissue or paireadowrs. However, chromosome
conformation capture (3C) techniques demonstraieg-tange physical interaction
between the enhancer element 8dCin a tissue-specific manner (Pomeraettal,
2009; Soteloet al 2010). Altogether, the evidence from these fumeti studies
suggests that the 8924 risk locus acts as partistr@gulatory enhancer element for
the MYC proto-oncogene, mediating CRC risk through it$edéntial binding with

TCF transcription factors.

Evidence for functionality at the 8923.3 aj21 CRC risk loci have also been
demonstrated by targeted re-sequencing and fulttamsays. At the 8g23.3 locus,

the putative causal variant rs16888589 was validlasing reporter gene assays and
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electrophoretic mobility shift assays (EMSA), wi#C analysis demonstrating a
physical interaction between the encompassing @oetement and the promoter
region of EIF3H located 144kb telomeric to the SNP (Pittneral, 2010). At the
18021 locus, a transgenfenopusnodel system was utilised to demonstrate that the
putative causal variant intronic ®MAD7 (Novel 1) is associated with a reduced
expression 06MAD7in the colorectum (Pittmaet al 2009). There is also evidence
that the tagging SNP rs4929827 is associated $MMAD7 expression in human
lymphoblastoid cell lines (Broderiak al, 2007).

Apart from these three loci described aboveect evidence implicating
functionality of the remaining GWAS risk loci wasasce prior to the conception of
this PhD project. Twocis-expression quantitative trait loci studies havecai
replicated part of my findings (Loet al 2012; Closaet al 2014) and will be

discussed whenever relevant in result Chapter 6.

1.5 eQTL

Landmark studies have clearly demonstrated thare is extensive natural
variation in human gene expression within the seetiedype and development stage,
and that the gene expression phenotype is highlyeimced by inherited DNA
sequence variation (Cheurg al 2003; Morleyet al 2004; Strangeet al 2005;
Goring et al, 2007; Dixonet al 2007). These non-coding germline variants are
termed expression quantitative trait loci (eQTltbgy are referred to as local @s-
eQTLs when they map to the approximate locatiotheftarget gene, whereas those
that map to considerable distances from the geex bgulate, often on different
non-homologous chromosomes, are referred to aantlist transeQTLs. As the
terminology cis- and trans connote mechanism, it has been cautioned that thi
designation is best-reserved for use only when ftimetional variant has been
identified (Rockmanet al 2006). The distinction between local and distent
arbitrary, and is usually pre-defined by study arghto be within 1-2 Mb of the

variant under consideration.
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1.5.1 Utility of eQTL in complex disease traits

eQTLs have been implicated in the predispmsito complex diseases in twin
studies (Grundbergt al 2012) as well as empirical studies of lympholliastell
lines (Nicolaeet al, 2010). By mapping the genetic architecture ofegexpression in
human tissues, eQTL studies can be useful in disoay candidate susceptibility
genes for multifactorial diseases. The value of thas been illustrated by several
proof-of-principle studies. Genome-wide transcapél profiles of lymphocytes
from the San Antonio Family Heart Study demonstrdakatcis-eQTLs can be used
as a discovery tool to identify novel candidate egeifand variants therein) that
influence complex traits, e./NN1 gene and high-density lipoprotein cholesterol
concentration (Goringet al 2007). Another study examining genetic markers of
childhood asthma incorporated eQTL analysis of EBwisformed lymphoblastoid
cell lines (LCL) as a component of the GWAS desigmd utilised it to identify a
novel candidate susceptibility ge@RMDL3 for childhood asthma (Moffagt al
2007). This has since spurred functional studied @ansgenic mouse models
demonstrating a role for this gene in asthma pathesjs, providing valuable
insights into the molecular mechanisms of proinfiatory diseases (Cantero-
Recasenst al 2009; Haet al 2013; Miller et al 2014). Such findings have
encouraged the use of eQTL data as a tool forpgrééng results from GWASSs,
bridging the gap between common genetic markerslis@ase and the underlying
mechanisms for clinical phenotypes. ImportantlyTe@nnotation is carried out in
an unbiased fashion, where the mapping of assocsatietween alleles and target
genes require no prior knowledge of functional naeitms. Analyses of Crohn’s
disease are an example of this approach, wherdithegical effects of genetic
markers were not readily deducible. ExaminatiorLGft. eQTL databases showed
that one or more of these polymorphisms actciasacting factors influencing
expression of genes (Libioull al 2007). Similarly, the causal variant and causal
gene for an LDL-cholesterol locus was identifieddxaminingcis-gene expression
levels in the liver and adipose tissue, provididg timpetus for functional
investigations of the implicated gelf®RT1and its role in a novel lipoprotein
regulatory pathway (Musunurat al, 2010). More complex analysis of genetic

variants that perturb networks through eQTL effdws provided important novel
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insights into the unravelling of complex trait géog (Emilssoret al 2008), as the
genome exerts it functions through complex netwakd multiple pathways that
produce a wide range of responses. Hence, eQTLlestuthn be a powerful
interpretive biological tool, and are integral ihetsystematic identification of

transcriptional modules and construction of reguiahetworks.

1.5.2 eQTL in the functional annotation of CRC risk loci

For several of the colorectal cancer risk,ldbere is indirect evidence of an
association with gene expression, but the evidé&nhc@gcumstantial at best as they
are largely based on SNPs in linkage disequilibrivith that tagging SNP. For
example, th&€€DH1 intron variant rs9929218 is in strong linkage disébrium with
a CDH1 promoter variant (Houlstoret al 2008), which has been reported to
influence CDH1 transcription in prostate cancer cell lines @ti al 2000). The
12q13.13 variant is in linkage disequilibrium wiBNPs associated witBIP2B
expression in lymphoblastoid cell lines, andtAdAS5 intronic variant rs4925386 is
in linkage disequilibrium with an eQTL f&wtAMAS5 expression in the liver (Houlston
et al 2010). However, the lack of an apparent effectegpression may merely
reflect tissue-specificity of regulatory mechanisii®st expression quantitative trait
loci (eQTL) data sets are derived from only a ledimnumber of source cell types,
including monocytes, lymphoblastoid cells, livedasrain cells, and have not been
comprehensively catalogued in colorectal tissuds Th a particularly important
consideration as an estimated 50%-90% of eQTLissad dependent (Dimas al
2009; Nicaet al 2011), and trait-associated variants tend totexere cell-type
specificity (Fuet al 2012; Brownet al 2013). The other crucial aspect of the
selection of tissue type in the measurement of eQ$lthe normality of the target
tissue. Given that somatic alterations presentancer cells can greatly affect
expression (Figure 1.5), subtle genomic influencesexpression can be masked
(Curtiset al, 2012) and consequently be undetectable. Henbasibeen suggested
that eQTL studies should be performed on non-abegells representative of the
cell of origin for the disease under study (Edwatdal 2013).

Finally, it should be noted that the idengfion of an eQTL provides only an

associative link between genotype and gene tragtinrj although it may imply
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causality, functional molecular approaches will becessary to elucidate the
underlying mechanism. Critically, even if a tramgcis associated with a risk allele,
this is not definitive of causation and functiof@low up with assays relevant to the
disease trait will be needed to demonstrate tlygna is directly involved in disease

development.

Genome-wide 11,198 genes

CMNVs CMAz
SMPs
Cis 5,942 genes Trans 5,947 genes

Figure 1.5 Somatic variants influence breast tumour expression architecture to a much
greater extent than germline variants. Venn diagrams depict the relative contribution of
SNPs, copy number variations (CNVs) and somatic copy number aberrations (CNAs) to
genome-wide, cis- and trans- tumour expression variation for significant expression
associations. Adapted from Curtis et al, 2012.
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1.6 Research Aims

The large knowledge gap between the epidegyodnd functional biology of
common genetic variation in colorectal cancer,scédr studies that will translate
CRC genetic associations into function. The ovérare aim of this project is to
functionally characterise these germline risk vasawith a view to improve the

understanding of the biological mechanism(s) uydeglthese risk loci.

As all of the established risk loci reside hiit non-coding regions, it was
hypothesised that they influence tissue-specifigulaory mechanisms and
consequently, exert subtle effects on gene expredsvels. The starting point for
this project was to systematically investigate thectionality of common, low-
penetrance risk variants using an unbiased eQTLtoapp that mirrors the agnostic
style of GWAS. In view of the overall lack of diteassociation between these
germline risk variants and expression in extraquiclotissue types, it was
hypothesised that any functional effects will besmprominent in the normal
colorectal tissue, in particular the mucosal efischdéayer that harbours the cell of
origin of colorectal cancer. Matched peripheraloblanononuclear cells (PBMC)
will also be examined, as not only does this afisight into the tissue-specificity of
the underlying functional biology, any overlap beém the two tissue-types could be
advantageous in the context of identifying clinibadmarkers that are more easily
accessible from patients. By integrating data froigh-density DNA arrays and
case-control series, the project also aims to ifyetite causal variant(s) that is most

associated with specific gene expression as welirisal risk.

Findings from the initial screening phaseshef project will be rationalised and
prioritised for further functional follow-up studieising molecular approaches. This
is important, as few genes implicated in GWAS wereviously evaluated in
candidate gene studies. Surprisingly also, nonthefcurrently identified loci are
known to be involved in DNA repair, the principahtbway underscoring high-
penetrance CRC susceptibility and a large proporob sporadic CRC. Hence,
evidence of the functional mechanism underlyings¢hassociations will not only
provide support for the GWAS approach in the discpwf common risk variants, it
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will also allow the identification of target genesffering new insights into the

aetiology and pathogenesis of sporadic coloreatater.

1.7 Experimental approach

Several methodological approaches will besetl in this project to bridge the
gap between genetic risk and biological functioamdnstrating a collaborative

framework between clinicians, genetic epidemiolsgisd molecular biologists.

The principal theme of this project is to examime association between genetic risk
variants and gene expression in relevant non-altetissue-types. To achieve this,
normal mucosa specimens and matching blood frorargatundergoing large bowel
surgery were systematically collected and analy$edsimultaneously examine the
expression of multiple genes, transcriptome-widaegexpression profiling with
microarrays was utilised to maximise cost-effectegs. As degradation of RNA
compromises the ability to detect differential exgmion of genes especially those
expressed at low levels, it is paramount that gpaality, intact RNA was used to
avoid poor data that may lead to erroneous comeigsiThe isolation of intact RNA
from the large bowel mucosa has inherent techoltallenges and Chapter 3 focuses
on the optimisation of this process to minimise RNégradation that will have

cascading detrimental effects on downstream exgerisrand analyses.

gRT-PCR technique is also a mainstay in thigept due to the recurring themes
of gene expression changes association with iaeviriation. This highly-sensitive
technique is of immense value in the same-samgidati@n of subtle differential
gene expression results derived from microarrag, dait its sensitivity is a double-
edged sword and may lead to misleading result®tifrigorously performed. The
appropriate use of reference genes can vastlyeindlel the accuracy of qRT-PCR
results, and Chapter 4 concentrates on the seleeti@l validation of stably
expressed reference genes used to normalise thessign of genes of interest.
Throughout Chapter 5, 6, 7 and 8, qRT-PCR quaatiio of gene expression will
feature prominently in the assessment of diffeaénéixpression and genotype-
dependent functional differences, and the work eresl in Chapter 4 allows

confidence in the robustness of the data.
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Prior to the analysis of gene expression iatimn to genetic risk variants,
expression was first evaluated in relation to ctiapathological features in Chapter
5. This serves as a form of internal validatiord atso highlights the need to adjust
for such factors in the statistical analyses ofassociation between risk variants and

gene expression.

Chapter 6 addresses tigeQTL analysis of the 25 CRC risk loci in normabar
bowel mucosa and matching PBMC. This empirical epphn is complemented by
genotyping data from high-density arrays and imgmramethods that aim to

discover the functional variants underlying eQTkasations of risk loci.

The best eQTL associations are prioritiseddohnical validation, and Chapter 7
addresses the molecular mechanism underlying th22.2plocus. This was
performed by first using targeted re-sequencingfem@dmapping to identify putative
causal variants of thas-eQTL association. Thereafter, candidate causaaneriand
the tagging SNP were compared with interrogatiopuddlically available functional
data, reporter gene assays, transient sSiRNA kneakdgpproaches, and CRC case-
control series. These observational and experathamproaches culminates in the
identification of the causal variant at the Xp22d2us that best explains the

association with the target geBEIROOMZ2as well as colorectal cancer genetic risk.

By inference, the target genes of the eQTb@ations are likely to be associated
with the risk of developing colorectal cancer. Gba8 describes functional follow-
up assays to dissect the role and expression patSHROOM2 a gene that has not
previously been implicated in CRC. Functional phgpes such as cell population
doubling, wound closure and transcriptomic prof¥esre assessed after transient
siRNA knockdown in cell lines, and less conventldoaalisation approaches were
sought as the lack of a specific antibody preclutded utility of immuno-staining

techniques.

As revealed in Chapter 6, genetic variatioaresxtheir effect on CRC risk in part
by influencing the expression ofs-genes. However, it is also evident that there are
still a large proportion of risk variants whose dtions and target genes cannot be
accounted for bgis-eQTL effects on baseline expression. Chapter Qdstrates an

alternative approach that mirrors that of epideagimal gene-environment studies to
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specifically investigate the 16qg22.1 risk locusged) by rs9929218, using the
expression of the encompassing g&i#H1 as the measure of outcome. Vitamin D
levels and its pathway activity are postulated tmdify the influence of rs9929218
on CDH1 expression, and this hypothesis is tested in thmaldarge bowel mucosa,

cell lines and human colonic epithelial crypt orgjas.

Although detailed discussion of the resultpiievided in each result chapter,
Chapter 10 summaries the main themes and conctusiian have emerged during

the entire course of this research.

Overall, the work presented in this thesis destrates a multi-disciplinary
approach in understanding the mechanisms under@RG GWAS-identified risk
variants. It demonstrates that unbiased empirigptaaches can be used to prioritise
candidate variants/genes for follow-up functionaidges, as well as the value of
candidate gene/pathway approaches towards theatdtigoal of understanding the

functional basis of CRC genetic predisposition.
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Chapter 2

Materials and methods

This chapter describes the methods usedsrhbsis. More detailed methods are
included in the results chapters where relevaneM/manufacturer’s protocols have
been used, these have been referred to, and aogtradnts made to the cited
method have been detailed in the text. Standaretysafrocedures and COSHH
regulations were adhered to. All cell line cultumere performed in a class 1
biological safety cabinet, whereas all biologicatemial from primary tissue was
handled in a class 2 safety cabinet. Reagents chamskidn an asterisk (*) were
prepared by the technical services departmenteaMRC Human Genetics Unit,
IGMM. Where the pH of solutions was adjusted thisswdone by adding
concentrated HCI or NaOH as appropriate and mongorof pH using a

microprocessor pH meter (Hanna Interments).

2.1 Biological material

This study was set up and performed in colatimn with NHS Lothian/South
East Scotland SAHSC Bioresource. All patients gaxitten informed consent. All
information pertaining to subjects were in comptanwith UK legislation and

conform to the Tissue Act Scotland, 2006.

115 patients undergoing bowel resection ojeratfor cancer, adenomas or non-
malignant disease at the Western General Hospthhburgh, were recruited for
colonic tissue and peripheral blood sampling (tedain Chapter 5). A further 40
patients undergoing bowel resection for colorectaicer only were recruited for
serial peripheral blood sampling (detailed in Chap). Patients with known familial
cancer syndromes, inflammatory bowel disease osethwho have received pre-
operative adjuvant chemo-radiotherapy were excluBedruitment and tissue/blood
sampling was carried out over the course of thB Rith assistance from the group
research nurse and technical staff from the Edgtb&xperimental Cancer Medicine

Centre.
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2.1.1 Sampling of fresh large intestinal mucosa and tumour

The resected bowel specimens were transpfrash to the pathology laboratory
at room temperature immediately after each surgieslection. Macroscopic
examination and assessment of the margins wererpefl by a pathologist for all
specimens. Only tissue that is surplus to diagonostiquirement was taken.
Undiseased colonic mucosa layers were dissectedepatated from the muscularis
at the resection margin furthest away from the wme@orresponding tumour were
sampled by a pathologist whenever available andhddeto not interfere with the
diagnosis. The fresh tissue samples were thenfitagbn in a cooling bath of 100%
ethanol and dry ice, or stabilised in RNAlater® phipd Biosystems) according to
the manufacturer’'s protocol. Samples were thenedtat -80°C before further

processing.

2.1.2 Sampling of peripheral blood

Peripheral venous blood was drawn from patiarging standard phlebotomy
procedures. Blood for genomic DNA was collectedEDTA tubes, whereas blood
for RNA and plasma extraction was collected in iLith-Heparin tubes. When serial
blood samples were required, surplus blood fromadi biochemistry requests were
collected whenever possible to minimise the nunaigrhlebotomy procedures for

the patients.

Peripheral blood mononuclear cells (PBMCs) atabma were isolated from
approximately 9mls of fresh blood with Ficoll-Padeies (GE healthcare) according
to the manufacturer's protocol. PBMCs were proatssemediately for RNA

extraction, whereas plasma was stored at -80°Cfurttier analysis.
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2.2 Cell culture

Media, solutions and additives:

Freezing medium

10% Dimethylsulfoxide (DMSO) (Sigma) in foetal cadrum*

Tissue culture medium

Cell-line specific basal medium (Table 2.1) (Lifechnologies)
10% v/v foetal calf serum (FCS)*

1% v/v Penicillin and streptomycin*

Cell-line specific additional supplements (Tablg)2.

Phosphate buffered saline (PBS)*

0.1M NahPO,.H,0
0.1M NaHPO,.7H,0
pH7.4

Trypsin Versene (T/V)

50% v/v Trypsin*

50% v/v Versene*
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Cell lines stored in the liquid nitrogen fagilat the MRC Human Genetics Unit
were retrieved by rapid thawing in warm water aaduspending in 5mis of the
appropriate tissue culture medium (Table 2.1) dreh tfed as required. After 3-4
days in culture, culture supernatant was sentdbnieal services for mycoplasma
testing with the MycoAlert™ Mycoplasma Detectiort Kionza) to ensure all cells
used were mycoplasma-free. To retain the cell lem®senewable sources, at least
3x1 cells were split from the main culture, centrifuged1200rpm and the cell
pellet resuspended in 1ml freezing medium. Thesaedre cooled immediately and
then sequentially frozen at -80°C and -140°C.

Cell line Tissue of origin Nature of Basal Additional
cells medium supplements

CACO2 Colorectal cancer Adherent DMEM

COLO320 | Colorectal cancer Adherent DMEM

DLD1 Colorectal cancer Adherent DMEM

HCT116 Colorectal cancer Adherent DMEM

HELA Cervical cancer Adherent DMEM

HEK293 Embryonic kidney Adherent DMEM

HT29 Colorectal cancer Adherent DMEM

K562 Erythroleukemia Suspension RPMI

LOVO Colorectal cancer Adherent DMEM

MCF7 Breast adenocarcinoma Adherent DMEM

PNT Prostate epithelium Adherent DMEM

RKO Colorectal cancer Adherent DMEM

RPE1 Retinal pigment epithelium  Adherent DMEM/F12 1% v/v Glutamine*

Sw48 Colorectal cancer Adherent DMEM

SW480 Colorectal cancer Adherent DMEM

VACO425 | Colorectal cancer Adherent DMEM

Table 2.1 List of cell lines used and their characteristics.
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2.2.1 Maintenance of adherent cell lines

For adherent cell lines, media was changed/e84d days to maintain cells in the
logarithm phase of growth. Cell lines were passagé&-90% confluence using T/V

solution after washing the cells with warm PBS.

2.2.2 Maintenance of suspension cell lines

Suspension cell lines were grown in uprighftabks and periodically shaken to
break up the cell clumps. Cultures were fed evedy @ays depending on the
population doubling time, by removing half of theedim from the flask and
replacing it with a slightly increased volume oédh media. Cultures were split
when the cell count is approximately 2 x°id®lls/ml, with a minimum cell
concentration of 200 x fccells/ml for each subculture to ensure optimawgino

Cells were counted with a Coulter CountéBeckman Coulter).
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2.3 RNA work

2.3.1 RNA extraction
Cell lines

Adherent cells of 80-90% confluence were detdcfrom T25 flasks with a cell
scraper into 2mL of cold PBS. The cells were petldty centrifugation at 1600rpm,
resuspended in 1ml of TRIzol (Life Technologieshdatotal RNA extracted
according to the manufacturer's protocol. Alterviiy, RNA from cell lines was
extracted directly from the culture plates with tR&leasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Betthniques produced comparable

RNA yield and quality.
Fresh frozen human large intestinal mucosa and tumours

The method for extracting total RNA from freBbzen human large intestinal
mucosa required optimisation. The method presehtd is the final optimised
method; the optimisation process will be discussethapter 3. Fresh frozen human
large intestinal samples (no larger than 0.5cmhie $mallest dimension) were
transitioned to RNAlater-ICE® (Applied Biosystenm) dry ice and kept at -20°C
for 16 hours before storage at -80°C accordingrihaufacturer’s protocol. This was
not necessary for samples already stabilised in IRf¢A(Applied Biosystems) upon
collection. The TissueLyser LT (Qiagen) and a €n@l2mm stainless steel bead
were used for the mechanical disruption and homeggan of samples. Total RNA
was then isolated using the RiboPure Kit (AppliedsBstems) according to the

manufacturer’s instructions.
Fresh PBMC

RNA extraction for PBMCs were performed imnagelly after isolation from
whole venous blood, using the Ambion® RiboPure™ ¢pplied Biosystems)

according to the manufacturer’s instructions.

All RNA was stored at -80°C until further aysib.
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2.3.2 Evaluation of RNA quality and yield
Gene expression profiling microarrays

RNA purity was measured using the Nano#ér8@0 spectrophotometer (Thermo
Scientific), and all samples used for gene-expoesgrofiling had the ratio of
absorbance at 260nm and 280nm (A260/A280) of SRNA yield and integrity was
measured using the 2100 Bioanalyzéhgilent Technologies). The RNA integrity
numbers were>7 for normal mucosa RNA samples3 for PBMC RNA samples,

and>9 for cell line RNA samples.
PCR

For downstream experiments with RT-PCR and-§RR, RNA yield and purity
was measured with the Nanodeo®00 spectrophotometer (Thermo Scientific), with

all samples giving A260/A280 ratios of >1.8.

2.3.3 DNase treatment of RNA

RNA samples were first treated with DNase Qullreactions. Final reaction
concentrations were 100ng/ul total RNA, 1x RQ1 RiNfase DNase reaction buffer
(Promega), 0.1 unit/ul RQ1 RNase-free DNase (Prajnedhe reaction was
incubated at 37°C for 30 minutes. 1ul of RQ1 DN&g® Solution (Promega) was
then added and the reaction incubated at 65°C @omihutes to inactivate the
DNase.

2.3.4 cDNA synthesis from RNA

The DNase treated RNA samples were reversaubdribed to cDNA using
Moloney Murine Leukemia Virus Reverse TranscriptddeMLV RT) (Promega) in

a 20ul final reaction volume. The final reacti@mcentrations were:
50ng/pl input RNA

10units/pl M-MLV RT (Promega)
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1x M-MLV RT reaction buffer (Promega)
0.4units/ul random primers (Roche)
1mM dNTP (Promega)

1 unit/ul RNasin® Ribonuclease Inhibitor (Promega)

2.3.5 Quantitative real time PCR (qRT-PCR)

cDNA from cell lines were diluted to 1:20 worg stock whereas cDNA from
patient samples were diluted to 1:10 working stafRT-PCR was carried out in

10ul final reaction volumes:

2l cDNA working stock

5ul Tagman® Master Mix (Applied Biosystems)

0.5ul Tagman® Gene Expression Assay (Applied Biesys)
2.5ul nuclease-free H20

The linearity and amplification efficiency of eaatdividual gene expression
assay were first tested using serial dilutions@flA from an expressing cell line to
produce calibration curves. The threshold cycley\{@re plotted against the logged
cDNA quantity, and the coefficient of correlatiobtained for the fitted calibration
curves (B) were calculated. PCR amplification efficienciesrevcalculated from the

slope of the log-linear portion of the calibratimurves using the equation
Efficiency = 1g=Y/s!P®) _ 1

All assays used had highly linear calibration car@ of >0.985) and efficiencies
between 90% - 110%, indicating that the assaysaateoptimised and the input

template is of good quality.

All reactions were performed in triplicatesmplification and detection of the

amplified product was carried out with ABlI PRISM HB00 Sequence Detection
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System thermal cycler (Applied Biosystems) and reathg SDS Version 2.3
software (Applied Biosystems). The PCR reactiondat@mns were: 50°C — 2min,
95°C — 10min, 95°C — 15secs, 60°C — 1min. The oyele repeated 40x.

For detection of differential expression ire thormal colorectal mucosa, the
expression of genes of interest was normalisedjubiee validated reference genes.
The selection and validation of reference geneslaseribed and discussed in more
detail in Chapter 4. In the PBMCs, the housekeepienmeGAPDH was used as a

reference gene for the normalisation of expresgi@ntification.

2.3.6 Whole transcriptome gene expression profiling

Expression profiling was accomplished using fumanHT-12 v4.0 Expression
BeadChip Arrays (lllumina, USA). Each array consaf0-mer probes representing
more than 47,000 transcripts derived from the NBBISeq Release 38 (November
7, 2009): as well as legacy UniGene content. RNA was anegliéind biotin-labelled
using Ambion’s lllumina Total Prep RNA AmplificatioKit (Ambion), as per
manufacturer’s protocol. 500ng input total RNA wesed, andn vitro transcription
incubation was carried out for 14 hours. The qualitd yield of the amplified RNA
(aRNA) was assessed with the 2100 BioanakyfAgilent Technologies) to ensure
that the aRNA profile is as expected, producings#ridution of sizes from 250 to
5500 nt with most of the aRNA at 1000 to 1500ntisTwas then sent to Genetics
Core, Wellcome Trust Clinical Research Facilityjribdirgh, for array hybridization

and scanning.

! ftp://ftp.ncbi.nih.gov/refseq/release/release-notes/archive/RefSeq-release38.txt

43



2.4 DNA work

2.4.1 DNA extraction from whole blood

Isolation of genomic DNA from whole blood weesrried out using a Nucleon™
BACC Genomic DNA Extraction Kit (GE healthcare) aating to the
manufacturer’s instructions. DNA was suspended Ehahd quantified using the

Nanodrop 800 spectrophotometer (Thermo Scientific).

24.2 PCR

PCR reactions were performed in a final volush&5ul using platinum Taq®
DNA polymerase (Invitrogen). Final reaction concatibns were 1x PCR buffer,
0.2mM dNTPs, 1uM oligonucleotide primer (forwarddareverse), 5ng DNA,
2.5mM magnesium chloride, and 1 unit of platinung®@aDNA polymerase. All
reagents used were supplied by Invitrogen. Amplifan was performed using a
Peltier PCT225 thermal cycler (MJ Research) under following standard
conditions: 95°C for 5 minutes, (95°C for 30 sexréR°C for 30 seconds, 72°C for

30 seconds) x 30 cycles, 72°C for 5 minutes.

Primers were supplied by Sigma as precipitates re-suspended in dH20 to a
stock concentration of 20uM. These oligonucleotided be referenced in the
relevant chapters.

2.4.3 Gel electrophoresis

Solutions:

10 x Tris-Acetate EDTA (TAE)*

2M Tris
5.7% wl/v Glacial acetic acid

50mM NaEDTA (pH8.0)
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Loading buffer

100mM NaEDTA (pH8.0)
0.25% w/v Bromophenol blue
30% w/v Sucrose

All PCR products were visualised on a gel efeequencing. 2% agarose gels
were prepared using routine electrophoresis gra@deoae (Biogene Ltd) and 1x
TAE electrophoresis buffer. 5ul of ethidium bromi(oRad) per 100ml of gel

mixture was added to the gel for visualisation.

5ul of PCR products were loaded onto the gét @ul of loading buffer. Size
markers used were generally a 1kb ladder (InvimpgeThe DNA was
electrophoresed at 40-60V and visualised by UVstiltamination using a Herolab
trans-illuminator (Herolab, Weisloch). Images waerisualised on the BioRad
Chemidoc system using QuantityOne software (Biorad)

2.4.4 Purification of PCR products

PCR products were first purified with the EX8P clean-up protocol. 7.5pl
reactions were prepared with:

3ul of PCR product

3.75ul of dH20

0.25ul of Exonuclease | (10units/pl) (USB)

0.5ul of Shrimp Alkaline Phosphatase (Lunit/ul) BYS

Reactions were incubated under the followiogditions using a Peltier PCT225
thermal cycler (MJ Research) at 37°C for 15 minu8@SC for 15 minutes, and 4°C

for 10 minutes.
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2.4.5 DNA sequencing

Sequencing of the purified PCR products wareied out in 10ul reactions using

either individual Eppendorf tubes or in 96-welltpka The reactions consists of:
3.5ul of purified PCR product

5ul of dH20

1pl of Big Dye® Terminator V3.1 Kit *

1ul of 20uM oligonucleotide primer (forward or rese)

Amplification was performed on a Peltier PCB2Bermal cycler (MJ Research)
at 96°C for 30 seconds, 50°C for 15 seconds, 66f@ minutes, for 25 cycles.

2.4.6 Precipitation of DNA from sequencing reaction s

After amplification, precipitation of sequedcBNA was carried out by adding
50ul 95% ethanol and 2ul 3M NaOAC (pH 4) to eadusacing reaction mix. The
mixture was incubated for 30 minutes at room temupee and then centrifuged at
1200rpm for 30 minutes. The majority of the suptmaiwas removed from the
wells by inverting the plates or tubes, and thedted removed by pulse spinning the
upturned plates/tubes on paper towels at 800rpm.0ONA pellets were washed by
adding 70% ethanol down the side of the wells amdrting the plate immediately to
remove the supernatant. The pellets were driedfbytlzer pulse spin and stored at -
20°C. The precipitated reaction products were spsnded in HiD" (Applied
Biosystems), heated at 90°C for 2min, and resotvedhe ABI PRISM 3100 or
3730 genetic analysers by Technical Services, MR@&h Genetics Unit, IGMM.

2.4.7 Analysis of sequence data

Sequence data was analysed using Consed (Getda, 1998) and Mutation
Surveyor V3.30 (Biogene).
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2.5 Protein biology

Solutions:

Lysis Buffer

100ul of 20X Whole Cell Lysis Buffer (Cell Signalg Technology)
40ul of 25X Complete™ Protease inhibitor cocktRib¢he Diagnostics)
10ul of 200mg/ml Pefabloc SC (Roche Diagnostics)

1pl of Img/ml Pepstatin A (Sigma)

1ul of 1M NaF (Sigma)

1ul of 1M Na3VvO4 (Sigma)

5ul of 200mM phenylmethanesulfonylfluoride (PMSEjgma)
842ul of dH20

6x Sample Buffer

20% wi/v Glycerol

2% w/v Sodium dodecyl sulfate (SDS)
0.25% w/v Bromophenol blue

1x Stacking buffer

5% w/v p-mercaptoethanol

4x Resolving Buffer

1.5M Tris

0.4% wl/v SDS

pH 8.8
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4x Stacking Buffer

500mM Tris

0.4% w/v SDS

pH 6.8

10x Running Buffer

250mM Tris
2M Glycine
1% w/v SDS

10x Wet Transfer Buffer

250mM Tris
2M Glycine

1x Wet Transfer Buffer

10% v/v 10x Wet Transfer Buffer

10% v/v 100% methanol

5% Resolving Gel

1x Resolving buffer

5% wi/v Acrylamide

0.15% w/v Ammonium persulphate (APS)

0.01% w/v N,N,N’,N’,tetramethyl-1-2-diaminomethaflEEMED)

8% Resolving Gel

1x Resolving buffer
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8% wl/v Acrylamide
0.15% wiv APS
0.01% w/v TEMED

4% Stacking Gel

1x Stacking buffer
4% wi/v Acrylamide
0.15% wiv APS

0.01% w/v TEMED

2.5.1 Preparation of total protein extracts
Human normal colorectal mucosa

The TissueLyser LT (Qiagen) and a single 0.2steinless steel bead were used
for the mechanical disruption and homogenisatiofiesh frozen mucosa samples in
lysis buffer. The lysis reaction was then incubdtegd30 minutes on ice, with vortex
mixing every 10 minutes. Debris was cleared by rdeigation at 13200rpm for 10
minutes at 4°C. The supernatant containing totelepn extract was collected and
stored at -40°C.

Cdll lines

Adherent cells of 80-90% confluence were detdcfrom T25 flasks with a cell
scraper into 2mL of cold PBS. The cells were petldty centrifugation at 1600rpm
and resuspended in 100ul of lysis buffer. Inculpatiextraction and storage

conditions were the same as the procedure forextmrmucosa.
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2.5.2 Cellular subfractionation of protein extracts

In order to quantify protein in the differesubcellular compartments, DLD1 cells
were grown to confluence in T75 flasks. The celkravthen extracted using the
ProteoExtract® Subcellular Proteome Extraction KtalbioChem) as per the
manufacturer’'s instructions, allowing subfractiooat of cellular protein in the
cytoplasmic, membrane/organelle, nuclear and cgtebn compartments. Briefly,
this kit utilises four specialised extraction bufféo sequentially extract the different
subcellular compartments based on the differemsidlbility of proteins in each

compartment. A schematic overview is shown in Fegid..
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Figure 2.1 lllustration from the CalbioChem ProteoExtract® Kit protocol demonstrating the
steps involved in the extraction of subcellular compartments. Four fractions are extracted
enriched for: cytosolic fraction (F1), membrane/organelle protein fraction (F2), nucleic protein
fraction (F3), cytoskeletal fraction (F4). A) Adherent SAOS cells were extracted using
sequential buffers. Images show cells before and after the extraction with the respective
extraction buffer. B) SDS-PAGE analysis of each subcellular fraction demonstrates distinct
protein patterns of the respective fractions. C) The selectivity of subcellular extraction was
demonstrated by immunoblotting against the indicated marker proteins.
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All protein extracts were stored at -40°C. Toacentrations of the total protein
extracts were determined by Bradford assays (B)awnaihg bovine serum albumin
(BSA) (Sigma) to generate a standard curve. Alldasmwere measured in triplicate
and concentrations calculated from the concentrajradient of the BSA standard
curve. The extracts were then diluted in wateh&odame concentrations for Western

blot analysis.

2.5.3 Western Blot analysis

30-50ug of total protein extract was added 107.5 dilution of sample buffer and
boiled for 3-5 minutes. Samples were resolved byatging SDS-PAGE on a
5%/8% polyacrylamide gradient gel in 1x runningfbufAlternatively, a precast 4-
12% Bis-Tris Polyacrylamide Gel (NuPAGElovex®, Life Technologies) was used
according to the manufacturer’s protocol. Pre-s@imolecular weight markers
(Biorad) were run in parallel. PVDF membranes (Bi)r were prepared by
immersion in 100% methanol for 2 minutes. Proteaswansferred from gels to
membranes by wet transfer for 1 hour at 100V, &t 43ing 1x wet transfer buffer.
This is followed by blocking of the blots in 5% wdvied milk (Marvel) and 0.15%
vlv Tween (Sigma) in PBS for 2 hours at room terapge. Blots were then probed
with primary antibodies overnight at 4°C in PBS/BS&Ade*. Blots were washed
afterwards in 0.15% Tween/PBS for 20 minutes x #hvgentle shaking, then
incubated in the appropriate species-specific hadsgh peroxidase (HRP)-
conjugated secondary antibody in 5% milk/0.15% Tw®@BS for 1 hour at room
temperature. Blots were again washed as previdiestyre detection of specifically
bound antibody by chemiluminescence using Luminehgent (Santa Cruz
Biotechnology). Luminol reagent was applied to bh&s for 1 minute, followed by
covering the blots with a plastic cover and expesarAmersham Hyperfiim™ ECL
(GE Healthcare).

Primary antibodies and dilutions are detaitethe relevant chapters. Goat anti-
rabbit IgG-HRP, goat anti-mouse IgG-HRP and donkati-goat 1gG-HRP
secondary antibodies (Santa Cruz) were used ad@ :@iQutions.
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2.6 Data analysis

2.6.1 Statistical analysis

Statistical analyses were performed using GraphPeckl and R. The tests used for
each individual result are reported in the figugelinds. Unless stated otherwise,
values of <0.05 was the significant threshold feparting. The single asterisk *
indicatesp<0.05, the double asterisk ** indicatps0.01, and the triple asterisk ***
indicatesp<0.001.

2.6.2 Analysis of microarray gene expression data 2

Microarray data, exported from Beadstudio, was ggeed and normalized using the
R, Bioconductor beadarray atichma packages. Prior to normalization probes that
were not detected (detection p-value > 0.01) onntieroarrays were removed.
Microarrays were quantile normalized to remove néxdl variation. The average
signal of the biological replicates (n=3) were usadurther analysis. ComBat batch
correction was performed to control for batch éfed@helimmapackage was used
to find differential expressed genes, using thetions ImFit, eBayes and topTable.
Unless stated otherwise, age, gender, presentithplpgy (cancer vs non-cancer)
and the anatomical sampling site were used as mates in the analyses as
appropriate. Multiple testing correction was catetl using FDRg-values
(Benjamini & Hochberg, 1995) to minimise false riagss.

2.6.3 Genomic annotations and functional prediction S

The genome browsers Ensembl and UCSC browser @€eat 2002; URL2.1) were
used to interrogate publically available databagdisannotations were presented
according to the human reference sequence buildlGR@E12 (hgl19). SIFT (Kumar
et al, 2009) and PolyPhen (Adzhubei et al, 201Gkwsed for predicting the effects
of coding non-synonymous variants on protein funrctiThe JASPER matrix model

(Mathelier et al, 2013) was utilised to predict ttranscription factor binding

2 Analysis performed by Graeme Grimes and Victoria Svinti, MRC Human Genetics Unit, IGMM.
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affinities of oligonucleotide sequences. Functionahrichment analysis of
differentially expressed genes was performed uiagveb-accessible tool DAVID
v6.7 (Huanget al 2009; URL2.2) and GOrilla (Eraat al, 2009; URL2.3).
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Chapter 3

Isolation of high-quality intact RNA from human col orectal

normal mucosa

3.1 Introduction

The extraction of intact RNA from fresh frozeaman colonic normal mucosa
has been a technically challenging aspect of thdys Various factors can have an
undesirable impact on the RNA integrity, such akagmic time (Huangt al, 2001;
Spruesseeét al 2004), endogenous RNases, exposure to enviroairieRNases and
freeze-thawing during the processing of tissue $ssnfBotlinget al, 2009). It is
widely recognised that intact input mRNA is critidar gene expression array
analysis, as using degraded mRNA may result in eahg variability and
transcriptional differences. Conventionally, th&&ZBS rRNA ratio has been used as
a measure of mMRNA quality, with a 2:1 ratio consedethe benchmark for intact
RNA. However, this method is somewhat subjectieeanise the appearance of the
rRNA bands can be affected by the electrophoramigliions, the amount of RNA
loaded and the saturation of ethidium bromide ftsoence (Palmest al, 2004).
Moreover, relatively large amounts of RNA are reedifor the gel electrophoresis,
which may not be possible when there is limited @anamount from small human
biopsies. The Agilent 2100 Bioanalyzer is an inshegly used analytical tool for
total RNA analysis, using a combination of micraflas, capillary electrophoresis
and fluorescence to evaluate concentration andrite The RIN (RNA integrity
number) generated by an automated algorithm has sleewn to be an effective
method to assess RNA quality (Stragtdal 2007; Copoist al 2007, Schroedest
al, 2006). A RIN o£>7.0 is generally accepted as adequate integritgrfgplification
and microarray analysis of human tissues. This tenapill discuss some of the
challenges | have faced and present the resutsvefral RNA extraction techniques
in an effort to establish a replicable and robudtaetion protocol for microarray

guality RNA, from fresh frozen human colorectalmal mucosa.
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3.2 Methodological overview

3.2.1 Study subjects and biological material

To explore the functional effects of commomejée risk variants in the normal
colonic mucosa, 115 fresh normal mucosa were higesimediately after surgical
resection of colorectal adenocarcinoma (n=99), laibilious (n=8) and villous
(n=2) adenomas or non-neoplastic conditions (na$)described in Chapter 2. The
tissue samples collected were flash-frozen in etldny ice or allowed to equilibrate
in the RNA-stabilising solution RNAter® (Life Technologies) to preserve RNA
integrity.

3.2.2 RNA extraction

RNA extraction was performed using guanidiniuthiocyanate-phenol-
chloroform extraction methods with TRIzol® reagéhife Technologies) and the
Ambion® RiboPure™ Kit (Life Technologies), accorgino the manufacturers’
protocols. To optimise the quality and quantity of RNA extexttseveral technical
aspects to the protocols were modified and wildiseussed in more detail in 3.3.
Specifically, these include the use of RNAse irtbilsi (SuperaseeIn™, Life
Technologies), RNRter®-ICE Frozen Tissue Transition Solution (Life
Technologies), and mechanical disruption of the esacsamples with a bead mill

homogeniser TissueLyser LT (Qiagen).

3.2.3 Evaluation of RNA quality and yield

RNA purity was evaluated using the Nanodr8p0 spectrophotometer (Thermo
Scientific), whereas RNA integrity and yield was asered with the 2100

Bioanalyzef (Agilent Technologies).
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3.3 Results

3.3.1 RNA-stabilising solutions and RNase inhibitor s

The existing in-house protocol for RNA extrantfrom primary tissue utilises
TRIzol® reagent (Life Technologies) using an addpgistocol. Flash-frozen tissue
was cut out from cryovials and then manually diggdpwith a scalpel before
immersing in TRIzol®. This process of disruptionsa@ntinued by grinding of the
tissue with a mini-pestle. This was followed by ghaeparation, RNA precipitation,
wash and redissolving as per the manufacturersopoh Although this procedure
was performed on ice quickly, the yield of the agtion ranged from 620-2720ng,
with RINs ranging from 2.1-4.2 (Figure 3.1), whigtere suboptimal for gene

expression assays.

[nt]

Ladder
11913
11981
11934
11588

4000 —

Sample A260/A280 Yield(ng) RIN

2000 — ——

100 — 11913 1.94 1380 21
200 — — 11981 1.94 2720 42
11934 1.92 980 2.2

= 11588 1.86 620 2.1

Figure 3.1. Quality parameters of the RNA extracted with the in-house RNA extraction
protocol utilising Trizol® in four representative nhormal mucosa samples (lanes 1-4). Digital
gel electrophoresis was performed using the 2100 Bioanalyzer® (Agilent). Normal mucosa
RNA samples were run concurrently with the RNA 6000 Nano ladder (Agilent) containing six
RNA fragments ranging in size from 0.2 to 6.0 kb.
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To optimise the recovery of intact RNA, altoh RNA-stabilising solutions and
RNA inhibitors was carried out on samples collediein the same patient at the

same time (Table 3.1). RN&er® is an aqueous solution designed specifically to

preserve RNA integrity during the storage of freBbsue and cells, thus

circumventing the freeze-thawing process that comes RNA integrity.

RNAlater®-ICE is designed by the manufacturer for use onpdas that are already

frozen, allowing tissue to be transitioned fromrazén to non-frozen state for

processing. As | already had a collection of smapen tissue, RNlater®-ICE was

trialed alongside RNMater® to assess the comparability of the two solutions.

Sample Treatment Details of modification A260/
A280
A Trizol None 7840 1.93 2.9
extraction
B RNAlater®-ICE  Snap-frozen  tissue sample (-80°C) 8880 1.98 5.5
immersed in RNAlater-ICE (-80°C) and
allowed to thaw at -20°C for 16 hours.
C RNA/ater® Tissue sample immersed in RNAlater 1520 1.93 2.8
immediately after sampling, equilibrated
at 4°C for 16 hours before discarding the
solution and storing tissue at -80°C.
D RNase 80U of Superaseeln™ placed onto tissue 8000 1.86 2.4
Inhibitor during mechanical disruption and 40U
added into the supernatant collected after
phase separation.
E RNA/ater®-ICE  As per Band D 5560 1.87 5.1
+
RNase
Inhibitor
F RNA/ater® + As per Cand D 4720 1.71 7.6
RNase
Inhibitor

Table 3.1. Modifications to the RNA extraction protocol was performed on samples obtained
from the same patient at the same time.

These initial results suggest that a comlonatf RNAater® and an RNase

inhibitor would provide the most protection agaifRlA degradation during the

extraction process. However, the effect of the RNaghibitor is unclear, as there
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appears to be no additional protective effect otreated samples and samples
treated with RNAater®-ICE.

3.3.2 Bead mill homogenisation and glass-fibre filt  er RNA purification

As there were a significant number of tissaenges already snap-frozen on
collection, | focused on using RN&ter®-ICE and RNase inhibitors to stabilise
these samples. Although there was an improvemetiteirRIN values of some of
these samples, it was not consistently reprodueitress all samples (Table 3.2). As
RNA degradation can occur quickly within the fifgw minutes of the tissue
thawing, it is likely that RNA degradation has alilg occurred within some of these
tissue samples, when they were removed from -8@8€age and handled for
previous extractions. It is also possible that ddgtion occurred as a result of

inefficient lysis and homogenisation.

In-house protocol RNAlater ®-ICE and SuperasesIn™
Sample A260/280 Yield (ng/ul) | RIN A260/280 | Yield (ng/pl) | RIN
11913 1.94 1380 21 1.87 2180 6.2
11981 1.94 2720 4.2 1.87 4600 25
11934 1.92 980 2.2 1.88 6840 5.6
11588 1.86 620 21 1.81 1920 25

Table 3.2. Quality parameters of RNA when samples were re-extracted with modifications
using RNAlater-ICE and RNase inhibitors.

To seek further improvement in the qualityisidlated RNA, replicate samples
that have not previously been removed from -80%Cagke were used, and several
additional modifications to the protocol were mafldoead mill tissue homogeniser
(TissueLyser LT, Qiagen) was used for more thorooggthanical disruption and
homogenisation of the tissue, using a single 0.Xtamless steel bead for a tissue
biopsy of approximately half the size of the beatie process of mechanical
disruption was performed on dry ice instead of tcgprevent any thawing of the

tissue samples. Additionally, a commercial RNA aetion kit Ambion®

58



RiboPure™ Kit (Life Technologies) that combinesidywith TRl Reagent®lysis
and glass-fibre filter RNA purification was alsceds The glass-fibre filter removes
residual proteins and lipids as well as smallerraided RNA fragments. The
procedure is compatible with tissues that have hested with either RNAlater® or
RNAlater®-ICE. There was a marked improvement in the isdl®NA (Table 3.3),
which was consistently replicated in subsequentaettons of more samples. This
optimised protocol also produced similarly intadd/&Rfrom RNAlater® stablised
samples (RIN>7). The RNAse-inhibitor was eventusdiyoved from the protocol as

it was not observed to further improve the qualityhe extracted RNA.

RNAlater ®-ICE and SuperasesIn™ | TissueLyser LT and RiboPure ™ kit
Sample A260/280 Yield (ng/ul) RIN A260/280 | Yield (ng/ul) | RIN
11913 1.87 2180 6.2 2.12 3620 9
11981 1.87 4600 2.5 2.17 2420 7.5
11934 1.88 6840 5.6 2.30 2050 8.8
11588 1.81 1920 2.5 2.28 3900 8.4

Table 3.3. Quality parameters of RNA when samples were re-extracted with modifications
using to the protocol, using a bead mill homogeniser and glass-filter RNA purification.
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3.4 Discussion

The extraction of RNA can be greatly compkchby the presence of ubiquitous
and hardy ribonucleases that degrade RNA; thesebearellular RNases that are
released from the cells, or those present in tve@mment. The isolation of RNA
from normal colonic mucosa is particularly challelggas not only it is rich in
RNAses, it is also much tougher compared to fritdmheour tissue. The optimisation
of the RNA extraction process has demonstratededima technical challenges of
preserving the quality of RNA to ensure accuracylefvnstream experiments and
observations. This learning process highlights thmoortance of robust and
replicable techniques, as well as principles ofnoigiition, experimental planning
and the use of controls. Ultimately, it facilitatedd enabled the reliable analysis of
genome-wide expression for the 115 colorectal maucsmmples collected from

surgical resections.
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Chapter 4

Selection of reference genes for gRT-PCR quantifica  tion of

gene expression

4.1 Introduction

Quantitative real time PCR (gRT-PCR) is an accurdsst and sensitive
measurement of gene expression. It is the metheti@te to validate the results of
microarray analysis, as well as to perform indepehdnalysis on a defined number
of genes on validation sets and cell lines. Thsifieity of this technique also means
it is prone to confounding variation resulting frdacttors such as the quantity and
quality of the template input, as well as the ysetthd efficiency of the extraction
and the enzymatic reactions. A robust normalisagmhnique is therefore required
to remove experimentally-induced non-biological iatons and minimise

quantification error.

The use of reference genes as internal controlsursently the preferred
normalisation method (Huggedt al 2005), but there is increasing evidence that the
expression of commonly used reference genes atextaependent and can vary
significantly between tissue types (Barle¢ral 2005) and experimental conditions
(Dhedaet al 2005). If unrecognised, expression changes areate genes can lead
to erroneous conclusions about real biologicaloggfeT his is a particularly important
point to address in my study, as the differenti@ression of target genes associated
with common genetic variation is likely to be sebdnd may be easily masked by

any changes in the reference genes.

It is now recommended that normalisation againséethor more validated
reference genes is the most appropriate and ualierapplicable method (as
reviewed by Derveaugt al, 2010). To select reference genes for a sampla gaot
study should be performed to measure 10 candidatesgin 10 representative
samples. Using the raw non-normalised expressituesathe expression stability

can then be analysed using various mathematicalritdmns and software e.g.
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geNorm, BestKeeper and NormFinder (as reviewed &aydésompelet al 2009).
The underlying principle of these algorithms istthi@e expression ratio of two

proper reference genes should be constant acnogdesa

This chapter describes the results of the optimisand selection of reference

genes which would enable validation of genes inapdid as eQTL candidates.

62



4.2 Methodology overview

4.2.1 Selection of candidate reference genes from m icroarray data

A subset of normal mucosa samples (n=44) collectetthe early part of this
project was analysed on the lllumina HT12 genee&sgion microarray as described
in 2.3. Quantile-normalised and log-transformedadiom this sample set was
examined with reference to the genes conventionad as endogenous controls in
human gene expression studies. The maximum folcthggha MFC) and the
coefficient of variation (CV) for each of these genwere then calculated as

measures of expression stability.

4.2.2 gRT-PCR validation on representative samples

Based on the microarray gene expression data,ethanist stable candidate
reference genes were shortlisted for a pilot studyepresentative samples. For each
candidate reference gene, gene expression TagqMabofe pand primers were
purchased from Life Technologies (Table 4.1). gRORPwas performed as
described in 2.3.5. Linearity and amplificationi@éincy of each of these assays

were first tested using serial dilutions of HCTXHH line cDNA.

Gene symbol Assay ID Context sequence

PUM1 Hs00472881_m1 TGGGGAACATCAGATCATTCAGTTT
ACTB Hs99999903_m1 CCTTTGCCGATCCGCCGCCCGTCCA
RPL37A Hs01102345_m1 GGTGCCTGGACGTACAATACCACTT
PGK1 Hs00943178_g1 AGCCCACAGCTCCATGGTAGGAGTC
UBC Hs00824723_m1 GTGATCGTCACTTGACAATGCAGAT
ABL1 Hs01104728_m1 GCGAGCATGTTGGCAGTGGAATCCC
EIF2B1 Hs00426752_m1 ATCAAAGATGGAGCGACAATATTGA
RPS17 Hs00734303_g1 GCTGAAGCTTTTGGACTTCGGCAGT
TBP Hs00427620_m1 GCAGCTGCAAAATATTGTATCCACA
RPL30 Hs00265497_m1 TATCATTGATCCAGGTGACTCTGAC

Table 4.1. TagMan® assay IDs of candidate reference genes.
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Next, the transcript abundance of the 10 aatdi genes were measured in
representative samples that comprised of cDNA fnonmal mucosa (n=11), tumour
(n=9), ex-vivo normal mucosa (n=8), and colorectaicer cell lines (n=20). Normal
mucosa and tumour tissue were paired whenever b@ssand samples were
balanced by gender and anatomical site. Ex-vivenabmucosa samples consisted
of untreated samples and samples treated with BMA45F{ in culture. CRC cell
lines consisted of 7 commonly used cell lines (SW48CT116, DLD1, HT29,
VACO425, COLO320, CACO?2) that were untreated oated with BMP4, TGH,
aspirin, lithium chloride or retinoic acid. Thesedtments were performed as | had
initially proposed to study the collective effe¢t@RC risk variants on the TGF-
signalling pathway, however, the study evolvedomut on individual variants as the

preliminary results did not demonstrate a collecgifect on TGH target genes.

4.2.3 Stability ranking of candidate reference gene s

The raw CT values from the qRT-PCR were analysewyuRefFinder (URL4.1),
an online software tool that integrates four mamwmputational programs
(BestKeeper [Pffafet al 2004], GeNorm [Vandesompeds al 2002], Normfinder
[Andersonet al 2004], and the comparative delta-Ct method [Bibteal, 2006]) to
compare and rank the stability of candidate refaxegenes. Based on the rankings
from each program, an appropriate weight is asdigmeach individual gene and the

geometric mean of their weights is calculated lieraverall final ranking.
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4.3 Results

4.3.1 Candidate reference genes for pilot gqRT-PCR s  tudy

There are 32 genes conventionally used as referganes for human gene
expression studies, with commercially availableagss(ABI) for each of them
(URL4.2 and URL4.3). Of these, 30 genes had matemewtated probes on the
lllumina HT12 microarray platform (Table 4.2). Archdate reference gene was
defined as a gene with an MFC of less than 2 ssmdadl CV (de Jonget al 2007).
10 genes had a maximum fold change of >2 (Figut® #ence were considered
unsuitable and excluded from further ranking. Tamaining 20 genes were then
ranked according to their CV, with the 10 most letafenes selected for the pilot
study (Table 4.3).
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Gene Description Annotated
probes on
HT12
18s 18S ribosomal RNA No
ABL1 c-abl oncogene 1, non-receptor tyrosine kinase Yes
ACTB actin, beta Yes
B2M beta-2-microglobulin Yes
CASC3 cancer susceptibility candidate 3 Yes
CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cipl) Yes
CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) Yes
EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, Yes
26kDa
ELF1 E74-like factor 1 (ets domain transcription factor) Yes
GADDA45A growth arrest and DNA-damage-inducible, alpha Yes
GAPDH glyceraldehyde-3-phosphate dehydrogenase Yes
GUSB glucuronidase, beta Yes
HMBS hydroxymethylbilane synthase Yes
HPRT1 hypoxanthine phosphoribosyltransferase 1 Yes
IPO8 importin 8 Yes
MRPL19 mitochondrial ribosomal protein L19 Yes
MT-ATP6 mitochondrially encoded ATP synthase 6 No
PES1 pescadillo homolog 1, containing BRCT domain (zebrafish) Yes
PGK1 phosphoglycerate kinase 1 Yes
POLR2A polymerase (RNA) Il (DNA directed) Yes
POP4 processing of precursor 4, ribonuclease P/IMRP subunit (S. Yes
cerevisiae)

PPIA peptidylprolyl isomerase A (cyclophilin A) Yes
PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 Yes
PUM1 pumilio homolog 1 (Drosophila) Yes
RPL30 ribosomal protein L30 Yes
RPL37A ribosomal protein L37a Yes
RPLPO ribosomal protein, large, PO Yes
RPS17 ribosomal protein S17 Yes
TBP TATA box binding protein Yes
TFRC transferrin receptor (p90, CD71) Yes
UBC ubiquitin C Yes
YWHAZ tyrosine  3-monooxygenase/tryptophan 5-monooxygenase Yes

activation protein, zeta polypeptide

Table 4.2. 32 conventional human reference genes with commercial assays available.
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Normal mucosa samples (n=44)
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Figure 4.1. Maximum fold change (MFC) and coefficient of variation (CV) of the expression
of 30 conventional reference genes in normal mucosa samples. Genes with an MFC>2 (red
line represents MFC cut-off) are considered unsuitable as reference genes.
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Rank Gene symbol MeanExp SD cVv MFC

1 PUM1 9.589 0.102 1.06% 1.36
2 RPL37A 10.128 0.108 1.07% 1.38
3 UBC 13.522 0.149 1.10% 155
4 ABL1 7.320 0.084 1.15% 1.26
5 EIF2B1 8.195 0.108 1.32% 1.32
6 RPS17 12.334 0.174 1.41% 1.79
Excluded B2M 13.413 0.209 1.56% 2.07
7 TBP 7.865 0.126 1.60% 1.53
8 RPL30 12.699 0.211 1.66% 1.97
9 ACTB 12.884 0.226 1.75% 1.97
10 PGK1 9.793 0.173 1.76% 1.88
11 ELF1 9.506 0.175 1.84% 1.63
12 GUSB 8.970 0.175 1.95% 1.96
13 YWHAZ 9.519 0.189 1.98% 1.64
Excluded GAPDH 11.404 0.226 1.98% 2.18
14 RPLPO 10.852 0.217 2.00% 1.84
15 PES1 7.194 0.145 2.01% 1.53
16 POP4 7.758 0.159 2.04% 1.81
17 PPIA 7.440 0.153 2.06% 1.68
18 POLR2A 9.423 0.215 2.28% 1.79
19 CASC3 7.990 0.195 2.44% 1.85
20 CDKN1B 8.611 0.222 2.58% 1.88
Excluded HPRT1 8.843 0.261 2.95% 2.20
Excluded HMBS 7.787 0.230 2.95% 2.37
Excluded MRPL19 8.620 0.262 3.03% 2.43
Excluded CDKN1A 11.021 0.367 3.33% 3.05
Excluded PSMC4 7.564 0.266 3.52% 2.18
Excluded IPO8 7.856 0.312 3.98% 2.75
Excluded GADDA45A 8.119 0.338 4.16% 2.76
Excluded TFRC 11.222 0.523 4.66% 5.64

Table 4.3. Conventional reference genes ranked according to their CV of expression in 44
normal mucosa samples. Genes with an MFC >2 were considered unsuitable and excluded
from stability ranking. (MeanExp=mean of expression, SD=standard deviation,
CV=coefficient of variation, MFC=maximum fold change)
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4.3.2 qRT-PCR pilot study of candidate reference ge  nes

The mean raw Ct values of the 10 candidate refergemes for each of the
sample subgroup are quantified and calculated €T4ldl). There is a large range of
expression levels across these 10 genes, with RB&hg most highly expressed

and TBP being the least expressed.

ABL1 ACTB EIF2B1 RPL30 PGK1 PUM1 RPS17 TBP RPL37A UBC
NM 2715 23.73 29.44 26.17 2542 28.25 22.51 30.70 24.18 24.56
T 26.68 22.80 28.56 2543 2412 2754 21.81 29.80 23.08 24.07
ENM | 26.95 24.26 30.10 2547 2477 28.33 23.34 3132 24.42 23.12
CL 26.87 23.34 28.26 2593 23.83 27.46 21.57 2057 2261 23.75

Table 4.4. Comparison of mean cycle threshold (Ct) value across different sample groups.
NM = normal mucosa tissue (n=11); T = colon tumour (n=9); ENM = ex-vivo normal mucosa,
untreated or treated with BMP4 or TGFB in culture (n=8); CL = colorectal cancer cell lines,
untreated or treated with BMP4, TGF(, aspirin, lithium chloride or retinoic acid (n=20).

The stability of these candidate reference gereshan analysed and ranked for

each tissue subgroup individually, as well asaglether (Table 4.5).

STABILITY NM TUMOUR EX-VIVONM  CRC CELL ALL
RANKING (N-11) (N=9) (N=8) LINES(N=20) (N=a8)
1 EIF2B1 TBP PUM1 EIF2B1 ABL1

2 TBP RPL37A TBP RPL30 EIF2B1
3 UBC EIF2B1 ABL1 ABL1 ACTB
4 RPL30 UBC EIF2B1 ACTB RPL30
5 PGK1 PUM1 RPL30 RPL37A RPL37A
6 ABL1 ACTB RPS17 PUM1 PUM1
7 PUM1 RPL30 RPL37A PGK1 PGK1
8 RPS17 ABL1 PGK1 TBP TBP

9 ACTB PGK1 UBC RPS17 RPS17
10 RPL37A RPS17 ACTB UBC UBC

Table 4.5. Stability ranking of the candidate endogenous genes in a representative sample

set. NM=normal mucosa.
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Guided by these result§lF2B1, TBP and RPL30 were selected as reference
genes for future gRT-PCR experiments on normal sauigamples. AlthougtdBC
was ranked 3 in the normal mucosa samples, it was rani&ih@he ex-vivo normal
mucosa samples, and was the least stably exprgeeedn CRC cell lines. As many
of the samples in these 2 groups have been treaiid variable courses of
BMP4/TGH3, it is possible that perturbations of the SMADnsilling pathway have
an effect orlJBC transcript levels. ConsequentlyBC was not selected as a control
to avoid any bias during the normalisation of taggnes in normal mucosa, many of

which may be involved in, or targeted by, SMAD silling.

EIF2B1, TBP andRPL30are also well-ranked in the other subgroups aneinwh
all samples were analysed altogether; at least ofvahe three genes were
consistently in the top 5 most stable genes aatssubgroups. This makes them
good reference genes for experiments requiringain@nd inter- subgroup

comparison of differential expression.
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4.4 Discussion

Due to the speed, sensitivity and specificity fecd, gRT-PCR is widely used in
molecular diagnostics, life sciences, agriculturel anedicine to quantify gene
expression (Bustiet al 2000; Kubistaet al, 2006). It is one of the key experimental
methods used in my investigation of gene expressiothe context of common
genetic variation associated with colorectal candsrthese common variants have
small effect sizes on cancer risk, it is thoughattibhe associated differential
expression, if any, is likely to also be small. Eenrigorous selection of stably
expressed reference genes for normalisation iseglsto remove experimentally-

induced errors and optimise the detection of suatteation.

Examining expression microarray data from the &@stsye of interest to identify
putative reference genes has become a popular agbprim our era of high-
throughput cell biology (Popovi@t al 2009; de Jonget al 2007). By using this
approach, | selected the ten most stable candiffaesthirty-two commonly used
reference genes for further gRT-PCR validation.séhien putative reference genes
represent different cellular processes; the rib@qgmoteins RPL30, RPL37A and
RPS17, and EIF2B1 are involved in protein synth@dd is a general transcription
factor, ACTB is a structural cytoskeletal protePGK1 is a glycolytic enzyme,
PUM1 is an RNA-binding protein, UBC is involvedubiquitination and ABL1 is a
tyrosine kinase with a role in many key processaisetl to cellular growth and
survival. Using a set of genes representing a tyaoiecellular functions is ideal for a
pilot experiment, as this means any perturbatiogsulting from experimental
conditions are less likely to affect all the putatreference genes. It is interesting to
point out thalGAPDH, a commonly used reference gene, is relativelyaihes within
this data set with a MFC of 2.18. This is consisteith previously published reports
where variations inGAPDH expression have been observed in gRT-PCR
experiments (Barbest al, 2005; Harpeet al 2003). This reinforces the notion that
the expression of control genes can vary depenlintssue-type and experimental
conditions, hence careful consideration is requiteefore using them for

normalisation.
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Once putative reference genes have been identfietd qRT-PCR validation
performed, the circular problem of evaluating tha&bsity of these genes can be
resolved using the aforementioned mathematicalighgas. As there is considerable
variation in the correlation among the various Atgms (Jacobet al, 2013), |
utilised a web-based tool that integrates the foost commonly used approaches to
assess the stability of these genes. It quicklyimes apparent that the expression
variability of these genes differs between theutssubgroups. Though unsurprising,
as heterogeneity is more likely in the tumour aellllme subgroups as compared to
normal mucosa, this again demonstrates that expregariation of reference genes
is present and dependent, at least in part, otigbee type. More importantly, the
difference in the normal mucosa and ex-vivo normatosa subgroup suggests that
perturbations of the SMAD signalling pathway cousiystematically affect
expression of these ‘housekeeping’ genes. GivearthieaSMAD signalling pathway
is frequently altered in cancer, it is all the marecial that reference genes are
validated when the experimental setup involves @mpn between normal and
tumour tissue. A good post-hoc experiment wouldobeompare the expression of a
gene of interest normalised with the most statiereace gene, and the same gene
normalised with the least stable reference geng.demonstrable difference would
consolidate the importance of rationalising refeeeigenes prior to their use for

normalisation.

It is strongly recommended that three or more egfee genes are used to reduce
the effect of any variation in a single referene@ey However, it is recognised that
this may not always be cost-effective, especiallgxperiments where the expected
fold change in the expression of the gene of istesesubstantially larger than any
potential variation in the reference gene expresdio these instances, the need for
normalisation accuracy may have to be weighed amafthe practical constraints
of time and resources. Such is the case with miAiRnockdown studies in cell
lines, where there is 75-90% knockdown of the taggees (Figure 8.13). The use of
a single reference gene may not be ideal but srotttasion we have accepted it as a
caveat, given that the differential expressionhaf ¢ienes of interest is appreciably
larger than the fluctuation of the reference geq@ession. Other biological factors

may also influence the choice of the reference geaad should be carefully
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considered when the information is available. Baneple, one of my experiments
involved quantifying the knockdown of NF-Y subunitshich is a ubiquitous

transcription-factor that is known to bind to vayief genes (7.3.4). In this instance,
TBP would be a good reference gene as it is kn@nadk the CCAAT consensus
sequence for NF-Y binding (Nardiat al, 2013), and will be more likely than other
reference genes to be unaffected by the deplefibtFoY. Hence, a combination of
biological justification and validation with a pilexperiment provides the ideal

platform for the informed selection of gRT-PCR refece genes.

In conclusion, the reference gene#2B1, TBP and RPL30 were chosen to
validate any differential expression as identifiegd microarray analysis of the

colorectal normal mucosa samples.
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Chapter 5

Gender- and site-specific differential gene express  ionin the

human colorectal normal mucosa

5.1 Introduction

To systematically characterise the functiosfééct of low-penetrance common
genetic variation that are associated with sudoiéiptito colorectal cancer, whole-
genome gene expression microarray analysis wagtakda to look for evidence of
association with gene expression. Before analy$itegy gene expression data in
relation to genetic risk variants, several clinieariables were first examined in
relation to global gene expression, namely aged@emancer status and anatomical
sampling-site. Although the relevance of this ® filnctional characterisation of risk
variants may not be immediately apparent, it wophdvide insight into the
regulation and heterogeneity of gene expressiotihhennormal colorectal mucosa.
Positive findings would inform the design of thekrivariant analyses to minimise
confounding effects of these variables, hence ogimg the detection of subtle
effects that are associated with inherited vanmatiExamining these variables that are
known to affect gene expression levels will alsovjate a form of internal validation

of the microarray platform used in this study.

Age- and gender- related differences in geqmeession in the colon is relevant
for two reasons. Firstly, colorectal cancer inciers higher in men than women and
strongly increases with age (as reviewed by Breanhat 2014). Secondly, previous
studies have indicated that there are age-reldtadges in gene expression levels
occurring in various human tissue types (Sostehl 2006; Glas®t al 2013), as
well as sexual dimorphism in non-reproductive &ssireviewed by Rinret al
2006). Although this has not been specifically destated in the human large
intestine, there is evidence that expression ofesganes are gender-biased in the
oesophageal (Menoet al 2011) and small intestinal mucosa (Sankaran-\igxdte
al, 2013).
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The concept of field cancerisation has beepgsed to explain the development
of multiple primary tumours in the same organ aadally recurrent cancer in
patients who have multifocal cancer without appartamilial predisposition.
Providing evidence for this is a study describingtimglation of theMGMT gene
promoter in normal-appearing colorectal mucosacadjato colorectal cancer with
MGMT promoter methylation (Sheat al 2005). The proximity to the tumour
appeared to influence the likelihood of hypermettigh in the normal mucosa. In
view of this, the normal mucosa samples in my studye collected from the
resection margin furthest from the tumour to misenany field effect that may be
present, and the presenting pathology of the dqatients were categorised as

cancer or non-cancer for gene expression analysis.

There are known epidemiological, clinical amdlecular differences between
proximal and distal colon tumours, suggesting thheé risk factors and
transformation pathways of sporadic colorectal eandiffer according to the
anatomical location within the colon (as reviewsdl&acopettaet al 2002). This
may reflect the different biological characteristimf the normal colorectal mucosa
within the different segments, or a segmental bgtreity in the gut environment
i.e. the microbiome and metabolites, or most likéig interaction between a distinct
environment and distinct target cells. The knowa-specific differences in normal
and cancerous conditions of the colon is summairsédble 5.1. In view of this, the
sampling site for each of the normal mucosa samméected for this study were
classified as proximal or distal to the splenixdiee (Figure 5.1) and examined for

differential expression.

Transverse
Colon splenic
o flexure

Ascending
Colon Descending
Colon . ) .
Figure 5.1 Schematic drawing of the
Caecum human colon illustrating the splenic
Sigmoid flexure (.:ut-off. point, WI’.li.Ch .determine;s
Colon the proximal/distal classification used in
this study. (Figure adapted from
Rectum lacopetta, 2002)
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A)
NORMAL

Proximal colon

Distal colon

Development

Embryonic midgut

Embryonic hindgut

Vascular supply Superior  mesenteric Inferior mesenteric
artery artery

Average crypt length Shorter Longer
Short-chain fatty acid production by 8-fold higher
fermentation
Mutagenic metabolites Higher exposure
Metabolism of bile acids Higher
Activity of ornithin decarboxylase Higher
Methylation of ER gene Higher

B)
CANCER Proximal colon Distal colon
Mismatch repair defective (MSI-H) 30% 2%
Mucinous tumours Frequent Infrequent
Familial cancer syndromes Lynch Syndrome FAP

Karyotype

Gene mutations (TP53 and K-RAS)
and C-MYC expression

5-FU chemotherapy response

Gender

Pseudo-diploid

Lower frequency

Good

Aneuploid with LOH

Higher frequency

Marginal or none

Proportion of cancer in the distal colon is lower
among women than among men

Table 5.1 Summary of the differences between the proximal and distal colon, in both normal
conditions and neoplastic disease. (Adapted from lacopetta et al, 2002; Glebov et al, 2003)
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5.2 Methodological overview

5.2.1 Study subjects and biological material

115 normal colorectal mucosa samples wereaell from patients undergoing
large bowel resections as described in 2.1. Theactexistics of the study subjects

are summarised in Table 5.2 and detailed in Tab8& Study subjects were

categorised by age<§0 or >60), gender, presenting pathology (cancewitisout

cancer), and the anatomical sampling site (proxirsalistal).

<60 >60
Age
28 87
Males Females
Gender
64 51
. Cancer Without cancer
Presenting pathology
99 16
. . . Proximal colon Distal colon
Anatomical sampling site 39 =5

Table 5.2 Summary of the characteristics of patients who donated tissue samples for this

study.
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Study ID Gender Age Site Condition Matched
PBMC

2335 M 61 Proximal Adenocarcinoma Yes
11481 M 82 Distal Adenocarcinoma Yes
11559 F 71 Distal Adenocarcinoma Yes
11588 F 88 Distal Adenocarcinoma No
11868 F 77 Proximal Adenocarcinmoa No
11913 M 51 Distal Adenocarcinoma Yes
11915 F 86 Proximal Adenocarcinoma No
11981 F 77 Distal Diverticular disease No
11986 F 73 Distal Tubulo-villous adenoma No
11990 M 63 Distal Diverticulitis No
12002 M 77 Proximal Adenocarcinoma No
12003 F 65 Distal Adenocarcinoma Yes
12032 F 75 Proximal Adenocarcinoma No
12033 M 73 Proximal Adenocarcinoma Yes
12037 M 80 Distal Adenocarcinoma Yes
12039 F 57 Distal Adenocarcinoma No
12040 M 56 Proximal Adenocarcinoma Yes
12041 F 67 Proximal Adenocarcinoma Yes
12042 F 75 Proximal Adenocarcinoma Yes
12046 F 57 Distal Adenocarcinoma No
12047 F 79 Proximal Adenocarcinoma No
12048 F 64 Distal Adenocarcinoma Yes
12049 M 69 Distal Adenocarcinoma Yes
12050 F 74 Distal Adenocarcinoma No
12051 M 71 Proximal Tubulo-villous adenoma No
12052 M 61 Distal Tubulo-villous adenoma No
12053 F 79 Proximal Adenocarcinoma No
12054 M 66 Distal Villous adenoma No
12056 F 71 Proximal Adenocarcinoma No
12057 M 68 Distal Adenocarcinoma No
12059 M 70 Distal Adenocarcinoma Yes
12061 M 62 Distal Adenocarcinoma No
12063 M 58 Distal Adenocarcinoma No
12064 F 67 Distal Adenocarcinoma Yes
12065 F 79 Distal Adenocarcinoma Yes
12067 M 62 Distal Adenocarcinoma Yes
12068 F 75 Proximal Tubulo-villous adenoma No
12069 F 80 Proximal Adenocarcinoma No
12070 F 71 Proximal Adenocarcinoma No
12071 M 67 Distal Adenocarcinoma Yes
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12100
12114
12147
12202
12208
12234
12236
12253
12254
12255
12256
12259
12260
12272
12304
12305
12307
12312
12316
12369
12370
12407
12408
12409
12412
12415
12419
12421
12433
12435
12451
12454
12464
12468
12473
12475
12477
12481
12483
12519
12520
12529
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58
64
47
42
87
47
76
65
67
74
57
75
57
65
59
63
67
42
77
80
41
64
67
50
75
80
65
59
59
83
79
64
72
55
86
80
65
39
54
47
60
62

Distal
Proximal
Distal
Distal
Proximal
Distal
Distal
Proximal
Proximal
Proximal
Distal
Proximal
Distal
Distal
Proximal
Distal
Distal
Distal
Proximal
Distal
Distal
Distal
Distal
Distal
Proximal
Distal
Proximal
Distal
Distal
Distal
Distal
Distal
Proximal
Distal
Distal
Distal
Distal
Distal
Distal
Distal
Proximal
Distal

79

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma

Intestinal dysmobility

Villous adenoma
Adenocarcinoma

Diverticular disease

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma

Tubulo-villous adenoma
Diverticular disease

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma

No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
No
No
No
Yes
No
Yes
Yes
No
Yes
No
Yes
No
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



12555 M 69 Distal Tubulo-villus adenoma No
12562 F 52 Distal Diverticular disease No
12568 M 69 Proximal Tubulo-villous adenoma No
12584 M 48 Distal Adenocarcinoma No
12586 M 62 Distal Adenocarcinoma Yes
12587 M 63 Proximal Adenocarcinoma No
12597 M 84 Proximal Adenocarcinoma Yes
12602 M 73 Distal Adenocarcinoma Yes
12609 M 71 Proximal Adenocarcinoma Yes
12619 F 80 Distal Adenocarcinoma Yes
12624 F 33 Distal Adenocarcinoma Yes
12630 M 69 Proximal Adenocarcinoma Yes
12631 M 69 Distal Adenocarcinoma Yes
12633 M 75 Distal Adenocarcinoma No
12634 F 66 Proximal Adenocarcinoma Yes
12645 F 27 Distal Adenocarcinoma No
12646 F 69 Distal Adenocarcinoma Yes
12647 M 82 Proximal Adenocarcinoma Yes
12650 M 65 Proximal Adenocarcinoma Yes
12659 M 71 Distal Adenocarcinoma Yes
12660 M 68 Distal Adenocarcinoma Yes
12668 M 79 Distal Adenocarcinoma No
12669 F 75 Distal Adenocarcinoma Yes
12726 F 60 Distal Adenocarcinoma No
12741 F 71 Proximal Adenocarcinoma No
12751 F 79 Distal Adenocarcinoma No
12775 F 61 Distal Adenocarcinoma No
12779 M 73 Distal Adenocarcinoma No
12810 M 63 Distal Adenocarcinoma No
12812 M 52 Distal Adenocarcinoma No
12813 M 78 Distal Adenocarcinoma No
12854 F 67 Proximal Adenocarcinoma No
12856 F 74 Proximal Tubulo-villous adenoma No

Table 5.3 Characteristics of the 115 study subjects — age, gender, sampling site (proximal or
distal colon), the indication for bowel resection surgery and whether matched PBMC were
collected.
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5.2.2 Gene expression profiling and analysis

RNA was extracted, amplified and hybridisedllammina HT12 gene expression
microarrays as described in 2.3. The expressiofilggmf the 115 normal mucosa
samples were analysed using thdirRma package as described in 2.6.2, using the
co-variates age, gender, presenting pathology aradomical sampling site as

categorised in Table 532.

5.2.3 gRT-PCR validation

Technical validation was performed with gRTHP&s described in 2.EIF2B],
RPL30and TBP were selected as reference genes for normalisaiatescribed in
Chapter 4. The Tagman® Gene Expression assaysd@enes of interest are listed
in Table 5.4.

Gene symbol Assay ID Context sequence

PRAC Hs00741541_g1 AGAGTGCTTTTCTCTCTAATAAGAA
PITX2 Hs04234069_mH GAGTCCGGGTTTGGTTCAAGAATCG
CKB Hs01058288_g1 CCTCACCCAGATTGAAACTCTCTTC
OLFM4 Hs00197437_m1 TCCCACTCCAGGGAGCTGTGGTCAT
L1TD1 Hs00219458_m1 TTTTTCGCCAGGCACCAAGGCACAG

Table 5.4 TagMan® assay IDs of the genes of interest in this chapter.

3 Analysis performed by Graeme Grimes, MRC Human Genetics Unit, IGMM.
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5.3 Results

5.3.1 No detectable differential expression in the normal mucosa

between age groups and presenting pathology

Approximately 29,000 probes were detected in thenab mucosavalue<0.01),
mapping to approximately 20,000 unique annotateegieThe expression profiles of
the 115 normal mucosa samples were analysed usex@Rkfimma package and
showed no detectable differential expression by @@, n=28 ; >60, n=87) or
presenting pathology (with cancer, n=99 ; witharaer, n=16). However, it should
be noted that these variables are not well-balanaatiicing the power to detect
associated differences.

5.3.2 Gender-specific differential expression of th e human colorectal
mucosa

23 genes were more highly expressed in males (nwbdjeas 22 genes were more
highly expressed in females (n=51). All the genést twere significantly
differentially expressed between genders are shiovables 5.5 and 5.6.

82



Gene FC AvgExp FDR g-Val  Chr Description

RPS4Y1 1755 9.09 8.68E-122 Y ribosomal protein S4, Y-linked 1

EIF1AY 5.76 8.03 9.70E-100 Y eukaryotic translation initiation
factor 1A, Y-linked

CYORF15A | 2.64 7.42 1.85E-77 Y taxilin gamma 2, pseudogene on
chry

EIF1AY 1.92 7.09 1.34E-68 Y eukaryotic translation initiation
factor 1A, Y-linked

JARID1D 2.12 7.16 1.38E-64 Y lysine (K)-specific demethylase
5D on chrY

LOC643123 | 1.45 6.79 1.28E-47 Y arylsulfatase F pseudogene 1

ZFY 1.33 6.65 1.50E-41 Y zinc finger protein, Y-linked

TMSB4Y 151 6.81 7.04E-41 Y thymosin beta 4, Y-linked

PRKY 1.40 6.83 1.18E-38 Y protein kinase, Y-linked,
pseudogene

RPS4Y2 291 7.46 2.39E-37 Y ribosomal protein S4, Y-linked 2

uTYy 1.28 6.74 8.53E-30 Y ubiquitously transcribed
tetratricopeptide repeat
containing, Y-linked

USP9Y 1.14 6.54 7.16E-22 Y ubiquitin specific peptidase 9, Y-
linked

TTTY2 1.12 6.58 8.39E-18 Y testis-specific transcript, Y-linked
2 (non-protein coding)

TTTY14 1.12 6.62 2.40E-13 Y testis-specific transcript, Y-linked
14 (non-protein coding)

CD99 1.30 8.82 3.53E-10 X CD99 molecule

DDX3Y 1.09 6.58 3.13E-06 Y DEAD (Asp-Glu-Ala-Asp) box
helicase 3, Y-linked

NLGN4Y 1.05 6.51 1.23E-05 Y neuroligin 4, Y-linked

OSCP1 1.06 6.68 0.006 1 organic solute carrier partner 1

DPM3 1.11 8.43 0.037 dolichyl-phosphate
mannosyltransferase polypeptide
3

MGC72104 1.19 8.30 0.039 Y FSHD region gene 1 family,
member B

CSTF3 1.12 7.93 0.043 11 cleavage stimulation factor, 3
pre-RNA, subunit 3, 77kDa

ZMYND12 1.06 6.81 0.046 1 zinc finger, MYND-type
containing 12

LOC729137 | 1.08 6.67 0.047 Y zinc finger protein 839-like

Table 5.5 23 unique genes are more highly expressed in males than females, listed in the
order of adjusted p-value. Where more than one probe is present for a single gene, the
probe with the highest p-value is presented. FC=fold change as calculated by male/female

mean expression, AvgExp=Average expression of gene.
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Gene Fc AvgExp FDR g-Val Chr Description

XIST 4.05 7.74 1.36E-71 X X inactive specific transcript (non-
protein coding)

HDHD1A 1.40 7.99 7.44E-22 X Haloacid Dehalogenase-Like
Hydrolase Domain Containing 1

UTXx 1.21 7.38 1.38E-17 X Ubiquitously transcribed
tetratricopeptide repeat, X
chromosome

ARSD 1.54 9.03 8.04E-15 X arylsulfatase D

ZFX 1.11 6.90 1.49E-09 X zinc finger protein, X-linked

U2AF1L2 1.21 7.81 2.30E-09 X CCCH Type Zinc Finger, RNA-
Binding Motif And Serine/Arginine
Rich Protein

TRAPPC2 1.23 8.30 9.70E-09 X trafficking protein particle complex
2

PNPLA4 1.11 6.74 3.38E-08 X patatin-like phospholipase domain
containing 4

PRKX 1.09 6.94 4.36E-07 X protein kinase, X-linked

RPS4X 1.30 11.22 7.15E-07 X ribosomal protein S4, X-linked

ARSE 1.17 7.11 1.64E-06 X arylsulfatase E (chondrodysplasia
84unctate 1)

ZRSR2 1.07 6.71 1.67E-05 X zinc finger (CCCH type), RNA-
binding motif and serine/arginine
rich 2

HEPH 1.23 9.29 3.63E-05 X hephaestin

DDX3X 1.21 9.80 0.001 X DEAD  (Asp-Glu-Ala-Asp)  box
helicase 3, X-linked

EIF1AX 1.33 8.32 0.003 X eukaryotic translation initiation
factor 1A, X-linked

OFD1 1.16 7.87 0.003 X oral-facial-digital syndrome 1

GYG2 1.12 7.05 0.007 X glycogenin 2

POF1B 1.11 6.96 0.008 X premature ovarian failure, 1B

NLRP2 1.17 6.91 0.015 19 NLR  family, pyrin domain
containing 2

NLGN4X 1.14 7.19 0.019 X neuroligin 4, X-linked

UBE1 1.17 9.53 0.035 X ubiquitin-activating enzyme E1

COPS8 1.08 7.26 0.047 2 COP9 signalosome subunit 8

Table 5.6 22 unique genes are more highly expressed in females than males, listed in the
order of adjusted p-value. Where more than one probe is present for a single gene, the
probe with the highest p-value is presented. FC=fold change as calculated by female/male
mean expression, AvgExp=Average expression of gene.
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5.3.3 Gene expression differences between the human proximal and

distal colorectal mucosa

There was differential expression in 1303 prob&@9Tlunique genes) between the
proximal (n=39) and the distal colon (n=7@)value<0.05, FDR adjusted), with 55
unique genes showing >1.5 fold difference. 29 ekéhgenes were expressed at a
higher level in the proximal colon and 26 in thetdl colon, as listed in Table 5.7
and Table 5.8.

gRT-PCR validation of these expression differeneas performed for five out of
twelve genes with a differential fold change of *2nfirming the site-related
differential expression observed f&ITX2 (p<2.2E-16) L1TD1 (p=5.3E-13)
OLFM4 (p=2.7E-07) PRAC(p<2.2E-16)and CKB (p=3.6E-07)* Highly significant
correlations with Spearman Rho values of >0.75 vadrgerved between the two

different expression quantification techniques (Fég 5.2-5.6).

4 RT-PCR performed under close supervision by undergraduate student Fanny Roth.
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Gene FC AvgExp FDR g-Val  Description

PITX2 2.83 7.17 7.03E-39 paired-like homeodomain 2

L1TD1 2.01 7.35 4.64E-19 LINE-1 type transposase domain
containing 1

ETNK1 2.35 8.46 8.67E-15 ethanolamine kinase 1

SLC23A3 1.66 7.48 1.02E-14 solute carrier family 23, member 3

IGFBP2 1.65 7.91 1.36E-12 insulin-like growth factor binding protein
2, 36kDa

MB 1.55 7.61 3.75E-11 myoglobin

MEP1B 1.56 7.02 1.43E-09 meprin A, beta

SLC20A1 1.82 10.07 3.23E-09 solute carrier family 20 (phosphate
transporter), member 1

NQO1 1.57 10.08 3.48E-08 NAD(P)H dehydrogenase, quinone 1

ANPEP 2.17 9.31 6.71E-08 alanyl (membrane) aminopeptidase

ADH1C 1.62 11.13 1.54E-07 alcohol dehydrogenase 1C (class ),
gamma polypeptide

OLFM4 3.18 11.15 3.82E-07 olfactomedin 4

OASL 1.62 7.67 1.07E-06 2'-5’-oligoadenylate synthetase-like

FAM3B 1.69 6.73 2.93E-06 family with sequence similarity 3,
member B

PROM1 1.62 9.77 1.39E-05 prominin 1

NR1H4 1.56 7.85 3.73E-05 nuclear receptor subfamily 1, group H,
member 4

DEFB1 1.57 8.6 8.54E-05 defensin, beta 1

C60RF105 1.55 9.28 0.000233 androgen-dependent TFPI-regulating
protein

OSTALPHA | 1.97 8.32 0.000235 Solute carrier family 51, alpha subunit

CCL13 1.74 8.86 0.000345 chemokine (C-C motif) ligand 13

CCL8 1.69 9.23 0.000442 chemokine (C-C motif) ligand 8

UGT2B15 1.75 8.36 0.002264 UDP glucuronosyltransferase 2 family,
polypeptide B15

DEFA5 1.84 7.28 0.006333 defensin, alpha 5, Paneth cell-specific

UGT2B11 1.85 10.08 0.007722 UDP glucuronosyltransferase 2 family,
polypeptide B11

NBPF20 1.52 8.55 0.008969 Neuroblastoma Breakpoint Family
Member 20

REG3A 1.56 6.91 0.009994 regenerating islet-derived 3 alpha

UGT2B17 1.84 9.55 0.012681 UDP glucuronosyltransferase 2 family,
polypeptide B17

UGT2B7 1.79 11.7 0.017934 UDP glucuronosyltransferase 2 family,
polypeptide B7

VIP 1.68 9.58 0.021505 vasoactive intestinal peptide

Table 5.7 Genes that are more highly expressed in the proximal colon compared to the distal
colon, listed in order of adjusted p-value. Where more than one probe is present for a single
gene, the probe with the highest p-value is presented. FC=fold change as calculated by
proximal/distal mean expression, AvgExp=Average expression of gene.
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Gene FC AvgExp FDR g-Val Description

PRAC 17.39 9.26 7.76E-46 prostate cancer susceptibility gene 1

ST6GALNAC6 | 2.19 8.78 6.53E-17 ST6 (alpha-N-acetyl-neuraminyl-2,3-
beta-galactosyl-1,3)-N-
acetylgalactosaminide alpha-2,6-
sialyltransferase 6

CLDNS8 3.29 9.54 1.68E-15 claudin 8

ST3GAL4 1.66 7.36 2.99E-15 ST3 beta-galactoside alpha-2,3-
sialyltransferase 4

HOXB13 1.85 7.13 5.78E-15 homeobox B13

SPON1 1.61 9.38 7.52E-13 spondin 1, extracellular matrix protein

LGALS2 1.85 8.56 1.77E-11 lectin, galactoside-binding, soluble, 2

CAPN13 1.71 8.69 7.30E-11 calpain 13

LOC387882 1.54 8.64 3.92E-09 uncharacterised

CKB 2.06 10.79 5.19E-09 creatine kinase, brain

MUC17 2.10 8.36 1.13E-08 mucin 17, cell surface associated

TFF1 251 8.51 4.44E-08 trefoil factor 1

LOC401321 1.65 8.35 6.80E-08 uncharacterised

CRIP1 1.73 10.87 1.58E-07 cysteine-rich protein 1 (intestinal)

WFDC2 1.84 8.58 1.97E-07 WAP four-disulfide core domain 2

KRTAP13-2 1.77 7.12 6.40E-07 keratin associated protein 13-2

SPINK5 1.64 7.50 1.07E-06 serine peptidase inhibitor, Kazal type 5

MUC12 1.93 10.18 1.19E-06 mucin 12, cell surface associated

PYY 1.75 8.63 5.02E-06 peptide YY

TMEM200A 1.52 7.72 2.52E-05 transmembrane protein 200A

PI3 2.14 8.65 7.83E-05 peptidase inhibitor 3, skin-derived

GLDN 1.53 6.92 8.54E-05 gliomedin

GCG 1.73 9.07 0.000255  glucagon

SLC28A2 1.57 7.45 0.001927  solute carrier family 28 (concentrative
nucleoside transporter), member 2

S100P 1.66 9.40 0.004687  S100 calcium binding protein P

INSL5 1.58 7.12 0.006683 insulin-like 5

Table 5.8 Genes that are more highly expressed in the distal colon compared to the proximal
colon, listed in order of adjusted p-value. Where more than one probe is present for a single
gene, the probe with the highest p-value is presented. FC=fold change as calculated by
proximal/distal mean expression, AvgExp=Average expression of gene.
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Figure 5.2. A) Boxplots of PITX2 expression as quantified by the lllumina HT12 microarray
or qRT-PCR (unpaired t-test, p<2.2E-16). B) Scatterplot demonstrating the relationship
between the expression of PITX2 as measured by the two different techniques (Spearman

rho=0.843, p-value=< 2.2e-16).
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HT12 expression signal - LITD1 ILMN_1769839

gRTPCR relative expression - LLTD1

—_—o— 00
% o
=
o | o —o—
@ ) e
o o8 |
%
o B HE)
8% o - O;
o o o © o 10
o
2 ° Py oice
——oro—— °
5 o ° 5 5
2 02 3 © op
2 ol ° a €, %
o ! o o
z o & 2,8°2,
o 5 o i o o 5T
[N ! 0010 o o doo°
= ol ol 0 = Jo
S €y —5 a0 o &°,
o i
o o¢ s —
o | %o %
~ e ~ 4
©
o0 00
S S | °
3 0o
o
| _=E o .o
©
T T T T
Distal colon Proximal colon Distal colon Proximal colon
Correlation between HT12 and qRTPCR measurementof  L1TD1
o
3 - o
o ° o ) o
© °° oo ° %o
° 5o 6 o, o ©°
o o O
o - P ® °
o ° & °o® o o
g ) o o ® ) o o o
Oo
a 0,0° ° °
= °o° o, O °
[ - 5] o o [}
T © & ° ° o
= °° Y o o o
S o %o0g o°
2 0® 8,00 °
o 00 o 3
S o ©
3 < ° 8 %
~ o
5’ o
~ -
o
%o
o
o o
T T T T T
6.5 7.0 75 8.0 85

log2 expression (HT12 ILMN_1769839)

Figure 5.3. A) Boxplots of LATD1 expression as quantified by the lllumina HT12 microarray
or gRT-PCR (unpaired t-test, p=5.3E-13). B) Scatterplot demonstrating the relationship
between the expression of LITD1 as measured by the two different techniques (Spearman

rho=0.828, p-value=< 2.2e-16).
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HT 12 expression signal - OLFM4 ILMN_2116877
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Figure 5.4. A) Boxplots of OLFM4 expression as quantified by the lllumina HT12 microarray
or gRT-PCR (unpaired t-test, p=2.7E-07). B) Scatterplot demonstrating the relationship
between the expression of OLFM4 as measured by the two different techniques (Spearman

log2 expression (HT12 ILMN_2116877)

rho=0.895, p-value=< 2.2e-16).
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Figure 5.5. A) Boxplots

Correlation between HT12 and gqRTPCR measurement of PRAC
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of PRAC expression as quantified by the lllumina HT12 microarray
or qRT-PCR (unpaired t-test, p<2.2E-16). B) Scatterplot demonstrating the relationship
between the expression of PRAC as measured by the two different techniques (Spearman
rho=0.791, p-value=< 2.2e-16).
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Figure 5.6. A) Boxplots of CKB expression as quantified by the lllumina HT12 microarray or
gRT-PCR (unpaired t-test, p=3.6E-07). B) Scatterplot demonstrating the relationship
between the expression of CKB as measured by the two different techniques (Spearman
rho=0.759, p-value=< 2.2e-16).
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A functional enrichment analysis indicatedttiganes that were more highly
expressed in the proximal colon were enriched inegeinvolved in substrate
metabolism processes, whereas genes that werehighig expressed in the distal

colon were enriched for secreted proteins (Talég 5.

A)
Category Term FDR adjusted g-
value
KEGG_PATHWAY Pentose and glucuronate interconversions 1.30E-05
KEGG_PATHWAY Ascorbate and aldarate metabolism 1.40E-05
PIR_SUPERFAMILY Glucuronosyltransferase 1.40E-05
KEGG_PATHWAY Drug metabolism 1.70E-05
KEGG_PATHWAY Metabolism of xenobiotics by cytochrome P450 @ 2.20E-05
KEGG_PATHWAY Retinol metabolism 2.90E-05
INTERPRO UDP-glucuronosyl/UDP-glucosyltransferase 6.00E-05
KEGG_PATHWAY Porphyrin and chlorophyll metabolism 7.10E-05
KEGG_PATHWAY Androgen and estrogen metabolism 8.70E-05
KEGG_PATHWAY Drug metabolism 1.10E-04
KEGG_PATHWAY Starch and sucrose metabolism 1.10E-04
KEGG_PATHWAY Steroid hormone biosynthesis 1.20E-04
GOTERM_MF_FAT glucuronosyltransferase activity 3.60E-04
GOTERM_CC_FAT extracellular space 4.60E-04
GOTERM_CC_FAT extracellular region part 2.60E-03
UP_SEQ_FEATURE signal peptide 2.80E-03
SP_PIR_KEYWORDS signal 3.20E-03
GOTERM_CC_FAT extracellular region 1.30E-02
SP_PIR_KEYWORDS microsome 2.10E-02
B)
Category Term FDR adjusted g-
value

SP_PIR_KEYWORDS Secreted 5.2E-03

Table 5.9 Functional annotation of pathways, processes and GO terms that are over-
represented in genes that were more highly expressed by >1.5 fold in A) proximal colon; B)
distal colon. This enrichment analysis was performed using DAVID (as described in 2.6.3)
using the tool's default Homo sapiens whole-genome background list.
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5.4 Discussion

The examination of whole-genome gene expregsiofiles in relation to clinical
variables thought to influence gene expressiohencblon has detected gender- and
anatomical site-specific expression differenceser&hwere no detectable age- or
cancer-related effects, but the power of theseyaeslare likely to be limited by the
small numbers and skewed demographics of patierdgsepting for non IBD

(inflammatory bowel disease) -related large bowséctions.

The large majority of genes that are more lgigxpressed in the colorectal
mucosa of my male subjects are Y-linked. Ratherxpeetedly, there is an X
chromosome gen€D99 that appears to be more highly expressed in milésa
pseudoautosomal gene with a role in innate immuaitg its expression has been
reported to be higher in the monocytes of maldsaaeline levels and after in vitro
lipopolysaccharide stimulation (Lefeved al 2012), albeit in a different tissue type.
The directionality of this reported difference e&assuring and may be of general
interest, as gender is known to influence the sgvand evolution of various
inflammatory conditions. However, gender-bias ist r@ general feature of
inflammatory bowel disease, except in the Asian upon where male

predominance in IBD is typically observed.

On the other hand, the majority of the fenadsed genes in the colon are X-
linked and are recognised to escape, at leas@algrtK-inactivation. XIST is the
obvious exception, as it is a non-coding RNA gdrat ts the major effector of the
X-inactivation process and hence only expressedhennactive X in females. A
number of these X-linked genes have functionallyient Y homologues, and the
higher expression in females is likely to refleae tmechanism by which dosage
compensation between males and females are achiéwdinstance,RPS4X
(ribosomal protein S4, X-linked) is more expressgedemales, whereaBRPS4Y1
(ribosomal protein S4, Y-linked) is more expressedales. Other genes similarly
implicated areEIF1AX, DDX3X, UTX, ZFX, NLGN4>and PRKX The other X-
linked genes such aBRSD (Carrel et al 2005), HDHD1A (Yen et al 1993),
TRAPPC2(Mumm et al, 2001), UBE1 (Carrel et al, 1996), OFD1 (Carrel et al
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2005) have previously been reported as escapingagtivation in other tissue types.
The chromosome 19 geMdLRP2is not known to have gender differences in
expression. However, it has been reported to h&ceztin axial spondyloarthropathy
(Sharmeet al, 2009), which has a marked male predominancettenduthors could
not exclude a possible effect of gender on thel lelv&anscript expression. This is
interesting as firstly, this is in line with theffdrential expression oNLRP2
favouring females in the colorectal mucosa, andrsdly, NLRP2is a component of
some inflammasomes (Chureht al 2008) with inhibitory effects on NF-kB and
activating effects on caspase 1. This may refleatroon aetiological pathways as
colorectal cancer also sees a male predispositiah the connection between
inflammation and colorectal tumorigenesis is wettagnised (as reviewed by Térzi
et al 2010). Overall, the gender-specific differentedpression detected in the
colorectal mucosa is largely consistent with knowiological processes and
published literature, providing confidence in thaegrity of the samples, the
microarray platform used and the processing ofdda. It also demonstrates the

importance of adjusting for gender in any differ@mene expression analysis.

Over half of the site-specific differentially expsed genes detected in my samples
have been previously identified to be differenyiakpressed, includinglTX2, MB,
ETNK1, SLC23A3, IGFBP2, SLC20A1, MEP1B, ANPEP, QA&3IM3B, NRIH4,
OSTalpha, CCL13, CCL8, DEFA5, PRAC, CLDN8, HOXBIBON1, CAPN13,
CKB, MUC17, TFF1, CRIP1, WFDC2, SPINK5, MUC12, PP¥3, GCG and
S100P.Although the fold differences for these genesrerealways consistent with
other published studies, the directionality of ttidéferential expression are in
accordance with the findings of other similar irtigegtions (Birkenkamp-Demtroder
et al 2005; Glebo\et al 2003; LaPointe, 2008).

Five genes were selected for qRT-PCR validationyli€h PRAC, PITX2andCKB
have previously been described to have site-spediiiferences in transcript
abundancePRACis known to be expressed only in human prostaitestate cancer,
rectum and the distal colon. Possible co-transoriptvith HOXB13and sequence
analysis suggests a regulatory role in the nuclgiis et al 2001). PITX2 is
responsible for the establishment of the left-rightis (Loganet al 1998),
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asymmetrical development of visceral organs (Strirat al 2006) and gut looping
(Campioneet al, 1999). It is overexpressed in colorectal canekmogeet al, 2011)
and has been shown to be induced by the Wnt/b&taingpathway and required for
cell-type-specific proliferation (Kiousst al, 2002).CKB is a cytosolic isoform of
creatine kinase that is central in cellular endrgseostasis, and has been previously
shown to promote EMT (Moonest al, 2011).L1TD1 andOLFM4 are novel genes
with detectable site-specific expression. Apartrfrproviding technical validation,
these two novel genes are interesting findingstdukeir known function in normal
and diseased tissuelTD1 codes for a stem-cell specific RNA-binding prot#iat
has a role in the regulation of stemness. It han k&hown to be abundantly
expressed in undifferentiated human embryonic stells (Wonget al, 2011) and
influences their self-renewal, acting downstream mtiripotent cell-specific
trarscription factors OCT4, SOX2 and NANOG (Narea al 2012).OLFM4 is a
marker for stem cells in the human intestine wéhktricted expression at the crypt
base columnar cells (van der Flegral 2009). It is a glycoprotein that is selectively
expressed in inflamed colorectal epithelium andeted into the mucus in active
IBD (Gersemanret al, 2012), as well as a candidate biomarker for asesoand
non-metastatic colorectal cancer (Bessoral 2011). There is also evidence that
OLFM4 exerts an influence on the host defense aghinpylori infection by acting
through NOD1/NOD2 mediated NF-kB activation (lgtal 2010). The site-specific
expression of these two genes is suggestive drdiites in stem cell dynamics and
self-renewal regulatory properties between the iprakand distal colon, as well as
the cellular response to inflammatory processes tay in turn have an influence
on transformation and the initiation of cancertipatarly as the cancer cell of origin
is thought to originate from adult intestinal steeils. Protein quantification and
localisation within the large intestinal crypt ofiese site-specific expression
differences would provide an additional degree afidation, and offer further
insight into how these site-specific differences aelevant to the aetiology of

tumourigenic pathways.

Apart from lending support to the notion that kfid right-sided CRC tumours have
distinctive aetiologies, these findings also sugdlest regulatory mechanisms are

distinctively different between the two segmentenkk, it is important to account
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for these potentially confounding differences whpearforming genotype-gene
expression association analysis in the normal naudagsear regression modelling
conditional on the sampling site will serve to remmany confounding effects of site-
specific expression, if by chance more of one alielfound in samples taken from a
certain side of the colon. However, this may beoa&ar-simplistic view as the
majority of these normal mucosa samples are hawesom surgical specimens
resected from patients with colorectal cancer/aaers) and the site of the normal
mucosa almost always represents the site of theecahhere is a possibility that co-
segregation of genotype and sampling site (reptegethe tumour site) are not
arising by chance, i.e. left- and right-sided tumsothave different genetic
predispositions. GWAS to date have examined gepetidisposition to CRC cancer
in relation to their location, but this categorieatwas limited to the colon versus the
rectum, with no further subdivision into the pro=inor distal colon. For instance,
the 11g23.1 locus confers risk that was greaterrdatal than for colon cancer
(Tenesaet al, 2008), and one might speculate that there coglal lze differential
genetic risk within the colon. Also, there may ke-specific eQTL that may not be
detected even when the modelling is conditionedsitar, as any effect in one site
could be masked by the lack of/opposing effecthia other site. Analysing the
samples as two distinct tissue types (proximalrcew® distal colon) would be more
ideal in this regard; however, this will signifitgnreduce the sample size and
subsequently the power to detect eQTL. Due to dhatively small sample size
(n=115) and the targeted nature of my analysieeé®6 colorectal risk variants only,
it was decided not to analyse the different siggzamately to maintain power. This
will be of more importance in the longer term, wimeare samples are collected and
added to this dataset, especially for future wigagleeme eQTL studies that are

already ongoing using this data.

Overall, the identification of factors that affeglobal expression in the tissue
substrate demonstrates the importance of examangadjusting for them in any
genotype-gene expression analysis, as this wiluaedthe noise within the
expression phenotype and improve detection. Intiaddithis analysis has identified
some novel differentially expressed genes thatdcpatentially inform other studies

of colorectal cancer aetiology.
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Chapter 6

Cis-eQTL analysis of low-penetrance common genetic

variants associated with colorectal cancer predisposition

6.1 Introduction

At the point of the conception of this stutlyere was no strong evidence that
colorectal cancer associated genetic loci exhd@fi$L effects, although two of them
are in linkage disequilibrium witbis-eQTLs — rs7136702 was in moderate to strong
LD with four SNPs previously associated with DIP@&ression in lymphoblastoid
cell lines, and rs492536 was in moderate to stiddgwvith an eQTL for LAMAS
expression in the liver tissue (Houlstenal, 2010). This provides some functional
evidence for these risk variants, as studies hhwesis that a substantial number of
eQTLs are shared across diverse tissue types (Bhkget al, 2009; Zelleret al,
2010). Other studies, however, have indicated ¢aILs are likely to be cell- or
tissue-specific (Cowlegt al; 2009, Dimast al; 2009) — this may explain the lack of
eQTL associations seen so far with CRC suscepyibdci. Furthermore, it is yet
unclear how risk alleles exert their causativeatffeither directly within the target
tissue or by modifying the cellular phenotypes tifeo cell types that in turn act
upon the target tissue. Careful deliberation shthedefore be given when defining

the tissue/cell substrate for eQTL studies.

Considering that colorectal carcinomas are¢hepal in origin, examination of
eQTLs within the normal non-aberrant colonic mucarsa matched peripheral blood
mononuclear cells would serve as a useful empisitzating point for the functional
characterisation of CRC-associated loci in a syatenmanner, with the hypothesis
that they exert their effect on risk by influencibgseline gene expression. As the
sample size of my study is relatively small (n=115yill focus on the possibility of
their role asis determinants of gene expression, as polymorghiacting variants
often have a large effect on the expression lev#h@target gene and are easier to

detect than trans-acting variants (as reviewed lgu@get al, 2003). Initially, the
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expression of genes within 2Mb upstream or dowasiref the tagging SNPs will be
analysed in relation to the genotype of the tag@hdgs. Any eQTL association will
be followed-up with fine association mapping, firstto identify candidate
functional variants, and secondly, to identify wikbetter precision where the
regulatory variants are relative to the target ge@ase-control comparisons of these
putative eQTL functional variants will then be merhed, with the rationale that a
variant that better explains both target gene esgiwa and CRC risk will be more

likely to represent the functional variant withimisk locus.
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6.2 Methodological overview

6.2.1 Study subjects and biological material

To explore the effect of risk variants on gexgression in the normal colonic
mucosa, 115 fresh normal colorectal mucosa wereebtad immediately as
described in 2.1 after surgical resection of cdaltale adenocarcinomas (n=99),
tubulo-villous (n=8) and villous (n=2) adenomason-neoplastic conditions (n=6).
Matched PBMC were collected from 60 of the 115 scisj, of which 59 were used
for gene expression analysis. The characterisfitiseostudy subjects are detailed in
Table 5.3 in Chapter 5.

6.2.2 RNA extraction and gene expression quantification of cis-genes

RNA was isolated from the tissue samples asrid®ed in 2.3.1. The expression
of thecis-genes within a 2Mb radius of each individual riskus was derived from
whole-transcriptome gene expression profiling & tlormal mucosa and PBMC as
described in 2.3.6.

6.2.3 Genotyping of CRC risk loci

Genotypes were obtained by hybridising genobWA extracted from EDTA-
venous blood on thélumanOmni5M-4vl_B BeadChip Arrays (lllumina, USA),
which includes ~5 million SNP markers. Genotypes 8 SNPs (rs4813802,
rs10911251 and rs3824999) were not available onathey platform and were
imputed using IMPUTE2 after phasing with SHAPEIThe 1000 genomes panel
(Pilotl Version3 release) was used as a referéas:-imputation SNPs with an info
value of <0.3 were excluded. All variants were datedl and presented according to

the human reference sequence build GRCh37.p12Yhg19

! Imputation performed by Maria Timofeeva, MRC Human Genetics Unit
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6.2.4 Local eQTL analysis and regional fine-mapping

eQTL analysis between genetic variants ancll@f gene expression was
performed using linear regression as implementatienR package “MatrixEQTL”
using an additive genetic modeThe analysis of normal mucosa was adjusted for
age, gender and anatomical sampling site, wheteasanalysis of PBMC was
adjusted for age and gender only. For X-linked Skide hemizygotes were treated
as homozygotes. For each GWAS SNP, a distance bfifidtream and downstream
was used as a cut-off fois-genes. A minimum significance level of nomipal0.01
was considered relevant for reporting. To accownt rhultiple comparisons, a
Bonferroni correction was applied, taking into aowothe number of genes tested
within each 4Mb region. The Bonferroni correctioethrod was used based on the
assumption that each individual test was indeperafezach other, and was selected
over the Benjamini-Hochberg FDR procedure as there relatively small numbers

of cis-genes tested for each locus.

For each eQTL identified, fine-mapping of tlegion in linkage disequilibrium
with the tagging SNP was performed in relationht® éxpression of the target gene.
Regional visualisation of the fine-association miagmwas performed using the web
tool LocusZoom (Pruimet al, 2010; URL6.1) to produce Manhattan plots that
display the strength of genetic association (Jogvalue) with target gene
expression versus chromosomal position. Each dptesents a genotyped or
imputed SNP, and dot colours signify the degrepairfwise correlation y with the
tagging SNP, as presented in the colour key. Gogy depict SNPs for whictf r

values are unknown.

6.2.5 Case-control study of candidate functional SNPs

Candidate functional SNPs identified from e(firie-association mapping were
evaluated for their association with CRC in a cametrol study (Scotland Phase 1;

cases=939, controls=945; males=965, females=9G®notypes were obtained by

2 Analysis performed in collaboration with Maria Timofeeva, MRC Human Genetics Unit
3 . .

Case-control population samples were previously collected and genotyped by the Colon Cancer
Genetics Group
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hybridising genomic DNA extracted from EDTA-vendisod on the Illumina 300K
or lllumina 240K BeadChip Arrays (lllumina, USA)né& SNPs not available on
these arrays were similarly imputed as describel28. Similar to the cis-eQTL

analysis, male hemizygotes were treated as homteyfar X-linked SNPs.

6.2.6 Technical and biological validation of the Xp22.2 eQTL locus

Technical validation of the association betwees5934683 genotype and
SHROOM2 expression was performed with qRT-PCR using thgmem® Gene
Expression assay (ABIl) (Table 6.1). The correlatm®iween HT12 microarray
expression and qRT-PCR was tested statistically thie Spearman correlation test.
The association between rs5934683 genotype BHBROOM2 expression as
quantified by gRT-PCR was analysed in R, usingalineegression modelling

corrected for age, gender and anatomical samgpieg s

ILLUMINA HT12 MICROARRAY TAQMAN® GENE EXPRESSION

ASSAY

Assay/Probe ID | ILMN_1681777 Hs01113636_m1

Context CCTGTCAGTTCCCCTGTTTGCCTCTG  CTCCCGGTGATCGGCAATCACTGCT

Sequence AAACGTCTGGTTAGTGGGGACCCAA

Transcripts SHROOM?2-001 (Exon 10) SHROOM?2-001 (exon 10)

Detected SHROOM?2-201 (exon 6)
SHROOM?2-002 (exon 6)

Normalisation Quantile normalisation Reference genes TBP, EIF2B1 and
RPL30

Table 6.1 A technical comparison between the two methods used for detection of
SHROOM2 expression.

A further level of biological replication wastroduced at the level of normal
mucosa sampling and RNA extraction. In a subseBdfpatients (males=15,
females=22), 2 further RNA extracts were preparsainfthe normal mucosa
harvested at the same time as the first extraciMiht spatial variation within the
same colonic siteSHROOM2 was quantified with gRT-PCR, and a nested one-way

ANOVA was used to statistically account for the tiplé levels of replication.
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6.3 RESULTS

6.3.1 Local eQTL associations of CRC risk loci in normal colorectal

mucosa and PBMC

In the normal colorectal mucosa, 15 SNP-gemeession associations in ten risk
loci were identified (nomings-value <0.01) for genes within 2Mb radius of the CRC
risk variants (Table 6.2). The more stringent Bowfiei correction was performed to
reduce the number of false positives as any assmsawill require follow-up with
validation studies. Five of these associations veggaificant (adj.p <0.05) after
Bonferroni correction. In PBMCs, 13 SNP-gene exgigsassociations in seven risk
loci were identified, of which five were significarfp <0.05) after Bonferroni
correction (Table 6.3). One eQTL was present irhkdtsue types (rs7136702-
CERSS5), but the association in the normal mucosh rdit survive multiple
correction testing. Several other SNPs had locdlle€ffects in both tissue types,
but the genes that were associated did not ovarldghe majority of them were only
nominally significant in at least one of the tisgypes. Two variants, rs11169552
(12913.12) and rs16892766 (89g23.3) had local eQ3do@ations in both tissue
types that survived multiple testing. rs11169552ssociated with the expression of
SPATS? in the normal mucosa (ad)=0.033) and expression aiMAl in PBMC
(adj. p=0.046), whereas rs16892766 is associated witlexpeession ofJTP23 in
the normal mucosa (adp=0.008) and expression dVIED30 in PBMC (ad;.
p=0.033).
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SNP Locus Gene Description p-val Adj. p Beta

rs3802842 11g23.1 COLCA2 colorectal cancer 6.85e-14 1.92e-12 -0.16
associated 2

rs3802842 11g23.1 COLCA1l colorectal cancer 2.16e-11  6.05e-10 -0.11
associated 1

rs5934683 Xp22.2 SHROOM2 shroom family member 2  4.17e-10 5.00e-09 -0.14

rs11169552 12q13.12 SPATS2 spermatogenesis 4.11e-04 3.25e-02 -0.06

associated, serine-rich 2

rs16892766 8g23.3 UTP23 small subunit (SSU) 8.75e-04 7.88e-03 -0.06
processome component,
homolog (yeast)

rs4925386 20013.33 OSBPL2 oxysterol binding protein-  1.73e-03  1.21e-01  0.09

like 2
rs6687758 1g41 HLX H2.0-like homeobox 2.13e-03 6.17e-02 0.04
rs7136702 12g13.12 CERS5 ceramide synthase 5 2.23e-03 1.85e-01 -0.06
rs3217810 12p13.32 TEAD4 TEA domain family 2.79e-03 1.12e-01 -0.03
member 4

rs11169552 12qg13.12 SMARCD1 SWI/SNF related, matrix 2.98e-03 2.35e-01 -0.08
associated, actin
dependent regulator of
chromatin, subfamily d,

member 1
rs16969681 15q13.3 NOP10 NOP10 ribonucleoprotein ~ 5.31e-03  1.59e-01  0.13
rs4925386 20013.33 KCNQ2 potassium channel, 7.16e-03 5.01e-01  -0.03

voltage gated KQT-like
subfamily Q, member 2

rs16969681 15q13.3 FAN1 FANCD2/FANCI- 8.22e-03 2.47e-01 -0.12
associated nuclease 1

rs1321311 6p21.2 FGD2 FYVE, RhoGEF and PH 9.23e-03 4.25e-01 0.15
domain containing 2

rs7136702 12913.12 PRPH peripherin 9.70e-03 8.05e-01 -0.15

Table 6.2 CRC risk SNPs that show an association (hominal p-value<0.01) with the
expression of cis-genes in normal colorectal mucosa (n=115). Associations that are
significant (adj. p<0.05) after Bonferroni correction are highlighted in grey.
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SNP Locus Gene Description p-val Adj. p Beta

rs7136702 12g13.12 CERS5 ceramide synthase 5 1.0e-05 7.66e-04 -0.12
rs11169552 12qg13.12 LIMAl LIM domain and actin 6.5e-04 4.63e-02 -0.08
binding 1
rs961253 20p12.3 RP11- lincRNA 6.7e-04 1.47e-02 -0.05
19D2.2

rs1321311 6p21.2 MDGA1 MAM domain containing 1.1e-03 4.86e-02 0.06
glycosylphosphatidylinosito

| anchor 1
rs1321311 6p21.2 CMTR1 cap methyltransferase 1 2.8e-03 1.28e-01 0.12
rs16892766 8g23.3 MED30 mediator complex subunit 4.2e-03 3.32e-02 0.12
30

rs1321311 6p21.2 MAPK14 mitogen-activated protein 6.7e-03 3.07e-01 -0.10

kinase 14

rs11169552 12q13.12 ATF1 activating transcription 6.8e-03 4.79e-01 -0.04
factor 1

rs7136702 12q13.12 SPATS2 spermatogenesis 9.5e-03 7.10e-01  0.05

associated, serine-rich 2

rs11169552 12q13.12 DIP2B DIP2 disco-interacting 9.7e-03 6.92e-01  0.06
protein 2 homolog B
(Drosophila)

rs3824999 11913.4 GDPD5 glycerophosphodiester 5.2e-03 2.36e-01 -0.14
phosphodiesterase domain
containing 5

rs6691170 1941 DUSP10 dual specificity 7.8e-03 2.03e-01  -0.03

phosphatase 10

rs6691170 1g41 MARC1 mitochondrial amidoxime 9.1e-03 2.35e-01 0.28
reducing component 1

Table 6.3 CRC risk SNPs that show an association (nominal P value<0.01) with the
expression of cis-genes in PBMC (n=59). Associations that are significant (adj. p<0.05) after
Bonferroni correction are highlighted in grey.
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6.3.2 Identification of putative functional variants underlying individual

eQTL associations in the normal mucosa

In the normal mucosa, the strongest assoniates seen with rs3802842 which
tags the locus 11g23.1. This SNP was found to gkhhiassociated with the two
genes that it is intronic taCOLCA2 (adj. p-val=1.92e-12) andCOLCA1 (ad|. p-
val=6.05e-10), two uncharacterised genes that appeabe co-regulated and
transcribed from opposite strands. These 11923 e@Hociations have recently
been published by two separate groups (Cebsa, 2014; Peltekovat al, 2014),
providing independent replication and validatioroto findings. The 11g23.1 locus
corresponds to a 150kb region of LD, and fine dasoa mapping of the region
showed that five SNPs that are in high LD with @3842 were more significantly
associated with the expression of COLCA2 (Figur®,&our of which were also
more significantly associated with the expressibrCOLCAL (Figure 6.2). This
suggests that they may be better functional cateddan the tagging SNP. In a
CRC case-control study of 939 cases and 945 centoolly one of these SNPs
rs11213801 showed a marginally better associatidth @RC risk (Table 6.4).
Further genotyping and analysis of the variatiothiwithis locus was taken forward

by fellow PhD student Claire Smillie.

The second locus that exhibited eQTL propestias rs59364683 at Xp22.2. This
SNP is intronic to a putativePR143 transcript but an association with this geras
not observed (nomingk=0.083). Instead, a strong association was obsevitache
expression of neighbouring gen8HROOM2 (adj. p=5.0e-09), which lies
approximately 3kb downstream from the locus tag@hP. Indeed, thisiseQTL
association was detectable even in a preliminaayais of SHROOM2 expression
in an early subset of these normal mucosa sampk42( nominalp=1.3e-07),
accounting for 55% of the variation 8HROOM2 expression (as reported in Dunlop
et al, 2012). The8HROOMZ2 association was also replicated in another stuckty
(Closaet al, 2014), but the authors also predicted an assoiaith GPR143 which
was not observed in my samples. Fine-mapping of @éQTL locus revealed four
SNPs within the first intron 0BHROOM2 that are more highly associated with
SHROOM2 expression (Figure 6.3). All four SNPs were alsoransignificantly
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associated with CRC risk with higher odds rationttize tagging SNP (Table 6.5),

which is suggestive of a functional role.

The two other CRC risk SNPs that exhibitedaloeQTL effects, albeit much
weaker, were rs11169552 (12g13.12) and rs168928683(3). rs11169552 is an
intergenic SNP that has been recently shown tonbeQTL for neighbouring gene
DIP2B (Closaet al, 2014) but this was not seen in my dataset (ndnpm®.14 and
0.86, two expression probes present). Fine-mapgpirthis region for bottDIP2B
probes did not reveal any eQTL associations in5@@kb region in LD with the
tagging SNP (Figure 6.4). rs11169552 is, howevsspa@ated with expression of
SPATS2 which is approximately 1.2Mb upstream (gu§0.033). It is the best eQTL
in this region for SPATS2, and is in high LD withuf other intronic SNPs within
neighbouring gend&TF1 (Figure 6.5). These four SNPs appear to be in get®

with one another, and likely represent a singlesgersignal.

rs16892766 (8g23.3) is an intergenic varihat appears to be an eQTL locus for
nearby gendJTP23 (adj. p=0.008). Fine-mapping of the region revealed 1%moth
SNPs in LD that are more significantly associatéth wxpression otJTP23 (Figure
6.6); the majority of them are intronic variantghin EIF3H andUTP23, with one
missense variant (rs16888728) that is predictedSByT and PolyPhen to be a
tolerated/benign variant. However, none of thes®skhowed an association with

CRC risk in the case-control comparison (Table.6.6)
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Figure 6.1 A) Boxplot showing the rs3802842 genotype association with COLCA2 (also
known as C11orf93) expression in normal colorectal mucosa. B) Fine association mapping
for COLCAZ2 expression detailing a 150kb region in LD with rs3802842 (purple).
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Figure 6.2 A) Boxplot showing the rs3802842 genotype association with COLCAl(also
known as C110rf92) expression in normal colorectal mucosa. B) Fine association mapping
for COLCAL expression detailing a 150kb in LD with rs3802842 SNP (purple).
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A) eQTL Case-control
| ) I |

SNP SNP position Predicted function p-value beta p-value OR
rs3087967  chrl1:111156836 C1l1lorf53 3' UTR 8.53e-15 -0.165 9.22e-03 1.20
variant
rs7130173 chr11:111154072 C11orf53 intron 8.53e-15 -0.165 1.36e-02 1.20
variant
rs7103178 chr11:111165009 COLCA1 3'UTR 2.58e-14 -0.159 8.35e-03 1.20
variant
rs11213801 chr11:111119694 Intergenic 3.86e-14 -0.156 4.50e-03 1.24
rs3802840 chrl1:111171646 COLCAL and 6.85e-14 -0.161 6.02e-03 1.21
COLCA2 intron
variant
rs3802842 chr11:111171709 COLCA1 and 6.85e-14 -0.161 6.02e-03 1.21
COLCA2 intron
variant
B) eQTL Case-control
[ 1 [ !
SNP SNP position Predicted function P-value beta p-value OR
rs3087967 chr11:111156836 C1lorf53 3' UTR 2.35e-12 -0.116 9.22e-03 1.12
variant
rs7130173 chr11:111154072 C11orf53 intron 2.35e-12 -0.116 1.36e-02 1.19
rs7103178 chr11:111165009 COLCA1 3' UTR 6.67e-12 -0.112 8.35e-03 1.20
variant
rs3802840 chr11:111171646 COLCA1 and 2.16e-11 -0.112 6.02e-03 1.21
COLCA2 intron
variant
rs3802842 chrl11:111171709 COLCA1 and 2.16e-11 -0.112 6.02e-03 1.21
COLCA2 intron
variant

Table 6.4 Variants that are more significantly associated with normal mucosa A) COLCA2,
and B) COLCAL1 expression than the tagging SNP rs3802842, listed in order of their eQTL
significance values. The tagging SNP is included and highlighted for reference. p-values and
effect sizes for their eQTL association and CRC risk (case-control comparison) are
presented.
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eQTL Case-control
[ l | l

SNP SNP position  Predicted function p-value beta p-value OR

rs5934685 chrX:9766019 SHROOM?2 intron 1 1.04e-19 -0.206 1.65e-02 1.296
variant

rs2521664 chrX:9763429 SHROOM2 intron 1 1.62e-13 -0.159 3.52e-02 1.201
variant

rs2521663 chrX:9761062 SHROOM?2 intron 1 2.51e-13 -0.158 8.14e-02 1.158
variant

rs4830657 chrX:9766725 SHROOM?2 intron 1 5.28e-11 -0.147 6.21e-02 1.185
variant

rs5934683 chrX:9751474 GPR143 intron variant 4.17e-10 -0.138 5.50e-01 1.048

Table 6.5. Variants that are more significantly associated with normal mucosa SHROOM?2
expression than the tagging SNP rs5934683, listed in order of their eQTL significance
values. The tagging SNP is included and highlighted for reference. p-values and effect sizes
for their eQTL association and CRC risk (case-control comparison) are presented.
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Figure 6.4. Fine association mapping for normal colorectal mucosa DIP2B expression
detailing a 500kb region in LD with rs11169552 (purple). DIP2B expression was detected by
two individual probes A) ILMN_1755589 and B) ILMN_2180352.
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Figure 6.5 A) Boxplot showing the rs11169552 genotype association with SPATS2
expression in the normal colorectal mucosa. B) Manhattan plot demonstrating SPATS2
location in relation to the peak of the eQTL association. The 4 omitted genes are PRPF40B,
SMARCD1, GPD1, COX14.
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C) SPATS2 eQTL association
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Figure 6.5 C) Fine association mapping for SPATS2 expression detailing a 500kb region
surrounding the rs11169552 SNP (purple).
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Figure 6.6 A) Boxplot showing the rs11169552 genotype association with UTP23 expression
in normal colorectal mucosa. B) Fine association mapping for UTP23 expression detailing a
200kb region in LD with rs16892766 (purple).
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eQTL Case-control
SNP position Predicted function
rs16892766 chr8:117630683 Intergenic 8.75e-04  -0.060 0.074 1.22
rs28668628 chr8:117679601  EIF2H intron variant 2.36e-05 -0.086 0.249 1.13
rs7823271 chr8:117703509  EIF2H intron variant 1.09e-05  -0.087 0.288 1.12
rs16888695 chr8:117735099  EIF2H intron variant 1.09e-05  -0.087 0.286 1.12
rs16888699 chr8:117735209  EIF2H intron variant 1.09e-05  -0.087 0.296 1.12
rs16888728 chr8:117783975 UTPZS missense 1.09e-05 -0.087 0.292 1.12
variant
rs979867 chr8:117791502  UTP23 intron variant 7.30e-05  -0.081 0.269 1.12
rs1867840 chr8:117799012  UTP23 3' UTR variant  1.09e-05  -0.087 0.257 1.13
rs7014328 chr8:117799487  UTP23 intron variant 7.30e-05  -0.081 0.265 1.12
rs200798730 chr8:117799586  UTP23 intron variant 7.30e-05 -0.081 0.263 1.13
rs7014359 chr8:117799587  UTP23 intron variant 7.30e-05 -0.081 0.280 1.12
rs6983626 chr8:117802148  UTP23 intron variant 7.30e-05 -0.081 0.288 1.12

Table 6.6 Variants that are more significantly associated with normal mucosa UTP23
expression than the tagging SNP rs16892766 are shown in the table, listed in order of their
chromosomal positions. The tagging SNP is included and highlighted for reference. p-values
and effect sizes for their eQTL association and CRC risk (case-control comparison) are

presented.
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6.3.3 Identification of putative functional variants underlying individual
eQTL associations in PBMC

In PBMC, the strongest association was obslemith rs7136702 (129g13.12) and
expression o€CERSb (adj. p=7.66e-04) that lies 350kb away (Figure 6.7). Aisdad
to before, this association was also observedemtrmal mucosa but it was weaker
and did not survive multiple testing correctionrmioal p =2.23e-03 adj. p=0.185).
Fine-mapping of the region revealed a 700kb regfan is in LD with rs7136702,
with 73 variants showing better associatiorCERSS expression. The peak of this
association is striking, with the best eQTL rs1®&&¥ (chr12:50633839) showing an
associatiorp-value = 4.80e-13. It is approximately 300kb cloge€ERSS than the
tagging SNP, and resides within a cluster of higidgociated SNPs intronic to the
upstream neighbouring gebh&MA1. However, none of the SNPs within this cluster
were associated with CRC risk (Table 6.7). Exanonabf the wider LD block
tagged by rs7136702 shows that the majority ofel®NPs are intronic variants of
the genes within this LD block, with a few synonymovariants and missense
variants that are mostly predicted to be benigevaded. Of note, two missense
variants within FAM186A, rs12303082 (chrl12:50754563) and rs6580741
(chr12:50727706) are predicted by Polyphen to loéalbly damaging and possibly
damaging, respectively. However, none of thesebater candidates in predicting
CRC risk. On the other hand, there are 5 otheamtgiwithin this region that appear
to be more significantly associated with CRC riie best candidate beil@ERSS
intron variant rs739856'p€0.010). Taken altogether, this evidence is suggest

CERSS being a candidate gene in CRC common predispnsitio

For the genotype-gene expression associat®hs169552-IMA1, rs961253-
RP11-19D2.2 and rs132131MDGAL, fine-association mapping did not show any
other putative functional candidates that are betssociated with the target gene
expression (Figures 6.8 - 6.10). For rs1689276G8¢etkvas one variant withial F3H
intron (rs7825662) that showed a better associatittm MED30 expression (Figure
6.11), but it was not a significant predictor of CRsk (Table 6.8). rs11169552 and
rs16892766 are also eQTLs in the normal mucosaienéling different genes

(SPATSZ2 andUTP23 respectively) as described previously.
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Of these eight eQTL loci in the normal mucasd PBMC, the two associations
that stood out (11923.3 and Xp22.2) were seleatelet validated technically and
functionally. Due to the collaborative nature oistproject, the 11923.3 locus and
COLCA1/COLCA2 expression was investigated by Claire Smillie amther data on

this locus will not be presented in this thesis.
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Figure 6.7 A) Boxplot showing the rs7136702 genotype association with CERS5 expression
in PBMC. B) Fine association mapping for CERS5 expression detailing a 1Mb region in LD
with rs7136702 (purple).
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eQTL Case-control

[ 1

SNP SNP position Predicted function p-val beta p-val OR
rs7398567 chr12:50551158 CERSS intron variant 2.56e-06 -0.146 0.010 1.19
rs3184122 chr12:50570127 LIMA1 3'UTR variant 1.27e-07 -0.160 0.026 1.16
rs9364 chr12:50570519 LIMA1 3'UTR variant 1.27e-07 -0.160 0.025 1.16
rs7315690 chr12:50581490 RP3-405J10.3-001 2.41e-07 -0.157 0.058 1.14

non coding transcript

exon variant
rs7138420 chr12:50583150 RP3-405J10.3-001 2.41e-07 -0.157 0.065 1.13

non coding transcript

exon variant
rs2302900 chr12:50599709 LIMA1 intron variant 4.01e-07 -0.152  0.073 1.13

rs12367872 chr12:50607834 LIMAL intron variant 4.01e-07 -0.152 N/A N/A

rs12425705 chr12:50610321 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12

rs11169322 chr12:50610976 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12

rs8181679 chr12:50611020 LIMAL intron variant 1.95e-12 0.200 0.890 0.99

rs12424691 chr12:50611477 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12

rs1362983 chr12:50614707 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12
rs3812825 chr12:50616346 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12
rs7314465 chr12:50623658 RP3-405J10.3-001 4.01e-07 -0.152 0.085 1.12

non coding transcript
exon variant

rs7136648 chr12:50624822 LIMAL intron variant 2.13e-11 0.196 0.772 0.98

rs10783342 chr12:50628466 LIMAL intron variant 1.95e-12 0.200 0.815 0.98

rs11169332 chr12:50629612 LIMAL intron variant 4.01e-07 -0.152  0.085 1.12

rs10747573 chr12:50633839 LIMAL intron variant 4.80e-13 0.188 N/A N/A

rs11169335 chr12:50636364 LIMAL intron variant 4.01e-07 -0.152 0.091 112

rs12828340 chr12:50637295 LIMAL intron variant 4.01e-07 -0.152 0.085 1.12

rs7957659 chr12:50638810 LIMA1 intron variant 1.95e-12 0.200 0.862 0.99
rs7953953 chr12:50647224 LIMA1 intron variant 4.01e-07 -0.152 0.079 1.13
rs7486747 chr12:50650564 LIMAL intron variant 4.01e-07 -0.152 0.079 1.13
rs6580735 chr12:50665227 LIMA1 intron variant 4.01e-07 -0.152 0.068 1.13

rs11169348 chr12:50665946 LIMAL intron variant 4.01e-07 -0.152 0.068 1.13

rs2111988 chr12:50668538 LIMAL intron variant 4.01e-07 -0.152 0.068 1.13

rs11169351 chr12:50672214 LIMAL intron variant 4.01e-07 -0.152 0.068 1.13

rs7967954 chr12:50673484 LIMAL intron variant 1.95e-12 0.200 0.768 0.98

rs10876014 chr12:50674753 LIMAL intron variant 4.01e-07 -0.152 0.068 1.13

rs10876015 chr12:50677506 Intergenic 4.01e-07 -0.152 0.074 1.13
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rs200533278  chr12:50678972 Intergenic 4.01e-07 -0.152 N/A N/A

rs6580736 chr12:50679418 Intergenic 3.66e-06 -0.140 01212 111

rs10876017 chr12:50681539 Intergenic 4.01e-07 -0.152 0.068 1.13

rs11838347 chr12:50687160 Intergenic 4.01e-07 -0.152 0.068 1.13

rs11169370 chr12:50705872 Intergenic 9.03e-07 -0.147 0.068 1.13

rs35663729 chr12:50708870 Intergenic 4.01e-07 -0.152 0.068 1.13

rs7310541 chr12:50725965 FAM186A intron 4.01e-07 -0.152 0.074 1.13
variant

rs6580741 chr12:50727706 FAM186A missense 4.01e-07 -0.152 0.080 1.13
variant

rs7134595 chr12:50730458 FAM186A intron 4.01e-07 -0.152 0.073 1.13
variant

rs4768900 chr12:50734199 FAM186A intron 4.01e-07 -0.152 0.068 1.13
variant

rs4768951 chr12:50739008 FAM186A intron 3.66e-06 -0.140 0.112 111
variant

rs7295847 chr12:50743913 FAM186A intron 4.01e-07 -0.152 0.068 1.13
variant

rs7296291 chr12:50744119 FAM186A missense 4.01e-07 -0.152 0.068 1.13
variant

rs7312252 chr12:50744171 FAM186A 4.01e-07 -0.152 0.068 1.13
synonymous variant

rs10506292 chr12:50744753 FAM186A 4.01e-07 -0.152 0.068 1.13
synonymous variant

rs4421818 chr12:50749294 FAM186A 4.01e-07 -0.152 0.068 1.13
synonymous variant

rs12303082 chr12:50754563 FAM186A missense 4.01e-07 -0.152 0.068 1.13
variant

rs11833608 chr12:50757628 FAM186A intron 4.01e-07 -0.152 0.068 1.13
variant

rs10876027 chr12:50763484 FAM186A intron 3.66e-06 -0.140 0.124 111
variant

rs12582180 chr12:50767285 FAM186A intron 3.66e-06 -0.140 0.114 111
variant

rs7136702 chr12:50880216 Intergenic 1.02e-05 -0.129 0.053 1.14

rs9788075 chr12:51019171 DIP2B intron variant 3.79e-07 -0.146 0.111 111

rs10876074 chr12:51031817 DIP2B intron variant 3.79e-07 -0.146 0.111 111

rs1316607 chr12:51042890 DIP2B intron variant 3.79e-07 -0.146 0.106 1.11

rs4768903 chr12:51045449 DIP2B intron variant 2.81e-06 -0.136 0.126 0.90

rs7309964 chr12:51064064 DIP2B intron variant 4.02e-06 -0.142 0.031 1.16

rs11169520 chr12:51073523 DIP2B non-coding 4.02e-06 -0.142 0.029 1.17
transcript exon variant

rs12427378 chr12:51074199 DIP2B intron variant 3.79e-07 -0.146 0.121 111

rs2090852 chr12:51086931 DIP2B intron variant 3.79e-07 -0.146 0.104 1.12
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rs2139930 chr12:51089287 DIP2B intron variant 3.79e-07 -0.146 0.113 1.11

rs11169524 chr12:51089734 DIP2B synonymous 3.79e-07 -0.146 0.082 1.12

variant
rs3742062 chr12:51128832 DIP2B intron variant 7.72e-06 -0.134 0.080 1.13
rs2280503 chr12:51138687 DIP2B 3' UTR variant 7.72e-06 -0.134 0.074 1.13

rs61926301 chr12:51157863 ATF15' UTR variant 4.05e-06 -0.135 0.100 111

rs12372718 chr12:51171090 ATF1 intron variant 4.05e-06 -0.135 0.112 111
rs10783387 chr12:51180143 ATF1 intron variant 4.05e-06 -0.135 0.112 111
rs7133974 chr12:51184577 ATF1 intron variant 4.05e-06 -0.135 0.112 111
rs1129406 chr12:51203371 ATFL1 intron variant 4.05e-06 -0.135 0.116 111
rs4986838 chr12:51203376 ATI_:l synonymous 4.05e-06 -0.135 0.116 1.11
variant
rs11169567 chr12:51204938 ATF1 intron variant 4.05e-06 -0.135 0.116 1.11
rs7306677 chr12:51205763 ATF1 intron variant 4.05e-06 -0.135 0.116 1.11

rs11169571 chr12:51213765 ATF1 3' UTR variant 4.05e-06 -0.135 0.116 111

rs10876098 chr12:51220373 Intergenic 4.05e-06 -0.135 0.074 1.13

Table 6.7 Variants that are more significantly associated with PBMC CERS5 expression
than the tagging SNP rs7136702 are shown in the table, listed in order of their chromosomal
positions. The tagging SNP is included and highlighted in brown for reference; SNPs within
the eQTL peak are in blue, whereas SNPs better associated with CRC risk are in yellow.
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Figure 6.8 A) Boxplot showing the rs11169552 genotype association with LIMA1 expression
in PBMC. B) Fine association mapping for LIMA1 expression detailing a 800kb region in LD
with rs11169552 (purple).
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Figure 6.9 A) Boxplot showing the rs961253 genotype association with RP11-19D2.2
expression in PBMC. B) Manhattan plot demonstrating RP11-19D2.2 location in relation to
the eQTL locus.
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Figure 6.9 C) Fine association mapping for RP11-19D2.2 expression detailing a 100Kb
region in LD with rs961253 SNP (purple).
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Figure 6.10 A) Boxplot showing the rs1321311 genotype association with MDGA1
expression in PBMC. B) Manhattan plot demonstrating MDGA1 location in relation to the
eQTL locus.
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Figure 6.11. C) Fine association mapping for MED30 expression detailing a 200Kb region
that is in LD with rs16892766 (purple).

eQTL Case-control

SNP SNP position Predicted function p-value beta p-value OR

rs16892766 chr8:117630683 Intergenic 4.15E-03 0.122 0.074 1.22

rs7825662 chr8:117725175 EIF3H intron variant 1.68E-03 0.127 0.755 1.03

Table 6.8 Variant that is more significantly associated with PBMC MED30 expression than
the tagging SNP rs16892766 are shown in the table. The tagging SNP is highlighted for
reference. p-values and effect sizes for their eQTL association and CRC risk (case-control
comparison) are presented.
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6.3.4 Validation of the rs5934683-SHROOM2 expression association

Same-sample technical validation of the rs6834eQTL was performed with
gRT-PCR, measuring the same mRNA samples (n=11&) tm whole-genome
expression profiling. There was a strong correfabetweerSHROOM2 expression
on the lllumina HT12 microarray and expression rmaess by qRT-PCR pt
val<2.2e-16, spearman rho=0.66) (Figure 6.12). & es also a highly significant
association g-value=2.59e-07) between rs5934683 aBdROOM2 expression
measured by gRT-PCR (Figure 6.13A), validating éQElL association seen with
the lllumina HT12 microarray. The SNP accounted 2P0 of the variability in
SHROOM2 expression, which is indicated by the coefficiehtletermination R in
the linear model. The risk allele T is associaté&t Vewer expression cBHROOM2,
with a fold difference between the homozygotes/lagguotes for the risk allele and
the protective allele of 2.75 (95% CI, 1.96 — 4.3@iterestingly, in this linear
regression model, gender appeared to have a s@gmifinfluence orBHROOM2
expression=0.003). This was independent of rs5934683 gerotyp there was no
significant statistical interaction between the Sgdhotype and gendep=0.55).
This gender-specific difference 81ROOM2 expression will be discussed further in

the next section.

On the other hand, gRT-PCR of the same PBMfipkss (n=59) confirmed that
SHROOM2 was very lowly expressed and there was no detectabsociation
(p=0.37) between rs5934683 genotype &MROOM?2 expression (Figure 6.13B).
There was also no differential expression betweemdgrs in PBMCSHROOM2
expression=0.48).
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Figure 6.12 Significant correlation was observed between the expression of SHROOM2 as
quantified by lllumina HT12 microarray and qRT-PCR (p<2.2e-16, spearman rho=0.66).
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Figure 6.13 A) The association between rs5934683 and SHROOM2 expression in the
normal mucosa, as quantified by gRT-PCR. Linear regression adjusted for age, gender and
anatomical site (p=2.59e-07; R® for rs5934683 = 0.215). B) SHROOM?2 relative expression in
PBMC as quantified by gRT-PCR (normalised to GAPDH). Linear regression adjusted for

age and gender (p=0.37).

133




To seek further confidence in the rs593468RO0OM2 eQTL association,
further replication was introduced at the levehofmal mucosa sampling and RNA
extraction. In a subset of 37 patients, 2 furlREA extracts were prepared from the
normal mucosa harvested at the same time as thieefitract but with spatial
variation within the same colonic site. This sgdateplication is thought to be of
particular importance in the females, as heterozyg¢-linked polymorphisms are
functionally mosaic and the progeny of a singlenXetivation pattern are arranged
together as large patches in the colon. The asdsumtibetween rs5934683 and
SHROOM2 was significant§=3.77e-04) (Figure 6.14), and this remained truerwh
the genders were analysed separately (mage$,10e-03; femalesp=2.99e-03)
(Figure 6.15).

In summary, the eQTL association between #6583 andSHROOM2 expression
in the normal mucosa was technically validated vgBT-PCR, and successfully
replicated by multiple sampling in a subset of Ztigmts. This association was
tissue-specific and was not seen in the gRT-PCRlat&dn of PBMCSHROOM2

expression.

134



Normal mucosa (All, n=37)

Repl Rep2 Rep3

————————

log2(SHROOMZ relative expression)
)
]

cC CT 71T ccC CT 71T cC CT 1T
rs5934683

Figure 6.14 Biological replication of the association between SHROOM?2 and rs5934683
genotype. SHROOM?2 expression was measured with gqRT-PCR in 3 different extracts of
normal mucosa tissue taken at the same time (nested one-way ANOVA, p=3.77e-04).
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Figure 6.15 Biological replication of the association between SHROOM2 expression and
rs5934683 genotype, genders analysed separately with nested one-way ANOVA (males,
p=1.10e-03; females, p=2.99e-03).
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6.3.5 Gender-specific differences in SHROOM2 expression

In the linear regression modelling fBHROOM?2 expression as quantified by
gRT-PCR, it was observed that gender was significassociated wittBHROOM2
expression (Figure 6.16). Overall, expression appéa be higher in females
(p=0.003), with a mean fold increase of 1.46 comp#&wadales (95% CI, 1.15-1.89).
This differential expression was not observed @ Ithumina microarray expression
data. This discrepancy could be a result of thedtiein of differing transcript
isoforms, or that of the limitations known to acqmany microarray experiments. It
has been recognised that microarrays tend to hawer |sensitivities for certain
genes (Chuaquet al, 2002), with a significant decrease in overall uaacy of
differential expression detection at low expressienel and relatively poor
sensitivity in detecting fold changes of less tBafwanget al, 2006). It is plausible
that the lack of association on the microarrayfeslse negative, as the fold change is

small andSHROOM?2 is relatively lowly expressed.

In view of the gender difference BHROOM2 expression, | analysed the
rs5934683 eQTL association separately in males femdbles (Figure 6.17).
Although this association was still significantboth genders, it was considerably
weaker in the females (maleg=3.23e-06; femalesp=0.027). Not only was the
association less significant in females, the vilitgbin expression that was

accounted for by the SNP was only 9% in femalespewed to 31% in males.
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Figure 6.16 Comparison of SHROOM2 expression between genders. There was significant
differential expression in SHROOM2 quantified by qRT-PCR. Linear regression adjusted for
age, anatomical site and rs5934683 genotype (p=0.003, R? for gender=0.080). SHROOM2
expression was higher in females with mean fold change=1.46, 95% CI [1.15-1.89]). This
relationship was not seen in the SHROOM2 expression data from the Illlumina HT12
microarray (p=0.515).
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Figure 6.17 qRT-PCR validation of the association between rs5934683 and SHROOM2
microarray expression, analysed separately by gender. Linear regression, adjusted for age
and anatomical site (males, p=3.23e-06, R’ for rs5934683=0.313; females, p=0.027, R for
rs5934683=0.086)
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6.4 Discussion

By using whole-genome expression profiling @@L analysis of fresh normal
mucosa samples and PBMC, | have demonstrated thatber of CRC risk variants
are eQTLs that are associated with the expressialid of locakis-genes. For each
of these loci, fine association mapping to the édamgene expression levels and
colorectal cancer risk was performed. This apprdeshrevealed nearby SNPs in LD
with the tagging SNP that are more highly assodiat¢h expression and risk, which
makes them more likely to be the causal SNPs. Bgcation, the target genes of
these risk loci with eQTL activity are candidatesemptibility genes that may

relevant to the predisposition and developmentREC

The 11923.1 locus demonstrated the stron@@&t eassociation, influencing the
expression of two neighbouring gend3OLCA2 and COLCAL, in the normal
mucosa. The tagging SNP rs3802842 was one of tHg @4VAS discoveries
(Tenesaet al, 2008) with an OR of 1.11, and has been replicatedubsequent
studies and meta-analyses (Pittneiral, 2008; von Holset al, 2010; Zouet al,
2012). The eQTL effects of this locus has recepdgn reported (Biancolelkt al,
2014; Peltekovat al, 2014, Closat al, 2014), providing independent validation of
the data presented here. The rs7130173 SNP haphmmsed by these studies to be
the causal variant, as it explained the highespgutmn of variance of the gene
expression. In agreement with these reports, ndirfgs showed rs7130173 as the
best eQTL variant, together with a perfect prox3087967. However, they did not
perform better than the tagging SNP in the casérgloanalysis; another candidate
variant rs112138001 was more associated with Fskther functional studies will
be required to elucidate the causal variant(syvedbas the allele-specific regulatory
mechanism that is influenced by the polymorphidaras in this region. The eQTL
target genesCOLCAL andCOLCA2 have not been characterised in depth, and have
only recently studied in relation to its associatiath this CRC risk locus (Peltekova
et al, 2014). The authors of this study showed via imomistochemistry that
COLCALl is largely expressed in the lamina propria, butimmormal epithelial cells
or epithelium-derived neoplastic cells, wher€BLCA2 is expressed in both the
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epithelium and the lamina propria. Based on thalisation of these genes in various
mucosal immune cells of the colon, they proposednanuno-regulatory role of
these genes in the predisposition to CRC. Howenvken tested in our hands, the
antibody used in this study did not appear to ekkiile level of specificity required
for localisation via immunostaining, and that thexevidence to suggest that these
genes are more likely to be long non-coding RNAsteiad of protein-coding

(Smillie, pers. comm.)

The Xp22.2 risk locus is the first X-linkecclss to be associated with colorectal
cancer (Dunlopet al, 2012). Here we suggested that it was a very gtombonic
mucosa-specific eQTL with association to neighbaygeneSHROOM2, and this
has been validated with gRT-PCR and replicatecepgated sampling in a subset of
patients. This eQTL association was recently reqlirt an independent study (Closa
et al, 2014), in which the authors also found an assioaiavith GPR143 which was
not observed in my data. This discrepancy couldiuee to the different microarray
platform used, where a different probe sequence hwmue detected alternative
transcripts. Fine-mapping of this region revealathfive functional variants within

intronl of SHROOMZ2, and will require more in-depth functional chaesidation.

SHROOMZ2 belongs to the SHROOM family of proteins, whick aggulators of
epithelial morphogenesis, characterized by thelitalo bind F-actin and organise
actomyosin networks (Die& al, 2006), which makes it an interesting candidate fo
further study given the contribution of the actimdamicrotubule cytoskeleton to the
cell biology of cancer (as reviewed by Hall, 200Bhe technical validation of the
Xp22.2 eQTL effect highlighted a gender-specifidfedential expression of
SHROOM2 in the normal mucosa, where expression was oveigtller in females.
Although the eQTL association was significant inthbayenders, there was
attenuation of this effect in females, suggestingoivement of gender-specific
factors in the regulation 8HROOMZ2. This is of interest as it is known that gender
significantly influences the clinical and patholoaji characteristics of CRC; not only
does it impact on the age-standardised incidendenzortality rate (Regulat al,
2006; Brennekt al; 2007), it also influences where tumours ariséniwithe colon

(reviewed by Kocet al, 2010), with risk and outcomes more favourableféonales
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than males. The Xp22 locus is rich in genes thaimally escape X-inactivation
(Carrel et al, 2005), hence it is possible incomplete X-actosatof SHROOM?2
accounts for the higher expression in females aoksexjuently contribute a
protective effect against CRC. Escape mechanismX-imactivation leading to
disease protection is not unprecedented; X-linkedour suppressor genes (Zeto
al, 2007) and immunomodulatory genes (Anderstcad, 1999) have been identified,
with skewing and leaky X-inactivation being hypatised as mechanisms conferring
a protective effect in females (Libedt al, 2010; Chalignéet al, 2014).
Nevertheless, this is unlikely to be the sole meidma of gender-specific expression,
as other factors such as hormonally-driven regoladtements are almost certainly
involved too. Without further speculation at thim¢ture, it is suffice to say that the
independent association of low81ROOM?2 expression levels with two known CRC
risk factors (gender = male; rs5934683 = T) makes compelling susceptibility
gene. These observations suggest HHIROOM2 may have a protective or tumour
suppressive role, with lower expression levelsdasing the risk of developing

colorectal cancer.

The other gene that stands out from the le€AIL analysis i<CERS5. Not only
is it the target gene of the strongest eQTL astoniagn PBMC, its expression also
appears to be weakly influenced by the rs7136&)uariant in the normal mucosa,
albeit not surviving the correction for multiplestig. This variant appears to tag a
very strong eQTL locus faZERS5, and fine-mapping of the wider LD block has also
revealed several candidate variants that are mghtytassociated with botGERSS
expression and CRC risKkERS5 (Ceramide synthase 5) is involved in tfeenovo
synthesis of ceramide, a sphingolipid involved &l cdeath and proliferation.
Ceramide synthases have been implicated in camakrapoptosis, although the
precise roles of distinct family members have naerb fully understood.
Interestingly, it has recently been demonstratedetdighly expressed in colorectal

cancer tissue and is associated with poorer clinittmomes (Fitzgeralet al, 2015).

The other candidate genes derived from thee@iEL analysis PATS2 and
UTP23 in the normal mucosal.IMA1l, RP11-19D2.2, MDGAl1 and MED30 in

PBMC) are perhaps less convincing candidates dweweaker eQTL association
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with the respective risk loci, but may still beergsting candidates due to the known
functions of their protein products. Of thek&yIA1 (LIM domain and actin-binding
protein 1) is the most interesting candidate. I vpaeviously known a&PLIN
(epithelial protein lost in neoplasm) when it wastfidentified to be a human
epithelial cell protein that is down-regulated ostlin the majority of cancer cell
lines and xenografts examined (Maatlal, 1999). It was later characterised as a
cytoskeletal protein with actin-binding properti@hich links the cadherin-catenin
complex to F-actin, stabilising the adherens jumcin epithelial cells (Abet al,
2008). However, the relevance of this gene to eckat cancer is questionable, as
the eQTL effect was only observed in PBMC and motthe normal mucosa.
Although its role in non-epithelial cells is genlgraot well-studied, there is a recent
report thatLIMAL is targeted byAP12-MALT1 (juxtaposition of apoptosis inhibitor 2
to MALT lymphoma translocation gene 1) (Net al, 2015) the most frequent
recurrent chromosomal translocation present in honmas involving the mucosa-
associated lymphoid tissue (MALT). The authors abkowed that depletion of
LIMAL in a B-cell derived cell line affected various cang@henotypes such as
growth and invasiveness, indicating a possible obld MA1 dysregulation in B-cell
lymphomagenesis. Although this suggestion of a iplessrole for LIMAL in
intestinal immunity is intriguing, it is remains esulative to suggest a link with
colorectal susceptibility, especially as it is wal whether peripheral blood

mononuclear cells are appropriate surrogates f@osal immune cells.

MDGA1 (MAM Domain containing GlycosylphosphatidylinogitAnchor-1) is
another interesting candidate with potential reheeato cancer biology, as there is
evidence of its role in cell adhesion. It is a glytein that is localised specifically
into membrane lipid rafts, and contains structdieatures found in cell adhesion
molecules. Cell line over-expression and knockstutlies suggests thmMDGA1
mediates cell-cell adhesion in a heterophilic manbg affecting adhesion to
extracellular matrix proteins (Diaz-Lépetzal, 2010). As withLIMAL, the MDGA1
eQTL was detected in PBMCs and the function of deee product is not well-

studied in this tissue type.
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Potentially more interesting in principlethe risk variant association wiiP11-
19D2.2, an uncharacterised long intervening non-codingARNon-coding RNAs
exhibit cell-specific and developmental dynamic reggion patterns capable of
facilitating a wide repertoire of regulatory furmis (Mercert al, 2009); long non-
coding RNAs (IncRNA) in particular can operate tigb a variety of mechanisms
such as chromatin remodelling, transcriptional @ntprotein inhibition, post-
transcriptional modifiers or decoy elements (reddwy Cheethanet al, 2013),
leading to alterations in expression profiles ofiox#s target genes involved in cell
homeostasis and cancer progression. There is atatimyuevidence linking the mis-
expression of INCRNA to diverse cancers and imphigaa role for them in cancer
signalling pathways. Interestingly, there is alseadreport of a papillary thyroid
cancer risk locus 14q13.3 influencing the transicnip of a functional thyroid-
specific INcRNA PTCSC3) that has tumour suppressor properties (Jendrzkjeiv
al, 2012). The apparent gene desert region thatdasliuhe prostate cancer 8g24
locus have also been shown to produce a IncRNAmfzgt be involved in prostate
tumourigenesis (Chung al, 2011). Using a genome-wide approach, anothery stud
has demonstrated tissue-dependent IncCRNA cis-eQdfLshich a proportion are
also associated with complex traits and diseaseméfet al, 2013). It is likely that
many more IncRNAs are transcribed from cancer sk, but it may require
targeted interrogation as these low-abundance RN&snot have been detected or
annotated.

Invariably, there are caveats to consider aious stages of this study, in
particular with regards to the study design andyéinal methods. The small sample
size may not be adequately powered to detectionlesals-regulatory effects,
particularly in the PBMC where only 59 samples wemnalysed. Indeed, this may be
one of the reasons why the eQTL association betws#821311 (6p21.2) and
CDKNI1A in lymphoblastoid cell lines and T-cells (Dunlep al, 2012) was not
replicated in my PBMC samples. PBMC are a heterogergroup of cells that
consists of lymphocytes, monocytes and macrophafes;cellular heterogeneity
could have also contributed to the variation ‘ngisgaking the detection of eQTLs

harder.
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The concept that the quality of the study ltess only as good as the quality of
the samples resonated strongly, especially durhmgy early stages of patient
recruitment and tissue collection. Factors assegiatth the sampling procedure of
the colonic tissue and blood can significantly etffidownstream observations, and it
is important to be aware of these at the staretiuce artefactual or confounding
variability. For example, knowing that cancer figtfects may potentially distort
differential expression (Hawthomt al, 2014), mucosa samples were harvested from
the macroscopically normal resection margin fuitthesay from the tumour to
reduce any field effects. The variability in tisqu@st-mortem and ischaemic time is
another caveat, as this is dependent on severédrdaincluding the surgical
procedure, the timing of the ligation of the vascwdupply, and practical issues such
as the availability of a pathologist. One may asgue whether these samples are
truly baseline samples, given the inflammatory oesp that accompanies the trauma
of abdominal surgery. This might be particularlievant to the PBMC samples as a
significant proportion of them were collected ire tHays following the operation,
when reactive inflammatory responses are likelgaak. Future studies may benefit
from pre-operative PBMC sampling. Other patientetejent factors such as
anaesthetic drugs, medications, diet and eversd@esls can potentially affect gene

expression, and are difficult to control for.

From the technical point of view, the use efhg expression microarrays for gene
expression studies also comes with its own linuteti They are an excellent tool for
initial target discovery, but the partial coveragechnical variability and the
relatively limited dynamic range, places restramsthe technology with respect to
sensitivity and specificity. Similarly, althoughetrDNA arrays used in this study
allows detailed coverage of common SNPs, they dopnovide information on
structural variation such as indel polymorphismd anpy number variants. With
whole-genome and transcriptome sequencing techypdlegoming more accessible,
there is huge potential and scope for these sanplbee analysed with much more
depth using an integrative approach, moving beye@dL cataloguing to high-
resolution assessment of the transcriptome as etidaal phenotype readout of
genetic variation in the normal colonic mucosa. éedRNA-seq studies in other

tissue types have already shown that alternatf@ris production (Lalondet al,
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2011) and variation in mRNA stability (Petial, 2012) are influenced by heritable

genetic variation, and will be of definite inter@sfuture studies.

In conclusion, the data presented here hasda evidence that a proportion of
CRC genetic non-coding variants influence cancedipposition, at least in part, by
affecting the expression levels of candidate géméwo different tissue types — the
colonic mucosa and peripheral blood mononucleds.c&lthough there is evidence
that there is some overlap of eQTL effects betwihencolonic mucosa and blood
(i.e. rs7136702), this evidence is weak and mosh@®feQTLs observed in this data
appears to be tissue-specific. Considering theatavdiscussed, the relatively small
sample size, and the cellular heterogeneity ofiiseie substrate, the ability to detect
eQTL effects is quite remarkable, but may not bé&redy surprising, as other
published studies suggest that eQTLs tend to exjglagreater proportion of target
gene expression variance than is typically seemidéralleles and clinical traits. It
should be noted that identification of an eQTL jdeg only indirect evidence of a
link between genotype and gene transcription, éxm@ertal and molecular
approaches are necessary for confirming its mesti@anielevance. Methods to
elucidate the molecular mechanism of polymorphi& regulation are not easily
amenable to such high-throughput analyses, andbeilthe next key challenge in
validating these eQTL findings. The two best rigkilshowing local eQTL effects
(11923.3 and Xp22.2) were taken forward for funwicstudies. Collaboratively, the
11923.3 locus was validated and interrogated byhand®hD student in the group
(Claire Smillie) whereas | focused on the charasaéion of the Xp22.2 locus and
SHROOMZ2, which will be described in the next two chapters.
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Chapter 7

Identification of a novel indel polymorphism as the causal

variant of the Xp22.2 colorectal cancer risk locus

7.1 Introduction

By using whole genome expression profilingnofmal colorectal mucosa tissue
from 115 patients, the X-linked CRC risk SNP rs5883! has been shown to be a
strong eQTL governing expression of the neighbaguganeSHROOM2. This was
initially observed in 42 patients (Dunlag al, 2012), and subsequently replicated
when more samples were collected and added intarthlysis. To verify this eQTL
association, the next challenge would be to defime regulatory mechanism
underlying this relationship and identify the cdwsaiant. Delineating the functional
impact of this common, low-penetrance variant wibvide tangible understanding
of the mechanism by which common genetic variatioparts disease risk, which

can in turn inform rational development of prevéimtastrategies.
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7.2 Methodological overview

7.2.1 Targeted resequencing

Targeted re-sequencing was performed on bhieodmic DNA extracted from a
subset (n=50) of the 115 patients in the eQTL amlyfChapter 6). Sanger
sequencing was performed as described in 2.4.2ofal of 5kb upstream of the
SHROOM2 TSS!

7.2.2 Indel24 genotyping

The Indel24 site was amplified with PCR ascdesd in 2.4.2 using the
following primers. The product of the insertion allele is 185bp welasrthe product
of the deletion allele is 161bp.

Forward primer CACCCACATCCCGCTGATTG

Reverse primer CCTTACCAAGAGGCGAAGC

A FAM fluorescent tag was attached to theril ef the reverse primer to allow
sizing and quantification of the amplified DNA fragnts. The products were
scanned with the ABI PRISM HT7900 (Life Technol®iend analysed with the
GeneScan® Analysis Software.

7.2.3 Construction of Manhattan plot and LD plot

Manhattan plots of the eQTL fine-associaticapping at Xp22.2 was generated
with the web tool LocusZoom as described in 6.Ridkage disequilibrium plot of
the Xp22.2 locus was constructed using the Haployisogramme from the Broad
Institute website (Barreét al, 2005).

' Sanger sequencing performed by Stuart Reid, technician, MRC Human Genetics Unit, IGMM.
*PCR and genotyping performed by Stuart Reid, technician, MRC Human Genetics Unit, IGMM.



7.2.4 Luciferase reporter assays

To study the effects of the Xp22.2 polymorpkiriants on transcriptional
activity, gene elements containing the differet¢las of the 3 candidate variants
were purified and subcloned into firefly luciferasgporter expression vectors (See
Figure 7.14). Cloning and generation of test pldsmere performed by Stuart Reid,
CCGG technician and will not be described in ddtaile. In brief, genomic blood
DNA from patients heterozygous for these varianesewamplified using proof-
reading Taq Polymerase (Promega) and cloned into plGEMT Easy vector
(Promega). After identification and verification I8anger sequencing, these were
cloned into the luciferase reporter vectors pGL2p&L4 (Promega). The test
plasmids containing the different alelles were dfacted using Lipofectamine™
2000 (Life Technologies) in Opti-MEM® | Reduced &®&r Medium (Life
Technologies) into colorectal cancer and retinithepal cell lines when they are at
80-90% confluence, according to the manufacturprstocol. Briefly, for each
transfection sample, the test plasmid DNA (500rmgefach well in a 6-well plate)
and Lipofectamine™ 2000 was diluted separately pti-®IEM® and allowed to
stand at room temperature for 5 minutes. The twotisas were then mixed and
incubated for 30 minutes at room temperature mmaattomplexes to form, prior to
addition to wells containing cells in antibioti@& medium. pCM\$ (generated by
Laura Boyes and Susan Farrington, CCGG) was cefgated as a control for
transfection efficiency. Cells were incubated initd@atic-free media at 37°C in a
humidified incubator (95% 02, 5% CO2), and hanestéier 24-48 hours. Cell
extracts were prepared using Cell Culture Lysisgeet(Promega), followed by the
Luciferase Assay (Promega) angtgalactosidase Enzyme Assay (Promega).
Fluorescence from luciferase activity was measungith the DLRead Lumat
LB9507 luminometer (EG&G Berthold), wherefigyalactosidase expression was
quantified by the Multiskan MS microplate readewljsystems). The luciferase

activity in each sample was normalised Witigalactosidase expression.

$ Transfections in the retinal pigment cell lines were performed by Andrew McBride, PhD student
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7.2.5 siRNA gene knockdown in cell lines

Cells were plated the day before and grownl 4@-60% confluent prior to
SiRNA transfection. SIRNAs used are detailed inl&abransfections were carried
out with Lipofectamine™ 2000 (Life Technologies) @pti-MEM® | Reduced
Serum Medium (Life Technologies), according to thanufacturer’s protocol. In
brief, siRNA and Lipofectamine™ 2000 are dilutedtive appropriate amount of
Opti-MEM® | separately and allowed to equilibrater f5 minutes at room
temperature. The two solutions were then mixed iandbated for 30 minutes at
room temperature to allow complexes to form, ptioaddition to wells containing
cells in antibiotic-free medium. Cells were hareestor protein/RNA extraction or
assayed after 48 hours of incubation at 37°C inraidtified incubator (95% 02, 5%
CO2). A dose-response is first performed to deteemihe lowest effective
concentration of siRNA for each individual gene aed line used (usually between

5-15 nM) before phenotype assays.

Gene SiRNA Oligo ID Sequence (5’ - 3')

NF-YA SiRNA3 SASI_Hs01_ 00020331 CGAUGAAGAAGCAAUGACA
NF-YA siRNA4 SASI_Hs01 00183592 CCAAUGGGACAUUGAUGAU
NF-YB SiRNA1 SASI_Hs02_00341025 GCAUGAAUGAUCAUGAAGA
NF-YB SiRNA2 SASI_Hs02_00341024 GAAGGAAAGACUGGUGAAA
Negative

Scrambled  SIC001
control

Table 7.1 The IDs and sequence of siRNAs (Sigma) used in this chapter.

7.2.6 Co-transfection with luciferase reporter plas  mid and siRNA

For luciferase reporter plasmid and NFY siRbBi&transfections in MCF7 cell
line, cells were plated the day before to achie@6@% confluence. siRNA
transfections were performed as described in #&.24 hours prior to luciferase
reporter plasmid DNA transfections as described.?4. Cells were harvested after

incubation for a further 24 hours.
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7.2.7 gRT-PCR

gRT-PCR was performed on cDNA synthesised fromlicelor primary tissue RNA
as described in Chapter 2. The Tagman® Gene Expnedssays used are listed in
Table 7.2.

Gene Assay ID Probe sequence

NF-YA Hs00953589_m1 TCCCCATATGCAGGATCCAAACCAA
NF-YB Hs01105350_m1 CAACATCATATCAACAGATTTCTGG
SHROOM2 Hs01113636_m1 CTCCCGGTGATCGGCAATCACTGCT
CCNB1 Hs01030099_m1 CTGAGCCTATTTTGGTTGATACTGC
TBP Hs00427620_m1 GCAGCTGCAAAATATTGTATCCACA
RPL30 Hs00265497 _m1 TATCATTGATCCAGGTGACTCTGAC

Table 7.2 TagMan® assay IDs of the genes of interest and reference genes quantified in this
chapter.

7.2.8 Site-directed mutagenesis of the CCAAT box mo tifs

Site directed mutagenesis of the CCAAT boxifmetithin the insertion allele of
the 83+Indel24 luciferase reporter vector was peréal using QuikChange Il Site-
Directed Mutagenesis Kit (Agilent Technologies) gsr manufacturer’s
instructions.” These vectors were then transfected as describe@.i4 into SW480

and MCF7 cell lines for luciferase reporter assays.

7.2.9 Case-control analysis

Case-control analysis of the rs5934683 tagdadP and the two putative
causative variants Indel24 and rs5934685 was peedrin 687 cases and 873
controls from the SOCCS (Scottish Colorectal Carteesceptibility) study. The

putative causal variant Indel24 was genotyped aribed in 7.2.37 whereas

" Site-directed mutagenesis performed by Stuart Reid, technician, MRC Human Genetics Unit, IGMM
" Indel genotyping performed by Stuart Reid, technician, MRC Human Genetics Unit, IGMM.
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rs5934685 was imputed as described in 62.8ubsequently, Indel24 was

genotyped in a larger dataset derived from sanfpbes across Scotland, England
and Croatia (cases=8368, controls=6327; males=7@46ales=68493% Similar to

the analysis in 6.2.4, male hemizygotes were tileatehomozygotes in this case-

control analysis.

7.2.10 Western blotting

Total protein and subcellular fractions were exttdcas described in 2.5. Primary

antibodies used are listed in Table 7.3.

Protein Company Catalogue no. Type

NF-YA (G-2) Santa Cruz #sc-17753 Mouse monoclonal
NF-YB (FL-207) Santa Cruz #sc-13045 Rabbit polyclonal
B-actin Sigma #A1978 Mouse monoclonal

Table 7.3 Details of the antibodies and dilutions used in this chapter.

+

MRC Human Genetics Unit, IGMM

Antibody
dilution used
1:1000
1:1000
1:5000

¥ rs5934685 imputation and statistical analysis performed by Maria Timofeeva, Statistical Geneticist,

%% Indel24 genotyping performed by Stuart Reid, technician, MRC Human Genetics Unit, IGMM.
Statistical analysis performed by Maria Timofeeva, Statistical Geneticist, MRC Human Genetics

Unit, IGMM
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7.3 Results

7.3.1 The genomic, epigenomic and regulatory landsc  ape of rs5934683

from publicly available databases

The tagging SNP rs5934683 (chrX:9751474) essidithin an intergenic region
between theGPR143 and SHROOMZ2 genes at Xp22.2, which are divergently
transcribed on opposite strands (Figure 7.1). T 8 3022bp from the 5’ end of
the SHROOM2 canonical RefSeq gene structure, and is 17,46@op the 5 end of
the GPR143 RefSeq gene structure. There is evidence of l0B§&R143 transcripts
extending into th&HROOM2 promoter, and rs5934683 SNP is within the firstoin
of this transcript (Ensemble transcript model ENSJW0447366). The evidence for
this transcript is weak though, with only a sin@&T supporting it from the
HAVANA project (URL7.1).
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The eQTL activity associated with rs5934688g&sts that it may lie within or
close to tissue specific regulatory elements. Tk ffmr evidence of this, regulatory
data from the ENCODE project was first examinedngisihe UCSC genome
browser. Tracks examined include chemical modificest to histone proteins
(H3K4Mel, H3K4Me3, H3K27Ac), DNase hypersensitiyitynethylation and
transcription factor binding. Bearing in mind thmany regulatory elements appear
to be tissue or cell type specific, it should beedothat the majority of the cell
lines/cell types used to generate data for the ENEQ@roject are not of colonic
origin. However, this information can still be irdatial, as cis-eQTL datasets have
been shown to overlap by more than 50% betwees agltliverse as lymphoblastoid

cells, hepatic cells and monocytes (Zeéeal, 2010).

The rs5934683 SNP appears to be encompassied &iDNase hypersensitive
area of 350bp (chrX:9751266-9751615, Figure 2).uRegry regions in general and
promoters in particular, tend to be DNase-sensitibewever, the extent of the
hypersensitivity is modest with a cluster scord®3/1000, and is only present in 5
cell types (H9ES, MCF-7, hepatocytes, myometridscesteoblasts) out of the 125
tested. There are no relevant histone marks inetien; modifications to H3K4mel
only begin to become apparent ~1kb downstream aaden to theSHROOM2

promoter.

The closest transcription factor binding it@BS) is 972bp downstream and
closer to theSHROOM?2 promoter (Figure 7.2). It is present in all thtested cell
lines (GM12878, HelLa-S3 and K562), and binds tottaescription factor NFY-B.
There is a moderately strong cluster score of 482 ¢f 1000), with 3 common
SNPs within the TFBS. The canonical DNA-binding tinfir NFY-B has also been
identified within the binding site by the Factorkoarepository in-silico
computational analysis (Warg al, 2012; Wanget al; 2013). The ChlP-seq data
from the previous ENCODE version (version 2) alsoves a TFBS for NFY-A that
overlaps with the NFY-B TFBS, which is not surpigigiven that the NFY
transcription factor is a trimeric complex formey the three subunits, NFY-A,
NFY-B and NFY-C.
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Figure 7.2 SHROOM2 promoter region (UCSC browser, Hgl19). Tracks displayed include
transcription levels by RNA-seq, histone marks (H3K4Mel, H3K4Me3 and H3K27Ac),
DNasel hypersensitivity clusters and ChlP-seq transcription factor binding data.
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A small, nucleosome depleted region (chrX:2B&t9751339) 135bp upstream
of rs5934683 is covered by a probe from the llluaminfinium Human Methylation
450 Bead Array platform (Figure 7.3). This probeegrs to demonstrate differential
DNA methylation, with data from GM12878, Hi-hESCelth-S3, HepG2 and
HUVEC indicating this region is fully methylateaind data from K562 indicating a
lack of methylation. The same region shows evidewicenethylation, apparently
nucleated upon methylated CpG sites, in an indepdrgbquencing based study of
human frontal cortex (Maunakeh al, 2010). This region also shows evidence for
association with the nuclear lamina: a chromatatesthat is known to include
regions with methylated CpG sites (Guedeal, 2008).

The presence of rs5934683 within a DNase Isgpesitive region suggests it lies
within the distal promoter of SHROOM?2; its preserncear a TFBS and a
differentially methylated promoter site is consistevith the eQTL activity of this
SNP and suggests possible mechanisms underlyim@chivity. This allele-specific
regulation may be driven by rs5934683 itself, oy polymorphism that it tags. As
the linkage disequilibrium of this region is poodgfined (Figure 7.4), this chapter
will focus on characterising the variation in thegion and identifying the causal
variant by using a combination of expression asgioei analysis and functional in-

vitro assays.

15¢



Zcale
chra:

Refiey Genes

Sequenices
SHFS

Human mRHA=S

Spliced EZSTs

GHM12575
H1-hEZC
K562
HelLa-23
HepG2

o e e e

GM12573
Hi1-HESC
KSE2
HelLa-53
HepGa
HUYEC

LaminBl ¢Tig3)

MKI LADS (Tig3)
=]

GM12375 240

K562 Zig
]

4

HikK4mes Rawsiznal

1 _
G835l _
MEE ChG
9, 8973 _
Q9 _
MeDIF CpG
1 _
18

MeDIF Rawsignal

1

1

EMA-=seq Rawsignal
]

1

Emart RawZignal

]

Common SHFS(141)

rs5934683

2 kbl | haig
| =,749,008] 9,758,008 9,751,900 9,7%2,60al 9,753,098 9,754,008 9,755,888
UCEC Gehes (RefSed, GenBank, CCOPS, Rfam, TRHAS & COMBArET ive Genomics)
SHROOME mii—-———————mea{
Refzeq Genes
ol

Fublications! Segqu =)

MHGRI Catalog of Fublished Genome—kide ASsSoCiation Studies

Human mREHAS fraom GenBank

in Scientific Articles

Humarn EZT= That Hawve Been Spliced

CpE Islands (Islands < 388 Bases are Lisht Greend

CRiG:

172

OHA Methdlation by Reduced Representation Bisulfite Zed from EMCODE SHUdsSonA Tpha

CpG Methdlation by Methyl

MKI LaminB1l DamID Map ¢ 10g92-ratio Scores,

HKI LADs (Lamina Associated Domains,

|
Tigs cells)

Tigd cellsy

GM12575 Hucleosome Zignal from EMCODE S ETanford BT

abee b o4l

TPV SELPURIY NN IR NP

HEMAMES ChIF—Seq RaW =igna
MRE-S&q CpiG Soore

MeDIF-sey CpG Score

|IHI|| |||l| mlhu Il I”illl |'|i R |
W=

DIF-sedy Raw =

FYRr W WY W

RHA-S8q Raw Signal

d
K562 MHucleosame Zignal from EMCODEfStanfordsBYU

n___

458K EBead Arraus from ENCODE/HAIE
Il (R

i

| |....J||.|||| b,
ignal

g | "Iu.l
__AA

RMA—Seq Zmart-Tagged Raw Signal

Timp e MUCIE0tide FoIUmorphisms (HbSHP 1413 Found
I

it = 1% of Zamples

Figure 7.3 The SHROOM2 promoter region (UCSC genome browser, Hgl9). Tracks
displayed include predicted CpG islands, methylation data from array and sequencing based
assays, nucleosome occupancy, and lamin B1 association scores.



80.00 kb Forward strand me—

Genes
(Comprehensiv....
—
Genes < RP11-98L4.1001
(Compre hensiv.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, processed pseudogens
e — — rs5934683
< GPR143-002
protein coding
-t 4 —
< GPR143-003
protein coding
oL
= GPR143-004

rocessed transcri
Variations. LTI IIIIII\?IIII],I\IILIIIItIIII\lll\lpilllll\lll\l 001100 AR UL 10 U 0100 O | L 00 0 L0, O 00000 00O 000000 00000 10 0 AR, R 0 R0 AT TR

5.75Mb 5. 76Mb 5.77Mb 5.78Mb 5.75Mb 5.80Mb 3.81Mb 5.82Mb
Wariation Legend. Splice donor variant Splice acceptor variant Frameshift variant
Missense variant Splice region variant Synonymous varant
M Coding sequence variant S prime UTR variant I Non coding transcript exon variant

I (ntronwvariant

1000GENOMES: phase 1 GBR
LD [r2) foirg muﬁsﬁ'wg?p—hﬂff‘rsﬁR ﬁ]flulcgef“""ﬁglpﬁe#*?”’i A T N1 T T NI T TR R0 ([ T ¥ I A B BN (I M1 1 BN A NI AR NI NN BN |

y 7 R R RSN, 7 Yo ¥
S t‘ Ko\ /o @ "?« ’ ! 2%
- | %

7’

Figure 7.4. LD plot of the region surrounding rs5934683 derived from 1000GENOMES:phase_1_EUR (Ensembl, Genome assembly GRCh37). LD values
(r°) between any two variants are graphically displayed using inverted coloured triangles varying from white (low LD) to red (high LD).

15¢



7.3.2 Identification of putative causal variants by targeted

resequencing and fine-mapping of the Xp22.2 locus

Targeted local-resequencing revealed a nowbp2indel polymorphism
(henceforth referred to as Indel24) just under f2&n the start oBHROOM2. This
was subsequently genotyped in all 115 subjectherneQTL analysis, with a minor
allele frequency of 0.24. Due to its location witlsin ERV1 multiple repeat region,
the exact origin of the indel polymorphism is amaigs and may be arising at either
chrX:9752561 or chrX:9752545 in hg19 (Figure 7.5).

Examination of publicly available sequencingtad shows evidence for indel
polymorphisms close to this site in two independiziasets — Phase 1 data from the
1000 genomes project and Complete Genomics (Drmetrsc2010)."" In the low
coverage data (around 3x) from 1000 genomes (URL&.2bp indel was apparently
detected at chrX:9752558. Complete Genomics previdgher coverage (around
80x) sequence for 69 individuals from a varietyhofman populations (URL7.3), and
reports detection of a 24bp indel polymorphism latXc9752559. No other indels
were detected in the Complete Genomics data wittenERV1 element or indeed

anywhere in the extend&HROOM2 promoter region.

Alignment of the alleles of the three indelypoorphisms is not straightforward
as the structure of the repetitive sequence witlnd flanking the indels makes
alignments in the region ambiguous. However it appéhat all three indel events
are consistent with a single site of origin (chr?62558-9752561) and that the two

24bp insertion alleles are almost identical exéepa single nucleotide (Figure 7.6).

" Examination of public datasets performed by Colin Semple, MRC Human Genetics Unit, IGMM.



X: 9752536 X: 9752584

RefSeq  CCACATCOCGCTGATTGGTOCATTT- - -« - == sm-zocmmmcomam o ACAGAGTGCTAATTGGTCCATTTT
Indel 24  CCACATCOCGCTGATTGGTOCATTTTACAGAGTGCTGATTGGTCCAT TTACAGAGTGCTAATTGGTCCATTTT

OR

RefSeq  CCACATCOG - ----=--=-=--=-=--—=-=-- GCTGATTGGTCCATTTACAGAGTGCTAATTGGTCCATTTT
Indel 24  CCACATCOCGCTGATTGGTCCATTTTACAGAGTGCTGATTGGTCCAT TTACAGAGT GCTAATTGGTCCATTTT

Figure 7.5 Alignments demonstrating a novel polymorphic variant identified on targeted re-
sequencing - a 24bp insertion at either X:9752561 or X:9752545, where the reference
sequence lacks the insertion.

X: 9752536 X: 9752584

RefSeq  CCACATCOCGCTGATTGGTOCATTT- - -« == -cmmzccmmmcomam o ACAGAGTGCTAATTGGTCCATTTT
Indel 24  CCACATCOCGCTGATTGGTOCATTTTACAGAGTGCTGATTGGTCCAT TTACAGAGTGCTAATTGGTCCATTTT

RefSeq  CCACATCOCGCTGATTGGTOCA: - <= == === -z --=ocmmmam o TTTACAGAGTGCTAATTGGTCCATTTT
CG Ins  CCACATCOCGCTGATTGGTCCATTTTACAGAGTGCTAATTGETCCAT TTACAGAGT GCTAATTGGTCCATTTT

Ref Seq CCACATCCCGCTGATTGGT CCA- TTTACAGAGTGCTAATTGGTCCATTTT
1KG_I ns CCACATCCCGCTGATTGGTCCATTTTACAGAGTGCTAATTGGTCCATTTT

Figure 7.6 Alignments of the three indel polymorphisms (Indel24: 24 bp insertion allele
identified by our local-resequencing; CG_Ins: 24 bp insertion allele from Complete
Genomics; 1KG_Ins: 1bp insertion allele from 1000 Genomes Phase 1 data). The sequence
of Indel24 and CG_Ins is almost identical bar a single bp as highlighted in blue.
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To investigate whether Indel24 is associatgd SHROOM?2 expression, Indel24
genotypes were added to the genotypes for the ddbah mucosa samples used for
eQTL analysis and fine association mapping as tdextin Chapter 6SHROOM2
expression as quantified by qRT-PCR was used asaitighenotype as it is thought
to be a more accurate and sensitive measuremetramgcript abundance than

microarray signals.

A peak of association witB(HROOM?2 expression was seen at X: 9,740,900 —
9,766,725 which encompass the tagging SNP rs593@68Gre 7.7). Distinctively,
two variants were more significantly associatedh@tROOM2 expression than the
tagging SNP, with p-values in the order of 1e-10@s€r examination reveals that the
peak starts from the intergenic region betwe&@R143/SHROOM2 and extends into
the first intron ofSHROOM2. The variants that were more significantly asdedia
with SHROOM2 than the tagging SNP were Indel24 and an introhiP 85934685
(Figure 7.8) that had previously already been iogpéid in the fine-association
mapping toSHROOM?2 as quantified on the microarrays (Table 6.5). Isimailar
fashion to the tagging SNP, the minor alleles fmthithese variants were associated
with lower SHROOM2 expression (Figure 7.9).
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Figure 7.7 Manhattan plot displaying the strength of genetic association (-log;, p-value) to
SHROOM2 expression versus chromosomal position, representing fine-mapping of a 600kb
region surrounding the rs5934683 risk locus in 115 patients. The p-values were obtained by
linear regression analysis with adjustment for age and gender. SHROOMZ2 expression in the
normal mucosa was measured by qRT-PCR, normalised to reference genes EIF2B1, TBP
and RPL30. The peak of association maps to the tagging SNP and a 26kb surrounding
region X: 9,740,900 — 9,766,725.
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Figure 7.8 The peak of association with SHROOM2 expression starts at the intergenic
region between GPR143/SHROOM2 and extends into the first intron of SHROOM2. There is
no available linkage and recombination data in LocusZoom/HapMap CEU population
(release 22) for Indel24.
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Figure 7.9 Boxplots for the three variants most highly associated with SHROOM2
expression. Estimated effect size and p-values are calculated from linear regression analysis
with adjustment for age, gender and anatomical site. Fold reduction is the ratio of the
expression means between the homozygotes of the major and the minor alleles.
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The linkage disequilibrium structure of theakg region constructed from my
sample set (n=115) shows that the two variantsnaserong LD with each other and
with the tagging SNP, suggesting that the top $sgwéhin the association peak are
likely to be from a single association rather thamw or three independent ones
(Figure 7.10). To further understand which of th#se functional variant is, linear
regression modelling conditional on all three vatsawas performed c8HROOM2
expression, as quantified by qRT-PCR and the IhamHT12 microarray for
comparison. The analysis performed on expressita dirived from both methods
indicates that the tagging SNP rs5934683 is notthsative variant, as the effect
estimate and the test significance were markedbredsed when the two other
variants were included in the model (Table 7.4)e Thterpretation of the test
statistics for Indel24 and rs5934685 is not adgdtteorward; where expression was
quantified by qRT-PCR, both Indel24 and rs59346&%l&red on significance, with
Indel24 being the stronger signal both in termeftédct size and significance. Where
expression was quantified by the HT12 microarrap984685 appears to be the
driver signal, attenuating the effect size andifigance of Indel24. Although one
may argue that the analysis based on gRT-PCR ig madable as it has better
detection sensitivity and larger dynamic rangeteinains speculative at best to
favour one variant over the other as the functioveliant. The possibility of
independent effects also cannot be excluded. Hefotlew-up with functional

assays is critical to determine the functionalitth@se eQTL variants.

16t



Indel24 (MAF=0.24)

rs5934583 (MAF=0.38) rs5934685 (MAF=0.23)

7’ 4
rs3934683 and Indal /
R*=0.556

0'—0.0006 r55934683 and rs5934685 e
R? = 0.278 L n L
i D'=0.849

Figure 7.10 Linkage disequilibrium structure () surrounding the tagging SNP (rs5934683)
and the 2 candidate functional variants (Indel24 and rs5934685) in my sample set (n=115).

The D’ reflects the frequency of co-inheritance of alleles, whereas the r° takes into further
account the difference in the allele frequency.

gqRTPCR HT12
Variant Estimate p-value Estimate p-value
rs5934683 -0.0943 0.7454 -0.00297 0.908
Indel24 -0.8381 0.0592 -0.07217 0.066
rs5934685 -0.6831 0.0679 -0.14280 2.92e-05

Table 7.4 Linear regression for SHROOM2 expression (as measured by gRTPCR or Illumina
HT12 microarray), adjusted for age, gender, anatomical sampling site, the tagging SNP and
the two putative causal variants. The estimate indicates the effect size.
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7.3.3 Evidence of functionality for Indel24 and rs5 934685 in ENCODE

data

Indel24 is encompassed by an ERV repeat ele(diR12B; Family; ERV1;
Class: LTR; Position: chrX:9752293-9752685) (Figidr&l). Repeat elements are
generally associated with increased indel ratesD@dhaldet al, 2011) and exapted
ERV repeats have been reported to act as regulatergents in human promoters
(Cohenet al, 2009). More compellingly, Indel24 appears tovighin NF-YA and
NF-YB transcription factor binding sites accorditgg ENCODE ChiIPseq data
(Figure 7.11). As discussed previously (see 7.3HBse two transcription factors
bind cooperatively as two subunits of the trimeNé-Y transcription factor
complex, and often activate the transcription ofi cgcle genes (Mduller and
Engeland, 2010). There is substantial publishedditire on NF-Y and it is known to
have high affinity for the CCAAT box motif. Withiknown NF-Y binding sites,
multiple CCAAT binding motifs are often found antetoptimal spacing between
them appears to be 24-53bp (Dolfatial, 2009), which is similar to the spacing
between the 3 CCAAT motifs found in this regiong{ifie 7.12). Remarkably, the
24bp insert contains a perfect match on the mitrand to the CCAAT box motif.
This could, in theory, modulate NF-Y binding affinieither by creating/abolishing
binding sites or by altering the spacing betweemth
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Figure 7.11 Genomic and regulatory landscape around Indel24, UCSC genome browser
(1KG_Indel: 1bp indel from 1000 Genomes Phase 1 data; CG_lIndel: 24 bp indel from
Complete Genomics; Indel24: 24 bp indel as identified by our local-resequencing). The
ERV1 repeat element is represented as LTR (long terminal repeat) in RepeatMasker track.

X: 9752536 X: 9752594
RefSeq  CCACATCOCGCT (0@/-N i ACAGAGTGCT, CCATTTT
Indel 24  CCACATCOCGCT CCATTTTACAGAGTGCTGATTEET CCATTTACAGAGT GCT CCATTTT
X: 9752595 X: 9752657
RefSeq  ACAAACCTCTAGCTAGCCACAGAGCGCT GCATTTTACAATCCTCTTGTAAGACAGAAAAATTCTCG
Indel 24  ACAAACCTCTAGCTAGCCACAGAGCGCT GCATTTTACAATCCTCTTGTAAGACAGAAAAATTCTCG

Figure 7.12 Three CCAAT box motifs on the minus strand (appearing as ATTGG on the plus
strand; pink highlight) are found within the reference sequence of the NFY-B binding site at
Xp22.2, with 23bp and 42bp spacing between them. The 24bp insert alters the spacing to
47bp and 42bp, or donates a fourth CCAAT box motif (green highlight), with spacing
between the motifs of 24bp, 23bp and 42bp.
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The other SNP that is a putative causal variesb934685, is &8HROOM2
intronic variant at chrX:9766019. There is no ewnck in the literature to support
eQTL activity for it, and according to ENCODE it m®t associated with DNase
hypersensitivity, transcription factor binding, thise modifications or methylation.
The closest transcription factor binding site imaied 324bp upstream from the
SNP, which binds to YY1(Ying Yang 1) with a clussgore of 180/1000 in H1-
hESC and NT2-D1 cell lines (Figure 7.13). YY1 a tifwhctional zinc-finger
transcription factor that has been associated eg@llular proliferation and resistance
to apoptotic stimuli, and is known to be over-esgesl in colorectal cancer
(Chinnaparet al, 2009). There is also a conserved transcripticiofabinding site
196bp upstream of the SNP, which is predicted ta o VSX2 (visual system
homeobox 2). This is of possible relevance as V#4R2 originally described as a
retina-specific transcription factor, with mutasoassociated with microphthalmia,
cataracts and iris abnormalities (NCBI gene; URL7I4was mutated to create the
first mouse model of retinoblastoma (Zhat@l, 2004) and has been reported as a
novel biomarker for CRC (Most al, 2011).

In summary, local targeted resequencing amé-fiapping strategies have
identified 2 putative causative variants for theTeQactivity observed at the
rs5934683 locus. One of these variants, Indel24,nsvel indel polymorphism with
in-silico evidence of NF-Y transcription factor Hing properties. Statistical
modelling of SHROOM2 expression accounting for 88883 and the 2 candidate
variants indicates that rs5934683 is a tagging yprdxut is inconclusive in
determining which of the 2 candidates is the fural variant driving the eQTL
association. Further evaluation with in-vitro resgaly assays will be necessary to
validate these observations and provide insight ihie mechanisms underlying

causation.
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Figure 7.13 The genomic and regulatory landscape around r5934685 (UCSC browser).
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7.3.4 Transcriptional activity assays on putative ¢  ausal variants

implicates Indel24 as the functional variant

To investigate whether the candidate varigossess allele-specific regulatory
effects, gene elements containing the differerdled| of the 3 candidate variants
were cloned from human genomic DNA into luciferasporter vectors (Figure
7.14).

Given the proximity of Indel24 to rs59346831449bp gene construct (referred
to as 83+Indel24) containing both variants wasteswith each of the four possible
haplotypes cloned into a basic transcriptional mepovector (pGL2). All four test
constructs were transfected into two CRC cell li®¥/480 and DLD1) and two
retinal pigment epithelial cell lines (RPE1 and AR ** Indel24 shows a highly
significant allele-specific differential effect duciferase activity in all four cell lines,
with the deletion allele showing a stark reductioriranscriptional activity (Figure
7.15). This is in contrast to the lack of effectvimen the different alleles of
rs5934683. There was also no statistical interadietween rs5934683 and Indel24
in all cell lines, which indicates that the regalstdifferences seen with the Indel24
alleles are independent of the rs5934683 variant.

*¥ The extra-colonic function of SHROOM2 was investigated by PhD student Andrew McBride and

the reporter assays in non-CRC cell lines were performed by him. This data has been included here
for completeness as it formed part of a figure that has been submitted for publication.
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Figure 7.14 3 gene constructs containing the 3 eQTL candidate variants (in combination or
individually, see table) were generated from human genomic DNA. The 83+Indel24 and
83+Indel24-TSS elements were cloned into pGL2 basic transcriptional vectors, whereas the
85 gene element was cloned into pGL2 and pGL4 as well to maximise detection of enhancer

activity.

17z



1.00

0.90

0.80

RLU feld change
=
(5]
(=1

0.70 “'
0.60
0.40
0.30
0.20
0.10
0.00
C T

1.40

1.20

o o =
@ % =]
=] =] =]

RLUfold change

=

I B SW480
. mDLD1
mRPE1
’ :[ B ARPELY
0.40
) I I I I
0.00

Insertion Deletion
rs5934683 Indel24

Variant Cell line p-value Fold change

rs5934683 SW480 0.97 -

rs5934683 DLD1 0.31 -

rs5934683 RPE1 0.81 -

rs5934683 ARPE19 0.67 -

Indel24 SW480 2.14e-05%** 0.35 (95% Cl, 0.26 - 0.47)
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Figure 7.15 Luciferase reporter assays indicating transcriptional activity of the 83+Indel24
(pGL2) gene construct. The constructs for each allele were transfected into 4 cell lines
(SW480 and DLD1 are CRC cell lines, RPE1 and ARPEL19 are retinal pigment epithelial cell
lines), and the experiment was replicated at least 4 times in each cell line. Error bars=SEM.
The allele-specific reporter activity of the rs5934683 SNP and the Indel24 variant was
analysed separately and together to assess possible interactions. Table shows ANOVA p-

values; where significant, effect sizes were calculated.
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To increase the evidence that the transcrigtiactivity seen with 83+Indel24 is
reflective of the in-vivo regulation @HROOM2, the gene element was extended to
include the core promoter region/transcriptiontssite (TSS) ofSHROOM2. The
experiment was repeated in SW480 with the largetr@®l24-TSS gene construct,
with the shorter 83+Indel24 as a positive cont&dthough overall activity was
attenuated and the differential effect was redundtie larger construct (effect size
of 0.78 (95% ClI, 0.63 - 0.95)), there was stiligngicant allele-specific effect seen
with Indel24 that mirrors that seen in the shoctmstruct (Figure 7.16). Again, this
effect was not observed between the differenteslef rs5934683.

NS *

| | | —— |
NS * & ¥
12 1.4
1 1.2
{ 1 I
»0® I o
E = j:% 0.8 B 83+Indell
“!é 0.6 ...!é o B 83+Indell-TSS
= 3 ’ I
= 0.4 o
0.4
Lo 0.2 I
0 0
C T Insertion Deletion
rs5934683 Indel24
Variant Gene element p-value Effect size (ratio)
rs5934683 83+Indel24 0.92 -
rs5934683 83+Indel24-TSS 0.49 -
Indel24 83+Indel24 4.72e-06*** 0.54 (95% Cl, 0.43 - 0.67)
Indel24 83+Indel24-TSS 0.016* 0.78 (95% CI, 0.63 - 0.95)

Figure 7.16 Luciferase reporter activity for the 83+Indel24 (pGL2) and the longer
83+Indel24-TSS (pGL2) gene construct. The constructs for each allele was transfected into
CRC cell line SW480 and the experiment replicated 4 times. Error bars=SEM. Table
presents unpaired Student t-test p-values; where significant, effect sizes were calculated.
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To test if the intronic variant rs5934685 leasegulatory effect, a 421bp gene
construct (referred to as 85; Figure 7.14) encosipgsthe rs5934685 SNP was
cloned into pGL2 as well as pGL4 to maximise dédacbf enhancer activity. The
test constructs were transfected into SW480 and Dldhd appeared to exhibit a
small degree of allele-specific differential effecin reporter activity (Figure 7.17).
When the 85 gene element was cloned into pGL2e thepeared to be a reduction in
reporter activity with the T allele (effect size@B6 (Cl 95%, 0.82 — 0.90)), but this
effect was only observed in one of the two cekdinDLD1. The same gene element
in the enhancer reporter pGL4 also showed a regfugtireporter activity with the T
allele (effect size of 0.86 (Cl 95%, 0.84 — 0.88)jain this was only seen in one of
the two tested cell lines, SW480. Although thedect$ were significant, they were
relatively small, with a 14% average reductionranscriptional activity from the C

allele.

In conclusion, this demonstrates that Indel2s allele-specific regulatory
function, whereas this is not readily apparent s§984683. These results concur
with ENCODE data where Indel24 is located in knawgulatory elements. On the
other hand, there is some evidence that rs5934&86have regulatory properties.
Although the allele-specific transcriptional effeftthe 85 gene construct is modest
in comparison to that seen with the 83+Indel24 tang the effect sizes and
confidence intervals of the 85 construct are coaigar to that of the longer
83+Indel24-TSS construct. Overall, these resultgysst that Indel24 is most likely
to be the causative variant driving t#B8ROOM2 eQTL association, with rs5934683
tagging the locus signal. However, rs5934685 cahaauled out as an independent

causative variant contributing an independent egguy effect.
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Figure 7.17 Luciferase reporter activity for the 85(pGL2) construct and 85(pGL4) construct.
The constructs for each allele was transfected into two CRC cell lines (SW480 and DLD1)
and each experiment replicated 4 times. Error bars=SEM. Table presents unpaired Student
t-test p-values; where significant, effect sizes were calculated.
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7.3.5 Indel24 polymorphism alters transcriptional a  ctivity of
SHROOM2 by influencing NF-Y binding affinities

The Indel24 polymorphism, defined by the pneseor absence of a 24bp gene
element at chrX: 9752561, appears to have alledetfip transcriptional properties
that may explain th6&HROOM?2 eQTL association in colonic normal mucosa. As
discussed above, this region has been found to NiRY transcription factor
subunits A and B in the ENCODE project ChlP-se@dahis suggests that Indel24
may be modulating transcription 81ROOM2 by altering the DNA-binding affinity
of NF-Y.

To confirm the role of NF-Y in Indel24-medidtganscriptional activity, SIRNA
knockdown of NFY-A and NFY-B was carried out in MCEell line, which was co-
transfected with the 83-Indel24 (pGL2) construcattaming the insertion allele. Two
SsiRNAs were always used for each gene to enabkxtimt of non-specific or off-
target effectsNF-YA andNF-YB mRNA and protein levels were assessed to ensure
effective knockdown (Figure 7.18). There was a ifitant decrease of 30-40% in
the associated reporter activity updR-YA or NF-YB depletion (Figure 7.19). This
finding is similar between the two NF-Y subunitdjigh fits in with the knowledge
that all three subunits of the heterotrimeric camphre required for DNA binding.
This effect is recapitulated with endogeno@®IROOM2, whereby SsiRNA
knockdown ofNF-YA or NF-YB in DLD1, SW480 and RPEL1 cell lines are associated
with a significant decrease IBHROOM2 mRNA levels (Figure 7.20 and 7.21).
CCNBL1 (Cyclin B1) is measured as a positive controltdsas a well-characterised
NF-Y promoter (Maniet al, 2001) in various cell types including coloreatahcer
cell lines (Jurchotét al, 2010).
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Figure 7.18. siRNA knock-down of NF-YA and NF-YB in MCF7 as assessed by gRT-PCR
(top panel) and Western Blotting (bottom panel). Graphs and blots shown are representative
of 3 replicates. mMRNA expression levels of NF-YA and NF-YB were normalised to reference
gene TBP, whereas B-actin was used as the loading control for Western Blots. (NT=non-
treated, SC=scrambled control, si=siRNA)
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Figure 7.19 Luciferase reporter activity of the 83-Indel24 (pGL2) insertion allele, when NF-
YA or NF-YB expression was knocked down with siRNA. MCF-7 cell line was used for the
co-transfection. p-values reported are of unpaired Student t-tests comparing each siRNA
was to the scrambled control (SC). Error bars=SEM. Experiments replicated 3 times.
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Figure 7.20 Reduction in SHROOM2 expression observed when NF-YA expression was
knocked down with two different targeting siRNAs (si3 and si4) in three different cell lines
(DLD1, SW480 and RPE1). The Indel24 genotypes of the cell lines are represented as
Ins/Ins (homozygote for insertion), Ins/Del (heterozygote) and Del/Del (homozygote for
deletion). Expression quantified by gRT-PCR, normalised to reference genes TBP or RPL30.
Error bars=SEM. Experiment replicated 3 times. p-values reported are of unpaired Student t-
tests comparing SHROOM2 expression between each of the siRNAs and the scrambled
control (SC).
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Figure 7.21 Reduction in SHROOM2 expression observed when NF-YB expression was
knocked down with two different targeting siRNAs (sil and si2) in three different cell lines
(DLD1, sw480 and RPE1). The Indel24 genotypes of the cell lines are represented as
Ins/Ins (homozygote for insertion), Ins/Del (heterozygote) and Del/Del (homozygote for
deletion). Expression quantified by qRT-PCR, normalised to reference genes TBP or RPL30.
Error bars=SEM. Experiment replicated 3 times. p-values reported are of unpaired Student t-
tests comparing SHROOM2 expression between each of the siRNAs and the scrambled

control (SC).
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The reduction in 83-Indel24 luciferase reportctivity and endogenous
SHROOM2 with NF-YA or NF-YB knockdown strongly suggests that NF-Y plays a
regulatory role in SHROOM2 transcription by binding to the DNA region
encompassing the Indel24 eQTL. This is entirelyugilsle, as NF-Y is the major
CCAAT-binding factor (Testat al, 2005; Ceribelliet al, 2008), and there is an
ATTGG maotif (CCAAT on the minus strand) within tBdbp insertion element with
three other ATTGG motifs in very close proximityigére 7.16). Indeed, CCAAT
box motifs can be found in promoter regions in exitthe CCAAT or ATTGG
orientation, and multiple CCAAT box motifs have beebserved for NF-Y
promoters (Dolfiniet al, 2009). However, one potentially confounding cavedhis
is that there are two other CCAAT box motifs witlire reporter gene construct 83-
Indel24 at chrX:9751516 (1kb upstream of Indel24y a&hrX:9752716 (150kb
downstream of Indel24) that could be contributiod\f-Y driven reporter activity.
To clarify whether the ATTGG motifs at the Indel@de are the functional motifs,
these motifs within the 83-Indel24 gene construetemmutated to ATTTC (Figure
7.22A), which is predicted by JASPAR to have vanw INF-Y binding properties.
The reporter assays performed on the S1,2,3,4 matarstruct demonstrates that
transcriptional activity was dramatically reducgd~+90% (Figure 7.22B), strongly
suggesting that the ATTGG motifs at the Indel24dutoare the functional motifs,
with NF-Y binding at the other two farther sitesahuess likely.

As alluded to previously, it is known that ggacing between motifs in multiple
CCAAT binding sites is important. To distinguish ether the insertion element of
Indel24 improves transcriptional activity by incseay the spacing between S1-S3,
or by donating an extra binding site in the forn8@f S2 was mutated in the reporter
construct 83-Indel24 (Figure 7.22A). S2Mut did meproduce the impact of the
Deletion allele; its reporter activity was only nmvally reduced from the Insertion
allele (Figure 7.22B). This strongly indicates thatel24 modifies NF-Y binding by
altering the spacing between S1-S3 and not by asarg the number of binding

sites.
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Figure 7.22 A) Mutations to the CCAAT box motif (ATTGG on the plus strand) were
introduced to the insertion allele of the 83-Indel24 gene construct. B) Luciferase reporter
activity for both alleles of the 83-Indel24 gene construct and the mutant constructs. Error
bars=SEM, experiment was replicated three times. Table shows p-values for Student
unpaired t-tests comparing the means of each construct to the Insertion allele.
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7.3.6 Case-control studies demonstrates Indel24 as the functional
variant for CRC risk

A CRC case-control logistic regression analysas performed for all variants
across the rs5934683 risk locus in 687 cases aBdc8itrols from the SOCCS
(Scottish Colorectal Cancer Susceptibility) stu@f.the three candidate variants,
Indel24 appears to be most significantly associatéd risk (@ =0.05), with the
Insertion allele conferring an OR of 0.86 (95% Q75 - 1.00). The tagging SNP
rs5934683 and the other candidate variant rs5934@Mot reach significance
(Table 7.5). When the model was conditioned orthalte variants, Indel24 again

stood out as the only significant variapt(.02) with an OR of 0.66 (95% CI, 0.46 -
0.94).

Subsequently, the effect of Indel24 on riskswalidated in the larger dataset
derived from samples from across Scotland, Engkardl Croatia (8368 cases and
6327 controls). Indel24 is more significantly asated with the disease phenotype
(p=0.03, OR=0.92) compared to rs5934683-0.47, OR=0.98) (Table 7.6).

Overall, these results strongly suggest tha¢lR4 is indeed the causative variant
for CRC risk within this eQTL locus.
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Variant p-value Odds Ratio
Individual analysis rs5934683 0.66 0.97 (95% ClI, 0.86 - 1.10)
Indel24 0.05 0.86 (95% ClI, 0.75 - 1.00)
rs5934685 0.11 0.88 (95% Cl, 0.76 - 1.03)
Conditional on all rs5934683 0.16 1.14 (95% CI, 0.95 - 1.37)
gﬁ:ﬂﬁ’é‘te‘“ve Indel24 0.02 0.66 (95% CI, 0.46 - 0.94)
rs5934685 0.27 1.22 (95% ClI, 0.86 - 1.73)

Table 7.5 Association between putative causal variants and the risk of CRC in SOCCS study
(687 cases and 873 controls from the Scottish population). p-values and odds ratios were
derived from the logistic regression model adjusted for age and gender. The top panel shows
the results for the individual analysis of each of the variants, whereas the bottom panel
shows the results for the conditional modelling when all three variants were included as co-

variates.
Variant p-value Odds Ratio
Individual analysis rs5934683 0.47 0.98 (95% ClI, 0.93 - 1.04)
Indel24 0.03 0.92 (95% Cl, 0.86 — 0.99)

Table 7.6 The CRC association of Indel24 compared to the tagging SNP rs5934683 in 8368
cases and 6327 controls from Scottish, English and Croatian populations. Each variant was
analysed separately, with p-values and odds ratios derived from conditional logistic

regression adjusted for gender, age and country.
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7.4 Discussion

Whole-genome gene expression profiling hastified the colorectal cancer
(CRC) risk locus at Xp22.2 to be associated with ¢blonic mucosa expression
levels of a neighbouring ge@IROOM2, providing a functional mechanism for this
low-risk genetic locus. Interrogation of the loowgh targeted re-sequencing and
fine-mapping has identified two putative causaliarts that appear to drive the
association wittBHROOM2 expression a novel genetic control element (Indel24) at
-2203 and rs5934685 within intron 1. Both are digantly more associated with
expression and colorectal cancer risk than theingggNP rs5934683. Conditional
analysis is suggestive that Indel24 is the driigma in a case-control study, but this
was not conclusive in the eQTL analysis. Hencés itrucial that these empirical
observations are analysed in context with functiatadies, as this will help to
demonstrate the mechanism underlying the eQTL &ggnt, and offer insight into

the aetiology of inherited colorectal susceptijilit

The expression of a gene can be influencetweral ways by a genetic variant,
be it by influencing epigenetic mechanisms such nasthylation, altering
transcriptional activity, or modifying the stabylibf transcripts to degradation. The
location of the candidate causal variants at thensl of SHROOM2 is suggestive of
an influence on transcriptional activity or posgilpromoter methylation. Indeed,
luciferase reporter assays provided evidence thd¢l24 exhibits strong allele-
specific differences in transcriptional activityh&reas the other putative causal
candidate rs5934685 had only a weak effect, if diyese assays also confirm the
lack of effect of rs5934683, confirming its roleaatagging SNP. Conversely, whole
genome and localised methylation analysis perform@thboratively with other
members of the group did not reveal any evidencdiftérential methylation in

region of the tagging SNP and Indel24.

The finding that Indel24 has allele-specifgulatory control of transcription is
consistent with cell line ChiP-seq data from ENCOWBIsich indicates that Indel24
resides in an NF-Y transcription factor bindinge sitithin an ERV1 repeat element.

Repeat elements are generally associated withasedeindel rates (McDonadtl al,
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2011) and exapted ERV repeats have been reportect &s regulatory elements in
human promoters (Cohest al, 2009). This repeat may therefore be the source of
indel polymorphisms in this region, as well as jpleva mechanism for the observed
eQTL effects. Examination of FANTOMS data, whictoyides deeply sequenced
CAGE data over ~2000 human cell types suggeststiigaERV1 element is not
transcribed and is not an alternat&8#ROOM2 promoter (Semple C, pers. comm.).
Given the distance of this ERV1 repeat from $fR00OM2 TSS (~1.5 Kb) it would
seem more reasonable to think of this region astalgpromoter element rather than
an enhancer. This is consistent with ENCODE datéclwhloes not show the

characteristic chromatin signature of an enhancer.

Further support for Indel24 as the functiomatiant was provided by in-silico
analysis which shows that Indel24 harbours an NBirding motif (CCAAT box),
with multiple other CCAAT motifs flanking the Ind® sequence. Depletion of the
NF-Y subunits as well as mutation of the CCAAT lingd motifs was associated
with a reduction in Indel24 reporter activity, ingalting NF-Y as the transcription
factor that is interacting with Indel24 within tlERV1 repeat element to modify
SHROOM2 levels. This makes biological sense, as there Hmen reports of
intergenic ERV repeats recruiting NF-Y in adult thrgid cells to assemble a
complex including RNA polymerase Il and therebyeaffdownstream transcription
of genes (Pet al, 2010). Furthermore, thBHROOM2 promoter has two binding
sites for the E2F1 transcription factor near 8#ROOM2 TSS and studies have
indicated that E2F1 and NF-YA can bind to promotessperatively to activate
transcription (Ruet al, 2006). Biochemical approaches can be adoptedrsotidate
these findings, for example ChIP (chromatin immueojpitation) and EMSAs
(Electrophoretic mobility shift assays) with NF-YidaE2F1 antibodies would be
useful follow-up studies that can demonstrate eadogs and in-vitro DNA-protein
binding at the Indel24 site, and can also reveldleatiependent NF-Y binding

affinities.

Mutation of the CCAAT sites within the regisnggests that Indel24 modulates
NF-Y binding by altering the spacing between trenKing NF-Y binding sites,
instead of donating an extra CCAAT binding sitee Timplication that the spacing

between the CCAAT sites in this region is moreiaaltfor NF-Y binding is not



unprecedented, as it is known from studies of tipeet CCAAT CyclinB2 promoter
that their precise alignments are required forrthaiction in vivo (Bolognese 1999;
Manni et al, 2001; Salset al, 2003). There is also ChlP-on-chip evidence t@esg
that no CCAAT sites are closer than 24bp (Dolfghial, 2009), and in vitro
biochemical data of dual NF-Y binding to CCAAT bexadicates that a distance of
at least 24bp is required for them not to becoméually exclusive (Salset al,
2003; Liberatiet al; 1999). This could explain why the extra CCAATesdn the
Indel24 insertion element does not confer an inergal effect on transcriptional
activity, as the spacing between S1-S2 and S2-&24bp and 23bp respectively
(Figure 22A), and may not be conducive for an ekiraling interaction. On the
other hand, the 24bp insertion element increasessplacing between S1-S3 from
23bp to 47bp, which bears a closer resemblandeetd2bp spacing of S3-S4. This
may be functionally more optimal, as it is knowmttldistances between CCAAT
motifs at NF-Y promoters are enriched at 32bp, 4&ib53bp, corresponding to 3, 4
and 5 turns of the double helix, respectively (Dolkt al, 2009).

The involvement of NF-Y is intriguing, as & well-known to regulate the
expression of genes involved in cell cycle contantl progression (Mulleet al,
2010). Both NF-Y and E2F1 have been linked to tegetbpment of multiple
cancers including CRC (Dolfirgt al, 2013; Morriset al, 2008), makingHROOM2
a compelling candidate as a susceptibility gene. flinctional role oSHROOM?2 is

further investigated in Chapter 8.

In summary, the data presented here provigestibnal mechanistic evidence to
support the eQTL effect of the Xp22.2 CRC risk mcwhereby a novel indel
polymorphism can modulate NF-Y binding at ®¢ROOM?2 distal promoter region
and appears to be the causal variant. The evidepceted here supports a growing
number of studies, which highlights the value afdtibnally characterising disease-
associated common genetic variation in the disgovef novel candidate
susceptibility genes for complex traits (Moffet al, 2007; Meyeret al, 2008;
Musunuruet al, 2010; Harismendgt al, 2011; Nguyeret al, 2012).
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Chapter 8

SHROOMZ2 as a candidate susceptibility gene for colorectal

cancer
8.1 Introduction

The association between a colorectal cancer risk locus and SHROOM?2 expression
suggests that SHROOM2 may play a role in the predisposition to colorectal cancer.
According to published literature, the SHROOM family of proteins are regulators of
epithelial morphogenesis, characterized by their ability to bind F-actin and organise
actomyosin networks (Dietz et al, 2006). SHROOM?2, previously known as APXL,
has a PDZ domain, a common structural domain of 80-90 amino acids found in
signalling proteins. PDZ domain-containing proteins regulate diverse cellular
processes and many signal transduction pathways (as reviewed by Subbaiah et al,
2011). More specifically, SHROOM2 has been shown to play a role in cell
morphogenesis during endothelial and epithelial tissue development (Lee et al, 2009;
Farber et al, 2011), cytoskeletal organisation (Dietz et al, 2006), tight-junction
stabilisation (Etournay et al, 2007) and cell contractility and migration (Farber et al,
2011).

SHROOMZ2 was initially studied as a candidate gene in ocular albinism
(Schiaffino et al., 1995), and has been shown to regulate melanosome biogenesis and
localisation in the retinal pigment epithelium (Fairbank et al, 2006; Lee et al, 2009).
This is intriguing, as abnormal retinal pigmentation, similar to the CHRPE lesions
that are a component of the familial adenomatous polyposis syndrome, has
previously been shown to be an extra-colonic feature of non-FAP CRC (Houlston et
al, 1992; Dunlop et al, 1996)

Further suggesting a role in cancer, large-scale screens for mutations in somatic
cancer have detected missense substitutions in the SHROOM2 coding sequence in
various tumours including colorectal cancers (Forbes et al, 2010; URLS8.1). There is
also evidence that SHROOM?2 is differentially expressed in medulloblastoma (Shou
et al, 2015), and an intronic SNP within SHROOM2 has been associated with genetic
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predisposition to prostate cancer (Eeles et al, 2013). SHROOMZ2 has also recently
been implicated in non-cancer disease traits; the SHROOM2 gene was found to be
associated with inherited predisposition to late-onset Alzheimer’s disease (Meda et
al, 2012), and the authors posited that it may be implicated in the formation of

pathological tau proteins by mediating actin cytoskeletal changes.

SHROOMZ2’s diverse cellular roles make it an interesting candidate gene for
colorectal cancer development, although it has not been previously characterised in
this respect. This chapter presents preliminary functional data that offers insight into
role of SHROOMZ2 in colonic epithelial cells, by using a transient SiIRNA knockdown

approach as well as tissue and subcellular localisation studies.
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8.2 Methodological overview

8.2.1 Transcript-specific reverse-transcription PCR

PCR was performed on cDNA synthesised from human primary tissue and cell
line RNA, as described in Chapter 2. Primers specific for the four different reported
transcripts of SHROOM2 were used (Table 8.1)

SHROQMZ Forward primer Reverse primer

transcripts

T-001 GCCTCTTGGAAGGAACAG GACACTGGGCATCTGCTTG
T-002 GCAGCCCTTGGTATGTG GACACTGGGCATCTGCTTG
T-201 TGCGTGAGCTTGCCCATC GACACTGGGCATCTGCTTG
T-003 CTGATCCAGCAAATGTGTGTAG CAAAATAAATAGTGTCTCTTC

Table 8.1 Primer sequences used to specifically target and amplify the different transcripts of
SHROOM2.

8.2.2 SHROOMZ2 siRNA knockdown

SiRNA knockdown of SHROOM2 was performed as described in 7.2.5 using
10nM of siRNAs (Sigma) as detailed in Table 8.2. Transfected cells were incubated
for 48 hours prior to seeding for phenotypic assays or RNA extraction for gene

expression analysis.

Gene SiRNA Oligo ID Sequence (5’ - 3’)
SHROOM2 siRNA1 SASI_Hs01_00205221 GGUAUGUUCCCGAUAAGAA
SHROOM2 siRNA2 SASI_Hs02_00332240 CAAAGAGAAGACUGUGGAA
SHROOM2 SiRNA3 SASI_Hs01_00205222 GAGACUUCUCCCAUAGCAA
Negative Scrambled = SIC001

control

Table 8.2 The IDs and sequence of siRNAs (Sigma) used in this chapter.

191



8.2.3 Growth assays

Growth curves for colorectal cancer epithelial cell lines were performed after
siRNA knockdown of SHROOM?2 for 48 hours. Cells were trypsinised, counted with
a Coulter Counter (Beckman) and seeded at 2 x 108 in a T25 flasks for each time
point. At each time point, cells were trypsinised and counted prior to RNA
extraction. Doubling time was calculated from the cell counts using an online tool
(Roth V, 2006) (URLS.2).

8.2.4 Scratch-wound assay

Scratch assays for colorectal cancer epithelial cell lines were performed after
siRNA knockdown of SHROOM2 for 48 hours, when the cell monolayer has
achieved uniform confluence. For each well, a 200uL pipette tip was used to scratch
a wound through the centre of the wells. The cells were washed with warm PBS
gently to remove loose cells, and fresh low-serum media (1% FCS) was added to the
wells. This is to reduce the effect of proliferation so that the effect of migration can
be better observed. Cells were then placed in an Axiovert 200 live cell imaging
system (Zeiss) and three fields of view were selected for each well. Time-lapse
imaging was carried out every 15 minutes for 24 hours. The area of the wound was

manually quantified and analysed using ImageJ.

8.2.5 SHROOM2 siRNA knockdown in cell lines: whole-genome gene

expression profiling and gene ontology analysis

SHROOM2 expression was knocked down with the three different siRNAs in five
human cell lines from a variety of tissue types - DLD1 (CRC), SW480 (CRC), PNT
(Prostate epithelium), HEK293 (embryonic kidney) and RPEL (retinal epithelium).
Knockdown experiments were replicated twice. After 48 hours, cell line RNA was
extracted and knockdown confirmed with gRT-PCR. The RNA was then amplified
and hybridised on the Illumina HumanHT-12 v4.0 Expression BeadChip Arrays
(IMlumina, USA), and gene expression data processed as described in 2.6.2.

Differentially expressed genes that overlapped between all three siRNAs for each
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individual cell line were subjected to GO (gene ontology) terms enrichment analysis
using the web-based tool GOrilla (Eran et al, 2009) (URL2.3). The analyses were
performed using the running mode that compared the target list of genes to the
background list of genes (n=14174) that were expressed and detected in the cell lines
used for the knockdown experiment. Ontologies containing only a single gene were

omitted.

8.2.6 Western blotting

Total protein and subcellular fractions were extracted as described in 2.5. Primary

antibodies used are listed in Table 8.3.

Protein Company Catalogue no.  Type QirI]Ltjitti)gr?)l/Jsed
SHROOM2  Epitomics #S0151 Rabbit polyclonal 1:500

B-actin Sigma #A1978 Mouse monoclonal 1:5000
HSP60 Sigma #H3524 Mouse monoclonal 1:500
E-cadherin = Cell signalling = #3195 Rabbit monoclonal 1:1000
Lamin B1 Santa Cruz #SC-6216 Goat polyclonal 1:500
Vimentin Cell signalling = #5741 Rabbit monoclonal 1:500

Table 8.3 Details of the antibodies and dilutions used in this chapter.

SHROOM?2 sera were produced by Dundee Cell Products using peptides! as listed in

Table 8.4. Antibodies were affinity purified using cognate peptide bead columns.

Serum Rabbit Peptide sequence

CSA 71 71 CSAGAQEPPRASRAEKASQR
CSA 51 51 CSAGAQEPPRASRAEKASQR
AQA 71 71 AQAQPRGDRRPELTDRPWRSAH
AQA 51 51 AQAQPRGDRRPELTDRPWRSAH

Table 8.4 Details of the customised serum raised against sequences specific to SHROOM?2.

! peptides were designed by Dr Susan Farrington, CCGG Human Genetics Unit
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8.3 Results

8.3.1 Transcript-specific expression of SHROOM2 in cell lines and

colonic primary tissue

To begin studying the function of SHROOM?2 in colorectal epithelial cells, the
SHROOM2 gene and its four transcripts were first examined in a panel of cell lines
and colonic tissue. This is important as the lllumina HT12 microarray probe detects
only the largest transcript, whereas the Tagman Gene expression probe for gRT-PCR
maps to all 3 protein-coding transcripts (Figure 8.1). To investigate which transcripts
are expressed and relevant in colonic epithelial cells, RT-PCR using transcript-
specific primers was performed on a panel of human CRC cell lines, normal
colorectal mucosa (NM) and colorectal tumour samples. It appears that colorectal
cancer cell lines and primary colorectal tissue (normal and tumour) predominantly
express the canonical transcript T-001 (Table 8.5 and 8.6), which is detected by both

the Illumina HT-12 gene expression microarray and the qRT-PCR Tagman assay.

The transcript-specific primers were also tested against a panel of non-colorectal
human cell lines (Table 8.7). This served as a positive control experiment showing
that the primer sets were indeed working, and also demonstrated that there is tissue-
specific expression of SHROOM2 transcript isoforms. SHROOM2 appears to be
weakly expressed, if at all, in the lymphoblastoid and erythroleukemia cell lines,
which is similar to what was previously observed in primary PBMCs. The retinal
pigment epithelial cell line RPE1 appears to lack the canonical transcript and only
expresses the short T-201 transcript, whereas the prostate epithelial cell line PNT and
the breast epithelial cell line MCF7 appears to express the shorter transcripts as well

as the longer canonical transcript.
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Tagman HT12
probae prokae

siRMNA 1 siRMNA 2 siRMA 3

|
/1 Iml BRI

T-001

—dHH=
-—d-H—H

T-003
Name Transcript ID Length  Protein ID Length Biotype
(bp) (aa)
T-001 ENST00000380913 7447 ENSP00000370299 1616 Protein coding
T-002 ENST00000452575 2276 ENSP00000406724 375 Protein coding
T-201 ENST00000418909 3597 ENSP00000415229 451 Protein coding
T-003 ENST00000493668 855 No protein product - Processed

transcript

Figure 8.1 Summary of the SHROOM2 gene (ENSGO00000146950) on chromosome X:
9,754,496-9,917,483 and its 4 transcripts as detailed on Ensembl (GRCh37). Regions
targeted by gene expression assays and siRNAs are also indicated.
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Cell line Zﬁ;f of | \s5934683 | T-001 T-002 T-201 T-003
CACO2 CRC TT Present Absent Absent Absent
COL0320 CRC CC Absent Absent Absent Absent
DLD1 CRC CcC Present Absent Absent Absent
HCT116 CRC TT Present Absent Faint Absent
HT29 CRC CT Absent Absent Absent Absent
LOVO CRC TT Present Absent Absent Absent
RKO CRC CcC Present Absent Absent Absent
SW48 CRC CC Absent Absent Absent Absent
SwW480 CRC TT Present Absent Absent Absent
VACO425 CRC CC Present Absent Absent Absent

Table 8.5 SHROOM?2 transcript-specific RT-PCR using RNA from CRC cell lines.

Patient Gender rs5934683 Tissue T-001 T-002 T-201 T-003
CR77 F CT NM Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR90 F CT

Tumour Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR94 M CcC

Tumour Present | Absent Absent Absent
CR97 F TT NM Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR102 M cC

Tumour Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR104 M cC

Tumour Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR142 M TT

Tumour Present | Absent Absent Absent

NM Present | Absent Absent Absent
CR152 M TT

Tumour Present | Absent Absent Absent

Table 8.6 SHROOM2 transcript-specific RT-PCR on normal colorectal mucosa and paired
tumour tissue whenever available.

Cell line Tissue of origin T-001 T-002 T-201 T-003

HelLa Cervical cancer Present Absent Absent Absent
MCF7 Breast cancer Present Faint Absent Absent
DU145 Prostate cancer Present Absent Absent Absent
PC3 Prostate cancer Present Absent Absent Absent
PNT Prostate Present Present Faint Absent
K562 Erythroleukemia Faint Absent Absent Absent
CON A Lymphoblastoid Absent Absent Absent Absent
CONC Lymphoblastoid Absent Absent Absent Absent
RPE1 Retinal pigment epithelium Absent Absent Present Absent

Table 8.7 SHROOM2 transcript-specific RT-PCR on non-CRC cell lines.
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Next, the relative expression of SHROOM2 in CRC and non-CRC cell lines was
assessed by gRT-PCR (Figure 8.2). SHROOM2 gene products were very lowly
expressed in CRC cell lines COLO320, HT29, SW48 and the blood cell lines K562,
ConA and ConC, which was consistent with the non-quantitative RT-PCR. The
colorectal cancer cell lines CACO2, DLD1, HCT116 and SW480 were high
expressors, and hence selected for siRNA knockdown and phenotypic functional
studies. The genotypes of these cell lines did not appear to affect SHROOM?2
expression in a consistent manner, which is not surprising given the chromosomal

and genomic instability that are inherent to these tumour cell lines.

1.2
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SHROOM2 relative expression
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Cell lines

Figure 8.2 Relative expression of SHROOM2 in a panel of colorectal cancer cell lines and
non-colorectal cancer cell lines as quantified by gRT-PCR. SHROOM2 was normalised to
three reference genes TBP, RPL30 and EIF2B1.
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8.3.2 siRNA knockdown of SHROOM?2

Having established that the SHROOMZ2 canonical transcript (T-001) is the relevant
transcript in colorectal epithelial tissue, transient knockdown of this transcript was
performed in CRC cell lines using siRNA transfections. Two siRNAs were initially
used; siRNA1 was chosen to target only the canonical transcript, whereas siRNA2
targets all four transcripts (Figure 8.1). HCT116 and DLD1 cell lines were initially
chosen for knockdowns as they are adherent cell lines that transfect well and are
good expressors of SHROOM2.

A transfection with a 48 hour incubation effectively knocked down SHROOM2 at
the mRNA and protein level, and the level of knockdown was similar when used
individually or in combination (Figure 8.3 and 8.4). This suggests that the large
transcript SHROOMZ2-001 is the main, if not only, transcript expressed in these cell
lines. It is also indicative that pooling of siRNAs did not appear to function
synergistically to facilitate further degradation of SHROOM2 mRNA.

The SHROOM2 antibody used for Western Blotting appears to detect multiple
other protein bands of different sizes. However, they are unlikely to be SHROOM?2
isoforms or SHROOMZ degradation products as their intensity does not change with
knockdown using siRNA2, which targets all three protein-coding transcripts.
Nevertheless, the non-specificity of this antibody renders it unsuitable for imaging
and localisation studies. Efforts to obtain an antibody that is specific to SHROOM?2

will be discussed in a separate section.
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SHROOM2 relative expression

i

Scrambled SHsil SHsi2 SHsi1+2

Figure 8.3 qRT-PCR showing SHROOM2 expression normalised to EIF2B1, RPL30 and
TBP. SHROOMZ2 was knocked down with the siRNAs individually and in combination for two
CRC cell lines HCT116 and DLD1.

HCT116 DLD1

SHsi SHsi SHsi SHsi SHsi SHsi
SC 1 2 1+2 SC 1 2 142

<— SHROOM2
176KDa

“ < B-Actin

Figure 8.4 Western blots with a commercial SHROOM2 antibody. The band that was
reduced with SHROOM?2 siRNA knockdown in both cell lines corresponds to the size of
endogenous SHROOM2. 3-actin was used as a loading control.
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8.3.3 Transient knockdown of SHROOM2 and growth assays in CRC

cell lines

Growth, or increase in total cell number over time, is a good measure of a
biological response because it is broadly defined and influenced by many different
factors including mitogens, nutrient levels, changes in transport, membrane integrity,
attachment factors and so forth. Cell numbers can be affected by death rate, mitotic
rate, progression through the cell cycle, or even by changing the plateau density.
Although not specific, growth curves can be used as a general screening tool to

detect phenotypic changes when a gene product is suppressed.

To analyse the growth characteristics of colorectal epithelial cells when
SHROOM2 is knocked down, growth curves were established for 3 CRC cell lines
with varying baseline levels of SHROOM2 - SW480 is a high expressor, whereas
DLD1 and HCT116 have moderate expression of the SHROOMZ2 transcript. The cells
were first transfected with siRNA for 48 hours and then trypsinised, counted and
seeded in fresh media for the growth curves. The population doubling time for the
cells were then calculated as a measure of cell proliferation. SiIRNA1 and siRNA2 are
initially pooled to reduce the number of experiments performed. SHROOM2 mRNA
level was measured at each time point to ensure that the reduction in expression was
maintained throughout the experiment, and Western Blotting performed at time point
0 to confirm depletion of SHROOM2 protein (Figure 8.5). Knock down of
SHROOM2 appeared effective with a reduction in mRNA expression of >85% at 0
hours. This effect diminished over time with a residual reduction of >50% at 72
hours, which is expected of transient sSIRNA knockdowns. It is interesting to note
that SHROOM2 mRNA expression for both the control and knocked down cells
appeared to increase with the time in culture, which may reflect the confluence or
density of cells. The high levels at 0 hours (matching that of 72 hours) make this
more likely - although the number of cells at 0 hours was low, they would have been
almost confluent prior to trypsin digest and seeding. As RNA was extracted
immediately after trypsin digest, the levels of cellular mMRNA at this time point
would be representative of that of a confluent phase. This was consistently observed
in all the cell lines. This apparent relationship between SHROOM2 expression and
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cell confluence may relate to, and provide support to its reported role in tight
junction stabilisation. (Etournay et al, 2007). This does not, however, exclude
confounders such as growth factors and nutrient composition in the growth media,

which can also change as a function of time.

When the growth curves were plotted for the replicates of each cell line
experiment, the rate of growth for DLD1 appeared to be slower when SHROOM2
was transiently knocked down. (Figure 8.6). This was not seen with the other cell
lines. Mann-Whitney U test on the population doubling time confirmed that there
was a significant difference in doubling time (p-value=0.01) between DLD1 cells
treated with scrambled siRNA and those treated with the SHROOM2 siRNAs. The
knockdown cells had a 6.6 hour increase in average doubling time. To rule out off-
target effects, the experiment was repeated with the siRNAs singularly to ensure that
this effect is specific to SHROOM2. A third siRNA that targets the 3’ end of
SHROOMZ2-001 was used (Figure 8.1) for further confidence. All three siRNAs
appeared to knockdown SHROOM2 mRNA levels to similar degrees (~80%), with
siRNA1 maintaining the knockdown most effectively (Figure 8.7). The DLD1
growth curves for the individual siRNAs revealed that the slowing of growth rates
was only present with SIRNA2 and not replicated with sSiRNAL and siRNA3 (Figure
8.8), indicating that this is more likely to be an off-target effect of SIRNA2 rather that
an effect attributable to SHROOM2 specific RNA degradation.

In summary, transient depletion of SHROOM2 did not appear to affect the
population doubling time of CRC cell lines DLD1, HCT116 and SW480. The
slowing of growth observed in DLD1 when SHROOM2 was knocked down is likely
to be due to siRNA off targeting, as this effect was not replicable using siRNAs with

comparable gene silencing efficiencies.
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Figure 8.5 gRT-PCR of CRC cell lines when SHROOM2 was knocked down with SIRNA1+2.
SHROOM2 normalised to ACTB. Western blots of total protein extracted at time point = 0.
Graphs and blots shown are representative of replicates. SC=scrambled control,
Si=SHROOM2 siRNA 1+2.
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Figure 8.6 Growth curves of colorectal cancer cell lines when SHROOM?2 was knocked
down with siRNA1+2. Experiments replicated at least 4 times, error bars=SEM. p-values are
reported for the Mann-Whitney U test.
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Figure 8.8 Growth curves of DLD-1 when SHROOM2 was knocked down with three different
siRNAs singularly. Experiments replicated 2 times, error bars=SEM.
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8.3.4 Transient knockdown of SHROOM2 and scratch-wound assays in
CRC cell lines

The in vitro scratch-wound assay is a straightforward, reproducible assay
commonly used to measure basic cell migration parameters. Creation of a “scratch”
gap in the confluent cell monolayer induces cells on the edge of the gap to polarise
and migrate toward the opening to close the “scratch” until new cell-cell contacts are
re-established. It mimics to some extent migration of cells in vivo, and can be useful

to study the regulation of cell migration by cell-cell interactions.

As SHROOMZ2 appears to regulate endothelial sprouting, migration and
angiogenesis (Farber 2011), it was hypothesised that SHROOM2 may also play a role
in colonic epithelial cell migration. To test this hypothesis, in vitro scratch assays
using time-lapse imaging were performed after siRNA knockdown of SHROOM?2 in
DLD1 cell lines. The closure of wound gap was quantified by measuring the
remaining area of the gap at multiple time points. The depletion of SHROOM2 did
not appear to affect the rate of wound closure in DLD1 (Figure 8.9A). This
experiment was repeated in SW480 and CACO?2 cell lines and showed inconsistent
results. In SW480, SHROOM?2 knockdown slowed wound closure, whereas this had
the opposite effect in CACO2 (Figure 8.9B). SHROOM2 expression levels were
quantified with gRT-PCR after the final time-point and the knockdown of
SHROOM2 was >80% for DLD1 and SW480 but was less so at 50% for CACO2
(Figure 8.10). This experiment has been performed only once in the SW480 and

CACO2 cell lines, and will require technical replication.

In summary, within the remit and limitations of this simple scratch-wound assay,
SHROOM2 did not appear to have a consistent effect on the rate of wound closure in

a monolayer of CRC cells.

205



DLD1 cell line

A 100 1\

—o—Scrambled

—#—SHROOM?2
siRNA1+2

Average % remaining gap area

70 T T T T T 1
0 5 10 15 20 25 30

Time (Hours)

SW480 cell line CACO2 cell line

B

00 100
© ©
@ o5 @ 95 |
© ©
2 s \
o0
w 90 ® 90
(= (=
s \\ £ K\
@
& 85 & 85 \!\::\\‘\\\
o o
?f 80 X g0
3 g \\
c c
g 75 g 75
- I

70 T T 1 70 T T 1

0 10 20 30 0 10 20 30

Time (Hours) Time (Hours)

Figure 8.9 A) Scratch wound assay - the remaining gap area over a 24 hour time course
was quantified as a measure of wound closure in DLD1 cell line monolayer. Transient
knockdown of SHROOMZ2 with siRNA was performed prior to introducing the scratch wound.
Experiments replicated 4 times, error bars=SEM. B) Scratch wound assay similarly
performed on two other CRC cell lines (SW480 and CACO2).
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Figure 8.10 gRTPCR showing depletion of SHROOM2 at the end of the scratch wound time
course (24hours) for the three cell lines used. SHROOM2 normalised to ACTB. Results
representative of the replicates are shown for DLD1.
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8.3.5 Microarray gene expression analysis of normal mucosa and cell

lines in relation to SHROOM2 expression

To gain further insight into the function of SHROOM2, microarray data from

whole-genome gene expression profiling of normal mucosa were first examined.

Of the 21937 genes detected in the normal mucosa, the expression levels of 4570
genes were correlated with SHROOM2 expression (pers. comm. Grimes). 2390 of
these were positively correlated, whereas 2180 were negatively correlated. Under the
working assumption that functionally related genes are more likely to be co-
expressed (Eisen et al, 1998; Hughes et al, 2000; Kim et al, 2001), these genes were
subjected to gene ontology analysis using GOrilla. The top twenty most significant
GO terms for all correlated genes, positively correlated genes and negatively
correlated genes are presented in Table 8.8 — 8.10. There is a striking presence of GO
terms implicating the cell cycle when all correlated genes are analysed together. The
positively correlated genes appear to be enriched for metabolic/catabolic processes,
whereas the negatively correlated genes were predominantly enriched for cell cycle

processes followed by metabolic processes.
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Description

cell cycle process

mitotic cell cycle process

cell cycle

mitotic cell cycle

cell cycle G1/S phase transition
G1/S transition of mitotic cell cycle
cell cycle phase transition

mitotic cell cycle phase transition
regulation of mitotic cell cycle
regulation of cell cycle process

DNA strand elongation involved in DNA
replication

regulation of cell cycle

DNA strand elongation

rRNA metabolic process
chromosome organization
regulation of catalytic activity
regulation of transferase activity
cell division

rRNA processing

DNA metabolic process

p-value

3.80E-13
3.01E-12
9.51E-10
6.19E-09
4.72E-08
4.72E-08
1.83E-07
2.52E-07
3.25E-07
8.06E-07
8.61E-07

1.02E-06
1.46E-06
2.02E-06
4.40E-06
5.24E-06
5.49E-06
5.70E-06
5.76E-06
8.41E-06

FDR g-
value

4.84E-09
1.92E-08
4.04E-06
1.97E-05
1.20E-04
1.00E-04
3.33E-04
4.02E-04
4.60E-04
1.03E-03
9.97E-04

1.09E-03
1.43E-03
1.84E-03
3.73E-03
4.17E-03
4.11E-03
4.03E-03
3.86E-03
5.36E-03

Enrichment
factor

1.82
1.88
1.81
1.96
2.6
2.6
2.08
2.07
2.05
1.93
4.43

1.67
4.3
2.39

1.84
2.28
1.86
2.44
1.56

No. of
genes

176
132
117
86
40
40
60
59
62
68
16

106
16
36
52
69
42
63
35

113

Table 8.8 Gene ontology analysis of the genes that are correlated in expression to

SHROOM?2 in the normal mucosa.
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Description

lipid metabolic process

fatty acid oxidation

cellular lipid metabolic process
lipid oxidation

enzyme linked receptor protein
signaling pathway

cellular lipid catabolic process
fatty acid beta-oxidation
lipid modification

phosphate-containing compound
metabolic process

fatty acid catabolic process

lipid catabolic process

phosphorus metabolic process
monocarboxylic acid catabolic process
carnitine transport

amino-acid betaine transport

fatty acid metabolic process

regulation of plasma membrane
organization

ammonium ion metabolic process

organic hydroxy compound metabolic
process

vacuolar transport

p-value

1.94E-10
8.72E-09
1.09E-08
1.36E-08
2.79E-07

6.45E-07
6.49E-07
1.87E-06
4.49E-06

5.42E-06
6.15E-06
6.76E-06
8.48E-06
1.07E-05
1.07E-05
1.36E-05
2.01E-05

2.31E-05
3.22E-05

4.19E-05

FDR g-
value

2.47E-06
5.56E-05
4.62E-05
4.33E-05
7.11E-04

1.37E-03
1.18E-03
2.98E-03
6.36E-03

6.90E-03
7.12E-03
7.18E-03
8.31E-03
9.74E-03
9.09E-03
1.08E-02
1.51E-02

1.63E-02
2.16E-02

2.67E-02

Enrichment
factor

1.54
3.37
1.56
3.31
1.49

2.29
3.33
2.23
1.29

2.72
1.89
1.28
2.48
5.49
5.49
1.75
2.6

2.01
1.54

2.38

No. of
genes

189
25
149
25
147

37
19
36
259

22
49
263
25

57
21

36
83

23

Table 8.9 Gene ontology analysis of the genes that are positively correlated in expression to

SHROOM?2 in the normal mucosa.
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Description p-value FDR g- Enrichment No. of

value factor genes
cell cycle process 5.09E-35 6.49E-31 2.22 236
mitotic cell cycle process 1.50E-32  9.56E-29 2.41 186
mitotic cell cycle 1.53E-31 6.50E-28 2.82 137
cell cycle 4.92E-26  1.57E-22 2.3 164
heterocycle metabolic process 7.92E-23 2.02E-19 1.38 629
nucleobase-containing compound 1.36E-22 2.89E-19 1.39 607
metabolic process
cellular aromatic compound metabolic 3.10E-22 5.64E-19 1.38 627
process
cellular macromolecule metabolic 1.77E-21  2.82E-18 1.28 835
process
cellular nitrogen compound metabolic 2.76E-21 3.91E-18 1.35 656
process
ncRNA metabolic process 2.99E-21 3.81E-18 2.51 112
gene expression 8.57E-21 9.92E-18 1.98 182
DNA metabolic process 1.96E-20  2.08E-17 2.05 164
organic cyclic compound metabolic 495E-20  4.85E-17 1.34 643
process
nucleic acid metabolic process 1.03E-19  9.38E-17 1.39 548
nitrogen compound metabolic process 4.13E-19 3.50E-16 1.31 692
macromolecule metabolic process 1.11E-18  8.80E-16 1.24 895
primary metabolic process 3.20E-18  2.39E-15 1.2 1020
chromosome organization 5.16E-18 3.65E-15 2.76 79
cellular component organization or 4.05E-17 2.71E-14 1.31 627
biogenesis
cell division 5.39E-16  3.43E-13 24 90

Table 8.10 Gene ontology analysis of the genes that are negatively correlated in expression
to SHROOM2 in the normal mucosa.
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To evaluate further the role of SHROOM2 in cancer and non-cancer cells, sSiRNA
knockdown of SHROOM?2 was performed in two CRC cell lines (DLD1 and SW480)
and three non-cancer cell lines (HEK293, RPE1 and PNT), using three different
siRNAs (Figure 8.13A). siRNA1 was not effective in RPE1; this was expected given
that RPE1 expresses only the shorter transcript SHROOM2-201 which lacks the
target exon of siRNAL, as shown in Table 8.8 and Figure 8.1.

Gene expression microarray analysis showed that there were 14174 unique genes
detected, and the number of genes with differential expression varied between cell
lines (Figure 8.13B). Gene ontology analysis was performed for genes that are
downregulated and upregulated upon depletion of SHROOMZ2, for each cell line
individually (Table 8. - 8.). Overall, cell-cycle and cell-division related genes appear
to be overrepresented, most notably within the downregulated genes in DLD1,
HEK293 and PNT cell lines. This association with cell-cycle genes is consistent with
the normal mucosa GO analysis, strongly suggesting SHROOM2 has a regulatory
function of the cell cycle. Interestingly, SHROOM2 has been reported to be a
centrosome-associated protein in a mouse endothelial cell line, and plays a role in the
regulation of centrosome duplication (Farber, 2012). Moreover, Xenopus SHROOM2
has been shown to regulate gamma tubulin (Fairbank et al, 2006), which is found
primarily in centrosomes and spindle pole bodies. Though speculative, the inference
that SHROOMZ2 has a similar role in human colorectal epithelial cells is an attractive
one, as centrosome defects are known to promote chromosomal instability (Ganem et

al, 2009), a common and important pathway in the aetiology of colorectal cancer.

In the RPEL cell line, the genes upregulated with knockdown of SHROOM?2 are
enriched with protein localisation and transport genes, which would fit it with
SHROOMZ2’s known regulatory function in melanosome biogenesis and localisation
in the retinal pigment epithelium (Fairbank 2006). In the non-cancer HEK293, RPE1
and PNT cell lines, the GO analysis also points towards genes with a function in cell
polarity, morphogenesis and organelle organisation, which could relate to
SHROOMZ2’s interaction with the actin-cytoskeleton and cell-junction proteins
(Etournay et al, 2007). In the DLD1 cell line only, there is enrichment of TGF-
PISMAD signalling genes in the upregulated genes, which is intriguing given the
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involvement of this pathway in the pathogenesis of highly penetrable colorectal
cancer mutational syndromes and colonic crypt homeostasis (Hardwick et al, 2008;
Bellam et al, 2010; Reynolds et al, 2014). However, this should be interpreted with
caution as a number of these enriched processes do not survive multiple testing

correction.

The microarray gene expression analysis of these siRNA knockdown experiments
has also highlighted the well-recognised caveat of the immunostimulatory “side
effects” of siRNA treatments. There is a component of immune response, viral
response and cell death genes observed in varying degrees across all cell lines,
consistent with the knowledge that these effects are cell-type specific. In line with a
stimulatory effect, these tend to be enriched for within the upregulated genes,
although in RPE1 there was markedly strong enrichment within the downregulated
genes. This idiosyncrasy could reflect a stronger immunostimulatory effect of the
scrambled control siRNA in RPEL cells. Hence, caution should be exercised when
interpreting the results of these experiments, and a reduction in the concentration of
SiRNA used should be considered for future experiments, in particular with RPE1

cell line.
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Cell line Cell type No. of downregulated No. of upregulated
genes genes

DLD1 Colorectal cancer 792 1015

SW480 Colorectal cancer 1353 660

HEK293 Human embryonic kidney 593 759

RPE1 Retinal pigment epithelium 1518 1542

PNT Prostate 861 895

Figure 8.11 A) qRTPCR of cell lines selected for transcriptomic analysis showing SiRNA
knockdown of SHROOM2. SHROOM2 normalised to RPL30. Graphs are representative of
both replicates. B) Number of genes changed with siRNA knockdown of SHROOM2.
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DOWNREGULATED GENES IN DLD1 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes

cell cycle 3.79E-08 4.79E-04 2.15 57

mitotic cell cycle 3.52E-07 2.23E-03 2.31 42

modification-dependent protein 4.33E-06 1.82E-02 2.32 34

catabolic process

cellular macromolecule catabolic 5.78E-06 1.83E-02 1.88 54

process

ubiquitin-dependent protein catabolic 6.27E-06 1.59E-02 2.32 33

process

modification-dependent macromolecule 6.42E-06 1.35E-02 2.28 34

catabolic process

proteasome-mediated ubiquitin- 1.34E-05 2.43E-02 2.47 27

dependent protein catabolic process

proteasomal protein catabolic process 2.23E-05 3.53E-02 2.41 27

proteolysis involved in cellular protein 2.32E-05 3.26E-02 2.15 34

catabolic process

UPREGULATED GENES IN DLD1 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes

negative regulation of response to 1.58E-04 >0.05 1.48 85

stimulus

enzyme linked receptor protein 2.26E-04 >0.05 1.56 65

signaling pathway

transmembrane receptor protein 2.27E-04 >0.05 2.3 22

serine/threonine kinase signaling

pathway

SMAD protein complex assembly 3.13E-04 >0.05 10.07 4

transforming growth factor beta 3.14E-04 >0.05 2.56 17

receptor signaling pathway

Table 8.11 Gene ontology analysis of genes that are differentially expressed with depletion
of SHROOM2 in DLD1 cells. Where FDR g-values are non-significant, the top 5 highest
ranked enriched processes are presented.
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DOWNREGULATED GENES IN SW480 UPON DEPLETION OF SHROOM2

Description p-value FDRg- Enrichment No. of
value factor genes
liver development 3.11E-04 >0.05 2.72 15
mature ribosome assembly 4.08E-04 >0.05 8.94 4
cardiac septum morphogenesis 6.77E-04 >0.05 3.27 10
ER-associated ubiquitin-dependent 8.30E-04 >0.05 3.19 10
protein catabolic process
protein folding in endoplasmic 8.96E-04 >0.05 7.66 4
reticulum

UPREGULATED GENES IN SW480 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes

mitochondrial ATP synthesis coupled 2.80E-04 >0.05 8.02 5

proton transport

hydrogen ion transmembrane transport 3.28E-04 >0.05 3.45 11

positive regulation of molecular 4.83E-04 >0.05 1.51 66

function

transmembrane receptor protein 5.94E-04 >0.05 1.76 37

tyrosine kinase signaling pathway

ribose phosphate metabolic process 6.00E-04 >0.05 2.45 17

Table 8.12 Gene ontology analysis of genes that are differentially expressed with depletion
of SHROOM2 in SW480 cells. Where FDR g-values are non-significant (>0.05), the top 5
highest ranked enriched processes are presented.
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DOWNREGULATED GENES IN HEK293 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes
mitotic cell cycle 1.05E-06 1.33E-02 2.57 32
cell division 2.28E-06 1.44E-02 2.73 27
chromosome organization involved in 5.14E-06 2.16E-02 9.57 7
meiosis
mitotic nuclear division 1.34E-05 4.24E-02 2.98 20
cell cycle process 1.37E-05 3.47E-02 1.86 51
cell cycle 1.51E-05 3.19E-02 2.08 38
nuclear division 1.88E-05 3.39E-02 2.74 22

UPREGULATED GENES IN HEK293 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes

protein modification by small protein 1.47E-04 >0.05 1.73 48

conjugation or removal

Golgi vesicle transport 1.80E-04 >0.05 2.34 22

negative regulation of cell 1.86E-04 >0.05 1.56 66

communication

regulation of cellular respiration 1.92E-04 >0.05 8.36 5

establishment of cell polarity 2.08E-04 >0.05 4.25 9

Table 8.13 Gene ontology analysis of genes that are differentially expressed with depletion
of SHROOM2 in HEK293 cells. Where FDR g-values are non-significant (>0.05), the top 5
highest ranked enriched processes are presented.
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DOWNREGULATED GENES IN RPE1 UPON DEPLETION OF SHROOM2

Description

type | interferon signaling pathway
response to virus

defense response to virus

negative regulation of viral process
negative regulation of viral life cycle
cytokine-mediated signaling pathway

negative regulation of viral genome
replication

regulation of viral genome replication
response to other organism
response to biotic stimulus

negative regulation of multi-organism
process

regulation of viral process
response to external biotic stimulus

cellular macromolecule metabolic
process

regulation of viral life cycle
defense response to other organism

interferon-gamma-mediated signaling
pathway

regulation of symbiosis, encompassing
mutualism through parasitism

response to interferon-alpha

regulation of multi-organism process

p-value

8.91E-14
2.27E-10
2.20E-09
6.46E-08
2.28E-07
5.03E-07

1.27E-06
1.82E-06
2.07E-06
3.60E-06

3.87E-06
4.27E-06
4.52E-06

7.44E-06
7.60E-06
1.07E-05

2.05E-05

2.52E-05
3.46E-05
3.57E-05

218

FDR g-
value

1.13E-09
1.43E-06
9.29E-06
2.04E-04
5.76E-04
1.06E-03

2.29E-03
2.87E-03
2.90E-03
4.55E-03

4.45E-03
4.50E-03
4.39E-03

6.71E-03
6.41E-03
8.47E-03

1.53E-02

1.77E-02
2.30E-02
2.25E-02

Enrichment
factor

5.11
2.64
3.03
3.45
3.34
1.95

4.05
3.31
1.88
1.68

2.56
2.3
1.69

1.15
2.27
2.01

2.94

2.12
5.4
1.83

No. of
genes

27
48
34
23
22
58

15
19
57
77

27
33
74

576
32
41

18

33

47



UPREGULATED GENES IN RPE1 UPON DEPLETION OF SHROOM2

Description p-value FDR g- Enrichment No. of
value factor genes
multi-organism cellular process 1.45E-09 1.83E-05 1.87 94
viral process 2.16E-09 1.36E-05 1.86 93
symbiosis, encompassing mutualism
through parasitism 2.16E-09 9.09E-06 1.86 93
interspecies interaction between
organisms 4.40E-09 1.39E-05 1.78 102
establishment of protein localization 1.44E-08 3.64E-05 1.55 154
establishment of protein localization to
membrane 1.77E-08 3.72E-05 2.37 47
translation 8.03E-08 1.45E-04 2.14 53
establishment of localization in cell 1.23E-07 1.94E-04 1.43 187
single-organism intracellular transport 1.36E-07 1.91E-04 1.57 128
intracellular transport 1.41E-07 1.78E-04 1.5 152
protein transport 1.44E-07 1.66E-04 1.52 143
translational elongation 1.97E-07 2.08E-04 2.4 39
Golgi vesicle transport 3.76E-07 3.66E-04 2.29 41
nuclear-transcribed mRNA catabolic
process 4.34E-07 3.91E-04 2.39 37
nuclear-transcribed mRNA catabolic
process, nonsense-mediated decay 4.93E-07 4.15E-04 2.77 28
organic substance transport 6.03E-07 4,77E-04 1.39 192
protein targeting to ER 6.60E-07 4.91E-04 2.79 27
protein localization to endoplasmic
reticulum 7.18E-07 5.04E-04 2.72 28
cellular component organization or
biogenesis 7.48E-07 4.97E-04 1.22 420
intracellular protein transport 8.72E-07 5.51E-04 1.65 92

Table 8.14 Gene ontology analysis of genes that are differentially expressed with depletion
of SHROOM2 in RPE1 cells. The top 20 highest ranked enriched processes are presented.
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DOWNREGULATED GENES IN PNT UPON DEPLETION OF SHROOM2

Description

organelle assembly

microtubule-based process

cilium organization

cell division

cilium assembly

organelle organization
single-organism organelle organization
mitotic cell cycle process

cellular component assembly involved
in morphogenesis

cell cycle process

intraciliary transport

UPREGULATED GENES IN PNT UPON DEPLETION OF SHROOM2

Description

regulation of biological quality

cellular component organization or
biogenesis

interspecies interaction between
organisms

enzyme linked receptor protein
signaling pathway

cellular component organization

p-value

6.20E-09
3.35E-08
3.62E-08
1.25E-07
2.58E-07
6.70E-07
8.16E-07
8.29E-07

1.98E-06
3.05E-05
3.65E-05

p-value

4.43E-06

3.78E-05

3.80E-05

5.02E-05
6.05E-05

FDR g-
value

7.83E-05
2.12E-04
1.52E-04
3.95E-04
6.52E-04
1.41E-03
1.47E-03
1.31E-03

2.79E-03
3.86E-02
4.20E-02

FDR g-
value

5.60E-02

>0.05
>0.05

>0.05

>0.05

Enrichment
factor

2.83
2.37
3.88
2.46
3.76
1.45
1.55
1.9

2.94
1.61
591

Enrichment

factor

1.4

1.24

1.73

1.67
1.23

No. of
genes

38
47
22
40
20
151
115
62

24
73

No. of

genes

154

247

57

62
244

Table 8.15 Gene ontology analysis of genes that are differentially expressed with depletion
of SHROOM2 in PNT cells. Where FDR g-values are non-significant (>0.05), the top 5
highest ranked enriched processes are presented.

220



8.3.6  SHROOMZ2 protein localisation and function

The appropriate localisation of a protein is fundamental as it provides the
physiological context for their function. SHROOMZ2 has been showed from the gene
expression studies in Chapter 6 to be expressed in the colonic normal mucosa.
However, this is a highly heterogeneous tissue that consists of epithelium, connective
tissue (lamina propria) and a thin muscle layer (muscularis mucosae) (Figure 8.19).
They are morphologically distinct yet functionally interdependent, for example, the
mesenchymal cells of the lamina propria orchestrate the microenvironment of the
epithelial cells and regulate the stem cell niche within the crypts. The epithelium is
further divided into more subtypes (e.g. enterocytes and goblet cells), and it is well-
recognised that there is a differential distribution of gene expression along the
colonic crypt-lumen axis as well as a proliferative and differentiation hierarchy. In
the context of cancer, the spatial distribution of this gene product is highly relevant,
as disruptions in the crypt dynamics and homeostasis is one of the early steps in
malignant transformation of the colonic epithelium. On a cellular level, the
eukaryotic cell is organised into membrane-covered compartments that are
characterised by specific sets of proteins and biochemically distinct cellular
processes. Hence, the appropriate tissue distribution as well as subcellular
localisation of endogenous SHROOM2 would provide key insights into its functional
role.

Normal Intestinal Tissue
(Cross section of digastive tract)

Epithalum
i— Connective lissue Mucosa

Thin muscle layer
Submucosa
Thick muscle layers

Subserosa
Sarosa

Figure 8.12 A cross-section drawing of the colon demonstrating the mucosa layer in the
luminal surface of the colon.
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Immunostaining is a key technique widely used to identify the absence or
presence of a protein, its tissue distribution, subcellular localisation and changes in
the expression, and is heavily dependent on a sensitive and specific antibody. As
demonstrated in previous sections, the commercial antibody to human SHROOM2
detects a ~170kDa band on Western Blotting that is reduced with SiRNA
knockdown, but also detects multiple other non-specific bands of varying molecular
weights. Antibodies from other commercial companies were even less effective (data
not shown), hence we sought to generate specific antibodies in rabbits with two
separate antigens consisting of amino acids sequences from distinct regions of
SHROOMZ2 (Figure 8.20). Only the AQA sera detects SHROOM?2 along with several
non-specific bands (Figure 8.21A). Dilutions of the AQA sera from rabbit 51 were
performed but this did not improve the specificity of the sera (Figure 8.21B).

1 1616aa
25 105 639 806 1317 1610
:-’ll:‘q.-;l ‘CSA‘ Ep;mm;cg

Figure 8.13 A schematic diagram of the human SHROOMZ2 protein and the protein region
targeted by the commercial antibody from Epitomics and custom antibodies AQA and CSA.
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A Epitomics AQA 51 AQA 71 CSA 51 CSA 71
1:1000 1:1000 1:1000 1:1000 1:1000

KDa
SHROOM2 —pyq_

130—

1 - DLD-1 Non-treated
2 — DLD-1 SHROOM2 siRNA
3 — DLD-1 Scrambled siRNA

B DLD1 DLD1 DLD1 DLD1 DLD1

SHRO

Epitomics AQA 51 AQA 51 AQA 51 AQA 51
1:250 1:500 1:1000 1:2000

Figure 8.14 A) Western blots of total cell extracts from DLD1 cells with SHROOM2
knockdown using siRNA1. Commercial (Epitomics) and custom antibodies to SHROOM2
were used for detection of SHROOM2. B) Dilutions of the AQA sera (rabbit 51) with the
Epitomics commercial antibody as a positive control.
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Without a specific antibody to perform immunostaining, | attempted to
characterise the subcellular localisation of SHROOMZ2 by subcellular fractionation
and Western Blotting. In DLD1 cells, it appears that SHROOM?2 is largely expressed
in the cytosolic compartment and the cytoskeletal compartment (Figure 8.22).
LS174T is a non-expressing cell line and was used as a negative control. This fits in
well with published studies of SHROOM2, where it has been reported to associate
with F-actin and is involved in regulating the cytoskeletal organisation and
architecture of endothelial cells (Dietz et al, 2006). The markers of various
subcellular fractions are shown to demonstrate that there is minimal cross-over of the
compartments, but this is not without caveats and should be interpreted in
combination. For instance, the nuclear marker Lamin-B stains both nuclear and
cytoskeletal compartments, as being a nuclear intermediate filament protein it also
precipitates into the insoluble cytoskeletal fraction. However, staining with the
cytoskeletal marker VVimentin demonstrates that there is unlikely to be contamination
of the nuclear fraction with cytoskeletal proteins.
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Figure 8.15 Western blots of subcellular fractions extracted from LS174T cells and DLD1
cells with SHROOM?2 knockdown using siRNA1. The commercial antibody (Epitomics) was
used for detection of SHROOM?2.
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To characterise the spatial distribution of SHROOM2 within the colonic normal
mucosa, | sought circumferential evidence by examining its expression correlation
with various tissue and cell type markers within the expression microarray data of the
normal mucosa samples (n=115). Firstly the markers for the three tissue layers of the
mucosa were examined in relation to SHROOM2 expression (Table 8.8), using
conventional markers or novel markers recently identified (Pinchuk et al, 2010;
Powell et al, 2011; Roberts et al, 2014). Endothelial markers were also included to
account for possible inclusion of the submucosa during the tissue harvesting process.
Values for each individual probe are shown when there are multiple probes for a
given gene. Although the different probes for an individual gene are not always
consistent in expression levels and degree of correlation, it is reassuring that in
general, they exhibit similar directionality (Figure 8.23). The average gene
expression (Table 8.8 and Figure 8.23A) suggests that the tissue sampled consisted
of epithelial cells, mesenchymal stromal cells, smooth muscle cells and endothelial
cells in decreasing order, which broadly reflects the expected composition of the
normal mucosa with minimal submucosal contamination. Several marker genes for
all the different cell types were significantly correlated with the expression of
SHROOM2, but only CDH1 (E-cadherin), an epithelial cell marker, was positively
correlated with SHROOM2 (Table 8.8 and Figure 8.23B and C), suggesting that
SHROOM?2 is more likely to be expressed in epithelial cells than other tissue-types.
Interestingly, SHROOM2 is significantly negatively correlated with the epithelial cell
marker CD44, which would argue against SHROOM2 being expressed in the
epithelium. However, this negative correlation may reflect the differential expression
of SHROOM2 along the colonic crypt vertical axis as CD44 is known to be
expressed in the crypt base of the murine (Rothenberg et al, 2012) and human colon
(Dalerba et al, 2011).
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Tissue/cell type Gene Log, average Nominal Spearman

symbol expression p-val rho
Epithelial CDH1 10.97 0.0006*** 0.311
EPCAM 12.63 0.0661 0.171
CD44 9.98 0.0145* -0.226
CD44 7.40 0.0887 -0.158
CD44 7.10 0.1183 -0.145
Mesenchymal stromal ACTA2 11.69 0.9300 -0.008
THY1 7.58 0.2100 -0.116
DES 7.07 0.7500 0.030
VIM 10.22 0.0400* -0.187
VIM 10.98 0.1400 -0.136
Smooth muscle CALD1 8.08 0.2067 -0.118
CALD1 7.82 0.5392 -0.057
CALD1 9.21 0.9277 -0.008
SMTN 6.59 0.0340* -0.196
SMTN 7.64 0.1810 -0.124
SMTN 6.71 0.0354* -0.195
Endothelial PECAM1 7.91 0.0860 -0.159
CD34 7.43 0.0031** -0.272
CD34 6.58 0.6000 0.049
CD34 8.08 0.7300 0.032
CD34 6.51 0.7500 0.030
MCAM 6.54 0.9800 0.002
ENG 7.50 0.0480* -0.184

Table 8.16 Cell-type specific markers and their correlation with SHROOM?2 in the normal
colorectal mucosa. Values are shown for each probe when there are multiple probes for a
gene.
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Figure 8.16 A) The average expression of tissue/cell type specific markers. B) the -logio(p-
value) of the correlation between SHROOM?2 expression and marker genes. Dotted line
represents a p-value of 0.05. C) Spearman rho of the correlation between SHROOM2 and
marker genes. Values are shown for each probe when there are multiple probes for each

gene.
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There is increasing evidence of heterogeneity of cells within the human colonic
epithelium, with different protein markers and transcriptional signatures reflecting
their lineage, differentiation stage and functional status (Dalerba et al, 2011). By
inference, SHROOMZ2’s association with these markers may provide insight into its
role within the colonic epithelial crypt. Useful markers that are frequently expressed
in a mutually exclusive way include genes encoding lineage-specific markers such as
CAl for enterocytes, MUC2 for goblet cells, and LGR5 for the immature
compartment. From a differentiation point of view, there are also transcriptional
programs that characterises “top-0f-the-crypt” mature, differentiated enterocytes and
“bottom-of-the-crypt” cell populations which include compartments characterised by
genes linked to goblet cells and genes that are expressed in the progenitor cell
compartment of the mouse small intestine. (Dalerba et al, 2011; Merlos-Suarez et al,
2011). Functionally, the expression of proliferation markers can also be examined;

these are generally restricted to the bottom of the crypts.

SHROOMZ2’s appears to be positively correlated with CA1 and not MUC2 or
LGR5 (Table 8.9 and Figure 8.24), suggesting that it is expressed mainly in
enterocytes. Overall, there are more significantly positive correlations between
SHROOM2 and genes that are highly expressed by “top-of-the-crypt” differentiated
enterocytes, as compared to genes that are expressed by “bottom-of-the-crypt” cells.
Although there is significant correlation with some of the proliferative markers, these
correlations are negative and hence consistent with expression in non-proliferative or
mature differentiated enterocytes. There are also positive correlations with two of the
genes expressed in the progenitor cell compartment (RGMB and PTPRO), which
may relate to SHROOMZ2’s subcellular localisation and function rather than crypt
distribution, as there was no correlation with the other markers of stem-ness (LGR5
and ASCL2). This is rather intriguing as they are both plasma membrane associated
proteins that have a regulatory role in cellular growth, differentiation and cell cycle
progression - RGMB is a glycosylphosphatidylinositol (GPI)-anchored protein that
potentiates BMP signalling (Halbrooks et al, 2007), whereas PTPRO is a protein
tyrosine phosphatase localised to the apical surface of polarised cells that interferes
with cell cycle progression (Motiwala et al, 2004). Alternatively, these could be false

positive results given the number of genes tested for a correlation with SHROOM?2.
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Distribution Lineage/Function/ Gene Log> Nominal Spearman

Differentiation symbol Average p-val rho
expression
Crypt-top Mature enterocytes SLC26A3 13.19 0.0001***  0.351
CAl 12.32 0.0248* 0.208
CA2 12.96 0.0331* 0.197
CA2 12.35 0.1256 0.142
MS4A12 10.82 0.0047** 0.260
AQP8 11.20 0.0008***  0.307
CD177 7.12 0.0067** 0.250
CD177 7.53 0.0069**  0.249
KRT20 9.05 0.0171* 0.220
KRT20 11.94 0.0501 0.182
Crypt- Goblet MUC2 11.52 0.7838 0.026
bottom
TFF3 13.23 0.2982 -0.097
SPDEF 8.04 0.0703 -0.168
SPINK4 10.38 0.1295 -0.141
Stem/Progenitor LGR5 6.56 0.9477 0.006
OLFM4 11.16 0.0605 -0.174
OLFM4 7.52 0.0552 -0.178
ASCL2 7.80 0.6126 -0.047
RGMB 6.64 0.1243 -0.143
RGMB 7.87 0.0242* 0.209
RGMB 6.58 0.0181* 0.219
PTPRO 7.41 0.0365* 0.194
PTPRO 7.39 0.0330* 0.197
Proliferative MKI67 6.76 0.0115* -0.233
TOP2A 8.65 0.0227* -0.211
BIRC5 6.49 0.1166 -0.146
BIRC5 7.20 0.5412 -0.057

Table 8.17 Genes characteristically expressed by subpopulations of epithelial cells and their
correlation with SHROOMZ2 in the normal colorectal mucosa. Values are shown for each
probe when there are multiple probes for a gene.

229



14.00

c
.2 13.00 +
w
§ 12.00 + — — —
%11.00 I B B BN B
) 1000 + — — — — —
@ 900 + — — — — — ——1—
% 800 + — — — — — — —
o 700 — ——— B
S 6.00
Y YNPRRRRU LI RIINL2200558
2003393 3EE2E 2282283335 858¢¢<
; £<uu¥¥§ » & 6'6'<n:n:n:EE§,9mm
Mature enterocytes Goblet Stem/Progenitor Proliferative
Top-of-crypt Bottom-of-crypt
4.5
4
§ 35 +
s .37
E 2.5 +
= 2 10—
@ 1.5 1
= 1
0.5
0
Mature enterocytes Goblet Stem/Progenitor Proliferative
Top-of-crypt Bottom-of-crypt
0.400
0.300
.g 0200 + &+ — — — —
E 0.100 + — — — — — — — — —
§ 0.000
a -0.100 i
wv
-0.200 —
-0.300
Y YO PRRR RO ESLIIYL2222558Y
20003Ion EEoELZ022 300082888
; £<uu¥¥§ v e 5'6'<ncncncEE§,9mm
Mature enterocytes Goblet Stem/Progenitor Proliferative
Top-of-crypt Bottom-of-crypt

Figure 8.17 A) The average expression of genes characteristic of colonic epithelial
subpopulations. B) the -logio(p-value) of the correlation between SHROOM?2 expression and
marker genes. Dotted line represents a p-value of 0.05. C) Spearman rho of the correlation
between SHROOM?2 and marker genes. Values are shown for each probe when there are
multiple probes for a gene.
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In summary, by Western Blotting of subcellular fractions, SHROOM?2 appears to
be a cytosolic protein that associates with the cytoskeleton in DLD1 colorectal
cancer cell line. By examining the correlation of SHROOM2 with gene-expression
markers of the different cell populations within the colonic mucosa, it was deduced
that SHROOM2 is mainly expressed in mature enterocytes of the epithelial layer at
the top of the colonic crypts. An effective antibody to SHROOM2 would provide the

validation required to substantiate these inferential findings.
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8.4 Discussion

The data presented in Chapter 6 and 7 has shown that the Xp22.2 CRC risk locus
demonstrates eQTL activity targeting the cis-gene SHROOM2, with evidence to
suggest that the causal indel variant at the distal promoter region influences
SHROOM2 transcription by modulating NF-Y transcription factor binding. By
association, SHROOM?2 is implicated as a candidate susceptibility gene and this
chapter presents preliminary data on the function of SHROOM2 in human colonic

epithelial cells.

Prior to any functional assays of SHROOM?2, it is important that the presence of
transcript isoforms are first identified in the tissue type of interest, as it has been
reported that non-coding genetic variation may influence disease risk by altering
levels of expression and splicing architecture of mRNA transcripts (Graham et al,
2006; Zhang et al, 2009). Furthermore, characterisation of the relevant transcript
isoforms will ensure that any observed phenotype is accurately attributed to a
specific transcript isoform. This is particularly important for SHROOM?2 as there are
four reported transcripts and the HT12 microarray probe used for the eQTL analysis
only detects the large canonical transcript T-001. Hence, it is reassuring that it is the
only transcript that is expressed in the primary normal mucosa and tumour tissue and
most of the cell lines used for functional assays (8.3.2). There is some evidence of
tissue-specific alternative splicing as the other protein coding transcript isoforms are
present in cell lines derived from other tissue types such as the retinal pigment
epithelium, breast cancer and prostate tissue, suggesting different or additional

functional roles for SHROOMZ2 in extra-colonic tissue.

The data presented in the next part of the chapter focuses on the transient
knockdown of SHROOM?2 in tumour cell lines with RNA interference, and the effect
on tumourigenicity assays such as growth curves and scratch-wound assays.
Traditional cancer cell lines have the advantage of being accessible, easily
manipulated and replicable, hence ideal for in-vitro cell biology experiments where
near-complete control of the environment and the existence of a single cell type are
desirable. However, not only do these cell lines harbour genetic aberrations, they
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have been subjected to gross manipulation during the process of creating cell lines
and are kept under artificial conditions, therefore are not necessarily an accurate
representation of the natural cellular state in vivo. The preliminary work presented
here did not show a detectable change in the growth curves and scratch-wound
assays with transient RNAiI of SHROOMZ2, however, these negative results may
reflect the major caveat that accompanies tumour cell lines, where overbearing
mutator phenotypes in proliferative signalling and cell-cycle check points would
displace or override any subtle effect of a lower-risk gene. Alternatively, it may
represent a requirement for further experimental optimisation. For example, cell
counting is a rough-and-ready technique and more specific readouts such as viability
assays, proliferative and apoptotic markers, cell cycle phase markers may be more
informative. With regards to the scratch wound assay, the cell line controls used only
closed the scratch-wound gap minimally, with a closure of only ~25% after 24 hours.
This suggests there may be factors impeding the migration of the cells in general, and
any effect of gene depletion may have been masked. Further optimisation of this
system will be required to robustly demonstrate the role of SHROOM2 in cell
migration, for instance, knockdown of a positive control such as FAK, titration of
serum in the growth medium and/or cell confluence, a longer time-course, or use of
chemoattractants and gradient chambers. An experimental design utilising repeated
measures analyses could also be used in future experiments to allow longitudinal
monitoring and analysis. This will improve the power of detecting changes and order
effects, and may reveal more subtle changes in cellular phenotypes associated with
SHROOM2 depletion.

A further consideration for future functional work is stable knockdown/knockout
of SHROOM?2 or overexpression vectors, as certain cellular phenotypes may not be
easily observed and quantified within the short time frame of transient siRNA
depletion. Alternative models such as mouse models, ex-vivo three-dimensional
organoid culture or normal colonic epithelial cell lines would offer a relatively
normal physiological platform investigate gene functions, albeit more challenging
and costly/labour-intensive. Stable genome editing using CRISPR-Cas9 technology
has recently been successfully performed for driver pathway mutations in human

colonic organoids as a model of colorectal cancer (Matano et al, 2015), and may
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ultimately allow more definitive phenotype characterisation for candidate
susceptibility genes such as SHROOM2 before progressing to dissect the subtle
phenotypes associated with gene dosage.

Co-expression analysis implicates that SHROOM?2 is expressed in the mature
differentiated enterocytes at the top of the colonic epithelial crypts, and gene
ontology analysis of cell line RNAI and correlated genes in the normal mucosa is
suggestive of a role in cell cycle regulation. It is known that the transcription factor
implicated in its transcriptional control, NF-Y, also regulates transcription of various
genes related to the cell cycle (Elkon et al, 2003; Caretti et al, 2003) and that co-
regulated genes often share biological functions. This indirectly lends further
support to the suggestion that SHROOM2 may exert its tumour suppressive effects
by influencing the cell cycle progression, which can in turn, influence proliferation,
differentiation and apoptosis. It would therefore be of considerable interest to design
and perform experiments that would directly implicate SHROOMZ2 in the regulation
of cell cycle, such as flow cytometry cell cycle analysis or FUCCI (Fluorescence

Ubiquitin Cell Cycle Indicator) cell cycle reporter vectors.

The expression of many genes as well as eQTLs effects appear to be tissue- or
cell-type specific. As demonstrated in 6.3.2, not only is SHROOM?2 lowly expressed
in PBMCs compared to normal mucosa, the rs5934683-SHROOM2 eQTL is also not
detectable. Given the heterogeneity of cell-types within the normal mucosa as well as
the expression gradient along the epithelial crypt axis, it is conceivable that
SHROOM2 expression and/or the eQTL effect are selectively present in a similar
fashion. Risk alleles and their target genes may act in a non-cell autonomous fashion
and therefore may exert their effect through other cell types that act upon the target
cells, it is therefore crucial to further understand the spatial distribution of
SHROOM2 within the colonic mucosa. This is particularly so as it is well-recognised
that the mesenchymal stroma plays a key paracrine signalling role in maintaining the
epithelial crypt architecture, and that cancers are thought to arise from the
dysregulation of the crypt-base stem cell niche which harbours the cell of origin of
colorectal cancer - the ‘bottom-up’ hypothesis. The co-expression analysis of
SHROOM2 and cell-specific marker genes in the normal mucosa indicates that
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SHROOM2 expression is correlated with markers of crypt-top mature enterocytes,
suggesting that SHROOM2 is mainly expressed in this cell sub-type. This may or
may not be representative of the eQTL effect. As there is rapid cell turnover and the
majority of differentiated cells are shed into the lumen within 5days, perturbations in
this crypt compartment are in theory less likely to initiate neoplasia. Interestingly, a
recent mouse model study of hereditary mixed polyposis syndrome (HMPS)
demonstrated evidence for the alternative ‘top-down’ hypothesis of tumour
formation, where aberrant epithelial expression of GREM1 promoted the persistence
and/or reacquisition of stem cell properties in LGR5-negative cells that have exited
the stem cell niche, allowing cells outside the crypt-base stem cell niche to form
ectopic crypts and act as tumour progenitors (Davis et al, 2014). Sporadic traditional
serrated adenomas, which are characterised by ectopic crypt foci, were also shown
by the authors to express epithelial GREML1, suggesting a similar underlying
mechanism. In another study, activated NF-xB induced mucosal inflammation in
combination with constitutive epithelial Wnt signalling was shown to promote the
initiation of neoplasia from cells situated outside the crypt base stem cell niche
(Schwitalla et al, 2013). Given that these studies demonstrate that the top-down
model of tumourigenesis may indeed fit some subtypes of inherited and sporadic
colorectal cancers, it would be of great interest to refine the tissue localisation of
SHROOM2 and the eQTL effect. Apart from immunostaining techniques, RNA-
FISH could be used to demonstrate the spatial distribution of SHROOMZ2 transcripts.
Alternatively, disaggregation of the intestinal epithelial crypts from the underlying
stromal tissue using enzymatic or non-enzymatic methods can be performed on
freshly sampled colonic mucosa prior to extraction of RNA/protein. During the
process of normal mucosa sampling, tumour tissue has also been collected and fresh
frozen, and may shed light on the role of SHROOM?2 in tumourigeneis. SHROOM?2
expression and the eQTL effect could be examined, as well as any associations with
driver pathway mutations, chromosomal abberations, microsatellite instability and

epigenetic changes (e.g. CIMP phenotype).

In the context of human case-control studies, the study that would cement
SHROOM2’s role in CRC risk is to quantify SHROOM2 expression in the normal

mucosa of cases versus controls, ideally in a prospective manner. This is challenging
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to say the least, but is possible in the longer term with the increasing realisation that
normal tissue repositories are a vital resource in understanding disease mechanisms.
In the larger scheme, this would also be an invaluable resource in facilitating the
amalgamation of genetics, transcriptomics and proteomics of normal tissue states that
would complement the ongoing work in disease states, and to discover and study

biomarkers of disease predisposition and clinical outcomes.

In summary, this chapter presents preliminary data on the functional role of
SHROOMZ2, the target gene of a GWAS-associated common variant that is
implicated as a colorectal cancer susceptibility gene. Subcellular localisation studies
and co-expression analysis of the normal mucosa suggests that it is a cytoplasmic
protein that associates with the cytoskeleton, and is likely to be mainly expressed in
the crypt-top mature enterocytes. RNA interference studies suggests a role in the
regulation of cell cycle progression, and further understanding of role of SHROOM2
would prove invaluable in understanding the contributory pathways to CRC
carcinogenesis, and ultimately inform the rational development of

preventative/therapeutic strategies for colorectal cancer.
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Chapter 9

Functional characterisation of the gene-environment (plasma

25-hydroxyvitamin D) interaction at the 16922.1 risk locus

9.1 Introduction

The eQTL analysis of colorectal mucosa and PBL has provided evidence of
regulatory function for approximately half of the CRC risk SNPs (Chapter 6). Further
functional studies of the Xp22.2 locus validates this eQTL association (Chapter 7),
providing proof of principle on a molecular level. However, there is still a large

proportion of risk variants whose functions and target genes are unaccounted for.

There is emerging evidence of gene-environment interactions on cancer risk in the
context of low-penetrance genetic susceptibility polymorphisms, for instance, parity
and alcohol consumption influencing breast cancer genetic risk conferred by
common alleles (Nickels et al, 2013), and common genetic variation modifying the
protective effect of NSAID/aspirin use in colorectal cancer (Nan et al, 2015).
Although the underlying molecular mechanisms have yet to be identified, these
studies are suggestive that the function of common variants may also be modified by
non-genetic factors. Hence, it is conceivable that the eQTL effects of CRC risk
variants may not be fully appreciable under steady-state conditions, in other words,
their association with the expression of target genes may be modifiable by
perturbations of cellular pathways that are influenced by lifestyle/environmental

factors.

A recent study by the Colon Cancer Genetics Group (Zgaga et al, unpublished)
investigated whether vitamin D levels modified the risk conferred by the 25 common
variants associated with CRC. This investigation stemmed from the implication of
vitamin D deficiency as a possible risk factor in the aetiology of colorectal cancer,
where higher vitamin D intake, higher serum 25-hydroxyvitamin D (25-OHD) and
residence in regions with strong UVB radiation were associated with lower CRC risk

(Gorham et al, 2005; Giovannucci 2009; Gandini et al, 2011) and cancer mortality
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(Robsahm et al, 2004, Tretli et al, 2012). Interestingly, this study demonstrated a
statistically significant 2-way interaction between plasma 25-OHD and rs9929218 at
the 16922.1 locus (p=0.004) (Figure 9.1). In other words, the effect of rs9929218 on
CRC risk was modified by the levels of plasma 25-OHD (Table 9.1). This is the first
study to implicate an interaction between a known CRC risk variant and an
environmental factor; if true, this could have a significant impact on public health
strategies in CRC risk stratification, screening and prevention. Hence, there is much
value in pursuing an understanding of the functional mechanism that mediates this

gene-environment interaction observed in population studies.

The rs9929218 SNP (chr16:68820946) resides within intron 2 of CDH1 that
codes for E-cadherin, a protein that plays a crucial role in epithelial cell-cell adhesion
and tissue architecture maintenance. It has been previously implicated in colorectal
cancer (as reviewed by Tsanou et al, 2008), and its reduced expression is known to
be associated with invasive potential and poor prognosis in various cancers.
Although intron 2 of CDH1 is known to contain cis-regulatory elements for its
transcription (Stemmler et al; 2005), the expression analysis of CRC risk variants in
normal mucosa and PBMC (Chapter 6) did not reveal any evidence to suggest a
relationship between rs9929218 genotype and CDH1 expression. Similarly, ChIP-seq
studies of the vitamin D receptor (VDR) does not show vitamin D response elements
at this locus (Ramagopalan et al, 2010;) and independent bioinformatics analysis
does not support VDR binding at this locus (Zgaga et al, unpublished). Instead, the
in-silico analysis strongly suggests a putative FoxO binding site at rs9929218, with a
10-fold increase in FoxO binding affinity associated with the A allele. This is
intriguingly as there is evidence in the literature to indicate that VDR associates
directly with FoxO proteins and their regulators, and that vitamin D treatment
induces post-translational modification of FoxO proteins, enhancing their binding to
the promoters of target genes (An et al, 2010). There is also evidence suggesting that
FoxO3a is involved in the regulation of E-cadherin expression in urothelial cancer
cells (Shiota et al, 2010).

From this, it can be postulated that the observed interaction between 25-OHD and
rs9929218 on CRC risk is mediated by VDR’s ligand-dependent non-genomic
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actions, whereby it modulates the activity of FoxO proteins on cis-regulatory
elements of CDH1. This chapter aims to investigate this hypothesis by utilising the
expression data derived from the human colonic mucosa and PBMC, as well as
measurements of matched serum 25-OHD. To investigate further whether the
rs9929218 genotype influences the induction of CDH1 expression, the in-vivo
expression analysis will be complemented by the in-vitro vitamin D treatment of

CRC cell lines and human colonic organoids.

One of the biggest limitations of studies utilising single 25-OHD measurements in
observational studies of cancer incidence and mortality is that 25-OHD is frequently
measured after the diagnosis. Determining the direction of causality is challenging as
25-OHD levels may have decreased as a result of illness or treatment. Indeed,
decreased circulating 250HD concentration has been reported after elective knee
surgery (Reid et al, 2011) and cardiopulmonary bypass (Krishnan et al, 2010). As the
majority of vitamin D measurements used in this chapter were taken post-operatively
at varying intervals (ranging from 1to 468 days), they may not accurately reflect the
vitamin D status at the point of mucosa sampling given the reported changes that
accompany major surgery. Therefore, it is of importance to characterise these
changes after abdominal surgery for large bowel resections. Understanding how
circulating 25-OHD fluctuates peri- and post-operatively will not only contribute
towards robust statistical analysis of its association with disease and expression
phenotypes, it will also offer insight into the regulation and homeostasis of vitamin D
and inform the design of future studies investigating its role in the development of
complex disease traits.
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25-OHD GA vs. AA GGvs. AA

TERTILE N OR 95% ClI p OR 95% ClI P

1 1357 0.92 0.61-141 0.71 0.97 0.64-1.46 0.87

2 1449 1.27 0.85-1.9 0.24 149 1.01-2.21 0.044
3 1410 183 1.15-291 0.01 235 1.49-3.7 0.0002

Table 9.1 Association between rs9929218 and colorectal cancer for different tertiles of May-
standardised 25-OHD. The cut-offs for the 25-OHD tertiles (T1, T2 and T3) were: 0-8.3, 8.4-
14.5 and >14.6 ng/ml (Zgaga et al, unpublished).
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Figure 9.1 The proportion of colorectal cases in subgroups based on rs9929218 genotype
and 25-OHD tertiles (Zgaga et al, unpublished).
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9.2 Methodological overview

9.2.1 Study subjects and biological material

To investigate the factors influencing CDH1 expression in-vivo, normal colonic
mucosa (n=115) and matched PBMC (n=59) were collected from patients
undergoing large bowel surgery as described in 6.2.1. In a subset of these patients
(n=83), blood was also collected post-operatively for the quantification of circulating

25-OHD. Plasma was isolated from peripheral blood as described in 2.1.2.

A different cohort of patients undergoing large bowel surgery for CRC were
recruited for the serial sampling study of serum 25-OHD (n=40) (Table 9.2). Six
serum samples were obtained from these patients at the following time points — pre-
operatively (3-19 days before surgery), 1-2 days post-op, 3-5 days post-op, 6-8 days
post-op, first outpatient follow-up (30-120 days post-op), and second outpatient
follow-up (>162 days post-op).
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MD AGE GENDER AJCC STAGE OPERATION
11015 74 M 2 Laparoscopic
11028 82 M 1 Open
12692 63 M 1 Laparoscopic
12755 76 F 2 Open
12777 73 F 3 Open
12781 81 F 3 Laparoscopic
12785 57 F 1 Open
12788 73 F 1 Laparoscopic
12789 88 M 3 Open
12794 86 F 3 Laparoscopic
12796 76 F 2 Laparoscopic
12797 75 M 2 Laparoscopic
12798 61 M 1 Laparoscopic
12800 65 F 2 Laparoscopic
12802 71 F 1 Laparoscopic
12804 46 M 1 Laparoscopic
12805 49 F 2 Laparoscopic
12807 68 M 2 Open
12808 69 M 1 Open
12811 78 F 3 Laparoscopic
12812 52 M 1 Open
12813 78 M 1 Open
12815 65 M 2 Laparoscopic
12822 73 F 3 Open
12824 65 F 1 Laparoscopic
12826 83 F 2 Open
12857 71 F 1 Laparoscopic
12873 64 M 2 Laparoscopic
12874 65 M 2 Laparoscopic
12876 76 M 2 Laparoscopic
12882 81 M 2 Open
12887 65 M 1 Open
12890 85 M 2 Open
12893 81 M 2 Laparoscopic
12897 52 M 1 Laparoscopic
12898 85 M 3 Laparoscopic
12903 78 M 2 Open
12904 60 F 1 Laparoscopic
12906 49 M 1 Open
12919 76 M 2 Laparoscopic

Table 9.2 Characteristics of the 40 study subjects — age, gender, AJCC stage of CRC and

the type of large bowel surgery (open or laparoscopic).
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9.2.2 Gene expression levels and variant genotypes

The expression of the genes of interest was extracted from the microarray data
after normalisation, batch correction and log transformation as described in 2.3.6.
Genotypes of the SNPs of interest were obtained from the HumanOmni5M-4v1l B
BeadChip Arrays (lllumina, USA) as described in 6.2.3.

9.2.3 Calcitriol treatment of cell lines

Cell lines were cultured as described in 2.2 until 50% confluence prior to
calcitriol treatment. Calcitriol (Sigma-Aldrich) was reconstituted in 100% ethanol
and a final concentration of 100nM were used. The equivalent volume of 100%
ethanol was used as the negative control, which equates to 1% v/v ethanol. 10%
charcoal-stripped fetal bovine serum (Life Technologies) was used during calcitriol
treatment to eliminate lipophilic material that contain vitamin D metabolites that may

mask or falsely elevate the effect of calcitriol treatment.
9.2.4 Calcitriol treatment of human organoids

Human colonic organoid culture was carried out as described in Sato et al, 2011
using epithelial crypts dissociated from the colonic tissue harvested from fresh
surgical specimens. In brief, epithelial crypts are dissociated from the stroma using
25mM EDTA and mechanical pipetting. After washing, the crypts were resuspended
in Matrigel (BD Bioscience) at 200 crypts per 50uL of Matrigel in each well (24-
well plate). 500uL of culture medium was placed in each well after the Matrigel has
solidified, and culture medium was replaced every 2 days. The organoids were
incubated at 37°C in a humidified incubator (95% 02, 5% CO2). At day 5 in culture
when crypt budding started to occur, the organoids were treated with 100nm

calcitriol (Sigma-Aldrich) or the 1% v/v ethanol negative control for 16 hours.

The following constitutes the organoid culture medium:
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REAGENT

SOURCE

FINAL
CONCENTRATION

Advanced DMEM/F12
Glutamax

Hepes

Bsa
Penicillin/Streptomycin
N-acetylcysteine

N2

B27

Gastrin |
Nicotinamide

A83-01

SB202190

Noggin

(mouse recombinant)
Epidermal Growth
(mouse recombinant)
R-Spondin

(mouse recombinant)

Wnt-3a
(mouse recombinant)

Factor

Invitrogen™, Life Technologies
Invitrogen™, Life Technologies
Invitrogen™, Life Technologies
Sigma-Aldrich

In-house technical services
Sigma-Aldrich

Invitrogen™, Life Technologies
Invitrogen™, Life Technologies
Sigma-Aldrich

Sigma-Aldrich

Tocris

Sigma-Aldrich

Peprotech
Invitrogen™, Life Technologies
R&D

R&D

1x
2mM
10mM
0.1%
100U/130pg per ml
1mM
1x

1x
10nM
10mM
500nM
10puMm

100 ng/ml

50ng/ml

1 pg/ml

100ng/ml

Table 9.3 Details of the reagents used for the human organoid culture medium.

9.2.5 gRT-PCR

RNA from cell lines and human organoids was extracted using the Ambion®

RiboPure™ RNA extraction kit (Life Technologies) as per the manufacturer’s

protocol. DNAse treatment, cDNA synthesis and gRT-PCR of the genes of interest

were performed as described in 2.3, using the Tagman® Gene Expression assays

listed in Table 9.4. Genes of interest were normalised to the reference gene ACTB.
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Gene Assay ID Probe sequence

CDH1 Hs01023895_m1 AAGGTGCTCTTCCAGGAACCTCTGT
VDR Hs01045844_m1 TGAAGGAGTTCATTCTGACAGATGA
CYP24A1 Hs00167999_m1 GCGGTGGAAACGACAGCAAACAGTC
CYP3A4 Hs00604506_m1 ATTTTGTCCTACCATAAGGGCTTTT
ACTB Hs99999903_m1 CCTTTGCCGATCCGCCGCCCGTCCA

Table 9.4 Tagman gene expression assays used in the quantification of gene expression in
the calcitriol-treated cell lines and human organoids.

9.2.6 Measurement of circulating 25-OHD

Circulating 25-OHD was quantified as a measure of vitamin D status. Total
plasma or serum 25-OHD (25-OHD; and 25-OHDs3) was measured by the liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method by the Clinical
Biochemistry department, Glasgow Royal Infirmary, following standard protocols
and quality control procedures (Knox et al. 2009). More details about this method
can be found elsewhere (Knox et al. 2009; Wallace et al. 2010). Levels <8nmol/L
were undetectable and randomisation was performed based on the distribution of the
other samples in the cohort (Figure 9.2). May-adjusted 25-OHD concentrations were
used as described in Zgaga et al, 2011. To minimise the confounding effects of the
season and subsequently daylight length, 25-OHD levels were standardised to the
month of May, to remove the effect of the month when blood was sampled on 25-
OHD levels (adjusted values of <Onmol/L were re-coded as Onmol/L). As the
majority of samples were considered clinically deficient in 25-OHD (<30nmol/L),
the levels were categorised in tertiles for the gene-environment analysis. The cut-offs
for the 25-OHD tertiles were: 0-12.5nmol/L, 12.6-23nmol/L and >23nmol/L.
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9.2.7 Statistical analysis

All models were adjusted for age, gender and site of sampling. To test for two-
way interactions, linear regression analysis was performed, modelling both the main
effects and the interaction for the selected SNPs, genes or serum 25-OHD. Where
more than one probe was present for a gene, the expression of each probe was
analysed individually. Correlation between individual gene expression in the normal
mucosa was performed using Spearman correlation as a non-parametric measure of

statistical dependence between two variables.
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Distribution of serum/plasma 25-OHD (n=314)
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Figure 9.2 Distribution of serum/plasma 25-OHD used in this study (top panel). Samples
<8nmol/L (highlighted in purple, n=71) were undetectable by LC-MS/MS and imputation was
performed. The distributions of imputed and subsequent May-adjusted values for these
samples are shown in the bottom panel.
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9.3 Results

9.3.1 Expression of CDH1 is independently associated with VDR,
CYP3A4 and FOXO transcription factors

Vitamin D exerts its biological effects primarily by activating the vitamin D
receptor (VDR). Upon ligand activation, this nuclear hormone receptor forms a
heterodimer with the retinoid-X receptor and binds to vitamin D response elements
(VDRE) on DNA, facilitating the recruitment of protein complexes that are essential
for transcriptional modulation. There is also evidence of transcriptional
autoregulation of VDR by the active vitamin D metabolite calcitriol (1,25-
dihyroxyvitamin D3) using ChIP anlaysis (Zella et al, 2006). Hence, its expression is
useful as a marker of vitamin D transcriptional activity and by extension, a proxy of
cellular vitamin D status. CYP3A4 is used as an alternative marker of vitamin D
transcriptional activity, as it is a ligand-induced VDR-mediated target gene in
intestinal cells (Pavek et al, 2009).

In primary human normal colonic mucosa (n=115), expression of CDH1 was
found to be associated with both VDR and CYP3A4 (Table 9.5). As a total of 11
probes were tested in this analysis, the significance threshold was set at 0.0045 to
correct for multiple testing. Although one of the two probes for VDR did not survive
multiple testing, the probe that did (ILMN_2319952) was very highly significant
p=5.44E-15) and explained a remarkable 51% of the variance in CHD1 expression.
As there are 7 reported protein-coding transcripts for VDR, of which 5 are poorly-
supported transcript models according to the Ensembl genome database (URL9.1), it
is reassuring that the ILMN_2319952 probe captures the two well supported protein-
coding transcript models VDR-002 and VDR-004. On the other hand, expression of
FOXO1, FOXO3 (two out of three probes) and FOXO4 are also very significantly
associated with the expression of CDH1 (Table 9.5), of which FOXO4 appears to be
the most significantly associated gene (p=1.62E-13).

Taken altogether, these results lend support to the hypothesis that the expression

of CDHL1 is regulated by VDR and FOXO proteins. However, these associations are
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only suggestive of a mechanistic link, and do not shed light on the nature of this

relationship and the direction of regulation, if any.

lllumina probe Gene Spearman correlation Linear model adjusted for
ID with CDH1 age, gender and sampling
site
rho p-value Estimate p-value
ILMN_2319952 VDR 0.714 < 2.2e-16*** 1.025 5.44E-15***
ILMN_1666203 VDR 0.235 0.011 1.282 0.015
ILMN_1772206 CYP3A4 0.375 3.73E-05*** 1.023 3.96E-05***
ILMN_1738816 FOXO1 0.381 2.67E-05*** 0.648 1.29E-05***
ILMN_1681703 FOXO3 0.528 1.34E-09*** 0.578 1.23E-11***
ILMN_1712515 FOXO3 0.213 0.023 0.947 0.063
ILMN_1844692 FOXO3 0.429 1.67E-06*** 0.558 3.30E-09***
ILMN_1712095 FOX0O4 0.578 1.38E-11*** 0.734 1.62E-13***
ILMN_3307977 FOXO6 -0.074 0.432 -0.516 0.255
ILMN_3311135 FOXO6 -0.098 0.299 0.054 0.907
ILMN_3311155 FOXO6 -0.008 0.936 -0.139 0.804

Table 9.5 The association between expression of CDH1 and the expression of implicated
genes in the human normal colorectal mucosa.
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9.3.2 CRC risk variant rs9929218 modifies the association between
FOX0O4 and CDH1

To gain insight into the direction of regulation, a two-way interaction analysis
was performed with the CDH1 variant, rs9929218. A statistically significant two-
way interaction (p=0.0057) was observed between rs9929218 and FOXO4
expression on the expression of CDH1 (Table 9.6), suggesting that FOXO4
influences the expression of CDH1 and not vice-versa. Interaction analysis with
rs9929218 was also carried out for VDR and the other FOXO family members, but no

other further interactions were observed to be present.

The negative estimate of the interaction term between the main variables FOXO4
and rs9929218 implies that there is negative synergy between them, i.e. their
presence at the same time dampens their effect on CDH1. To illustrate this, the
association between FOXO4 and CDHL1 expression was analysed separately for each
rs9929218 genotype (GG, GA and AA) (Figure 9.3). The relationship between
FOXO4 and CDH1 appears to be modified by the rs9929218 genotype, where the
gradient of the positive linear relationship between FOXO4 and CDH1 expression
decreased with the number of A alleles. Although there is the possibility of a false
positive result due to the small numbers of the AA genotype, this statistical
interaction makes biological sense given that rs9929218 has been predicted to
modify FOXO binding affinity, and offers a plausible mechanism for the plasma
250HD-rs9929218 gene-environment interaction on CRC risk.
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Estimate p-value
Age 0.003 0.15
Gender -0.085 0.11
Sampling site -0.079 0.19
FOXO4 0.878 1.77E-14***
rs9929218 3.383 0.0053**
FOX04*rs9929218 -0.404 0.0057**

Table 9.6 The multivariate linear regression modelling for expression of CDH1 in the normal
mucosa demonstrating a significant two-way interaction between FOX04 and rs9929218.
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GG 76 0.863 4.05E-12***
GA 29 0.557 6.51E-03**
AA 10 -0.178 0.53

Figure 9.3 The association between expression of CDH1 and FOXO4 in the normal mucosa,
analysed separately for each rs9929218 genotype (the major allele G is associated with a
higher risk of colorectal cancer whereas the minor allele A has a protective effect).
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9.3.3 VDR expression and a VDR polymorphism independently
modifies the association between FOXO4 and CDH1

A further analysis was carried out to examine the possibility of VDR influencing
the relationship between FOXO and CDH1 expression. A statistically significant
two-way interaction (p=0.00617) was observed between VDR and FOXO4
expression as determinants of CDH1 expression (Table 9.7). The association
between FOXO4 and CDH1 expression was analysed separately for each tertile of
VDR expression (Figure 9.4). The relationship between FOXO4 and CDH1 appears
to be modified by levels of VDR, where the influence of FOXO4 on CDH1 appears
to decrease as VDR levels increased.

To find further supporting evidence for the interaction between VDR and FOXO4,
two-way interaction analyses was carried out between FOXO4 and VDR
polymorphisms that have been reported to have a bearing on VDR function (as
reviewed by Uitterlinden et al, 2004) and the risk of colorectal adenomas and cancer
(Touvier et al, 2011; Bai et al, 2012) (Table 9.8). Interestingly, the Fokl
polymorphism that is located in the start codon showed a significant two-way
interaction with FOXO4 (p=0.0076), where the influence of FOXO4 expression on
CDHL1 expression increased with the number of the major allele G (Figure 9.5). The
major allele produces a protein that is shorter by three amino acids (Whitfield et al,

2001), and could conceivably influence the modulatory effect of VDR on FoxO4.

The independent effect of VDR expression and a VDR polymorphism on the
FOXO4-CDH1 association is strongly supportive of a direct association between
VDR and FoxO4 that enhances FoxO4 binding to regulatory elements and the

consequent transcription of CDH1.

In view of these significant two-way interactions implicating a functional
relationship between VDR, FOXO4 and rs9929218 on CDH1 expression, a three-way
interaction analysis was performed for these three variables. No significant three-way
interaction was found (p=0.644) but the power of detection may be limited by the

relatively small number of samples.
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Estimate p-value
Age 0.003 0.11
Gender -0.070 0.11
Sampling site -0.024 0.63
FOXO4 6.912 3.29E-03**
VDR 7.800 2.60E-03**
FOXO4*VDR -0.848 6.17E-03**

Table 9.7 The multivariate linear regression modelling for expression of CDH1 in the normal
mucosa demonstrating a significant two-way interaction between FOX04 and VDR.
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Figure 9.4 The association between expression of CDH1 and FOXO4 in the normal mucosa,
analysed separately for each VDR expression tertile.
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VDR polymorphisms MAF Estimate p-value

FOXO4*Apal (rs7975232) 0.46 -0.218 0.11
FOXO4*Fokl (rs10735810) 0.40 0.393 7.60E-03**
FOXO4*BSMI (rs1544410) 0.33 0.108 0.39

Table 9.8 Two-way interaction analyses between VDR polymorphisms and FOXO4
expression in the linear regression modelling of CDH1 expression. Model adjusted for age,
gender and site of sampling.
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Figure 9.5 The association between expression of CDH1 and FOXO4 in the normal mucosa,
analysed separately for each rs9929218 genotype.
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9.3.4 Tissue-specific effects of VDR, FOX0O4 and rs9929218 on CDH1

expression

In a subset of matched PBMC (n=59), CDH1 is not detected on the HT12
microarray and is only detectable at low levels by gqRT-PCR. This is not surprisingly
as it is well-established that E-cadherin is an adherens junction protein
predominantly expressed in epithelial cells. However, recent studies have uncovered
a role for this adhesion molecule in mononuclear phagocyte functions, where it
regulates the maturation and migration of Langerhans cells, as well as the interaction
between various immune cells and dendritic cells (as reviewed by Van den Bossche
et al, 2013). Hence, it was thought to be of interest to investigate whether the genes
and two-way interactions associated with CDH1 expression are also present in
PBMCs.

Similar to that in the normal mucosa, rs9929218 is not significantly associated
with the expression of CDH1 (p=0.67). The expression of CDH1 is also not
associated with the FOXO family members (p>0.43) or VDR (p=0.066). The two-
way interactions between FOXO04 and rs9929218, VDR and Fokl individually were
not present in PBMC. This suggests that the postulated effect of VDR modulating the
activity of FOXO4 on cis-regulatory elements of CDHL1 is specific to the normal

colorectal mucosa.
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9.3.5 Analysis of the effect of serum 250HD on normal mucosa CDH1

expression

In view of the gene-environment interaction of plasma 25-OHD and rs9929218 on
colorectal cancer risk, matched serum 25-OHD was retrospectively collected for a
subset (n=83) of the normal mucosa used for the above analysis. Serum 25-OHD was
not significantly associated with CDH1 expression, and neither was there a
statistically significant interaction between serum 25-OHD and rs9929218, VDR,
Fokl or FOXO4 on the expression of CDH1 in the normal mucosa or PBMC. This is
not surprising, as serum 25-OHD was collected at variable time points post-
operatively, and may not accurately represent the intracellular vitamin D status of the
normal mucosa tissue collected during the surgical procedure. It has been reported
that that circulating 25-OHD is affected in patients undergoing cardiopulmonary
bypass (Krishnan et al, 2010) and elective knee arthroplasty (Reid et al, 2011).
Krishnan et al reported that plasma 25-OHD returned to baseline pre-operative levels
by post-operative day 5, whereas Reid et al observed that 25-OHD remained
significantly lower at 3 months post-operatively. Hence, it is possible that any
association between vitamin D and CDH1 expression may have eluded detection due

to the changes in circulating 25-OHD that accompanies major surgery.
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9.3.6 Serial sampling of circulating 25-OHD in patients undergoing

large bowel surgery

To address the fluctuations of circulating 25-OHD that may result from large
bowel surgery, serial samples of serum were prospectively collected from patients
undergoing elective large bowel resections for colorectal cancer (n=40) that
consisted of one pre-operative sample and five post-operative samples. There was a
significant reduction in circulating 25-OHD levels at the first four post-operative
time points (Figure 9.6). The reduction was observed to be largest at 1-2 days post-
op, with a diminishing effect as the number of days from surgery elapsed. At the
final time-point (>162 days from surgery), the reduction was no longer significant,
suggesting that circulating 25-OHD returned to baseline levels after approximately
5.5 months.

Interestingly, for each individual person, the levels of 25-OHD at every post-
operative time point was very significantly associated with their pre-operative
baseline levels (Figure 9.7). This indicates that although an operation impacted on
patients’ absolute 25-OHD levels, it does not influence their relative or ranked 25-
OHD levels.
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1-2 days 3-5 days 6-8 days 30-120 days  >162 days
surgery (pre-op)
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(range) (3.6-160.9)  (13.8-19.2) (6.6-88.2) (12.1-99.0)  (14.2-125.3) (-24.8-135.9)
N 40 40 32 32 40 40
p-value 8.38e-07*** 8.64e-09*** 2.32e-04***  8.26e-03** 0.075

Figure 9.6 Boxplots demonstrating serial circulating 25-OHD levels in patients undergoing
large bowel resections for colorectal cancer. Each post-operative time point was compared
to the pre-operative time point individually using the Wilcoxon signed-rank test.
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Figure 9.7 Scatterplots demonstrating the association between pre-op and post-op 25-OHD
levels. Each post-op time point was analysed separately using a linear regression model
adjusted for age, gender, AJCC stage and type of surgery (open or laparoscopic).
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9.3.7 Vitamin D treatment of human cell lines and colonic organoids

The two-way interactions influencing CDH1 expression in the normal mucosa
implicates the vitamin D signalling pathway in the regulation of CDH1, and suggests
that the rs9929218 SNP modifies this regulation by altering the binding of VDR-
interacting transcription factor FOXO4. To experimentally investigate these
observations, six colorectal cancer cell lines that are homozygotes for the rs9929218
polymorphism (AA=3, GG=3) were selected for treatment with calcitriol (1o,25-
dihydroxyvitamin D), which is the active metabolite of vitamin D. It was
hypothesised that firstly, CDH1 expression would be induced by calcitriol, and

secondly, this response will vary according to the rs9929218 genotype.

Baseline VDR, CDH1 and CYP24A1 expression were first checked for each of
these cell lines (Figure 9.8). Triplicate time courses were carried out for each cell
line, and the CDH1 response was calculated by the fold change from controls treated
with the ethanol carrier at each time point (Figure 9.9). CYP24A1, a well-known
target gene of VDR, was measured as a positive control for calcitriol-dependent
transcriptional response (Figure 9.9). Overall, the induction of CYP24A1 appears to
peak at 16-24 hours, with the exception of COLO205 that had a relatively small fold
change. Baseline levels appeared to influence the magnitude of the calcitriol-induced
fold change i.e. cell lines with higher baseline levels of CYP24A1 demonstrated

smaller fold changes.

Of the six cell lines, SW480 showed the most convincing response in CDH1- a
six-fold change was observed after 16 hours of calcitriol treatment and this persisted
up to 48 hours (Figure 9.10). The response after 24 and 48 hours was variable
between the replicates and hence not statistically significant, but a minimum of a
four-fold change was still present. This large differential response may be partly due
to the fact that baseline CDHL1 levels are very low in SW480 (Figure 9.8) and the any
absolute increase in CDH1 levels will be reflected as a large fold change. Two other
cell lines, LS174T and SW48 also showed a significant induction of CDH1 at 16
hours of treatment, albeit of a lesser magnitude (>two-fold change). There was no
obvious influence of the rs9929218 genotype on the CDH1 response. However, there
were large differences in baseline levels of CDH1 and VDR, both of which could in
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theory influence the effect of calcitriol stimulation on CDH1 expression fold change,
hence displacing any effect of rs9929218. Nevertheless, the induction of CDH1
expression in three out of six colorectal epithelial cell lines supports a link between

vitamin D and the regulation of CDH1 expression in the normal mucosa.

As discussed in previous chapters, the use of cell lines for assessing SNP function
Is challenging and suboptimal at best due to the cellular genomic and karyotypic
abnormalities that they have accumulated. To address this limitation, the culture of
colonic organoids derived from primary human large bowel epithelium was
instigated as a non-aberrant in-vitro model system (Figure 9.11). It has to be noted
that the organotypic culture used in this thesis is at its preliminary stages, and the
methods are still in need of optimisation for the organoids to proliferate in a robust
and reproducible manner. Presently, these organoids do not survive for more than 10
days, hence, they were treated at day 5 for a comparison of CDH1 expression in
response to calcitriol treatment. Based on the time course studies in cell lines, the
organoids were treated for 16 hours to elicit a maximal response. A baseline level of

gene expression was also quantified at day 0 for comparison.

Unfortunately, there were recurring issues with fungal infections of the organoid
culture, and only three of the five organoid cultures survived until calcitriol treatment
at day 5. Hence, no meaningful statistical analyses were able to be performed. Two
of these organoid cultures were of the rs9929218 (GG) genotype, whereas one was of
the rs9929218 (AA) genotype (Figure 9.12). Firstly, it can be observed that the two
positive control genes, CYP24A1 and CYP3A4, have very low baseline levels. In fact,
CYP24A1 was undetectable in two out of the three samples, which concurs with the
expression data of the normal mucosa. Treatment with calcitriol induced a response
in all three organoid cultures, which is reassuring of calcitriol penetration through the
Matrigel scaffold and a vitamin D-dependent transcriptional response. Baseline
levels of CDH1 and VDR appears to be closely matched, which again is in
concordance with the normal mucosa expression where these two genes are very
significantly correlated. Calcitriol treatment appears to induce a 1.5 fold increase in
VDR expression in one of the organoid cultures, but this was not observable in the

other two. Rather interestingly, calcitriol treatment appears to induce a small increase
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in CDHL1 in the organoids with the rs9929218-AA genotype (n=1), which was not
seen in organoids with the rs9929218-GG genotype (n=2). However, this sample had
higher baseline CDH1 levels at day 0, which had reduced by almost half at the point

of calcitriol treatment at day 5

These preliminary results suggest that normal mucosa derived-organoids could
serve as an effective model system to demonstrate common allele-specific effects
that are only apparent under cellular perturbations such as a ligand-dependent
regulation, but will require replication before a suggestion of an allele-specific

differential effect can be convincingly made.
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Figure 9.8 Baseline expression of VDR, CDH1 and CYP24Al in cell lines selected for
calcitriol treatment. Triplicate measurements were taken. Error bars=SEM.
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Figure 9.9 CYP24A1 induction by calcitriol treatment for a series of time points in six
colorectal cancer cell lines. A) Relative expression of CYP24A1 in LS174T is presented
individually for the ethanol control and calcitriol treatment as fold changes cannot be
calculated from an undetectable baseline. B) Log fold change of CYP24A1l expression
between calcitriol treatment and ethanol control in the other five tested cell lines. Error bars
are not presented when fold changes are calculable for only one replicate due to
undetectable baseline levels.

267



16

14 -
12
)
= * * *
©
2 10 W LS174T - GG
(8]
< m CACO2 - GG
[T
5 s mSW48 - GG
wv
] COLO205 - AA
3
36 W SW480 - AA
I
) B VACO425 - AA
4
iiilii iiilh ii il i"=i it
0

4 hours 8 hours 16 hours 24 hours 48 hours
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in six colorectal cancer cell lines, performed in triplicates. Error bars=SEM. Student unpaired
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Figure 9.11 Human normal colon organoids. A) Colon crypts disaggregated from
surrounding stroma. B) Crypts disrupted and seeded. C) Crypt like structures budding at day
5. D) Organoids at day 7 with multiple crypt buds. Scale bar: A, C and D - 50 ym; B - 250

pm.
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Figure 9.12 Relative expression of CYP24A1, CYP3A4, VDR and CDH1 in human colonic
organoids derived from the normal mucosa of three patients. Each MD number represents
crypts derived from an individual patient, with their rs9929218 genotype indicated. A baseline
measurement was taken at day O after the colonic crypts were dissociated from the stroma.
Organoids were treated at day 5 in culture with 1% ETOH (negative control) or 100nM
calcitriol for 16 hours. Relative expression was measured by qRT-PCR, using ACTB as a

reference gene.
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9.4 Discussion

The chemopreventative role of vitamin D in colorectal cancer has been the focus
of many recent studies. Various approaches have been used to estimate vitamin D
status, including direct measures of circulating 25-OHD, surrogates or determinants
of vitamin D such as dietary intake and sun exposure estimates (as reviewed by
Giovannucci, 2010). Although confounding factors cannot be entirely excluded, the
consistency of these associations with CRC are highly suggestive of a causal
association. There have been two randomised controlled trials investigating the effect
of vitamin D supplementation on colorectal cancer risk, both of which failed to
demonstrate an effect on CRC incidence (Trivedi et al, 2003; Ding et al, 2008).
However, these studies are limited by the small number of participants, low doses of
vitamin D and inadequate trial duration to demonstrate an effect. Hence, the gene-
environment interaction between 25-OHD and a known CRC susceptibility variant at
the CDH1 gene (rs9929218) (Zgaga et al, unpublished) is of significant interest, as
not only does it lend weight to the suggestion of causality, it may also explain a
proportion of the missing heritability of colorectal cancer. It is critical to identify the
molecular mechanism underlying this relationship, as it will provide validation to the
epidemiological findings and consequently inform the rational development of
targeted preventative and therapeutic strategies. Given that the role of CDH1 (E-
cadherin) in cancer is well-established, it was hypothesised that this gene-
environment interaction manifests its effects on the regulation of its transcription,
particularly as its expression has previously been shown to correlate with VDR

expression in colorectal tumours (Pena et al, 2005).

The correlation of CDHL1 expression in the normal colonic mucosa with VDR and
CYP3A4, an intestinal VDR target gene, is suggestive of CDH1 regulation by vitamin
D activity in the large bowel epithelium. The strong correlation of CDH1 expression
with the FOXO transcription factors also implicates a role for them in the regulation
of CDH1. The regulatory relationship suggested by these correlations have been
previously demonstrated in-vitro using various cell line models — calcitriol-
dependent VDR regulation of CDH1 in the colorectal cancer cell line SW480 (Palmer
et al, 2003), and FOXO-mediated regulation of CDHL1 in urothelial cells (Shiota et
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al, 2010) and kidney epithelial cells (Carew et a, 2011). A recent study demonstrated
that ligand-bound VDR induce the dephosphorylation and activation of FoxO
proteins to regulate common VDR/FoxO target genes in a squamous cell carcinoma
cell line (An et al, 2010). Hence, the finding of multiple two-way interactions
between FOXO4 levels-rs9929218, FOXO4 levels-VDR levels and FOXO4 levels-
Fokl is exciting, as it alludes to a biologically plausible in-vivo co-regulatory
relationship between VDR and FOXO4 on the expression of CDH1 that is modified
by an established risk SNP, and provides support to the hypothesis driven by the
epidemiological and bioinformatics analysis. However, the number of samples in this

study is very small and must be validated independently in larger studies.

Circulating 25-OHD is the most frequently used biomarker of vitamin D status in
clinical settings and epidemiological studies, as it accounts for both endogenous
synthesis in the skin and vitamin D intake, and has been shown to vary widely in
human populations (as reviewed by Jacobs et al, 2011). Although there is a lack of
association between CDH1 expression and circulating 25-OHD (singularly or as a
factor in two-way interaction analysis), it should be recognised that there are
limitations inherent to the use of 25-OHD in associative studies, which is especially
pertinent to the study presented in this chapter. Firstly, circulating 25-OHD may not
effectively capture intracellular vitamin D status due to the dynamics and variability
in local tissue-level conversion of 25-OHD to the active metabolite 1,25(0OH).D, and
secondly, the sampling of serum 25-OHD was carried out post-operatively at varying
time points from the treatment for cancer. As shown in the serial samples of 25-OHD
of patients undergoing large bowel surgery, the procedure impacts on circulating 25-
OHD levels with effects lasting well beyond the hospital stay (approximately a
week). This could be due to a combination of various factors such as re-distribution
of vitamin D metabolites induced by a general anaesthetic, 1V fluids, inflammatory
responses, and the lack of sun exposure during the rehabilitation period. For the
normal mucosa gene expression study, patients undergoing adjuvant chemotherapy
were not excluded and it is also possible that this may also have an influence on 25-
OHD levels. Hence, it is very likely that 25-OHD levels used in the gene expression
correlation study do not accurately reflect the vitamin D status of the tissue harvested

from the surgically resected large bowel specimens. Interestingly, the results from
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the serial samples of 25-OHD indicate that the impact of surgery on absolute 25-
OHD levels did not affect the relative levels of 25-OHD at all the time points
examined, suggesting that sampling at a consistent time from the operation could be
an acceptable substitute for pre-operative sampling. In other words, the time from the
operation to sampling could be included as a variable in the regression model to
account for the effects of surgery, which is potentially important in association
studies of cancers where surgery is the mainstay of treatment and patients are
recruited at varying time periods after surgical treatment. Future work should include
further assessment of the serum 25-OHD serial sampling data using repeated
measures analysis, as this would remove between-subjects variability and could

improve the power of the test in detecting significant differences between means.

The calcitriol treatment of CRC cell lines and human colorectal organoids provide
preliminary evidence that CDH1 is up-regulated by vitamin D activity. Going
forward, more detailed functional studies are now required to robustly elucidate the
mechanism of this regulation, as well as any allele-specific effect of rs9929218.
Using cell lines that have shown a CDH1 transcriptional response to calcitriol
treatment, immunoprecipitation and western blotting will be able to demonstrate any
post-translational modifications of the FoxO proteins that are mediated by VDR,
ChIP will reveal DNA-protein binding at the rs9929218 locus, and gene depletion of
VDR and FOXO will establish the role of these transcription factors on CDH1
transcription. EMSAs and luciferase reporter plasmids are also useful in-vitro assays
that can show an allele-specific effect of rs9929218. Replication with the human
organoid culture will consolidate the functional relevance in the non-transformed
tissue state, but this may not always be technically feasible due to the limited amount
of tissue available for the set-up of culture and the large amounts of cellular extract
required for some of these assays. Hence, it is of interest to optimise the viability of
the colonic crypts and the growth conditions for allow adequate expansion of the

culture for parallel functional experiments.

In summary, the data presented in this chapter has demonstrated an approach
using gene expression data derived from colorectal primary tissue, cell lines and

human organoids to gain insight into the molecular mechanisms underlying a gene-
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environment interaction involving a common CRC susceptibility variant and vitamin
D status. Although the evidence is largely observational and preliminary, it suggests
that there is scope for further discovery and sets the groundwork on which further
functional studies can be built. There is enormous potential and value in pursuing the
molecular mechanism underlying this gene-environment interaction as the level of
vitamin D is modifiable with supplementation, which has a relatively safe side-effect
profile. Informed, appropriate selection of those that would benefit most from an
improvement in vitamin D levels can potentially lead to a large impact on the

prevention of colorectal cancer.
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Chapter 10

Summary and Discussion

10.1 Summary

In the last decade, the use of GWAS on large, well-characterised case-control
cohorts of colorectal cancer has facilitated the identification of greater than 25
common genetic variants that carry with them an increased predisposition to
colorectal cancer. As the majority lie within non-coding regions, the underlying
causal mechanism is to-date poorly understood for the majority of these loci. The
work presented in this thesis has demonstrated that a number of these genetic
variants also influence gene expression levels, strongly suggesting that they confer

risk, at least in part, by modifying regulatory mechanisms.

The hypothesis that CRC-associated genetic variants influence gene expression
was tested by two approaches - an agnostic approach that utilised eQTL analysis, and
a hypothesis-driven approach that specifically examined the expression of target
genes and regulatory pathways of an established risk locus. It was thought that these
heritable influences on gene expression are likely to be subtle, hence there was a
strong emphasis on the methodology and production of robust data to minimise
experimentally-induced non-biological variations and consequent erroneous
conclusions. Chapter 3 described the development of a reproducible protocol that
ensures the extraction of high-quality RNA from primary colorectal mucosal tissue
for reliable gene expression profiling, whereas Chapter 4 focused the selection and
validation of context-specific reference genes for gRT-PCR. The detection of
differential expression profiles in relation to clinicopathological features (Chapter 5)
allowed internal validation of the sample and data processing, and also highlighted
the importance of accounting for these potential confounders in the subsequent

expression analysis.

The systematic analysis of the association between 25 established risk loci and
expression of cis-genes (Chapter 6) provides evidence to support the hypothesis that
these risk loci exert their effects on CRC risk by having tissue-specific eQTL effects

275



on gene expression. Expression fine-mapping of these eQTL associations identifies
putative functional variants, some of which are also better at predicting CRC risk,
thus making them likely to be the causative variants. Chapter 7 follows up the
Xp22.2 eQTL/risk locus with functional assays, validating the experimental rationale
of cis-eQTL analysis and expression fine-mapping. By association, the target gene of
this locus, SHROOM?2, is a candidate in the predisposition to CRC. Little is known of
SHROOM2 in the context of CRC, and Chapter 8 outlines an investigative approach
with preliminary functional data suggesting that SHROOM2 has a possible role in
cell cycle regulation and is likely to be expressed at the top of colonic epithelial

crypts.

Although the eQTL analysis has produced risk loci-expression associations, the
functional effects of many of the loci remain unexplained. Chapter 9 takes an
alternative hypothesis-driven approach to understand the mechanism underlying the
16922.1 locus, which has recently been shown in a gene-environment interaction
analysis to modify the protective association of vitamin D levels on CRC risk.
Variant-expression and expression-expression interaction analyses support a role for
the vitamin D signalling pathway in the modulation of the heritable variation in
CDHL1 expression, demonstrating a candidate-based approach in deciphering the link
between genetic locus and CRC susceptibility.

10.2 A hypothesis-free discovery of candidate causal
variants and genes: utility of tissue-specific eQTL

analysis

It has been established that common genetic variants contribute to the risk of
colorectal cancer, and the post-GWAS challenge is to elucidate how these risk
variants specifically influence the development of colorectal cancer. By examining
the expression of cis-genes neighbouring these CRC risk variants in normal
colorectal mucosa and matching peripheral blood, I have demonstrated at least five
local eQTL associations for these risk variants in each of the tissue types (Chapter 6),
agreeing with the published observation that trait-associated SNPs are more likely to

be eQTLs (Nicolae et al, 2010). The majority of these associations were tissue-
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specific; even when the risk variants were eQTLs in both tissue types, their target
genes did not overlap, consistent with reports in the literature that disease-associated
variants tend to exert more cell-type specificity (Fu et al, 2012; Brown et al, 2013).
The presence of CRC-associated eQTL in colonic and extra-colonic tissue, as well as
the tissue-specificity they exhibit, is interesting. Assuming that the cell-type that
harbours the intermediate phenotype of transcript abundance contributes to the
transformation of the cell of cancer origin, the extra-colonic eQTLs suggest that
alterations in extra-colonic cells may indirectly modify CRC susceptibility in a non-
cell autonomous fashion. This tissue-specificity also emphasizes the importance of
selecting the relevant target tissue for the examination of eQTLs, particularly as
previous examination of publically available LCL eQTL databases did not reveal
convincing eQTL effects, with the exception of the 6p21.2 (Dunlop et al, 2012) and
18g21.1 (Broderick et al, 2007), where there was some evidence of association to the
expression of neighbouring genes. In view of the heterogeneity of cell-types and
transcriptional signatures within the intestinal epithelial crypts, risk eQTLs could in
fact be specific to a particular crypt compartment or a particular epithelial cell-type,
and it would be of interest to test this hypothesis with single-cell gene expression

analysis.

The two best associations were seen in the colorectal mucosa, at 11923.1 and
Xp22.2, with adjusted association p-values in the order of 10e™, which fits in with
the expectation that eQTL associations observed in the originating tissue giving rise
to the tumour are likely to be more informative (Freedman et al, 2011). The target
genes COLCA1, COLCA2 and SHROOM?Z lie adjacent to the risk loci, and have not
been previously known to be associated with cancer, possibly representing novel
pathways/molecular networks that are involved in cancer initiation and progression.
eQTL analysis of susceptibility loci in other tissue types such as the liver and
prostate have been shown to be of value in identifying target genes that influence
disease susceptibility (Musunuru et al, 2010; Pomerantz et al, 2010). The other three
risk/eQTL loci identified in the colorectal mucosa were 12q13.12 (SPATS2), 8923.3
(UTP23) and 1941 (HLX), but their effects were much weaker and validation studies

will be required.
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In the PBMC, the eQTL effects of risk variants were also weak, but it should be
noted that not only were the sample size considerably smaller, peripheral blood was
obtained at inconsistent time points after the operation, increasing the variation
‘noise’ and reducing the power to detect eQTLs. Despite this, there were significant
cis-associations even after multiple-testing correction, targeting genes that have been
previously implicated in cancer biology such as CERS5 (Ceramide synthase 5) and
LIMAL (LIM domain and actin-binding protein 1). Although eQTLs in PBMCs
may not be as directly relevant to those detected in colorectal mucosa, they could be
of interest as they may reflect indirect effects in immune cells that induce changes in
the colorectal epithelium by modulating the stromal microenvironment, particularly
as inflammatory processes are known to contribute to the development of CRC.
Nevertheless, further study is required as it is unclear whether peripheral blood
mononuclear cells are appropriate surrogates for mucosal immune cells. The
association of the risk locus 20p12.3 with RP11-19D2.2, an uncharacterised long
intervening non-coding RNA transcript is interesting in principle. Together with the
evidence suggesting that COLCA1 and COLCAZ2 are also long non-coding RNAS
(Smillie, pers. comm.), this lends support to the notion that low-abundance
unannotated IncRNAs are transcribed from cancer risk loci and mediate risk by
facilitating a wide repertoire of regulatory functions. Deep sequencing of transcripts
derived from targeted regions with techniques such as RNA- CaptureSeq (Mercer et
al, 2011) will allow targeted interrogation of different populations of RNA in relation
to risk loci genotypes. More generally, RNA-Seq techniques have increased coverage
over microarrays, providing the ability to look at alternative gene spliced transcripts,
post-transcriptional modifications, gene fusion and allele specific expression. This
would allow better definition of the transcriptome and ultimately be of greater value

in detecting changes associated with risk alleles.

After the initial identification of eQTL associations, expression fine-mapping of
these individual risk loci was performed using data from high-density genotyping
arrays. For each eQTL loci, candidate functional variants for expression were
compared for their effects on CRC risk, with the rationale that variants that better
explain both target gene expression and CRC risk are more likely to be causal. Using
this approach, candidate variants for the 11g23.1 (COLCA1 and COLCA2), Xp22.2
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(SHROOM2) and 12g13.12 (CERS5) loci were identified. Functional assays are
required to hone in on the causal variant — this was demonstrated for the Xp22.2
locus in Chapter 7, where gene reporter assays showed marked differential
transcriptional activity with Indel24 which was not seen with the tagging SNP, nor
matched by the alternative candidate SNP rs5934685.

During the progress of this research, two reports of CRC risk variants exhibiting
eQTL effects on cis-genes in colorectal tissue were published independently (Loo et
al, 2012; Closa et al, 2014), however, not all the results were in agreement with my
findings. Loo et al identified four genes (ATP5C1, DLGAP5, NOL3 and DDX28) at
three risk loci with differential expression levels as a function of genotype, none of
which were nominally significant in my samples. Closa et al’s findings matched
more closely to those of mine, implicating the 11923.1, Xp22.2 and 12g13.12 loci as
local eQTLs that similarly affected COLCA1, COLCA2 and SHROOM2 expression,
as well as additional target genes GPR143 and DIP2B. Although the independent
replication of part of my findings is reassuring validation, the discrepancies in the
others suggest that the eQTL analysis are subjected to errors induced by non-
biological factors such as sample sizes and study power, genotyping and imputation
methods, microarray platforms utilised and the sampling procedure (surgery or
colonoscopy biopsies). Both studies also examined tumour tissue as well as normal
tissue, which could have harboured large regulatory aberrations masking the subtle
eQTL effects associated with germline variation. Closa et al also examined trans-
eQTL effects of CRC risk loci on genome-wide gene expression, and found that two
of the loci with cis-eQTL activity (11923.1 and 12q13.12) also exhibited trans-
associations with the expression of multiple genes, albeit weaker than the cis-
associations. Although this is suggestive that the trans- associations are related to
common transcriptional networks, this does not exclude the possibility that trans-
eQTL activity could account for the yet unexplained function of other risk loci, as
trans- associations tend to be indirect and hence weaker. Hence, it would still be of
interest to examine for trans- associations in the normal colorectal mucosa, but a

larger sample size may be required to increase the power of detection.
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10.3 Identification of a novel causal variant and candidate
cancer susceptibility gene at the Xp22.2 locus

To verify the eQTL associations identified at CRC risk loci, it is important that
the causal variant is defined and the underlying regulatory mechanism delineated.
The identification of the molecular mechanisms underlying the Xp22.2 eQTL locus
is validation of the experimental rationale of examining expression as an
intermediate phenotype. By using a combinatory approach of targeted resequencing
and fine-mapping of the Xp22.2 risk locus with SHROOM2 expression, two
candidate functional variants (rs5934685 and the novel Indel24) were identified to be
more strongly associated with both expression and risk than the tagging SNP
rs5934683 (Chapter 7). Although conditional modelling of SHROOM2 expression
cannot exclude the possibility of independent association signals, conditional
analysis of a case-control study supports Indel24 as the driver signal. Indeed, in vitro
luciferase gene reporter assays indicates that the novel Indel24 is the most likely
functional variant modulating regulatory control of transcription. In silico data from
ENCODE ChlP-seq studies indicates that Indel24 resides within the binding sites of
NF-YA and NF-YB, two transcription factors that bind cooperatively as two subunits
of the trimeric NF-Y transcription factor complex. siRNA depletion of NF-YA and
NF-YB singularly was associated with a reduction in transcription as observed by
gene reporter activity, as well as endogenous SHROOM2 levels in CRC and RPE cell
lines, indicating that Indel24 may be modulating transcription of SHROOM2 by
altering the DNA-binding affinity of NF-Y. Indeed, on the minus strand, the NF-Y
consensus binding motif CCAAT is present within the insertion allele of Indel24
with three other CCAAT motifs flanking Indel24. The introduction of mutations to
the CCAAT motifs in a series of reporter constructs s provided further evidence that
NF-Y is involved in the Indel24 modulation of differential transcriptional control,
and that Indel24 modifies NF-Y binding affinities by altering the spacing between its
functional binding motifs and not by donating an extra binding site. Aside from
demonstrating the function of the causative eQTL variant at the Xp22.2 risk locus,
this work also exemplifies how structural variation at non-coding regions can

influence the activity of control elements.
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The target gene of Xp22.2 eQTL, SHROOM2, is an interesting candidate for
colorectal tumourigenesis, as it has previously been shown to have a role in cell
morphogenesis during endothelial and epithelial tissue development (Lee et al, 2009;
Farber et al, 2011), cytoskeletal organisation (Dietz et al, 2006), tight-junction
stabilisation (Etournay et al, 2007) and cell contractility and migration (Farber et al,
2011), all of which are aspects often implicated in cancer biology. SHROOM2 co-
expression analysis in the normal colorectal mucosa is suggestive of a role in cell
cycle regulation, which is also corroborated by the transcriptomic analysis of cell
lines with siRNA depletion of SHROOM2 (Chapter 8). Furthermore, the transcription
factor implicated in SHROOM2’s transcriptional control, NF-Y, is known to activate
the transcription of various cell cycle genes (Muller and Engeland, 2010), indirectly
adding support to the postulation that SHROOM2 exerts its tumour suppressive
effects by influencing cell cycle progression. It would therefore be of considerable
interest for future work to include experiments that would directly implicate
SHROOMZ2 in the regulation of cell cycle. The availability of compelling new tools
recently reengineered within the unit, such as the bicistronic Fucci2a system and the
R26Fucci2aR mouse model (Mort et al, 2014), provides an attractive collaborative
opportunity with local expertise for the investigation of SHROOM2’s role in cell
cycle dynamics, both in cell culture and during mouse embryonic development. In
the planning and design of such functional assays, consideration should be given to
the fact that aberrant gene activity of the inactive X-chromosome are often seen in
neoplastic processes leading to perturbed dosage of X-linked factors. This is
particularly relevant as some of these genes are known to be involved in cancer
promotion and could confound functional phenotypes thought to be related to
SHROOM2.

In the same vein as the considerations about the cell-type specificity of eQTLs,
the localisation of SHROOM2 expression within the colorectal epithelial crypt is of
interest as it sheds light on protein function and its role in the development of cancer.
As a specific antibody to SHROOM2 was lacking, indirect evidence from SHROOM?2
co-expression analysis with cell-specific marker genes in the normal colorectal
mucosa pointed towards expression in the crypt-top mature enterocytes, suggesting

that SHROOM2 may contribute to their tumour-initiating capacity via a ‘top-down’
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mechanism where dysregulated cells outside the crypt-base stem cell niche
dedifferentiate and act as tumour progenitors (Schwitalla et al, 2013; Davis et al,
2014). RNA-FISH could be used to demonstrate the spatial distribution and tissue
localisation of SHROOM2 transcripts, but may not be of similar utility for subcellular
localisation. Future work should continue to focus on the generation of suitable
antibodies, as it will be crucial in the investigation of SHROOMZ2 function. In
conjunction with this, further stable loss-of-function studies in cell lines or animal
models (e.g. mice) will be beneficial, allowing more definitive phenotype
characterisation before ultimately progressing to dissect the more subtle phenotypes

associated with gene dosage and eQTL effects.

10.4 A hypothesis-driven approach: the genetic and non-
genetic modulation of target gene (CDH1) expression
may underlie gene-environment interactions in the

predisposition to CRC

Although the eQTL analysis of colorectal mucosa and PBL has provided evidence
of regulatory function for approximately half of the CRC risk loci (Chapter 6), there
is still a significant proportion of risk variants whose functions and target genes are
unexplained. The reasons for this could be many; in view of the gene-environment
interaction (Zgaga et al, unpublished) between circulating vitamin D levels and the
16g22.1 risk locus, Chapter 9 outlines a hypothesis-driven approach which
demonstrates that the tagging SNP rs9929218 modifies the influence of the VDR-
interacting factor FOXO4 on the target gene CDH1. By using expression levels
derived from gene expression microarrays of the normal colorectal mucosa, multiple
two-way statistical interactions were observed between rs9929218-FOX04
expression, FOXO4 expression-VDR expression, and FOXO04 expression-VDR
polymorphism (Fokl), which is in agreement with the in silico prediction that
rs9929218 alleles possess differential FOXO-binding affinity. It implicates a
biologically plausible in-vivo co-regulatory relationship between VDR and FOXO4
that is modified by an established risk SNP within intron 2 of CDH1, providing

functional support to an epidemiological gene-environment interaction.
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The vitamin D active metabolite (calcitriol) treatment of CRC cell lines and
human colonic organoids provided preliminary evidence that CDH1 expression is
can be induced by vitamin D activity (Chapter 9). Going forward, more detailed
functional studies are required to directly demonstrate the biological interactions
postulated from the observations derived from static gene expression profiles.
Having now identified cell lines with a CDH1 transcriptional response to calcitriol
treatment, ligand-dependent immunoprecipitation, co-localisation, western blotting
can be performed at optimal time-points to reveal post-translational modifications of
FOXO4 that are mediated by VDR, as well as ligand-dependent ChIP to study DNA-
protein binding at the rs9929218 locus. Additionally, gene depletion of VDR and
FOXO4 will establish the role of these transcription factors on CDH1 expression, and
gene reporter assays will be useful to show a ligand-dependent allele-specific
differential effect of rs9929218 that mirrors the epidemiological gene-environment

interaction.

To further substantiate the link between vitamin D activity, rs9929218 and CDH1
expression, serum 25-OHD was retrospectively collected from a subset of patients
who had donated colorectal tissue for gene expression profiling. There was no
association with CDH1 expression, nor were there any statistical interaction between
circulating 25-OHD and rs9929218 or markers of vitamin D activity. Given that
serum 25-OHD was collected at variable time points post-operatively, it may not
have accurately represented the intracellular vitamin D status of the normal mucosa
tissue collected during surgery. Indeed, a peri-operative time series of circulating 25-
OHD examined in a prospective cohort of patients undergoing large bowel resection
for CRC demonstrated a post-operative reduction of 25-OHD which did not return to
pre-operative levels for at least ~5.5 months (Chapter 9). Interestingly, the time
series also showed that although absolute levels of 25-OHD decreased with the
surgery, relative levels were maintained at all time-points, suggesting that the
inclusion of the time interval, from treatment to sampling, as a co-variate may
improve statistical modelling. This finding is of importance in the wider scheme of
scientific study into the effects of circulating 25-OHD and CRC outcomes, as one of

the limitations of such observational studies is that the time period between surgery
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for the treatment of cancer and 25-OHD sampling was not constant (Zgaga et al,
2014).

10.5 Gender- and site-specific differential gene expression in

the normal colorectal mucosa

Gene expression profiling of the normal mucosa samples used in this research
revealed differences in gene expression that are influenced by gender and the
anatomical site of the large bowel (Chapter 5). The gender-specific and site-specific
differential expression detected in the colorectal mucosa is largely consistent with
known biological processes and published literature, providing internal validation of
the integrity of the samples, the microarray platform used and the processing of the
data. It also demonstrates the importance of including gender and anatomical site as
co-variates in the eQTL analysis to optimise the detection of subtle effects that are
associated with inherited variation of gene expression.

There are known epidemiological, clinical and molecular differences between
proximal and distal colon tumours, suggesting that the risk factors and
transformation pathways of sporadic colorectal cancer may differ according to the
anatomical location within the colon. The analysis in Chapter 5 confirms the findings
of previous studies that there are widespread expression differences between the
normal mucosa of the proximal and distal colorectum. Hence, it would be of interest
to design future studies to analyse the proximal and distal large bowel separately (as
different target tissue), in relation to heritable variation in expression (eQTL), as well
as the heritable risk of CRC (GWAS). Although this will compromise the sample
size, the power of the study may not necessarily suffer if there are site-specific
effects that are opposing in directionality. A pilot analysis utilising the microarray
data available from the samples used in this research here may inform the utility and

appropriate design of such studies.
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10.6 Concluding remarks

In conclusion, the work presented in this thesis has demonstrated a functional
approach to discover and validate the molecular mechanisms underlying the common
predisposition to colorectal cancer, and offers promise for new levels of
understanding on how CRC risk variants mediates risk. The revelation that some of
these common genetic variants impart risk by influencing the intermediate phenotype
of transcript abundance in a tissue-specific manner adds further complexity to the
study of CRC susceptibility genes and pathways. Further identification of the
intermediate phenotypes for all of the risk loci will be critical in order to fully
appreciate the contribution that common genetic variation makes to the development
of cancer. Some of this may be achieved by examining eQTLs in specific segments
of the large bowel, specific compartments/cell-types within the colonic epithelial
crypt, or other tissue types altogether. Alternative intermediate phenotypes such as
trans-eQTLs, long non-coding RNA, alternative transcripts and influences on the
epigenome are also potential areas for future investigation. The knowledge that some
of these effects may only be unveiled when analysed in relation to environmental
factors highlights the need for more research into gene-environment interactions,
particularly on a molecular level. Detailed understanding of the molecular
consequences of inherited predisposition to this common complex disease can only
have a positive impact on understanding how CRC develop and ultimately be of

clinical and public health benefit.
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