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Abstract

Ulcerative colitis (UC) is an inflammatory condition affecting the mucosa of the large
bowel and the occurrence is linked to the increase of developing colitis associated
cancer (CAC). The identification of biomarkers to predict those who are at risk of
progressing to CAC is needed to assist in early decision making for restorative
surgery and improved outcome following surgery. However, previous attempts at the
identification of consistent genetic biomarkers have not been successful, due to non-
reproducibility of the results. This could attribute partly to variability in tissues used
and partly to the complex pathophysiology. The regenerative stress in UC mucosa
resulting in multiple structural mutations in genes may also be a cause for the
variability.

Therefore, the first aim of this study was the identification of differentially methylated
genes to be used as potential biomarkers of malignant transformation at a
precancerous stage. Whole genome bisulphite sequencing was carried out on laser
captured epithelial cells on a pilot cohort of 8 samples of normal, inflamed, dysplastic
and malignant colonic mucosa. Each sample was matched with adjacent non-
neoplastic mucosa or buffy coat from the same patient as controls. Sixty-three
hypomethylated and six hypermethylated gene promoters were identified as
differentially methylated in the samples compared to the normal epithelium. These
methylation changes were unique to the diseased tissue and were consistently found
in each stage of the disease, suggesting they could be used as biomarkers for CAC.
Out of these genes, 7 hypomethylated and 4 hypermethylated genes were identified
as strongly related to CRC pathways. Similarly, the analysis of gene body
methylation allowed the identification of further 10 hypomethylated and 2

hypermethylated genes related to CRC pathways. Moreover the identified genes



could be annotated to cell adhesion related molecular function and disease
processes, including UC and epithelial cancers.

Amongst proteins and pathways of clinical importance, TGF[3, a molecule with anti-
inflammatory properties, is inhibited in UC-affected mucosa. Recently, SMAD7, the
principal intracellular inhibitor of the TGFB pathway, has been proposed as a
therapeutic target in UC. However, SMAD?7 is shown to influence CRC development
and progression in a less understood manner. Furthermore, studies in breast cancer
indicate that SMAD7 influences methylation patterns of cancer-associated genes.
Therefore investigating the potential effect of SMAD7 on CAC and differential
methylation of related genes would provide insight into its role in CAC. The second
and third aims of this study were therefore was to observe the behaviour pattern of
SMAD?7 at different stages of CAC and analyse the methylation pattern of identified
SMAD7-associated genes.

Immunohistochemistry and in situ hybridisation was performed on 53 and 33
samples from non-inflamed, inflamed, dysplastic and cancer tissues, respectively.
SMAD7 was biphasically expressed in different stages of CAC: high expression
during the inflammation and cancer stages was associated with a lower expression in
the non-inflamed UC and dysplastic tissues. On the other hand, the downstream
molecule pSMAD3 did not show a reduction in expression suggesting an escape of
TGFB from the inhibitory effect of SMAD7 in UC. The evaluation of the methylation
patterns in cancer-associated genes supposedly influenced by SMAD7 (CDH1,
CLDN4, DNMT1, CGN) did not demonstrate a consistent pattern of differential
methylation. This data has strong clinical implications, as the biphasic expression of
SMAD?7 during precancerous stages suggests further evaluation is needed prior to

using an antisense to inhibit SMAD7 in the clinic.



In conclusion, this pilot study identified 27 potential genes with differential
methylation, of which the expression of some has already been validated with RT-
gPCR. The consistency of the methylation pattern of these genes across all stages of
CAC and their annotation to cancer and cancer related biological processes make
them strong potential candidates for an early biomarker in CAC. An extension of the
analysis in a wider samples cohort and complete validation of each target will be
necessary to validate their efficacy and lead to developing a clinically useful gene

panel to predict CAC.
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1.Introduction



1.1 Colorectal cancer

Colorectal cancer (CRC) is the 3™ leading cause of death due to malignancies
globally (1). Traditionally thought to be a disease of the industrialised communities,
currently there is a surge of CRC incidence in the low- and middle-income earning
countries (1, 2). The majority of CRC are sporadic cancers while 15 to 20% occur
due to identifiable predisposing conditions. Amongst these are the hereditary
polyposis conditions such as Familial adenomatous polyposis (FAP), Attenuated
FAP, MUTYH associated polyposis syndrome (MAP) and Hereditary non polyposis
colorectal cancer (HNPCC) (3). There are other rare hereditary syndromic conditions,
such as Peutz Jeggar’s, Gardner’'s, Cowden and Turcot syndrome, which cause
CRC. Inflammatory bowel disease (IBD), comprising of Ulcerative Colitis (UC) and
Crohn’s disease (CD), is an independent risk factor for CRC. However, while UC has
a well-established link to increased risk of CRC, the risk due to CD is controversial
(4). Survival from CRC has improved over the recent past due to the improvement in
surveillance methods, surgical techniques and chemotherapy protocols. Risk
reduction has also been effective due to health education and population screening
for premalignant stages. However, IBD being a non-modifiable risk factor and its
incidence increasing, UC related CRC incidence has a potential to increase in the

future.

1.2 Ulcerative colitis

Ulcerative colitis is an inflammatory condition of autoimmune nature affecting the
mucosa of the large bowel. The condition is part of the inflammatory bowel disease
group where Crohn’s disease and indeterminate colitis are the other counter parts. It

is estimated that each year, in Europe, new cases are diagnosed at a rate of
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between 0.9 to 24.3 per 100,000 person (5). There is a difference in the incidence
between the west and the east of the continent, with the highest annual incidence of
24.3 recorded in Iceland and the lowest rates in Eastern Europe. Worldwide, it has
also been noted that the disease occurrence increases proportionately to the human
development index, where a higher incidence and prevalence of the disease is

observed in the industrialised populations (6-9).

1.2.1 Pathophysiology of UC

The exact pathophysiology of UC is not known, although it is thought to be of
multifactorial nature (10-12). Aetiology of the disease has been linked to exposure of
the immune system to antigens during the early stage of life (13-15). Emerging data
suggests a connection between UC and the gut microbiome (16). The underlying
pathophysiology appears to be a deregulated mucosal immune response driven by
genetic susceptibility and gut commensals (17). Inflammation in UC is confined to the
mucosa, in contrast to the transmural inflammation seen in Crohn’s disease. In the
normal colon, the epithelial cells with their tight junctions and mucus layer separate
the luminal commensals from the immune cells in the lamina propria. Individuals with
UC have defective mucus secretion and week tight junctions, which would allow the
antigens to come in to contact with the immune cells (18, 19). However, whether the
deranged defences are a cause or the effect of inflammation is yet unclear (17). The
antigen presenting cells (dendritic cells) increase in the lamina propria of patients
with UC resulting in activation of NF-kB and migration of T cells. There is an atypical
T helper type 2 response that is mediated by non-classic natural killer T-cells

producing interleukins 5 and 13. The interleukins have a cytotoxic effect causing an
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inflammation in the mucosal layer (19, 20). An exaggerated leucocyte response is
brought about by a combination of interleukins and cytokines such as Tumour
necrosis factor (TNF)-a resulting in a chronic inflammatory response.

There are well-recognised genetic markers that predict the susceptibility for UC. The
major histocompatibility complex class-2 region near HLA-DRA has shown strong
association with IBD while epithelial cell adhesion molecules such as hepatocyte
nuclear factor-4a, E-cadherin1 (CDH1), and laminin-B1 have been specific for UC
(21). Methylation of CDH1 was the first association between UC and CRC that was
recognised (22). Using methylation specific PCR on case matched samples, this
study demonstrated methylated promoter of CDH17 in 57% of the UC associated CRC
samples and 36% of the sporadic CRC. After confirming the authors concluded that
there is significant overlap between the two types of cancers in genetic pathways.
This may indicate an important role of early methylation changes in CRC that is
independent of inflammation. As the scientific thinking behind bowel cancer on UC is
changing from that of oxidative stress to regenerative stress (23) these early

epigenetic markers might hold the answer for a risk predictor of CAC.

1.2.2 Clinical management of UC

Currently patients with active disease are monitored periodically with colonoscopy
and biopsy of suspected areas of the mucosa (24). Those who have dysplastic
changes are offered surgery to remove the colon, which will be replaced either with
an ileal pouch (restorative surgery) or a permanent ileostomy (25-28). As | will
discuss further, high-grade inflammation is an absolute risk of development of cancer
warranting the removal of the colon (29). However, the colonoscopic evaluation is

operator-dependent and in some series around 30% of those who undergo surgery
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for dysplasia has been found to harbour occult cancer in the lesions on
histopathological examination (30, 31). These factors necessitate the search for
biomarkers predictive of progression to carcinoma. Early referral to surgery can
prevent the development of cancer and improve the outcome from restorative

surgery (25, 27).

1.3 UC associated CRC

While UC initially presents as blood and mucus diarrhoea, it can progress to life
threatening conditions such as toxic megacolon and perforation of the colon in the
acute stage (32), and cancer. Patients with long standing UC have in fact an
increased risk of developing colitis-associated colorectal cancer (CAC) (33-37), a risk
that is proportionate to the extent and the duration of the disease (30, 31, 38).
Traditionally, the risk of developing colitis-associated colorectal cancer CAC is
believed to be 2% by 10 years, 8% by 20 years, and 18% by 30 years duration of UC
(33, 39). Although modern surveillance has reduced the risk of CAC, population
based large scale studies indicate UC patients are characterised by an increased risk
of developing caners in the large bowel compared to the normal population (40-42).
A recent study indicates that the risk of colorectal neoplasia in UC doubles for every
10 years of mild, 5years of moderate or 3.3 years of severe active disease, and
reject the conventional belief of neoplastic risk being related only to the duration of
disease (30). The same study suggests that the stress of the cumulative
inflammatory burden on the colonic mucosa to be causing the malignant

transformation as previously observed (31).
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Many attempts have been made at recognising unique genetic mutations in CAC to
be used to risk stratify (22, 23, 43-50). However, none of the studies have been able
to identify a single or a group of candidate gene mutations that could be used as risk
predictors. Fort this reason, the focus has recently shifted to looking into methylation
markers (44, 47, 51-62). A risk predictor, to be effective, needs to be present in early
stages (pre-cancerous) and directly related to the process of CRC development. A
consistent methylation marker that precedes the malignant transformation of colonic
epithelial cells can be an effective risk predictor. If it is demonstrated in colonoscopic
biopsy samples early decision-making regarding surgical removal of the diseased

colon can be facilitated.

1.4 The mutational landscape of CAC

There are considerable differences between CAC and sporadic CRC (38, 63, 64). A
sporadic CRC implies a large bowel cancer occurring in an individual without an
identifiable high-risk condition such as inflammation polyposis syndromes or a strong
family history. CAC refers to large bowel cancers that arise in the background of
long-standing inflammatory conditions such as UC and CD. While sporadic CRC
starts from a well-studied sequence of changes from normal epithelium to adenoma
and then cancer, (65) CAC progresses from inflammation through dysplasia to
cancer (66). The lesions in CAC are flat field changes making the identification
difficult, as opposed to elevated polyps which are present in sporadic cancer (67).
The progression from inflammation to dysplasia in UC-patients is also difficult to be
predicted on clinical grounds. The rate of progression to neoplasia from inflammation

is variable while in some case series a rate of over 50% progression to neoplasia has
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been reported (63, 68, 69). The progression from dysplasia to CAC is also time
dependent and unpredictable. Active surveillance of early neoplastic disease has not
led to early detection or prevention of progression to cancer. Currently serial
surveillance endoscopy is the preferred method to search for progression to CAC. It
is both invasive and costly. Moreover, the lack of precision of endoscopic
surveillance is also reported with unsuspected neoplasia or malignancy in resected
specimens (70). These issues all highlight the necessity of an early molecular
marker that can be detected at the inflammatory stage, enabling early decision
making for colectomy.

The progression to CAC from UC occurs in a stepwise process on colonic epithelium
that has field cancerisation effect in contrast to ‘adenoma-carcinoma sequence’ in
sporadic where cancer arises on a benign polypoidal growth (Figure 1). The initial
active chronic inflammatory stage is followed by dysplastic changes in the mucosa,
defined as morphological changes in the epithelial cells without invasion through the
basement membrane. Dysplasia of low grade can then progress to a high-grade
dysplasia and eventually lead to cancer. The progression is unpredictable, although
the risk of cancer exponentially increases after 8 to 10 years from the onset of the
UcC (71).

Evidence so far indicates that the progression to cancer is due to the on going
chronic inflammation of the colon, which causes DNA damage from oxidative stress
(72, 73). However, new research link the presence of mutations caused by
regenerative stress to the malignant transformation (23). The inflammation resulting
in an increased cell turnover leading to increased replicative burden and higher

chances of cancer causing mutations is suggested (23).
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The mutational landscape of UC differs from that of sporadic cancer (23, 64, 66, 74),
(Figure 2). The mutation in Adenomatous Polyposis Coli (APC) gene, present as an
early and the commonest mutation in sporadic cancer, is seen in around 15% of CAC
as a late event (43). On the other hand, mutations in both Tumour Protein p53
(TP53) which occur late in CRC, and Kirsten-Rat Sarcoma (KRAS) proto-oncogene
are detected much earlier in the course of malignant transformation in CAC, and can
be considered initiating mutations of this neoplasia (46, 48). As mentioned above,
multiple studies are yet to identify unique genetic markers specially to predict the

malignant transformation in premalignant stages (43, 46-49, 75).

Non-inflammed Inflammed Dysplastic Malignant

e ele 0@-
A N

o) /=

Figure 1. Stages of colitis-associated cancer (CAC).

Schematic representation of cross sections of the colon showing progression of the
colonic mucosa through different stages of colitis associated neoplasia. Infiltration of
the submucosal tissue with inflammatory cells occurs in the inflammatory stage
followed by non-invasive cellular and nuclear changes in the mucosa during
dysplastic phase. The transformed cells in the malignant stage eventually invade into

the submucosal layers in cancer.
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Figure 2. Molecular progression to cancer in sporadic CRC and CAC.

The sequence of genetic mutations in the two pathways differs. The most contrasting
are the mutations of APC and P53 genes, which occur at different, time points in the

two pathways. Reproduced from Chandrasinghe et al 2018 (76).
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1.5 CAC in relation to consensus molecular subtypes (CMS) of CRC

Colorectal cancer is subdivided into four molecular subtypes based on the genetic
landscape of tumours (77-79). CMS 1 is characterised by a high CpG island
methylation phenotype (CIMP), high expression of mutated BRAF V600E and
impaired DNA mismatch repair (MMR) function. CMS 2, which is the most common
subtype, includes the classical adenoma-carcinoma sequence of CRC development
with the early loss of APC gene, activation of k-RAS mutation and late loss of P53
function. CMS 3 shows features consistent with chromosomal instability (CIN). It
also harbours more microsatellite instability (MSI) and has the highest rates of k-RAS
mutations. CMS 4 subtype is related to pro-inflammatory tumour microenvironment,
with higher somatic copy number alteration (SCNA) and high stromal involvement.
CMS 4 has the worst prognosis out of all subtypes, with the presentation at an
advanced stage and a greater chance of dissemination. Although CAC has a
molecular profile, which overlaps on several subtypes (23, 48, 50, 80) and it has not
been included in this classification applicable to sporadic CRC, it has been linked to
CMS 4 based on several molecular characteristics. The presence of pro-
inflammatory cytokines IL-23 and IL-17 in the CMS 4 subtype is infact common to
both sporadic CRC and CAC. Although P53 mutations in CAC are abundant as in
CMS 2, the mutations are seen much earlier in the process as opposed to a later
development on CMS 2. Epithelial-mesenchymal transition (EMT) is another feature
shared between CAC with CMS 4. The stroma of CMS 4 cancers are infiltrated with
epithelial cells, carcinoma associated fibroblasts (CAF) and innate immune cells (78),

similar to CAC, where EMT has been well demonstrated (81). The highly aggressive
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behaviour seen in CAC has been linked to the immune evading tumour
microenvironment increasing chances of local invasion and dissemination (82, 83).
Finally, higher rates of SCNA have also been demonstrated as a marker of CAC,

which further strengthens the link between it and CMS 4 (84-86).

1.6 Prognosis in CAC compared to sporadic CRC

CAC has a higher tendency to manifest as multifocal cancer and harbour
unfavourable histological features such as mucinous or signet cell variant which are
associated with poor prognosis (87-89). Most of the earlier survival studies have
reported a poorer outcome in CAC compared to sporadic CRC (90-93). Lavery et al
observed that the survival when compared stage wise was comparable with that of
sporadic cancer . They attributed the poor overall survival due to a higher percentage
of CAC presenting at an advanced stage (91). Arnio et al comparing CRC in
polyposis syndromes, sporadic cancers and CAC observed the worst outcome in
CAC with a 28% 5 year survival rate (92). However more recent studies comparing
CAC with sporadic CRC have reported comparable outcomes (94, 95). These
studies are mostly single centre studies with a small sample size, which may imply a
selection bias. A recent cancer register based study analysing data from over 67000
patients reported have reported a worse outcome in patients with CAC compared to
sporadic CRC (96). In a subgroup analysis, this poorer prognosis is shown to be
driven by the cohort of younger patients (less than 65 years). This is in contrast to
an earlier population registry based Dutch study that reported worse prognosis in
older patients with CAC (97). There are several hypotheses to explain the poor
survival in CAC as observed by some authors. The multifocal nature of CAC arising

in a background of field cancerisation along with an enhanced aggressive behaviour
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of CAC and advanced stage at presentation are postulated to be resulting in poor
outcome. Improvement in screening colonoscopy facilities has shown to increase
detection of early stage cancers and precancerous stages resulting in a better
survival (98-100). However the interesting phenomenon of interval cancers remain to
be unexplained. Interval cancers are those cancers that appear between two
surveillance colonoscopies and these cancers vary from early to advanced stage at
presentation (98). These are probably the results of dysplastic lesions missed during
surveillance despite of the tedious methods applied. A predictive molecular marker of
CAC identified at early stages of inflammation enabling surgical extirpation of the
colon may assist to prevent these interval cancers. Existing evidence suggest that
there is an improvement in prognosis attributed to improved surveillance enabling
early detection. However there are yet unexplained phenomena such as interval
cancers and unpredictable aggressiveness of CAC resulting in poor outcome that

require better understanding at a molecular level.

1.7 DNA methylation

Epigenetic changes are heritable phenotypic changes that take place in the genomic
material without a change in the nucleotide sequence (101, 102).

DNA methylation involves the transfer of a methyl (CHs) group to the 5" carbon of
the cytosine, forming 5-methyl cytosine (5mC). DNA methyl transferase (DNMT)
enzymes catalyse this reaction (103). DNMT1 catalyses methylation during DNA
replication while DNMT3A and DNMT3B catalyse de novo methylation (103).

The majority of methylation occurs at cytosine residues that are preceding a guanine

nucleotide (CpG sites) (104-106). Across the genome, 70-80% of the CpG sites are
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methylated except for CpG islands (CGls) that are regions of around 1kb size with
repeating CG sequences, protected from stochastic methylation in regulated genes
(107-109). Most of these CGls are promoters are at the 5 end of genes, and
methylation in these regions influences gene transcription (110). Methylation is a
dynamic process and can be reversed. Demethylation occurs as a passive process
mediated by TET enzymes, which prevent DNMT1 from transferring the methylation
to replicated DNA (111). A recently identified 5 hydroxymethyl cytosine (5hmC) is an
intermediary state during demethylation of 5mC (112).
As mentioned above, methylation/demethylation in the CGIs contributes to the
regulation of gene expression (110, 111) in several systems. For example,
methylation of one X chromosome in females contributes to its inactivation, and
methylation is shown to influence genetic imprinting, foetal development and
tumorigenesis (104, 113).
Several possible mechanisms by which methylation regulate gene expression have
been postulated:
1. Interference with binding of transcription factors
Binding of transcription factors to the promoter region which is essential
for gene transcription is prevented by methylation of CGls (114).
2. Recruitment of repressor molecules
Recruitment of specific molecules that bind the methylated CpG

sequences in promoter region inhibits gene transcription (115).
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1.7.1 Methylation changes in inflammatory bowel disease

Several studies have shown the altered regulation of transcription in IBD (56, 116,
117); however, there is to date no consensus on a list of hypo- or hypermethylated
genes which characterise any stage of IBD, and in particular UC. A susceptibility
locus on DNMT3A has been identified (118) and several authors have reported on
differential methylation in inflamed colonic mucosa (56, 59, 61, 119).

The lack of progress in this particular field may be due to the fact that most studies
have used mucosal biopsies instead of purified epithelial cells, which may affect the
results due to the heterogeneity of epithelial, mesenchymal and immune cells
included in these samples. Few studies have attempted to solve the confounding
factor of cellular heterogeneity by enriching or chemically separating epithelial cells
(54-56). This strategy allowed the identification of 7 candidate differentially
methylated genes (THRAP2, FANCC, GBGT1, DOK2, TNFSF4, TNFSF12, and
FUT?7) in a small cohort of 8 IBD (both UC and CD) patients (56). Interestingly, the
authors also identified different sets of methylated genes in the epithelial and stromal
components of the same samples, highlighting the importance of studying the
components separately. A summary of the studies investigating methylation markers

in IBD with the identified genes is listed below (Table 1).
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Methylated gene Samples studied Reference

VMP1, WDRS8 3 Ventham, Kennedy (120)
KCNK4, ICAM3, 8 Cooke, Zhang (56)
C6orf25, CARDY, IL8RB,

ILBRA, Cé6orf27, TNNI2,

CDH1, CARD9, ADA,

SMPD3

PITX2, ROR1, GXYLT2, 5 Barnicle, Seoighe (54)
RARB, FOXA2

TRIM39-RPP2, TRAF6 9 McDermott, Ryan (121)
CFl, FLNA, HKDC1, 30 Hasler, Feng (59)

IGHG1, MT1H, PTN,
SLC7A7b, SPINK4,

THY1, TK1

Table 1. Previously identified methylated genes in UC.

List of differentially methylated genes identified in the inflammatory phase of UC
based on literature. The table lists the genes described in literature by studying
tissue samples from patients with UC. All studies have included tissue samples with
both epithelial and stromal components. Lack of a consistent pattern is noted

amongst the studies.
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1.7.2 Methylation in colitis associated cancer (CAC)

Research aimed at the identification of methylation markers in CAC has not been
extensively undertaken up to now. Epigenetic, rather than genetic, changes, have
been suggested to result in better biomarkers to predict neoplasia in UC due to
several practical reasons, including the fact that methylation changes are stable
enough changes that can be studied in frozen and also in paraffin embedded tissue
samples with modern sequencing methods (122), which was not possible until
recently. Also, the methylation changes occur in longer segments of DNA than single
nucleotide polymorphisms (SNP) and can be seen in a wider region of (field change)
the affected tissue (123). Alike the research on the epigenetics of IBD, several
attempts have been made at identifying methylation markers in CAC. Beggs et al
studied samples from 4 patients with dysplasia and identified TUBB6 as a gene
differentially methylated in dysplasia associated with colitis (65). Emmett et al in a
systematic review observed the differences in promoter methylation in CAC and
sporadic CRC (57). They concluded and ESR as being highly methylated in CAC.
Garrity-Park et al looked in to the non-neoplastic regions in patients with CAC and
recognised few gens; MINT1, RUNX3 and COX-2 to be hypermethylated in the non-
neoplastic regions of those with CAC (58).

Even though these studies have an impact on our knowledge of epigenetic changes
in CAC, it is still unclear how methylation is differently regulated across all stages of
CAC development. Identifying methylated genes from tissues in different stages of
CAC (inflamed, dysplastic, malignant) may assist in guiding therapy in CAC but the
predictive value will be in a set of genes that is related to malignant transformation

and can be recognised at a precancerous stage.
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Other than the identification of a specific biomarker for each stage of CAC, the study
of epigenetic changes could also be clinically translatable with the deployment of
drugs, which can target proteins or genes regulated by, or regulating methylation. An
example of this translational potential can be seen in the use of an siRNA targeting
SMAD7, (124-128) a protein expressed in the inflamed colonic mucosa, which is also

involved in methylation processes in different cancers, as | will mention below.

1.8 SMAD7

Mothers against decapentaplegic (MAD) gene was first identified during a search for
mutations in the decapentaplegic (DPP) gene which is responsible for the formation
of Drosophila wings (129). It was later identified that three homologues of MAD in C.
elegans are responsible for its small body size hence the name small mothers
against decapentaplegic (SMAD) (130). SMAD proteins consist of two globular
proteins (MH1 and MH2) joined by a non-structural linker (Figure 3). The hairpin
structure with DNA binding capability is called the MH1 domain and its preference for
specific base sequences differs amongst different SMADs (131). The hydrophobic
MH2 domain binds to trans-membrane receptors TGFBR and BMPR.

Members of the TGF superfamily, including TGFB1, bone morphogenic protein
(BMP), Nodal and activin, exert their effect through phosphorylation of SMAD
proteins (Figure 4). Transmembrane receptors with threonine kinase activity, TRpI
and TRBII, phosphorylate the SMADs upon activation by the members of the TGF(3
superfamily. Respectively, TGFB1 pathway involves SMAD2 and SMAD3, while BMP
pathway recruits SMAD1, SMADS and SMADS8 as a signal transducing complex

(112). The final common pathway involves the binding of SMAD4 with the activated
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complexes and the migration to the nucleus. This complex of SMADs can bind
directly to the chromatin and regulate transcription. SMAD7, and SMADG6 to a lesser
degree, antagonise both signalling pathways by inhibiting phosphorylation of the
SMADs which prevents their nuclear migration (112). Ultimately, the SMAD
complexes affect the transcription of several genes, including those related to
carcinogenesis. In fact, both pro- and anti-carcinogenic pathways, such as WNT,
P53, methylation changes in stem cell differentiation and expression of master
transcription factors (OCT4, SOX2, NANOG) are influenced by the SMAD complexes

(76, 132-134).
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Figure 3. Molecular structure of SMAD?7.

SMAD7 molecules comprise of two domains — MH1 and MH2 linked by a non-
structural linker. The MH2 domain is hydrophobic and binds to the TGFBR receptor

inhibiting its positive feedback loop.
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Figure 4. The transforming growth factor 8 pathway

SMAD?7 inhibits the phosphorylation of SMAD2/3 and SMAD1/5/8 complexes
blocking the intracellular signal transduction. The phosphorylation is required for the
TGF signal to be transmitted to the nucleus in combination with SMAD4 and alter

transcription of anti-inflammatory factors.
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1.8.1 SMAD?7 influencing gene methylation

An interesting study has demonstrated that overexpression of SMAD7 induces the
hypomethylation of key cell membrane genes involved in epithelial mesenchymal
transition (EMT) in breast cancer cell lines (133), such as CDH1, CLDN4 and CGN.
Therefore, SMAD7 in breast cancer may be protective towards preventing invasion
and metastasis, as it prevents cell migration and tighter cell adhesion. To support
these findings, inactivation of SMAD2 also results in the inhibition of DNMT1 causing
hypomethylation of CLDN1 in breast cancer cell lines (135). Furthermore, it has been
demonstrated that the TGFB pathway directly influences demethylation of tumour
suppressor gene CDKN2B (which encodes P15™?) in proliferating epithelial cells
(136). Products of the oncogene ZNF217 have shown to prevent the demethylation
of CDKNZ2B by inhibiting the entry of SMAD2/3 complex into the nucleus. Thereby it
inhibits the tumour suppressor activity of CDOKN2B. Similarly, SMAD7, which inhibits
the phosphorylation of SMAD2/3 by preventing the entry of the complex to the
nucleus, has the same effect on CDKN2B. The cell cycle regulator protein FBOX32
has been found to have a lower expression due to gene methylation influenced by
SMADZ2/3 in oesophageal cancer (137). SMAD7 having a direct inhibit effect on
SMADZ2/3 complex can also influence this process. Similar epigenetic silencing of
malignant cells by TGF[(3 has been demonstrated in ovarian cancer as well (138).

Ample evidence exists to suggest a direct influence of the TGF@ pathway and its
components in the epigenetic modification of cancer-causing genes, which ultimately
makes SMAD7, an inhibitory molecule of the pathway, a key regulator of this
mechanism (139). The changes of SMAD7 in the UC affected colonic mucosa
therefore may be playing a key role in forming CAC which has not been studied in

detail.
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1.8.2 Smad7 in UC

The mechanism underlying the initiating inflammation in UC is yet to be understood.
SMAD7 has been long identified as a molecule that is highly expressed in UC
affected colonic mucosa (124, 126, 140-142). Degradation of SMAD7 is delayed
through acetylation of the molecule and it is hypothesised to sustains the
inflammation by inhibiting the anti-inflammatory effect of TGFB1 on the colonic
mucosa (142). To substantiate this, it has been demonstrated that the inhibition of
SMAD?7 also resolves the inflammation in the colonic mucosa by restoring the TGF(31
activity (140). These effects have been demonstrated in mouse models which later
led to an attempt to inhibit SMAD7 as therapy for IBD by using a siRNA as an oral
medication (127). The attempts have not been successful for Crohn’s disease, and
the data on UC is not yet available (143). However, the effect of regulating SMAD7
on the development of CAC has not been studied in detail. There has been equivocal
evidence in few in vitro and murine studies done on sporadic and colitis associated
cancers with regards to the effect of SMAD7 in development of CRC (125, 144, 145).
High expression of SMAD7 in T cells of the UC affected mucosa increase the
inflammation while demonstrating lower rates of developing CAC in mice (146).
TGFB1 has clearly shown to exert a dual effect on early and late stages of the
carcinogenic process. During early transformation to cancer, TGFB31 has a tumour
suppressor action, while during the later stages of carcinogenesis TGF31 exerts a
pro-carcinogenic effect (138, 147-151). Due to this, one could postulate that the
modulation of TGFB1 may affect the final outcome. For example, we can hypothesise
that if SMAD7, an inhibitor of TGF31, is inhibited in a mucosa with dysplasia, it may

induce a pro-carcinogenic action of TGFB1 that is seen in late carcinogenesis.
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1.9 Biological models available for the study of UC and CAC

Animal models with both chemical and transgenic induced colitis, have been utilised
by researchers to study the aetiology and effect of UC. The commonly used chemical
induction agents are dextran sodium sulphate (DSS), Oxazolone (OZ) and
trinitrobenzene sulfonic acid (TNBS) (13). All agents induce a non-specific colitis
upon oral or rectal administration. DSS causes injury to the epithelial barrier of the
colon exposing the submucosal components to the bacteria and antigens in the
lumen causing an inflammatory response (152). The colitis lasts for 5 to 7 days and
pulse doses need to be administered to maintain a long-term inflammatory process
to study the effects of UC. Although its technical simplicity has allowed its wide use,
the relevance to human form of UC is questionable. The cause for epithelial injury in
UC, which triggers the inflammatory response by exposing the antigens to immune
cells, is yet to be identified. Therefore, a model that utilises an externally introduced
toxic substance will have a confounding effect on the process and outcome.
Additionally, it has been demonstrated that DSS-induced inflammation varies with the
constitution of gut bacteriome. Mice treated with antibiotics have been affected by a
lethal form of colitis, which further questions its applicability to study the human form
of UC (153). Moreover, strains C57BL/6 shows a more pronounced effect on DSS
than the BALB/c strain.

TNBS is a high molecular weight heptane protein, which induces a cell-mediated
acute Th1 mediated inflammation upon administration. The immune response for this
chemical reaction is mediated by NOD2, a receptor for bacterial antigen, which
simulates the pathophysiology of CD more than UC (154). OZ when administered
with ethanol into the rectum of mice has demonstrated a Th2 mediated immune

response with marked elevation of IL-4 and 5 levels. This response more closely
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resembles UC than CD (155). Compounds containing acetic acid have also been
used to induce inflammation although their inherent risk of causing bowel perforation
has caused caution (156). Although chemical models provide an environment to
study the effects of longstanding inflammation in the colon, several confounding
factors negate their scientific value. Since these compounds need to be administered
in multiple doses to maintain the inflammation, the effect observed will be different to
that of continuing inflammation. The effect of compounds such as acetic acid could
alter the genetic material in the mucosal cells affecting the genetic data acquired
through such models. Most of these compounds being acidic or basic and containing
benzene compounds may have a profound effect on genetic and epigenetic changes
on the mucosal cells (157, 158). In particular, benzene has been shown to alter the
methylation in key neoplasia related genes such as Cdkn2b and Runx3 (159).

Transgenic mouse models have the advantage of being able to study isolated
specific pathways in order to recognise the exact mechanism of inflammation. IL10
knockdown mouse models (IL-10-KO), a commonly used transgenic model, shows
an inflammation upon exposure to the environment due to the absence of the anti-
inflammatory effect of IL10 cytokine. The models also show an expansion of Th1 and
Th17 cells and defective function of regulatory T cells, resulting in a chronic
inflammatory reaction (160). The colonisation of the gut microbiome is required for
this process, and mice in clean environment do not elicit an inflammatory reaction.
This transgenic model renders researchers a more potentially similar environment to
study the effects of UC due to its ‘multihit mode of initiation (genetic and
environmental factors) and a predictable alteration in the immune pathways. MDR1a
knockdown mice elicit colitis due to the disruption of the colonic epithelial barrier

(161). Multidrug resistance pump in the colonic epithelium is deficient in these mice,

41



who develop colitis spontaneously. The advantage of this model is that it closely
represents the current widely accepted hypothesis of epithelial barrier dysfunction as
the aetiology of IBD (162). ITF-dnRIl, SMAD-3 and dnKO are three other mouse
models which depend on the inhibition of the TGFf pathway (163). Knocking down
the receptor expression or its signal transduction molecules results in the absence of
the anti-inflammatory action of TGFf in the colonic epithelium in these mice. These
models require a trigger from DSS or OZ to initiate inflammation. The colonic
epithelium of these models is characterised by profound aberrant crypt architecture
and dysplastic change with longstanding inflammation (164). The relationship
between inflammation and development of neoplasia in this model further
strengthens the hypothesis behind the link between SMAD proteins and UC related
neoplasia. Adoptive T cell transfer method utilises the transfer of naive T4 cells into
the colons of immune supressed mice. This method is widely used due to the higher
level of control over immunogenicity and the ability to precisely initiate the disease
onset and carry out a well-characterized experimental time course.

Azoxymethane (AOM, methyl-mrthylimino-oxido-azanium), 1,2-dimethylhydrazine
(DMH), and/or methyl azoxy methane (MAM) acetate are all chemicals used in
inducing carcinogenesis in animal models. In murine models with induced colitis,
azoxymethane (AOM) is the most commonly used gent as a pro-carcinogenic agent
to induce CAC. AOM is an alkylating agent when given in conjunction with DSSS
provides a model to study the development of inflammation induced CRC (165, 166).
Although the CAC development in IL-10-KO mice with AOM and DSS are similar to
those in humans with UC, a major distinction is the lack of mutated k-RAS, ACP, P53
and MSH genes. Instead the murine models have demonstrated activation of NF-kB

and JAK/STAT3 pathways (167-169). Also mutations in the B-Catenin gene have
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been demonstrated in AOM/DSS induced murine CAC (170, 171). Although B-
Catenin is also involved in the principal pathway in sporadic CRC it is due to a
mutation of the APC gene. In AOM/ DSS murine models it is caused by a mutation in
the B-Catenin gene. NF-kB, JAK/STAT and B-Catenin all link inflammation to CRC
indicating the effect of longstanding inflammation to CAC (172, 173). Other models
such as IL-2, P53, G2 and APC knocked out murine models have also been used to
study CAC. In APC-Min mice models, bowel tumours with chromosomal instability,
microsatellite instability and nonsense mutations have been observed with induced
inflammation. However the APC-Min mice develop majority of their tumours in the
small bowel as opposed to colonic tumours in humans with APC mutation (166).

However, from over 50 available animal models none can precisely replicate the
complicated immune reaction seen in human UC. All models are designed to target
one particular immune pathway while the human form elicits effect on multiple fronts.
Also, the life cycle of mice is limited to around 3 months, which prevents the studying
of long-term effects of inflammation on the colon. The most accurate model to study
UC in vitro would be an organoids model developed from epithelial cells of patients
with UC, as it could simulate the precise behaviour of the human epithelial cells with
space for manipulation of immune reactions. Also, a 3D organoids model could assist
in studying the effect of the stroma on the immune reaction in UC (174). Initial
studies on the feasibility of an organoids model for IBD has been successful although
it is not yet in wide use. The application of novel genomic techniques such as
CRISPR on the organoids models could enable the study of the effect of individual

genetic alterations on the disease process and progression.
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1.10 Epigenetic changes beyond DNA methylation in ulcerative colitis

Although DNA methylation is the most studied area of epigenetics, other changes
such as histone modification and chromosomal rearrangement have been implicated
in the disease initiation and progression. Methylation and acetylation of histones
have shown to regulate gene expression that influences the differentiation of
intestinal epithelium (175). The polycomb repressive complex 2 (PRC2) causes tri-
methylation of histones leading to suppression of terminal differentiation of intestinal
crypt cells. It has been demonstrated that in IBD, Enhancer of Zeste Homolog2
(EZH2) which is the catalytic subunit of PRC2, is downregulated in humans, and the
knockdown of the same in murine models have shown to induce a severe form of
colitis with DSS (176). In the same study, the overexpression of EZH2 has shown the
reverse with protection against severe colitis. Depletion of histone deacetylase
complex (HDAC) 1 and 2 have shown to increase the severity of DSS induced colitis
in mice (177). Chromosomal rearrangement influences the intestinal epithelial
differentiation and maintenance of its barrier function (178). The depletion of
chromosome associated protein (CAP) D3, a subunit of condensin, a protein involved
in chromatin organisation, was observed in human colonic epithelium with active UC,
which led to the postulation of a link between condensin and pathogenesis of UC
(179). CAP-D3 is also found to repress intracellular proteins that block the autophagy
function and is found to be important in suppressing bacterial infections such as of E.
Coli in the gut. The function of both effector and regulatory T4 cells is also affected
by histone modification and chromosomal rearrangement resulting in implications in
UC. Depletion of the Jumonji Domain-containing protein 3 (JMJD3), a histone
demethylase that regulates the differentiation of Th1, Th2, Th17 and regulatory T

cells (Treg), results in a milder colitis in mice (180). Although the effect of JMJD3 is
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seen on both pro- and anti-inflammatory T cells, the overall net effect of this histone
modification appears to be anti- inflammatory by suppressing pro-inflammatory T
cells. The histone lysine methyltransferase G9A causes histone methylation at the
promoters of several genes including Fox3P, which inhibits the TGF(1, mediated
differentiation of Th17 and Treg cells. Loss of G9A function in T cells enhances Th17
and Treg differentiation that attenuates colitis. This mechanism has been proposed
as a therapeutic target for IBD after demonstrating that pharmacological inhibition of
G9A caused a reduced inflammatory response in murine models (181).

Imbalance between pro- and anti-inflammatory cytokines results in intestinal
inflammation. IL6, a pro-inflammatory cytokine, can be inhibited by methylation of
histones in the promoter region of the coding gene with the use of Atractylodin.
Murine models show a reduced intestinal inflammation with inhibition of IL6 via
histone methylation in TNF-a induced fibroblasts (182). Also, the Zinc finger protein
KLF10 is important in inducing acetylation of histones, which promotes the
transcription of TGFBRII receptors that maintain the anti-inflammatory action of
TGFB1 in macrophages. Depletion of KLF10 in macrophages results in an enhanced
DSS-induced inflammation (183).

Early evidence exists to suggest the implications of chromatin rearrangement in the
pathogenesis of IBD. Regulatory elements found in the noncoding regions of
chromatin being differentially arranged leading to varied gene regulation is implicated

in the clinical variability seen in IBD (184, 185).
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2. Aims



2. Aims

Many investigators have searched for methylation markers that differentiate
dysplasia and cancer from other tissues. While these markers while help to identify
the pathophysiological process, they will not be helpful in predicting disease
progression. To predict the progression, it is important to identify differentially
methylated genes that will be present from the inflamed stage of the disease. Also,
these markers should not be age related methylation changes and should be absent
in normal colonic mucosa. In an inflammatory process, many genes can be
differentially methylated as a cause for or as a result of the inflammation. Therefore,
it is pertinent to recognise genes that are related to carcinogenic process based on
existing evidence.

Hence in this project | aim to undertake a pilot study to identify the most potential
candidates, which will need to be validated in a larger cohort of patients.

Specifically, | aim to perform whole genome bisulphite sequence on DNA extracted
from inflamed, dysplastic and cancer tissue from UC affected patients along with
control samples (epithelial cells and blood) from the same patients to exclude age
related methylation changes. Furthermore, colonic epithelium from a ‘normal’ control
(individual without UC) along with blood from the same patient as a control to
exclude age related methylation changes will be sequenced. | intend to identify
differentially methylated genes that are common to all three stages of the CAC
process and not present in normal tissue. These can be regarded as early UC
related methylation changes leading to CAC that have a predictive value.

A second aim of this study is the evaluation of the role of SMAD7 in CAC, as this

molecule has a potential to influence DNA methylation via TGF@ pathway has

47



generated clinical interest. However, the inhibition of SMAD7 has been proposed as
a therapeutic strategy without much inquiry into its effect on carcinogenesis in UC.

Based on the current literature on the role of SMAD7 in carcinogenesis, |
hypothesise that the expression of SMAD7, known to increase during inflammation,
may vary along deferent stages of CAC and possibly have an effect on the gene
methylation in the colon as well as shown in breast cancer. SMAD7 has been shown
to mediate the differential methylation of epithelial mesenchymal transmission (EMT)
related genes CDH1, CGN and CLDN4. SMAD7 as shown in breast cancer and
sporadic CRC may protect against the development of CAC through influencing the
methylation of cancer related genes. Inhibiting its action without further studying this
phenomenon would result in enhanced neoplastic transformation of the UC
epithelium. Therefore | aim to study the expression of SMAD7 protein in multiple
colonic samples across different stages of CAC using immunohistochemistry.
Furthermore, | will be correlating the SMAD7 mRNA levels with the intracellular
protein expression. Finally, As the third aim, | will determine the methylation status of
the abovementioned EMT-related target genes in the same bisulphite whole genome

sequencing dataset analysed above.
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3. Materials and
methods



3.1 Patient recruitment for fresh tissue collection

Ethical clearance for patient recruitment for fresh tissue collection was obtained from
the Health Research Authority (HRA). A research proposal was submitted through
the Imperial College NHS trust research and development unit, which was assessed
by the West Midlands Black Country ethics review committee and approval was
granted (17/WM/0206). Subsequently the HRA (IRAS — 219482) and institutional
approval was granted for the project to go ahead.

Patients with UC who were scheduled to undergo colectomy for uncontrolled
inflammation or dysplastic changes as well as those undergoing colectomy for non-
UC related, benign conditions (chronic constipation, diverticular disease) were
approached at the clinic and interest to participate was sought. To those who
expressed interest a patient information sheet was handed over by the investigator.
Those who consented to take part were approached again on the day of surgery and
explained the procedure. Consenting patients signed a form allowing me to acquire a
5ml sample of blood and two sections of 2 X 2 cm size of mucosa from the colon,

once the specimen was delivered.

3.2 Processing of fresh tissues specimens

3.2.1 Transportation of fresh frozen samples

Tissue sections were frozen using either isopentane (2-Methylbutane) or optimal
cutting temperature (OCT) embedding compound depending on time interval
between specimen acquisition and delivery. Specimens, which could be delivered to
the laboratory within an hour of acquisition, were delivered in 0.9% NaCl (saline)

solution and frozen using isopentane (2-Methylbutane). Those that had to be delayed



due to logistical reasons were snap frozen using optimal cutting temperature (OCT)

at the operating theatre.

3.2.2 Freezing of samples using isopentane (2-Methylbutane)

From the surgical specimen a section of 2 X 2 cm size of mucosa was excised and
delivered in 0.9% saline on ice. The specimen was dissected in the primary tissue
culture cabinet to obtain only the mucosa. Isopentane in a Falcon tube was
immersed in liquid Nitrogen till it was crystalised. The specimen was then immersed
in crystallising isopentane and the container re-submerged in liquid nitrogen. When
the content was completely frozen the cube was taken out into the safety hood and
allowed to evaporate leaving the frozen tissue specimen. The frozen sample was

labelled and stored in -80°C freezer storage.

3.2.3 Freezing of samples using optimal cutting temperature (OCT) solution

A cryo-mould was filled with OCT and the tissue specimen was orientated inside the
mould to be completely covered by the liquid. The mould was immediately placed on
dry ice and allowed to freeze. The frozen block of tissue was then marked and stored
in -80° C freezer storage.

All specimens were serially sectioned to 16 ym on MembraneSlides (Zeiss) for laser

dissection and to 4uM sections on glass slides for staining.

3.3 Micro dissection of epithelial cells

Epithelial cells were micro dissected with laser capture microdissection (LCM), prior

to DNA extraction in order to avoid the contamination with stromal tissue.
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3.3.1 Staining of fresh tissue sections for cytochrome C oxidase

The fresh tissue sections were stained for the mitochondrial enzyme cytochrome C
oxidase (CCO) to identify the epithelial layer for laser capture. The high
concentration of the mitochondria in the active epithelial layer of colon tissue is
exploited in this staining method. As the tissue is frozen fresh the enzyme activity is
preserved enabling this method. This staining does not cause structural changes in
the cells, which is crucial as they are used for genomic analysis. The oxidation of
3,3'-diaminobenzidine (DAB) by CCO is detected as brown staining of the epithelial
layer (186). The frozen slides were defrosted and air-dried. 1.2 mL of cytochrome
solution was mixed with 4 mL of DAB solution and a small amount of bovine catalase
enzyme was added. The preparation was filtered using a 0.45 ym filter and applied
on the tissue sections followed by incubation for 15 minutes in a humidified chamber
at 37°C. The solution was washed off with Phosphate buffered saline (PBS) and the

slides air dried before storing at -80°C.

3.3.2 Laser capturing of epithelial cells

Zeiss Palm® Laser capture microscope (Zeiss, Munich, Germany) was used for
dissection. Dark brown staining from CCO allowed clear definition of the epithelium
(Figure 5). The epithelial layer from the specimens was marked manually at 10X
magnification. The areas of interest were dissected using pre-optimised energy level
and catapulted in to S500 collection tubes with adhesive caps (Zeiss, #415190-9211-

000). The robot programmable logic controllers (PLC) mode was used to catapult the
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cut sections automatically.

Figure 5. Laser capture micro dissection of colonic epithelial cells

Serial sections of, a) H and E staining of a fresh colonic epithelial tissue section. b)
CCO stained serial section of normal colonic epithelium (Scale bar = 250um). c) The
epithelial cells of the individual crypts are laser dissected and captured. (scale bar —
250 ym). The CCO staining in b) and c) clearly demonstrating the epithelial cells in

dark brown.

3.4 Processing FFPE tissue

FFPE tissue blocks were acquired from the pathological archives of St Mark’s
hospital through institutional ethical approval (RD16/084) and material transfer
agreement. All specimens were sectioned to 16pym serial sections on
MembraneSlides (Zeiss) for laser dissection and to 4um sections on normal glass

slides for staining.

3.4.1 Quality assessment of genomic material of FFPE sections for sequencing

To test the quality of the genomic material in the sections, a multiplex polymerised
chain reaction (PCR) for 100, 300 and 400 bp segments of the Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) gene were performed. One FFPE tissue
section per sample was used to perform DNA extraction using the QlAamp DNAeasy

micro kit (#56304, Qiagen, Hilden).
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The tissue sections were first deparaffinised by incubating in xylene followed by
100% alcohol. The sections were then scraped using a scalpel blade and the DNA
was extracted using the Qiagen kit as specified by the manufacturer. The tissue
sampled by LCM was incubated with proteinase K DNA extraction buffer at 56°C
overnight. After neutralisation of proteinase K, 1ul of carrier RNA (Qiagen) was
added to the lysis buffer to enhance binding of the DNA to the column membrane.
Then, two centrifugation steps were used to clean the DNA bound to the column
membrane using two distinct wash buffers to enhance the purity of the eluted DNA.
Finally, in 20ul of RNase-free H20 (Sigma-Aldrich), DNA was eluted straight to the
membrane after an hour of incubation. Custom made primer sequences were
acquired for overlapping segments of GAPDH gene (chr12) based on a previously

published data (187). The primer sequences are listed in table 2.

100 F GTTCCAATATGATTCCACCC

100 R CTCCTGGAAGATGGTGATGG
300 F AGGTGAGACATTCTTGCTGG
300 R TCCACTAACCAGTCAGCGTC
400 F ACAGTCCATGCCATCACTGC
400 R GCTTGACAAAGTGGTCGTTG

Table 2. Sequences of the primers used for multiplex PCR.

The primer sequences were custom made based on previously published research
(187). The sequences are for three non-overlapping segments of the GAPDH gene

that is ubiquitously present in the cells.
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Multiplex PCR was performed on 200 ng of purified DNA with a primer concentration
of 0.25 pyM in a mix of 2.5 pl of 10X PCR buffer (New England Biolab), 0.5 ul of dNTP
mix (New England Biolab), 0.5 pl of each primer, 0.2 pl of Taq Polymerase (New
England Biolab) and a final volume of 25 pl. The PCR reaction was carried out in the
Tetrad 2 thermal cycler (Marshall scientific) under the following conditions:
Denaturation was performed at 94° C for 4 minutes, denaturation at 94° C for 1
minute, annealing at 56° C for 1 minute and elongation at 72° C for 3 minutes
repeated for 34 cycles. Termination step was performed at 72° C for 7 minutes
followed by ending the cycle at 10° C.

The product was separated by gel electrophoresis using a 1.5% agarose gel in
Tris/Borate/EDTA (TBE), after addition of 6 uyl of bromophenol blue (Sigma) loading
dye (5X) 10 ul of sample was electrophoresed. A 100bp DNA ladder (Sigma) and
samples were electrophoresed at 100mV. The gel was visualised under ultraviolet

(UV) image capture device (Figure 6).
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Figure 6. Multiplex PCR to assess the quality of DNA in FFPE segments for
NGS

Specimens with at least 300bp segments of GAPDH were chosen for NGS (White

arrows indicating the specimens with 300 and 400 bp segments).

3.4.2 Methyl green staining of FFPE sections

The FFPE sections were stained with methyl green to visualise the epithelial
component for laser capture. Since the FFPE tissues are fixed the CCO enzyme
activity cannot be utilised for staining. Methyl green has a specific affinity to
polymerised DNA without causing structural damage to genomic material. It also
binds with less affinity to protein structural components of the tissue providing a clear
outline of the tissue structure with enhancement of the nuclear material(188). The
sections were deparaffinised by submerging in xylene and serial dilutions of alcohol.

Diluted (1:1) Methyl Green (Sigma-Aldrich) was applied to the sections and left for 3
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minutes. The sections were dehydrated using serial dilutions of alcohol (70%, 90%v

and 100%) and air dried before storage in +4°C.

3.4.3 Laser capturing of epithelial cells

Zeiss Palm® Laser capture microscope (Zeiss, Munich, Germany) was used for
dissection. Green staining from methyl green allowed clear definition of the
epithelium (Figure 7). The epithelial layer from the specimens was marked manually
at 10X magnification. The areas of interest were dissected using pre-optimised
energy level and catapulted in to S500 collection tubes with adhesive caps (Zeiss,
#415190-9211-000). The robot programmable logic controllers (PLC) mode was

used to catapult the cut sections automatically.

Figure 7. Laser capture microdissection of FFPE sections

Laser capturing of epithelial cells from a) an FFPE section stained with methyl green.
b) Shows the selected epithelial cell sections being cut and extracted leaving the

stroma (Scale bar 250 pm).
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3.5 Immunohistochemistry (IHC) staining

3.5.1 Optimisation of antibodies

Optimisation of the anti SMAD7 and pSMAD3 antibodies was performed on
hepatocellular carcinoma and human tonsillar tissue kindly gifted by George Elia,
Barts Cancer Institute. Human liver cancer tissue has a consistent high expression of
the protein SMAD7 and has been used previously. Similarly, human tonsillar tissue
expresses pSMAD3 protein at high concentrations. Anti SMAD7 (Monoclonal Mouse
lgG2B, #MAB2029, R&D systems, Minneapolis, MN) and pSMAD3 (Rabbit
monoclonal [EP823Y] to Smad3 [phospho S423 + S425], Abcam, Cambridge, MA)

were serially diluted (0.008 - 0.33 pg/ul and 1:25 - 1:100) in 10% goat serum and

incubated at 4C overnight.

Optimal staining intensity was decided by the specificity of the cellular staining and
lack of background staining. Negative control staining was performed with Isotype
Control for mouse (Mouse IgG1 kappa [MOPC-21] , ab106163, Abcam, Cambridge,
MA) and rabbit antigens (Recombinant Rabbit IgG, monoclonal [EPR25A] -

ab172730, Abcam, Cambridge, MA). Working concentration of 0.33 pg/ul was

chosen for anti-SMAD7antibody and 1:50 dilution was chosen for anti pSMAD3.

3.5.2 Immunohistochemistry staining of FFPE sections

Previous studies by Monteleone and colleagues have assessed the expression of
SMAD?7 in mucosal samples from patients with IBD using 8 samples for test and
control groups, where all samples demonstrated a significantly higher values
compared to non-inflammed colons (142). The number of slides required for the

current study was calculated based on a power of 80% and a of 0.05, taking into
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consideration the mean values of the IHC staining intensity of 30% as the cut-off for
the negative staining versus 50% for the moderately positive. A difference in the
mean of 20% with a standard deviation of 10% the required sample size is 4 per
group according to the Pocock equation owing to the significant difference amongst
the groups (239).

2a°

= 1'3 PE—
" X )

* f(a,B)= factor based on error and power [ 7.85 for a=0.05 and f=80%)] , (u1 — u2)=
expected difference in means, o = standard deviation.

| have included a total of 53 samples from non-inflamed (n=12), inflamed (n=12),
dysplastic (n=12) and colitis associated cancer specimens (n=17). Sections of 4 ym
thickness were deparaffinised in xylene (Sigma-Aldrich, Dorset) and rehydrated in
decreasing concentrations of ethanol (100%, 90% and 70%). After washing antigen
retrieval was done by incubating the sections in boiling sodium citrate buffer, pH 6.0
(2.57g of sodium citrate dissolved in 1L of distilled water and pH corrected to 6.0 by
adding 0.1 M HCI) in a microwave at 800 kW for 20 minutes. After washing in tap
water followed by two 5 minutes washes in PBS sections were blocked in 10% goat
serum (Sigma-Aldrich) diluted in PBS for 2 hours at room temperature (RT).
Incubation with the primary antibody (Table 3) was performed overnight at 4°C.
Following washes in PBS with 0.5% Tween 20 (Sigma-Aldrich) to remove unbound
antibodies and remove possible unspecific reactions, block of endogenous
peroxidise was performed with 3% hydrogen peroxide (H202 in methanol for 15
minutes at RT. Secondary antibody was applied diluted in 10% goat serum (Table 3).
Sections were then incubated in streptavidin conjugated HRP (Invitrogen, Carlsbad,

CA) HRP (1:200) for 40 minutes at RT and developed with 3,3'-Diaminobenzidine
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(DAB, Sigma-Aldrich),) for 10 minutes at RT. Counterstaining was performed with

Gill's haematoxylin (Sigma-Aldrich) for 3 minutes followed by mounting of a coverslip

with quick-hardening mounting medium (Eukitt, Sigma-Aldrich).

Antibody Dilution Supplier Catalogue
number
Anti-SMAD7 Mouse R &D, MAB2029
monoclonal 0.33 pg/ul Minneapolis,
MN
Anti- pPSMAD3 | Rabbit Abcam,
polyclonal 1:50 Cambridge, Ab52903
UK
Anti-mouse Goat, anti- Sigma-Aldrich
antibody mouse Igg  1:500 M5899
whole
molecule
Anti-rabbit Goat- anti Abcam
antibody rabbit 1:1000 Ab97049

Table 3. Antibodies used for immunohistochemistry (IHC) of colon sections

3.5.3 Quantification of staining intensity and protein expression

Stained slides were scanned with NanoZoomer (Hamamatsu Photonics, Shizuoka,
Japan) and saved. Visiopharm (6.9.0.2808, Hoersholm, Denmark) image analysis
software was used to quantify the staining intensity of the sections, representing the
expression of each protein. In-built standard applications are available for the nuclear
and cytoplasmic assessment. Application was tuned to identify the DAB staining of
the cytoplasm and nucleus separately using smaller regions. The epithelial cells were
selected as a region of interest (ROI), and the tuned applications were used to
assess the stained regions. The cytoplasmic and nuclear regions stained positively
and negatively were highlighted in separate colours (Figure 8). An initial set of 30

slides was validated independently by a histopathologist trained in gastrointestinal
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pathology for accuracy of machine learning. Visual analysis of the stained slides
under 10X magnification of histopathological sections, which is the current standard
in clinical practice, was considered the reference. The visual assessment of stained
slides as done in clinical practice was undertaken with arbitrary values of 0, + and ++
based on the level of staining. Staining of slides <30% is graded as 0, between 30 —
70% as + and > 70% as ++. The slides were independently analysed in three
separate rounds with the image analyser for the percentage of staining and manually
for visual assessment. After comparing the two methods the image analyser settings
was fine-tuned to match the visual analysis. The staining intensity was expressed as
a percentage of stained cells over the total number of epithelial cells in the selected

field.
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Figure 8. Analysis of staining intensity using image analysis software

The pictures show a representative example of SMAD7 staining and Visiopharm
software detection. The stained cytoplasm is marked in in orange while the nuclei of
the stained cells appear in red. The unstained cytoplasm and nuclei are highlighted

in light blue and dark blue respectively. Faintly stained cells in the non-inflamed/ non-
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neoplastic colonic section (a) and the intensely stained cells in CAC (b) accurately

detected by the software (c, d).

Expression of SMAD7 was assessed in the epithelial cells by quantifying the
cytoplasmic staining, as it is a regulatory protein that has its function in the
cytoplasmic level in the TGF pathway. pSMAD3 levels were assessed using nuclear
staining as the phosphorylated form of SMAD3, when not inhibited by SMAD?7,

migrates to the nucleus.

3.6 In situ hybridisation (ISH)

3.6.1 Workflow optimisation for RNAscope

Workflow optimisation was carried out using fixed HelLa cells provided by the
manufacturer. Slides were baked at 60°C for one hour, deparaffinised in xylene and
rehydrated in decreasing concentrations of ethanol. Antigen retrieval was performed
using the antigen retrieval reagent and block of endogenous peroxidase performed
for 10 minutes by applying H2O2 on the tissue sections. Sections were then
incubated in protease A for 30 minutes in a humidifying chamber at 40°C. Two
separate slides were individually incubated with a positive control probe (PPIB) and a
negative control probe for 2 hours at 40°C. For each target gene, six signal
amplification probes were applied consecutively for 30 and 15 minutes alternatively
(probes 1-4 at 40°C and probes 5-6 at room temperature). Signal was developed
using the DAB A and B solutions provided. Counter staining was performed with
Gil’'s haematoxylin solution for 3 minutes and serially dehydrating in increasing

concentrations of ethyl alcohol.
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3.6.2 Evaluation of SMAD7 mRNA expression in FFPE sections by ISH

Two serial sections of each sample were used as positive and negative control.
Slides were baked at 60°C for one hour and deparaffinised in xylene. Rehydration
was carried out in reducing concentrations of ethanol (100%, 90% and 70%) and
treated with hydrogen peroxide for 10 minutes. Antigen retrieval was carried out
using the antigen retrieval reagent (Advanced Cell Diagnostic,) at 102°C for 15
minutes. Protease A was applied for 30 minutes and incubated in a humidifying
chamber at 40°C. Positive control probe (PPIB), SMAD7gene specific oligo probe
and the negative control probe were applied to the paired slides and incubated for 2
hours at 40° C. The positive control probe PPIB which is a ubiquitous housekeeping
gene was used to select the sections with suitable for ISH and to normalise the target
signal for time dependent degradation of mRNA. Sections that did not give a signal
for the positive probe were excluded as they were of poor quality. Slides were
washed in RNAScope wash buffer and the signal amplification probes were applied
as per manufacturer specifications. Signal was detected with 3,3'-Diaminobenzidine
(DAB) provided with the kit. Counter staining was performed with Gill's haematoxylin
solution for 3 minutes and serially dehydrating in increasing concentrations of ethyl

alcohol.

3.6.3 Quantification of ISH signal

SMAD7 mRNA is represented by brown single or clustered dots on the sections. One
distinct dot indicates a single copy of the target mRNA. The signal was normalised to
the signal of the positive control (PPIB). Staining intensity quantification was
performed using Image J software (Figure 9). The epithelial cells of both control and

test sample were first selected while the background was omitted. The values for
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HBS (H- hue, B- brightness and S-saturation) were adjusted so that only areas of
signal (brown) were uniquely selected. The number of pixels in the signal for a single
copy of mMRNA was calculated estimating the size of a single dot, by averaging the
number of pixels from 20 single dots (22 pixels). The number of MRNA copies in the
field was calculating at by dividing the total positive areas selected by 22. The
number of epithelial cells in the region of interest was counted using the cell counter
plug-in and thereby the number of signals per cell was calculated. Finally, the ratio
between signals per cell of PPIB and signals per cell for SMAD7 mRNA was

calculated.

Figure 9. Quantification of In situ hybridisation (ISH) using the ImagedJ software

a) H&E staining of a dysplastic lesion in a patient with UC. (b) ISH of a serial section
from the same lesion (selected area in-set) and (c) magnified (40X) image of the
selected area. (d) The epithelium is selected as region of interest. (e) The brown
stained areas are detected and marked with red. (f) the detected surface area is

demarcated with a yellow border for the calculation of pixels.
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3.7 Processing of blood samples

3.7.1 Separation of the buffy coat

Blood samples were transported at +4° C to the laboratory. Sample was centrifuged
at 2500rpm for 10 minutes at room temperature. The sample separates into red cells
at the bottom, buffy coat containing nucleated white cells above it as a hazy layer
and clear plasma as a supernatant. Under the primary tissue culture hood the

plasma and buffy coat were separated by pipetting and stored in -80° C freezer.

3.8 Sample processing and whole genome bisulphite sequencing

Extracted DNA was required to be quantified and run through library preparation
process prior to sequencing with lllumina 4000 platform. The library preparations had
to be subjected to quality check prior to sequencing to ensure high quality output of

sequencing data.

3.8.1 DNA extraction from micro dissected epithelial cells from fresh tissue

sections

DNA was extracted with a column-based method using the QIAmp DNA Micro kit
(Qiagen, Hilden, Germany), as specified by the manufacturer. The tissue sampled by
LCM was incubated with proteinase K DNA extraction buffer at 56°C for 3 hours.
After neutralisation of proteinase K, 1ul of carrier RNA (Qiagen) was added to the
lysis buffer to enhance binding of the DNA to the column membrane. Then, two

centrifugation steps were used to clean the DNA bound to the column membrane
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using two distinct wash buffers to enhance the purity of the eluted DNA. Finally, DNA

was eluted in 20ul of RNase-free H20 (Sigma-Aldrich), after an hour of incubation.

3.8.2 DNA extraction from micro dissected epithelial cells from FFPE tissue

sections

QlIAamp DNAeasy micro kit (Qiagen) was used according to manufacturer's
recommendations. Briefly, collected laser captured cells were lysed in lysis buffer
containing proteinase K at 56°C overnight. Proteinase K was then denatured at 90°C
for 1 hour, and the DNA was obtained by binding to a column and subsequently
washed in a series of provided wash buffers. For genomic DNA elution, 20 yl of
DNase/RNase free water was applied directly to the membrane of the QlAamp
MinElute column and left at room temperature for 1 min. The column was centrifuged
at 12000 rpm for 1 minute and the flow through collected to a sterile 1.5 mL

microcentrifuge tube was stored at -20°C.

3.8.3 DNA extraction from buffy coat

QIAamp DNAeasy micro kit (Qiagen, Hilden) was used. Frozen buffy coat was
defrosted to room temperature and a 10 pl aliquots was mixed with 90 ul if buffer
ATL in a clean micro centrifuge tube. 10 yl of proteinase K and 100 pl of buffer AL
were added and mixed by vortexing. The tubes with the mix were sealed with paraffin
membranes and incubated at 56°C for 10 minutes and briefly centrifuged. The DNA
was obtained by binding to a column and subsequently washed in a series of
provided wash buffers. For genomic DNA elution, 20 pyl of DNase/RNase free water
was applied directly to the membrane of the QlAamp MinElute column and left at

room temperature for 1 min. The column was centrifuged at 12000 rpm for 1 minute
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and the flow through collected to a sterile 1.5 mL microcentrifuge tube was stored at -

20°C.

3.8.4 Quantification of DNA

Qubit 4® Fluorometer (Invitrogen, Carlsbad, CA) with the Qubit® dsDNA HS (High
Sensitivity) assay kit (Thermo scientific) was used to measure the double stranded
DNA concentration. Working solution was prepared by diluting the Qubit® dsDNA HS
Reagent 1:200 in Qubit® dsDNA HS Buffer. Each tube for standards were added 190
pl of the working buffer solution and 10ul of Standards 1 and 2. Each sample tube
was added 199yl of the buffer solution and 1ul of sample. Tubes were pulse vortexed
for 15 seconds. The tubes were left for 2-3 minutes in room temperature. The high
sensitivity dsDNA function was selected, and the samples were measured following

calibration with the standards. Concentrations were recorded as ng/pl.

3.8.5 Library preparation for WGBS

Library preparation for next generation sequencing using lllumina HiSeq4000
platform was performed with Pico Methyl-Seq Library Prep Kit (Zymo, Irvine, CA,
D5455 & D5456). The kit is specific for small amounts (10 pg to 100 ng) of
fragmented genomic DNA from FFPE sections. Library preparation process
included: fragmentation, bisulphite conversion, addition of adaptors and addition of
index sequences.

Starting amount of 100ng of genomic DNA concentrated to a volume of 20 yl was
used for all samples. The genomic DNA was mixed with 130 pl of lightning
conversion agent in a PCR tube and incubated in a thermo cycler for 8 minutes at

98° C and 1 hour at 54° C. The fragmented and bisulphite converted sample was
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added in to 600 yl M-Binding Buffer in a Zymo-Spin® IC Column in a Collection tube
and mixed thoroughly by inverting the tube. Following a washing step, 200 pul of L-
Desulphonation Buffer was added to the column and incubated at room temperature
for 15 to 20 minutes. Washing step was repeated and library samples were eluted

with 8 ul Elution Buffer.

Amplification with the PrepAmp Primer

The flow through containing the bisulphite converted DNA was mixed with 2 pl of
PrepAmp Buffer (5X) and 1 pl of PrepAmp Primer (40 pM). The priming mix was
incubated in the thermo cycler for 2 cycles at temperature ramping at 0.1° CS™'with

the lid temperature constant at 25° C (Table).

Purification with the DNA Clean-up & Concentrator (DCC)

Product from the PrepAmp Polymerase Reaction was mixed with DNA Binding Buffer
at a 1:7 ration. The mix was centrifuged in a Zymo-Spin IC column at 10000 g for 30
seconds and the column was washed with 200yl of DNA Wash buffer. The spin
column was inserted in to a 1.5 mL tube and 12 pyl DNA Elution Buffer was added
directly to the membrane. After incubating for 1 minute the column was centrifuged

for 30 seconds and the purified product was collected.

Amplification

The purified product was mixed with 12.5 pl of LibraryAmp Master Mix (2X) and 1 pl
of LibraryAmp Primers (10 uyM). The mix was incubated in a thermo cycler for 6
cycles to amplify. The amplified product was purified as described above using the

DCC with 12 pl of elution buffer.
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Amplification with the Index Primer

The purified product was then mixed with 12.5 pl of LibraryAmp Master Mix (2X) and
0.5 pl of Index Primer (10 uM). The kit comprises of 6 index primers named A-F. The
mix was incubated for 9 cycles in a thermo cycler (Table) at variable temperatures.
The PCR product was purified as described above using the DCC® with 12yl of

elution buffer.

3.8.6 Quality assessment of library preparations

Agilent 2200 TapeStation (Agilent Technologies, Germany) with D1000 ScreenTape
and D1000 Reagents were used. An aliquot of 1 pl of each sample was mixed with 3
Ml of sample buffer along with a DNA ladder with a range of 35 — 1000 bp. After
loading the screen tape and tips the samples were loaded and the machine
programmed for reading. The quality report and fragment length graph for reach

sample was extracted.

3.9 Whole genome bisulfite sequencing

WGBS was performed using the Illumina HiSeq4000 platform. Standard mode, 2 X
75 bp read lengths at 10X with 1.5 lanes per sample was assigned. The PhiX control
was set at 20% as recommended by the manufacturer. The system performs 540 -
624 million reads per lane with 40 - 47 Giga bases output per lane. Sequencing was

performed at the Imperial BRC genomic facility (189).
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3.10 Bioinformatics

Beijing Genomic Institute (Shenzhen, Hong Kong) performed the initial bioinformatics
analysis of producing clean methylation data. Pre-processing and analysis of data
followed the Broad Institutes “GATK Best practice guidelines” for Next generation
Sequencing. FASTQC software was used to validate the FASTQ data and filtering of
raw data. The annotated human reference genome (GRCh37/hg19) was used for
alignment of the clean data. The bioinformatics analysis pathway of the NGS data
included quality check, filtering, clean up, alignment, cytosine information, depth of
coverage and methylation level analysis (Figure 10). BGI carried out the data
cleaning, read alignments and identification of differentially methylated regions for
each test sample obtaining methylation levels (M values). Analysing the variability in
methylation between different stages, comparing the common elements and
annotating the identified DMRs in to pathways were done by me using R open
source statistical software.

After sequencing data was obtained, data filtering was performed, which removed
the low-quality data. Then, the clean data was matched to a reference genome after
ensuring the quality of the data was sufficient. Both sequencing quality and alignment
quality was assessed before methylation analysis was carried out. Uniquely mapped
data was used to derive the methylation information of the cytosine base (mC)
through the whole genome. The mC data was used to analyse the differential

methylation between samples and controls.
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Flow chart depicting the data analysis pathway. Each step of filtering, alignment,
methylation count and depth coverage analysis were intervened by a quality checks
(QC) step. Only the data that passed the QC were used to evaluate the methylation

level and pathway analysis.
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3.10.1 Data filtering

Data filtering includes removing adaptor sequences, contamination and low-quality
reads from raw reads. Low quality reads include two types, and the reads, which met
anyone of the two conditions below, were removed:

1) Unknown bases are more than 10%;

2) The ratio of bases whose quality was less than 20 was over 10%.

After filtering, the remaining "clean reads" were stored in FASTQ format.

3.10.2 Alignment

After filtering, the clean data was then mapped to the reference genome by BSMAP,
and then remove the duplication reads and merge the mapping results according to
each library. Here we calculate the Mapping rate and bisulphite Conversion rate of

each sample.

Reads Alignment process

BSMAP parameters for PE reads: BSMAP -a filename_1.clean.fq.gz -b
filename_2.clean.fq.gz -o filename.sam -d

ref.fa

If use Hiseq2000, -z should be set 64;

samtools parameters:

samtools view -S -b -o filename.bam filename.sam

samtools sort -m 2000000000 filename.bam filename.sort

samtools index filename.sort.bam

Methylation level was determined by dividing the number of reads covering each mC
by the total reads covering that cytosine (190), which was also equal to the mC/C

ratio at each reference cytosine (191).
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(Nm represents the reads number of mC, while Nnm represents the reads number of

non-methylated reads).

3.10.3 DMR detection

Differentially methylated regions (DMRs) are stretches of DNA in a sample's genome
that have different DNA methylation patterns compared with other samples. DMRs
are involved in genetic imprinting because they can be methylated in accordance
with either the maternal or the paternal chromosome. The methylated allele is often,
but not always, the silenced allele. Differences between the methylation pattern in
the parental chromosome and the offspring's chromosome are considered epigenetic
lesions. There has been some concern that artificial reproductive techniques
increase the rate of abnormal methylation in DMRs, leading to an increased rate of
disease (192, 193). A sliding-window approach was used to identify differentially
methylated regions (DMRs) which contained at least five CG (CHH or CHG) sites
and its methylation levels of two different samples were different (at least a twofold
change). Fisher's exact test with a p value of <= 0.05 was used to assess the
significance. In addition, both samples required to be non-hypomethylated in DMR
discovery. Two nearby DMRs were considered interdependent and joined into one
continuous DMR if the genomic region from the start of an upstream DMR to the end
of a downstream DMR also had 2- fold Methylation level differences between sample

and control (p value <=0.05). Otherwise, the two DMRs were viewed as independent.
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After iteratively merging interdependent DMRs, the final dataset of DMRs were made

up of those that were independent from each other.

3.10.4 Degree of difference in methylation level

The degree of difference of a methyl-cytosine (mCG, mCHG, mCHH) was calculated
between the test and control samples while comparing Methylation level of DMRs in

different samples by CIRCOS (circos.ca/software/download/circus).

logzRm1

degree of difference =
logzRm2

(Rm1. Rm2 represent the Methylation level of methyl-cytosine for sample1 and

sample2 respectively. Rm1(or Rm2) was taken to be 0.001 while it is = 0).

3.10.5 Gene ontology analysis

Gene Ontology (GO), which is an international standard gene functional classification
system, offers a dynamic-updated controlled vocabulary, as well as a strictly defined
concept to comprehensively describe properties of genes and their products in any
organism. GO has three ontologies: molecular function, cellular component and
biological process. The basic unit of GO is GO -term. Every GO -term belongs to a
type of ontology. GO enrichment analysis provides all GO terms that significantly

enriched in a list of DMR-related genes, comparing to a genome background, and
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filter the DMR-related genes that correspond to specific biological functions. This
method firstly maps all DMR related genes to GO terms in the database (
http://www.geneontology.org/), calculating gene numbers for every term, then uses
hypergeometric test to find significantly enriched GO terms in the input list of DMR-
related genes, based on ' GO :TermFinder'
(http://www.yeastgenome.org/help/analyze/go-term-finder), we have developed a
strict algorithm to do the analysis, and the method used is described as follows:
Where N is the number of all genes with GO annotation; n is the number of DMR-
related genes in N; M is the number of all genes that are annotated to certain GO
terms; m is the number of DMR-related genes in M. The calculated p-value goes
through Bonferroni Correction (194), taking corrected p-value < 0.05 as a threshold.
GO terms fulfilling this condition are defined as significantly enriched GO terms in
DMR-related genes. This analysis is able to recognize the main biological functions
that DMR-related genes exercise.

The annotation of the proposed candidate genes was done using the ToppGene Suit
open source tool software. The target gene set was matched against the extended
gene list from the Protein-protein interaction network (PPIN) as a test set. The p
values for the gene enrichment analysis was accepted at 0.05 with the Bonferroni
correction. The ToppGene Suit database is automatically updated and has been

validated (195, 196).

3.10.6 Statistical analysis and graphs

The graphs were generated using ggplot2 package and maftools from Bioconductor

in R (Verion 4.0.2, CRAN project, Vienna). The Kruskal-Wallis test was used to
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compare the difference between the different tissue groups. The difference was

regarded as significant if P<0.05.

3.11 Validation of methylation data with gene expression levels

To validate the observed methylation levels we carried out quantitative reverse
transcriptase polymerised chain reaction (RT-PCR) for selected genes on the
matched sample couples. Extracted RNA from fresh tissue was used for this purpose

with custom designed primers.

3.11.1 RNA extraction

miRNeasy MiniRNA purification kit (#217004, Qiagen) was used. Trizol (Qiagen) 700
pl was directly added to the wells when harvesting the cells. Cells were scraped off
the wells and the lysate collected in to a 1.5mL micro centrifuge tube. The lysate was
mixed till it was homogenous and 140pl of chloroform was added under a fume hood.
After mixing well the tubes were centrifuged at 12,000 x g in 4°C for 15 minutes. The
upper aqueous phase was transferred in to a new tube and 1.5 volumes of 100%
ethanol were added. The sample was pipetted in to a miRNeasy Mini spin column
and centrifuged at 8000 g for 30 seconds at room temperature. On-tube DNase
digestion was performed by adding 10 pl of DNase | and 70 ul of RDD directly on to
the membrane after a single wash with 350 yL of Buffer RWT. This step was followed
by a single wash with Buffer RWT and two washes with Buffer RPE. RNA was

extracted with 30ul RNase-free water.
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3.11.2 Reverse transcription

RNA was retro transcribed using Maxima First Strand® High Capacity cDNA reverse
transcription kit (#K1641, Applied Biosystems, Life Technologies, Carlsbad, CA,
USA), as directed by the manufacturer. In this assay, 1ug total RNA from the sample
per was used. A master mix containing 2 ul of 10x RT buffer, 1 pl of ANTP Mix, 2 pl
of 10x RT random primers, 1 ul of MultiScribe reverse transcriptase and 1pl of
RNase inhibitor was prepared per sample. Then, 1ug total RNA with RNase-free
water was added to the master mix up to 20 ul per reaction.
3.11.3 Quantitative real-time polymerase chain reaction
The cDNA was amplified using the SYBR® Green Real-Time PCR Master mixes
(#4309155, Life Technologies, USA) with the primers. Reaction was carried out in a
20 pl final volume using pretested primer sequences (Table 4 and 5).

Reagents Volume (pl)
Fast SYBR green master mix
10 uM F primer (1 yM)
10 uM R primer (1 uM)

Template cDNA (200ng)
Nuclease Free water

NN =

Table 4. Reagent mix for gPCR

The thermo cycler conditions were set to 20 seconds at 95°C; 3sec at 95°C and
30sec at 63°C (40 cycles); 15 seconds at 95°C. Standard curve and melting curve
were generated and analysed using StepOne Plus Real-Time PCR System software

(Applied Biosystems, MA, USA).
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Gene Primer sequence

TACSD2 - F TATTACCTGGACGAGATTCCCC

TACSD2 - R CCCCGACTTTCTCCGGTTG
elF6 - F CAATGTCACCACCTGCAATG
elF6 - R AGTCATTCACCACCATCCCA
LFNG-F ACCTCACAACAGCAAACCCA
LFNG -R GGCTTTCAACGACTCCAGGA
USP1-F CCAATGAGAGCGGAAGGAGG
USP1-R CACCAATTATATCTAGACCAAAGCC

Table 5. Primer sequences for qPCR to assess expression levels of selected

genes

From the differentially methylated genes related to CRC, four hypomethylated genes
were selected to be validated for expression levels. The genes selected were
compared in the dysplastic tissue and adjacent control sample to correlate the

expression levels with their methylation.

3.12 In-vitro silencing of SMAD7

An attempt was made to knock down SMAD7 mRNA in two colorectal cell lines and
assess its effect on the transcription of previously identified genes (CDH1, CGN and

CLDN4), which are related to epithelial-mesenchymal transition, and that of DNMT1.

3.12.1 Cell culture

DLD1 and HCT 116 colorectal cancer cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Sigma Life Science, Gillingham, Dorset, UK) supplemented

with 10% (v/v) Fetal Calf Serum (FCS; Sigma) and 100 units/ml penicillin, 100 pg/ml
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streptomycin, 2 mM L-glutamine (Sigma). Cells were cultured in T125 flasks or 6
well plates unless otherwise specified and maintained at 37°C in humidified 5% CO
incubator. Cells were routinely passaged when 70%-80% confluency was reached.
To passage cells, the culture medium was aspirated, cells washed with PBS and
trypsinised with EDTA-trypsin at 37°C for 3-5 minutes. Culture medium was added to
a 1:1 ratio to inactivate trypsin and the cells were centrifuged at 1300 rpm for 3
minutes. The supernatant was discarded, and the cell pellet was suspended in the

culture medium and split to the desired dilution.

3.12.2 Transfection of the cells with siRNA

DLD1 and HCT116 cell lines were cultured in 6 well culture plates. A seeding
concentration was 100,000 cells/well in 2.5 mL of DMEM medium. After incubation in
37°C for 24 hours, the cells were transfected with SMAD7 antisense (AS) and sense
(S) oligonucleotide from ON-TARGET plus Human SMAD7-4092 siRNA-SMARTpool
(Dharmacon #S0-2745395G) (Table6). Lipofectamine 2000 in Optimem medium with
1.2 ug/mL concentration of the AS and S oligonucleotide separately was used. Cells
were harvested at different time points (24, 48 and 72 hours). Cells were processed

for both RNA and protein extraction.

Si-RNA sequence |
J-020068-05: Sense GCUUUCAGAUUCCCAACUU
J-020068-06: Antisense UGAAGGCGCUCACGCACUC
J-020068-07: Sense CAUCAAGGCUUUCGACUAC
J-020068-08: Antisense CCAGAUACCCGAUGGAUUU

Table 6. SMAD7 siRNA sequences

Base sequences of the anti SMAD7 siRNA used to transfect the colon cancer cell

lines with lipofectamine.
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3.12.3 Transfection of cells with a pLKO-Tet-ON vector containing a shRNA

The pLKO-Tet-ON vector is a lentivirus-based vector generated by sequential PCR-
based modifications. It contains all the required cis-elements for packaging, reverse
transcription, and integration, which are required for subsequent production of the
lentiviral particles. This vector also contains all the necessary components for the
inducible expression of shRNA in the target cells. In the absence of tetracycline/
doxycycline, shRNA expression is repressed by constitutively expressed TetR
protein. Upon the addition of tetracycline/ doxycycline to the growth media, shRNA
expression is triggered resulting in target gene knockdown.

The shRNA oligos were custom designed using commercial software matching the

non-alternating regions of the SMAD7 exon (Table 7).

shRNA sequence
oligos

Pair 1- Top  ccggGAGGCTGTGTTGCTGTGAActcgagTTCACAGCAACAC
AGCCTCtttttt

Pair 1 - AATTaaaaaaGAGGCTGTGTTGCTGTGAActcgagTTCACAGC

Bottom AACACAGCCTC

Pair2 -Top ccggGCTGCGGGGAGAAGGGGCGACCctcgagGTCGCCCCTT
CTCCCCGCAGCttttt

Pair 2 - AATTaaaaaaGCTGCGGGGAGAAGGGGCGACctcgagGTCGC

Bottom CCCTTCTCCCCGCAGC

Table 7. SMAD7 ShRNA oligo sequences.

Base sequences of shRNA pairs used to transfect the cell lines using the pLKO-Tet-

ON construct.

Oligo annealing

The oligos were reconstituted in ddH20O to a concentration of 0.1 nmol/ul and mixed
for a few seconds to dissolve. 11.25 ul of each oligo (Top and Bottom, 0.1 nmol/ul)

and 2.5 ul 10X annealing buffer (1M NaCl, 100 mM Tris-HCI, pH=7.4) were mixed in
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a separate 1.5 ml tube. 200 ml of water was brought to boiling temperature and the
beaker was placed on an 1.5 ml tube rack on the bench (having the rack between the
beaker and the bench slows down the cooling process). The temperature of the
water was maintained at 95° C. The oligo mixtures were placed in a water bath and
allowed to cool down naturally to 30°C (2-3 hours). One ul of the oligo mixture was
diluted 1:400 in 0.5X annealing buffer (1 uyl + 399 pl of 0.5X buffer) and stored at -

20°C.

Ligation of the oligos to pLKO-Tet-ON

The vector pLKO-Tet-On was digested with Agel (New England Biolabs (NEB)
#R0552S) and EcoRI (NEB #R0101S). Six pg of pLKO.1 TRC-cloning vector were
mixed with 5 yl 10x NEB buffer 1 ul, Agel 1 ul, ddH20 up to 50 pl, incubated at 37°C
for 2 hours and purified using Qiaquick gel extraction kit (Qiagen) to a 30 pl. The
elute was digested with EcoRI mix containing 5 pL 10x NEB buffer for EcoRlI, 1 pl
EcoRlI to 14 yl ddH20 and incubate at 37°C for 2 hours. The digested DNA was run
on 0.8% low melting point agarose gel until 2 bands were seen distinctly, one at 7kb
and one 1.9kb (Figure 11). The cut out 7kb band was placed in a sterile
microcentrifuge tube and the digested vector was gel purified (the stuffer is released

as a 1.8 kb fragment and was discarded).
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Figure 11. Separation of pLKO backbone.
Gel electrophoresis of the digested pKLO showing the backbone and the stuffer

separately. The backbone was cut out from the gel and purified for the ligation of

shRNA oligos. The T4 ligation reaction was set up as shown in table 8.

' Component volume
Oligo dilution (or 0.5X buffer as a negative 1 pl
control)

Gel-purified digested pLKO-Tet-On (10-20 ng) 1l

10X ligase buffer 1 pl
T4 DNA ligase 1l
Water 6 ul
Total 10 pl

Table 8. Components mix for the T4 ligation reaction.
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Transformation of the ligated product

Transformed competent Stbl3 E. coli cells were mixed with 4 ul of the total ligation
reaction volume, following established procedures (pre-chill ligation reaction on ice,
add 4 pl of ligation reaction to E.coli, incubation for 20-30 min, heat shock for 30-45
sec at 42°C, incubate on ice for 5 min, add 500 ul of SOC growth media, incubate at
37°C while shaking for 30 min). 200 ul of E.coli were plated on to pre-warmed LB
plates containing 50ug/mL of ampicillin (LB/Amp) and incubated for 24 hours. The
distinct colonies were manually selected and miniprep cultures (5-6 ml of LB/Amp)
were inoculated. The DNA was isolated using Qiagen miniprep kit (Qiagen #27104)
and the elute was subjected to Xhol (Thermo Scientific) restriction digest reaction as
shown in table 9.

. Component  volume
miniprep DNA 1 ul (4 ug)

10x buffer R 2 ul
Xho1 2 ul
H20 15 ul
Total 20 pl

Table 9. Component mix for restricted digestion.

The products were gel electrophoresed in a 1.5% agarose gel. The colonies with two
migrating bands near 200bp were selected as successfully ligated colonies (Figure
12). Selected colonies were cultured in 100ml of LB broth medium overnight. The
plasmid was purified using the QIAprep miniprep kit and quantified with Qubit

fluorometric quantification.
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Figure 12. Selection of transformed E. coli colonies.

Gel electrophoresis of digested products in 1.5% agarose gel from the selected
bacterial colonies indicating two distinct bands at and below 200 bp region indicating

ligated oligos.

3.12.4 Viral transfection

Co-transfecting HEK293T

1.3x10° HEK293T cells were seeded onto 6 cm dishes in complete DMEM, so that
~90% confluency was reached after 24 hours. On day 2, 5 ug of transfer vector, 1.75
pg of pMD2.G and 3.25 yg pCMVARS.74 were mixed in a 1.5 ml tube (max volume
of DNA = 500ul per reaction). Then, 30ul of FugeneHD was incubated with 500 ul of
Optimem for 10 min before allowing the incorporation of the purified DNA for at 45
min.

After this time, the DNA/Fugene/Optimem mix was added to HEK cells, supplied with
fresh media, dropwise, and the cells were left to incubate overnight 16-24h max.

After 16-24h, the media on HEK cells was changed.
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Viral harvesting
After 48h, the viral supernatant was centrifuged for 5 min at 1500rpm in room

temperature (inside the hood), filtered using a 0.45 ym filter and stored at -80C.

Transduction

HCT116 and DLD1 cells were plated in a 6-well plate (100,000 cells/well) aiming for
50% confluency on the following day. Polybrene was added at 1:1000 concentration
to filtered viral supernatant and mixed. The media was aspirated from both treatment
wells and controls and 500 pl of viral supernatant was added onto cells, while
normal medium was added to controls for ‘mock transduction’. The media was
replaced after 24h hours and the supernatant was disposed of after disinfection.
After 72h, selection of all cells (transduced and controls) was started by adding
puromycin (Thermo Fischer # A1113803) at a concentration of 1ug/ml. The mock
transduced plate was used to continually assess cell killing by light microscopy and
the media was changed every 48 hours. Cells were split as necessary until all the
cells in the mock transduced well were dead.

After the selection, doxycycline was used at 10 ng/ml concentration to induce the
expression of shRNA on Tet-ON. Cells were harvested at 24 and 48-hour intervals to

assess for the concentration of SMAD7mRNA levels.

3.12.5 RNA extraction

RNA extraction was performed using the miRNeasy Mini RNA purification kit
(#217004). First, 700 uL of Trizol (Qiazol©, Qiagen, Hilden, Germany) was directly

added to the wells. The lysate was mixed till it was homogenous and 140 pL of
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chloroform was added under a fume hood. After mixing well the tubes were
centrifuged at 12,000 x g at 4°C for 15 minutes. The upper aqueous phase was
transferred into a new tube and 1.5 volumes of 100% ethanol was added. The
sample was pipetted into a miRNeasy Mini spin column and centrifuged at 8000 g for
30s at room temperature. DNAse digestion was performed by adding 10 pL of
DNAse | and 70 pL of RNase-Free DNase directly on to the membrane after a single
wash with 350 pL of Buffer RWT (a stringent washing buffer). This step was followed
by a single wash with Buffer RWT and two washes with Buffer RPE (washing

membrane-bound RNA). RNA was extracted with 30 yL RNase-free water.

3.12.6 Primer annealing temperatures and standard curves for SMAD?7 primers

To determine the optimised annealing temperature of the primers, a gradient PCR
reaction was performed on the cDNA samples derived from the DLD1 cell line, using
Taq DNA Polymerase (Qiagen). PCR conditions were as follows: initial denaturation
at 94°C for 5min; amplification of 34 cycles at 94°C for 30sec (denaturation), 54° C to
65° C for 40sec (annealing), 72° C for 30sec (elongation); final elongation at 72°C for
10min. This was followed by electrophoresis on a 1.5% agarose gel with a DNA
Hyperladder 100bp (Bioline, London, UK) to verify the presence of a single amplified
template and the desired annealing temperature, which was then set at 63°C (Figure

13).
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To determine primers efficiency and the necessary concentrations of primers to be
loaded in the future reactions, qPCR reactions at the optimised annealing
temperature were performed with serially diluted concentration of the individual
primers (10, 5, 1, 0.5uM) and the cDNA samples 20 ng/uL, and both the standard
curve and the melting curve was analysed on the StepOne Plus Real-Time PCR
System software (Applied Biosystems, MA, USA) (Figure 14). Samples were loaded
in three technical triplicates in all cases. gPCR conditions were as follows: 20sec at
95°C; 3sec at 95°C and 30sec at 63°C (40 cycles); 15sec at 95°C. Primer efficiency
slopes were compared to assure there was no significant difference amongst them
and melting curve was analysed to determine the absence of multiple peaks, which

could be formed by primer non-specificity or primer dimer formation.

50°C 53°C 56°C 59°C g20C 65°C

A

Figure 13. Optimum annealing temperature of SMAD7 primer.

Gel electrophoresis of PCR products of SMAD7 primers at different annealing
temperatures. The most prominent single band was seen at 59° C which was chosen

as the annealing temperature for subsequent gPCR cycles.
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Figure 14. Validation of primer efficacy.

The standard curve produced with 10 fold dilutions of template DNA producing a
curve with a Rp of 0.99 indicating the efficacy of the primers. The melt curve with a

single distinct peak indicating the PCR products are of a single type.

3.12.7 Reverse transcription and real time PCR

The cDNA was obtained from extracted RNA using Maxima First Strand cDNA
Synthesis Kit for RT-gPCR (Thermo Scientific) according to manufacturer's
instructions. Briefly, RNA samples were mixed with 4pl of 5X Reaction Mix (Reaction
Buffer, dNTPs, oligo (dT)18 and random hexamer primers), 2ul of Maxima Enzyme
Mix (Reverse Transcriptase, RNase Inhibitor), and nuclease-free water to obtain a
total volume of 20ul in each PCR tube. The conversion reaction was performed in a
thermocycler (DNA Engine Dyad, Bio-Rad) at 25°C for 10min, followed by a heating
step at 85°C for 5min to terminate the reaction. After cDNA conversion, a 1.5%
agarose gel was run with Reverse transcriptase minus (RT-) negative control and no

template control (NTC) to ensure no contamination was present.
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3.12.8 Protein extraction

The cells were lysed via incubation with 70 ul of Radioimmunoprecipitation assay
(RIPA) buffer on ice for 15 minutes. The lysate was then centrifuged at 15000 RPM

in 4°C for 15 minutes.

3.12.9 protein quantification

Protein quantification was done using the Bio-Rad DC (Bio-Rad,CA, USA) microplate
assay technique. Serial dilutions of the protein standard were made ranging from
0.2mg/ml to 1.6mg/ml using bovine albumin. Reagent mix was prepared by mixing
reagent A with reagent S at a 1:50 ration. 5 pl of the standard protein dilutions and
the extracted proteins were added to the micro-plate in triplicates. Each well was
then added with 25 pl of the reagent A and 200 pl of reagent B. The plate was placed
on a plate mixer for 5 seconds. Any bubbles that were visible were popped with a
clean pipette tip. After 15 minitues the plate was kept in a Sunrise® ( TECAN,
Swizerland) micro-plate reader with flurometry settings at 750 nm. The average
absorbance values were used to create the standard curve and the concentration of

the extractions was measured in relation to the curve.

3.12.10 Western blot

Extracted proteins were quantified using the Bradford assay with Tecan
Spectrophotometer. Samples were prepared with 20ug of proteins per well at a 40pl
total volume. Each sample included 10yl of sample buffer (Novex, Bolt #B0007,
Thermo Fisher Scientific), 4 yl of oxidizing agent (Novex, Bolt #1772697) and D,O up

to a total of 40 pl. The samples were heated up to 70°C for 10 mins.
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Novogen Tris-Bis 10% (Thermo Fisher Scientific) were used with Mini Gel Tank (Life
Technologies). NUPAGE™ MOPS SDS Running Buffer (20X) diluted to 1X was used
at a running voltage of 130 mV for 40 minutes.

Transfer buffer was freshly prepared with Tris 3.03g, glycin 14.4g, methanol 200 ml
in 800 ml of distilled water. The gel was transferred onto the nitrocellulose
membrane, packed tightly with sponges on either side and the transfer chamber was
loaded with 500 ml of transfer buffer. The chamber was left on ice and the running
voltage was 100 mV for 1 hour.

The membranes were washed in TBST (Tris Buffered Saline, with Tween 20) for 5
mins and was blocked in 5% milk (5 g of milk powder in 0.05% PBST) for 2 hours.
The primary antibody for SMAD7 was applied in 1:100 dilution in milk and left
shaking overnight at 4°C. After three washes with 0.05% PBST, the HRP linked anti-
Mouse — 1:1000 (CST — 7076S) secondary antibody was applied for 1 hour before

developing in the dark room.
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4.0 Results: 1



4.1 Methylation landscape of colitis associated neoplasia

4.1.1 Scope of the chapter

In the background of consistent genetic markers to predict the development of CAC,
focus has shifted to epigenetics. However, the methylation landscape of the colon,
from the inflamed stage to the development of colitis-associated cancer has not been
well studied up to now. One of the aims of this study was to test the feasibility of
applying whole genome bisulphite sequencing to identify a predictive marker for
CAC, present from the early non-neoplastic stage of the disease.

Therefore, to identify potential early biomarkers to predict CAC, the methylation
pattern from different stages of UC associated colon cancer was examined using
whole genome bisulphite sequencing of laser captured epithelial cells. Each sample
was matched with an adjacent tissue or blood control and the methylation pattern in
normal colonic epithelium was subtracted from the data from the diseased tissue.
From the identified common methylation markers, those linked to CRC were

identified.

4.1.2 Chapter summary

The chapter describes the general methylation pattern of the sequenced samples
and specifically the identified common markers for both promoter and gene body
methylation patterns. Sequencing data has been validated for a subset of these
genes with expression levels with RT-qPCR. This chapter describes potential genes
and their methylation patterns that can be used as potential biomarkers to be

validated in a prospective study.
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4.1.3 Sample characteristics

Eight samples were subjected to whole genome bisulphite sequencing (WGBS) next
generation sequencing (NGS) using the lllumina 4000 platform. The test samples
consisted of DNA isolated from laser-captured microdissected epithelial cells from
non-inflamed (healthy), inflamed, dysplastic and colitis associated cancer tissue.
The matched controls were DNA extracted from buffy coat for the non-inflamed and
inflamed tissue and DNA extracted from adjacent colonic mucosal cells for the
dysplastic and cancer tissue. The details of the patients from which the samples
were obtained are given below (Table 6)

Disease
duration

Fixation Age

ST001-1 Non-inflamed Fresh 22 Female | N/A Sigmoid
ST001-2 Buffy coat frozen years
ST002-1 Inflamed Fresh 29 Male 10 years | Rectum
ST002-2 Buffy coat frozen years
ST004-A | Dysplastic Fresh 71 Female | 20 years | Rectum
ST004-C | Non dysplastic- | frozen years
adjacent
43795-5A | Colitis associated | FFPE 64 Female | 34 years | Colon
cancer years
43795- Adjacent to
A12 cancer

Table 10. Details of the samples selected for NGS

Colonic epithelium from patients with the inflammatory phase of UC, dysplasia due to
long standing UC and CAC were selected. The adjacent non neoplastic mucosa was
selected as the control sample for the dysplasia and cancer tissue. For the
inflammatory mucosa, the buffy coat was used as a control sample to eliminate the
age-related methylation changes. The normal mucosa was from a patient who did

not have an inflammatory condition was also matched with his buffy coat.
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4.1.4 Quality of library preparations

Libraries were prepared for sequencing using the PicoMethyl kit (Zymo) using
starting amount of 100 ng of DNA. Quality of the libraries is assessed based on the
fragment lengths and the distribution of the lengths in the total sample. The library
quality assessed using Tapestation 2000 matched with the validation curve provided
by the manufacturer with a majority of fragment sizes range from 150 bp — 500 bp.
(Figure 11, a. and b.).

a)

Sample Table
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Figure 15. Quality of the library preparations

Library preparation quality assessment for tissue sample with dysplasia (a) and

adjacent tissue (b), on Agilent Tapestation 2000. The shape of the curve matched

the recommendation by the manufacturer. Majority of the library fragments are less

than 300 bp in length.

4.1.5 Quality assessment of sequencing data

All samples passed the Fast QC quality assessment in both the mean quality scores

and per base sequence quality score. All predicted scores were in the acceptable

range (Figure 12).
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Figure 16. Quality score for each base position in 75 base read lengths

a) Mean predicted quality score for 75 base read lengths showing all reads within the
desired ‘green’ zone. b) Values for individual base positions indicating quality scores

between 32 and 40. Values are representative for 4 samples.
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4.3 Analysis of promoter methylation in different stages of CAC

4.3.1 General distribution of promoter methylation

Methylation in mammalian DNA occurs predominantly (not exclusively) at cytosine
bases. A CpG island is a region where a large number of repeated cytosine-
phospho-guanine (CpG) dinucleotide sequences are clustered together. Around 60 -
80% of the CpG residues are methylated in mammalian DNA, and the non-
methylated CpG elements tend to cluster together as islands. These islands are
generally around 200-300 bp in length and are found adjacent to promoter regions or
other regions implied in transcription regulation. DMRs are genomic regions with
different DNA methylation patterns, across different biological samples. These
usually have a functional importance such as transcription regulation.

Each sample was compared to its control — either adjacent colonic epithelium or
buffy coat from the same patient to exclude the age-related methylation changes.
The number of DMRs in promoters for each sample-control pair is as follows (Table

7).
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Sample Control Number of DMR

ST001-1: Non inflamed ST001-2, Buffy coat 5770
ST002-1: UC, Inflamed ST002-2, Buffy coat 5505
ST004-A: UC, Dysplasia = ST004-C: Adjacent 2190
43795-5A UC, Cancer 43795-12A: Adjacent 6613

Table 11. Total number of differentially methylated regions in test samples.

Each test sample was matched with a control form the same patient. For the
neoplastic tissue the adjacent non-neoplastic mucosa was used while for the

inflamed and the normal control their buffy coat was used.

The distribution of the DMRs in different tissue types (non-inflamed/ non diseased,
inflamed, dysplastic and cancer) was analysed (Figure 13). The M value was plotted
against the gene identification to observe the spread of the DMRs across the
genomes. The M value was chosen to compare methylation levels as it has been
proposed to be more compatible with the statistical analysis as its range is not bound
to a certain value. In the traditional Beta-value the range is limited to between 1 and
0, and the violates the Gaussian-distribution assumption made by most statistical
tests. The two values have been compared in their ability to more accurately predict
the true level of methylation (197). The relationship between Beta-value and M-value
is a sigmoid curve (197). The curve flattens out towards values closer to 0 and 1 in
Beta-value, which is around 6 in M value. Therefore during conversion methylation
levels closer to 0 or 1 in Beta-value can be polarised to extreme ends in the M-value

as seen in the plot.
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Figure 17. DMRs at promoter regions in different stages

Scatter plot comparing the general distribution of the methylation pattern in different
stages of CAC. Compared to the normal and inflamed samples more hypomethylated

promoters are observed in the dysplastic and cancer tissue.

Dysplasia and cancer show a higher proportion of hypomethylated promoters
(compared to normal and inflamed tissue. Overall 91% (total n= 6080) of the DMRs
in cancer tissue and 80% (total n=2007) of the DMRs in the dysplastic tissue were
hypomethylated compared to the control samples. Normal tissue sample
demonstrated 76% (total n=5359) of the DMRs to be hypomethylated while the
inflamed tissue had 78% (total n=5093). This is keeping with the general pattern
identified in cancers. A significant increase in the hypomethylated proportion was
noted from dysplasia to cancer (p<0.001) and from inflammation to dysplasia

(p<0.001) while the difference in hypomethylated promoters as a proportion of all
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DMRs in inflamed tissue in comparison to the normal epithelium was non-significant

(p=0.631).

4.3.2 Pathway annotation of genes with differentially methylated promoters

The genes showing differential methylation were annotated and their pathway
enrichment was analysed. The top 10 ranked pathways where the differentially
methylated genes are represented were identified. The representations were related
to same top 3 pathways in all three tissue types. Highest representation in all three
stages were related to metabolic pathways, pathways in cancer and PIK3-Akt

signalling pathway (Figure 14).

4.3.4 Identifying promoter methylation pattern across all stages of CAC

As the first step to identify potential methylation markers that influence the process of
CAC | looked at promoter methylations present across all stages from inflammation
to cancer and not present in normal colonic epithelium. For any molecular marker to
be used as a predictor it needs to be consistently present from the early stages of the

disease. The workflow is outlined in figure 15.
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Figure 18. Annotation of DMRs to pathways in different tissues

The genes with differentially methylated promoter regions (DMR) were annotated to
pathways. Annotated pathways are arranged in the descending order according to
the number of genes annotated to them. The highest numebr of genes were
annotated to metbolic pathways, pathways in cancer and PI3K-Akt signalling

pathway in all three stages.
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Figure 19. Analysis pathway of DMRs between different tissue types

Analysis pathway to detect common methylation markers across tissue types and not
present in normal colonic mucosa. The methylation pattern in each stage is matched
to a control (either adjacent tissue or blood) to subtract the age related methylation.
The common DMRs consistently present over inflamed, dysplastic and cancer stages

were recognised. All DMRs detected in normal colonic mucosa were then subtracted
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from the common list leaving only those consistently present in the UC affected

inflamed, dysplastic and cancer epithelia.

The hyper and hypomethylated DMRs in each sample were separated based on the
M value (logZ2ratio) using the following codes in base R.

To separately identify the hyper and hypomethylated promoters in inflamed tissue,
new data frames (DMR_INF_pos - hypermethylated and DMR_INFneg -
hypomethylated) were formed based on the M value (methylation level);

DMR_INF_pos<-DMR_INF[DMR_INF$log2Ratio>0, ]
DMR_INF_neg<-DMR_INF[DMR_INF$log2Ratio<®, ]

Similarly, the DMRs in dysplastic (DMR_DYS) cancer (DMR_CA) and normal
(DMR_NORM) tissues were also separated based on the M value (logZ2ratio).

DMR_DYS_pos<-DMR_DYS[DMR_DYS$log2Ratio>0, ]
DMR_DYS_neg <- DMR_DYS[ DMR_DYS$log2Ratio<®, ]

DMR_CA_pos<- DMR_CA [ DMR_CA $log2Ratio>@, ]
DMR_CA neg <-DMR_CA[ DMR_CA$log2Ratio<®, ]

DMR_NORM_pos<- DMR_NORM [ DMR_NORM $log2Ratio>®, ]
DMR_NORM_neg<- DMR_NORM [ DMR_NORM $log2Ratio<®, ]

Following the separation, the hyper and hypomethylated regions common to all there
stages (inflammation/ dysplasia/ cancer) were selected using the cbind function in R
base package:

Combined_DMR_INF_DYS_pos<cbind(DMR_INF_pos[DMR_INF_pos$GeneID%in%DMR
_DYS_pos$GenelD, ],DMR_DYS_pos[DMR_DYS_pos$GeneID%in%DMR_INF_pos$Gene
ID])

combined_DMR_pos <-
cbind (DMR_CA_pos[DMR_CA pos$GeneID%in%Combined DMR_INF_DYS_pos, ],Com
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bined_DMR_INF_DYS_pos[Combined_DMR_INF_DYS_pos$GeneID%in%DMR_CA_pos]

)
Combined_DMR_INF_DYS_neg<cbind(DMR_INF_neg[DMR_INF_neg$GeneID%in%DMR

_DYS_neg$GenelD, ],DMR_DYS_neg[DMR_DYS_neg$GeneID%in%DMR_INF_neg$Gene
ID])

combined_DMR_neg<-
cbind (DMR_CA neg[DMR_CA neg$GeneID%in%Combined DMR_INF_DYS_neg, ],Com
bined_DMR_INF_DYS_neg[Combined_DMR_INF_DYS_neg$GeneID%in%DMR_CA_neg]

)

From the two data sets of common hyper and hypomethylated promoter regions the
ones observed in the normal colon sample were deducted. The function %notin% to
negate a selection was defined and used in dyplr package.

Specific_ DMR_pos<-combined DMR_pos[combined DMR_pos$GeneID %notin%
promoter NORM pos$GenelD, ]

Specific_DMR_neg<-combined DMR_neg[combined DMR_neg$GeneID %notin%
promoter_NORM_neg$GenelD, ]

This revealed 6 hypermethylated promoters common to all stages and 63
hypomethylated promoters common to all three stages (Tables 8 & 9) that were not
observed in the normal colonic epithelium.

Six genes were found to have methylated promoters in all three stages of CAC and
not detected in normal colonic epithelium. These genes were exclusive to the

disease-affected epithelium (Figure 16,17 & 18).
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Inflammation Dysplasia Cancer

Gene ID Function

M value M value M value
IGF2 Protein coding 1.9 1.8 1.7
ICAMS | Protein coding 1.5 20.0 2.6
WTH1 Protein coding 29 4.3 2.1
SLC6AS5 |Protein coding 21 1.2 1.1
ARMT1 |Protein coding 1.0 20.0 5.4
MIR124-2 NC-RNA 3.6 1.1 1.0

Table 12. Hypermethylated promoters common across all stages of CAC

These six genes were all hypermethylated in the inflamed, dysplastic and cancer
epithelium compared to their coupled controls but not in the normal colonic

epithelium.
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Hypermethylated promoters are compared to control samples (blood/ adjacent

tissue) and arranged in order. From the 6 genes identified 4 were linked to CRC

previously.
Gene ID Function Inflammation Dysplasia Cancer
M value Mvalue M value
CXADR Protein coding -1.4 -1.2 -2.6
DHCR24 Protein coding -2.8 -1.8 -1.7
ELAVL4 Protein coding -5.0 -1.5 -1.1
FCER1G Protein coding -2.8 -1.1 -3.5
HK1 Protein coding -4.6 -20.0 -1.1
EIF6 Protein coding -1.1 -1.1 -1.0
LFNG Protein coding -1.6 -2.4 -1.7
TACSTD2 | Protein coding -2.8 -1.3 -5.6
MAGOH Protein coding -1.4 -1.6 -2.5
MAP4 Protein coding -1.3 -2.1 -1.3
MAP3K5 Protein coding -3.4 -5.0 -1.4
NTN3 Protein coding -1.5 -2.1 -1.5
PRDX1 Protein coding -20.0 -1.2 -1.1
PCK1 Protein coding -1.3 2.4 -2.2
SRGN Protein coding -4.9 -3.2 -1.4
PSMB2 Protein coding -5.5 -1.0 -1.1
RLF Protein coding -2.9 -1.4 -1.1
S100A12 Protein coding -20.0 -1.7 -2.4
TCEAZ2 Protein coding -1.0 -1.3 -2.9
USP1 Protein coding -4.5 -2.6 -2.1
ALX1 Protein coding -20.0 -5.0 -3.7
RBM10 Protein coding -1.8 -1.1 -2.9
DIRAS3 Protein coding -5.3 -1.5 -3.7
CER1 Protein coding -1.2 -1.4 -1.3
DNAJC6 Protein coding -20.0 -1.8 -5.1
RALBP1 Protein coding -1.0 -1.7 -1.1
IRAK3 Protein coding -20.0 -3.8 -1.9
TSPAN15 | Protein coding -5.2 -3.9 -2.0
TOR1AIP1| Protein coding -20.0 -1.6 -3.5
HEYL Protein coding -20.0 -1.0 -1.2
KCNMB3 Protein coding -2.3 2.7 -5.2
ABHD17B | Protein coding -3.0 -1.8 -1.8
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Gene ID Function Inflammation Dysplasia Cancer

M value M value M value

L1TD1 Protein coding -4.1 -1.2 -1.5
BSDC1 Protein coding -1.0 -1.8 -1.1
NDC1 Protein coding -4.7 -2.0 -1.2
GNG12 Protein coding -3.0 -1.2 -5.0
KLHLS8 Protein coding -1.4 -20.0 -1.9
EPB41L5 | Protein coding -1.0 -1.1 -1.5
HIVEP3 Protein coding -1.8 2.7 -2.9
CDH26 Protein coding -1.5 -1.4 -1.6
NIF3L1 Protein coding -2.2 -2.6 -4.9
EXO5 Protein coding -4.3 -1.2 -4.1
SH3D21 Protein coding -4.0 -1.8 -1.6
ANKRD13C| Protein coding -6.2 -1.3 -4.8
TM2D1 Protein coding -4.1 -1.0 -4.2
AXDND1 Protein coding -5.7 -1.5 -20.0
KLHDC7A | Protein coding -1.2 -1.2 -1.4
C1orf87 Protein coding -4.0 -1.2 -20.0
ZNF280A Protein coding -1.5 -1.2 -3.4
UBE2U Protein coding -5.6 -1.1 -2.8
GLISA Protein coding -3.7 -2.5 -1.9
CFAPS7 Protein coding -1.3 -20.0 -2.1
KANK4 Protein coding -3.5 -1.0 -3.8
ZNF169 Protein coding 2.7 -1.3 -1.3
SLFNL1 Protein coding -4.2 -1.8 -1.2
LINC00612 NCRNA -1.0 -1.1 -3.1
PCSK9 Protein coding -1.5 -1.2 -2.1
FAM151A | Protein coding -3.7 -1.3 -1.2
CENPW Protein coding -4.2 4.7 -3.7
LDLRAD1 Protein coding -2.0 -3.2 -1.1
C1orf226 Protein coding -5.6 -1.5 -20.0
LINC00460 NCRNA -1.3 -1.3 -1.4
PLIN4 Protein coding -1.1 -1.6 -1.5 )

Table 13. Hypomethylated promoters common to all stages of CAC

The 63 genes were found to be hypomethylated compared to the coupled control
samples, in inflamed, dysplastic and cancer epithelium but not in the normal

epithelium.

107



Cancer

0 ‘EEmEmEEEEEgEgy I--.-...-.-.--I-.---.I.I.I -II-III .II--...I‘.-I “I

-A-

-10-
-15-
-20-
Dysplasia
U'---III---.-I._----.-.--lll-l-l.-Il.-.---I-.I-.lI-I-- II-I IIII
| Type
o 2
=2 . Cancer
[
= - ysplasia
B Inflammed
-20-
Inflammed
S Ly
-A-
-0-
“15-
2 e S R R
oo o gdg @ n - bt e E e
. BA2ENE T Sealre 0o w3 Norz,mvonReeds wmEethn 09t
E;gmn=ggzﬁaﬁzﬂﬁﬁr:82£z§Ea&Eezmn&g=-uﬂimwmﬁwc::;:ssﬁﬂéémsuﬁtwﬂézx
TozZUnciofosRouER u.mgmsgdzr:u;amﬁggﬁgzmgrxﬁ& oZeaEieloESEogTs0g
&:é nEEO=SEETSE-n é-‘m Eﬁgag-lmgm::n.u ==t zéﬁgnﬂzuu quEU_ ZnZE
i = =3

reorder(GenelD, -Mvalue)

Figure 21. Hypomethylated promoters in different tissue types

Hypomethylated promoters in different stages of CAC arranged in order of the mean

methylation level.
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SRGN, PSMB2, RLE 5100A12, TCEAZ, U5SP1, ALX1, RBM10, DIRAS3, CER1,DNAJCE, RALBP1, IRAK3, TSPAN1S,
TOR1AIP1, HEYL, KCNMB3, ABHD17B, L1TD1, BSDC1, NDC1, GNG12, KLHL8, EPB41L5, HIVEP3, CDH26, NIF3L1,
EXOS5, SH3D21, ANKRD13C, TM2D1, AXDND1, KLHDC7A, Clorf87, ZNF280A, UBE2U, GLIS1, CFAP57, KANK4,
ZNF169, SLFNL1, LINCO0612, PCSK9, FAM151A, CENPW, LDLRAD1, Clorf226, LINCO0460, PLINA
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Figure 22. Common methylation markers across all stages of CAC

Schematic representation of common methylation markers across all stages of CAC.
It is important to recognise those genes involved in the carcinogenic process as
some of these gens could be related only to the inflammatory process. The control
samples to detect the DMRs were taken from the adjacent tissue to negate this

effect.

In my opinion, a useful biomarker in UC needs to predict those at high risk of
developing CRC at the stage of inflammation for several reasons. Firstly, the current
practice intervenes at the stage of dysplasia and those with dysplasia have been
shown to harbour occult cancer at a very high rate (as high as 30%). Secondly, the
most effective method of surveillance thus far is serial colonoscopies which are
invasive, costly and has a risk of complications such as bowel perforation. Thirdly,
patients with long-standing UC who are on immune suppressants and steroids do
badly with ileo-anal pouch procedures. Performing restorative surgery once cancer is

diagnosed is also still debatable. Therefore, for a biomarker to be useful it needs to
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be able to predict the high risk of developing cancer at the early stage where the best
outcome from restorative surgery can be offered. Additionally the burden of ‘interval
cancers’ could be addressed with early intervention for high-risk individuals. Interval
cancers are those that present between two surveillance colonoscopies and are
generally highly aggressive. Within a year or two these cancers tend to develop to be
locally advanced in a previously non-neoplastic colon. These may harbour specific
high risk molecular characteristics that need to be recognised at an early stage of the

disease and patients be offered restorative surgery.

4.3.5 Promoter methylations linked to CRC.

Differentially methylated genes may present across all stages due to their
relationship to inflammatory process. Methylation changes in genes related to
inflammatory changes in UC have been identified (52, 54, 58). Therefore | selected
only CRC-associated genes for further analysis.

From the identified hyper and hypomethylated genes we then searched for those
genes which have been previously linked to CRC. Seven hypomethylated genes
from the 63 and 5 hypermethylated genes from 7 have been linked to CRC with

strong evidence (Table 10).
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Gene
name

Methylation level

INF

DYS

CAC

Function and relation to
CRC

Reference

TACSTD2

-2.807

-1.322

-5.644

Transmembrane receptor
with Ca®" transporter activity.
Acts a s a co-transcriptor for
C-MYC. Overexpressed in
CRC

(198, 199)

elF6

-1.115

-1.123

-1.041

Transcription initiation factor
— found to be over expressed
in CRC

(200-202)

PRDX1

-1.205

-1.064

Encodes for an antioxidant
enzyme. mRNA and protein
levels of PRDX1 shown to be
markedly increased in CRC
tissues. Identified as a
potential biomarker.

(203-205)

USP1

-4.524

-2.553

-2.083

Member of the ubiquitin-
specific processing (UBP)
family of proteases. Found to
be significantly increased in
some CRCs. Elevated USP1
level is associated with short
overall survival and with
advanced stages of cancers.

(206-208)

IRAK3

-3.807

-1.874

Receptor kinase associated
with interlukin-1  receptor.
High expression is
associated with CAC in
mouse models.

(209, 210)

LFNG

-1.556

-2.379

-1.688

TGFBR2 signalling affects
Notch1 glycosylation via
regulation of
glycosyltransferase = LFNG
expression. Found to be
expressed highly in crypts in
CRC.

(211-213)
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Gene
name

Methylation level

INF DYS

CAC

Function and relation to
CRC

Reference

S100A12

-20 -1.652

-2.408

A calcium-, zinc- and copper-
binding protein involved in
the regulation of
inflammatory processes and
immune response. Found to
be elevated in UC and CRC
both. Proposed as a
biomarker

(214-216)

ICAMS

1.485 | 20

2.632

Intercellular adhesion
molecule. Gene reported to
be methylated in CRC.

(217-219)

IGF2

1.888 | 1.807

1.659

Methylated in CRC — one of
the 5 genes in identified
gene panels as biomarkers.
When methylated increases
WNT signal.

(220-222)

MIR124-2

3.585 | 1.109

MIR124 has a suppressive
role in CRC. Targets CDKG®6.
Inhibits Warburg effect.
Identified as a potential
marker in CAC and its down
regulated in CRC. Linked to
inflammation through STAT3
pathway

(62, 223,
224)

WT1

2.874 | 4.285

2.064

Tumour suppressor gene.
Over expressed in sporadic
cancers but methylated in
these samples.

(225, 226)

Table 14. Genes related to CRC from the differentially methylated genes

Out of the differentially methylated genes that are common to all three stages, these

genes have been already strongly linked to CRC.

Detecting differentially methylated genes that are strongly related to CRC from the

early stage of inflammation persistently present through dysplasia and cancer

suggest the potential of these genes being biomarkers to predict CAC.
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4.3.6 Expression level of selected candidate genes

To validate the methylation pattern of the genes we performed RT-gPCR on RNA
extracted from the dysplastic lesion and adjacent tissue. With predesigned primers
for TACSD2, elF6, USP1 and LFNG expression levels were measured in relation to

POL2A housekeeping gene (Table 15).

Gene CT-test SD CT-cont SD

elF6 31.96 |0.1214| 33.79 |0.0612 | -1:95| 2.94
TACSD2 | >964 |0.1635| 32.64 |0.1921| 272 | 6.61
LFNG 35.29 |0.1129 | 36.96 |0.2506 | -1:67 | 3.18
USP1 30.75 |0.1785 | 30.58 |0.1527 | 0-167| 0.89

Table 15. Expression data for the dysplastic sample.
Except for USP1 the other 3 hypomethylated genes demonstrated lower CT values
indicating a higher expression in the dysplastic tissue in comparison to adjacent

tissue.

The expression of elF6, TACSDZ2 and LFNG correlated with the methylation profile in
the dysplastic epithelium compared to the adjacent tissue. Hypomethylation in the
promoter region of USP1 did not correlated with a significant increase in expression

(Figure 23).
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Figure 23. Gene expression levels correlated to methylation pattern

Comparison of qPCR data to the promoter methylation levels in the dysplastic colon
sample for selected genes. The genes with promoter hypomethylation demonstrate
increased level of gene expression. Gene expression levels are presented as 2
~AACT and methylation levels in M values for the respective genes. The observed

methylation pattern correlates with the expected gene expression.

4.4 Analysis of gene body methylation in different stages of CAC

CpG island methylation of the gene body has been correlated with their expression
although the significance is not clearly understood. Unlike promoter methylation, the
correlation of the gene expression to the gene body methylation is not
straightforward. Conflicting patterns of correlation between CpG methylation in the
gene body and expression levels of the same gene have been observed (227).

| searched for common genes with gene body methylation across all stages of CAC.
Four hundred and eighty three hypo methylated and 14 hypermethylated genes,

which were common across all stages and not present in normal colonic mucosa,
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were detected. From the hypomethylated genes, the ones with maximum level of

methylation level in the cancer epithelium were identified (Figure 24).
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Figure 24. Genes with a maximum methylation level in the gene body
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The genes were arranged according to the methylation level and those with the

highest level of methylation in the cancer were selected. Highest M value of -20 was

observed in 92 of the genes out of the 483.

From the identified 92 genes those that have a direct link to CRC carcinogenesis

were identified. Ten genes with gene body hypomethylation and 2 genes with gene

body hypermethylation met the criteria. Details of the methylation level and the

interaction of each gene with CRC are shown below (Table 16).
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Gene
name

Methylation level

INF

DYS

CAC

Function and relation to CRC

Reference

ITGAS8

-1.39

-1.40

-20

Integrin family mediates signal
transduction by binding to the
extracellular matrix via
adhesion receptors. Lower
expression has been shown to
be Ilower in CRC and
suggested as a diagnostic
biomarker.

Gong,
Ruan
(228), Kok-
Sin,
Mokhtar
(229)

ADAM23

-1.04

-1.19

Family of membrane!’
anchored cell surface proteins
involved in Cell adhesion.
Promoter hyper methylation is
observed in CRC.

Choi, Kim
(230),
Kalinkova,
Zmetakova
(231),
Takada,
Imoto (232)

CDH12

-1.64

-1.25

A membrane-spanning Ca2+-
dependent homophilic
adhesion receptors. Increases
cancer cell migration and
invasion via promoting EMT.
Also a predictor of poor
prognosis in CRC.

Zhao, Li
(233), Ma,
Zhao (234)

ZEB2

-2.45

-2.60

An epithelial to mesenchymal
transition inducing transcription
factor. Has a risk stratification
value in CRC. High expression
is linked to higher invasion and
metastasis

Li, Wang
(2395),
Sreekumar,
Harris
(236), Vu,
De Roo
(237)

RYR3

-1.82

-1.44

A ryanodine receptor
controlling influx of Ca2+ in to
the cell. One of the key genes
identified as predictors of
progression of an adenoma to
a CRC.

Lin, Raju
(238),
Villacis,
Miranda
(239), Lee,
Chun (240)

ETS1

-3.10

-1.22

Is a proto-oncogene and a
transcription factor known to
control the expression of a
number of genes involved in
extracellular matrix
remodelling. Shown to be
expressed highly in CRC and
adenomas with high-grade
dysplasia.

Gu, Cai
(241),
Nakayama,
Ito (242),
Li, Wu
(243)
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Gene
name

Methylation level

INF

DYS

CAC

Function and relation to
CRC

Reference

TMEFF2/
HPP1

-1.49

-1.97

-20

Transmembrane protein with
growth factor like effect.
Shown to be methylated in
both sporadic CRC and CAC.

Azuara,
Rodriguez-
Moranta
(52), Lin,
Taylor (244),
Belshaw,
Elliott (245),
Saito, Kato
(246)

MYSM1

-4.89

-1.42

A chromatin-binding
transcriptional cofactor. Shown
to be highly expressed in CRC
compared to adjacent tissue.
Predicts poor survival in CRC.

Li, Li (247)

USP1

-6.34

-1.58

Deubiquitylating enzyme that
participates in DNA damage
response and cellular
differentiation pathways.
Found to be significantly
increased in some CRCs.
Elevated USP1 level is
associated with short overall
survival and with advanced
stages of cancers.

Liu, Zhu
(206), Ma,
Tang (207),
Xu, Li (208)

ABCA13

-1.15

-2.34

ATP-binding cassette (ABC)
transporters play a crucial role
in the development of
resistance by the efflux of
anticancer agents outside of
cancer cells. High expression
improves response to
chemotherapy.

Hlavata,
Mohelnikova-
Duchonova
(248)

WTAS-1

2.87

4.28

2.06

WT is a tumour suppressor
gene. WT1-AS is an antisense
that inhibits the expression of
WT1 gene. WT1 shows
increased expression in CRC.

Oji,
Yamamoto
(226),
Kaneuchi,
Sasaki (249),
Malik,
Wallace
(250)

CABIN1

1.85

1.02

1.11

Endogenous inhibitor of
calcineurin. Involved in
calcium induced cell death and
apoptosis. Shown to predict
tumour recurrence in CRC.

Watanabe,
Kobunai
(251), i,
Kim (252)

Table 16. Gene body DMRs annotated to sporadic CRC pathways
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Figure 25. Potential markers of promoter and gene body methylation

All genes are differentially methylated and can be detected in inflamed, dysplastic
and cancer tissue but not in the normal colon epithelium. All genes have been linked

to CRC development.

In total 23 potential differentially methylated markers were identified from the WGBS
data (Figure 25). Eleven were promoters (4 hypermethylated and 7 hypomethylated)
and 12 were gene methylations (2 hypermethylated and 10 hypomethylated). All

these potential markers have strong links to the development of propagation of CRC.

4.5 Conclusion

UC is an idiopathic chronic inflammatory condition predisposing the affected to CAC.

Surgical removal of the entire colon and replacing with a small bowel pouch is
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recommended for neoplastic changes due to longstanding UC. However detection of
neoplastic changes is currently done with surveillance colonoscopy and there is
evidence that some patients have already developed cancer by the time they receive
surgery. Therefore a predictive biomarker, which could predict neoplastic changes,
will benefit the patients by facilitating early decision making to surgically resect the
colon prior to cancerous changes. Outcome from surgery has been shown to be
significantly better when performed prior to carcinomatous changes.

Although the chronic inflammation was traditionally thought to be the reason behind
malignant transformation, the focus is shifting towards genetic changes, which occur
early in the process. It has been demonstrated that CRC-related genetic mutations
are prevalent in the inflamed colonic mucosa even before neoplastic changes.
However persistent genetic mutations have not been identified thus far, redirecting
the focus of the investigators to epigenetics.

This results chapter discusses the outcome of WGBS done on different stages of UC
associated CRC. The methylation changes were matched with control unaffected
mucosa or the blood from the same patients. Epithelial cells from a normal (non-UC)
colon were also sequenced (and matched with blood from the same individual),
which was used to differentiate exclusively UC related methylation changes.

A limitation of this study is the fact that it utilises only 8 samples, with one test and
one control sample from each tissue type. However, | have used laser-dissected
epithelial cells from each sample to prevent the contamination from stromal cells,
which have a different genetic composition from epithelial cells. Also | have carried
out WGBS on a next-generation sequencing platform, which has not been done on
purified epithelial cells before. Performing WGBS on isolated epithelial cells from

both test and control samples is both labour and resource-intensive. The main
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objective was to demonstrate the feasibility of such a design with highly specific (for
epithelial cells) deep sequencing. Although the number of samples used is low, the
specificity of the data is higher. Earlier studies had analysed epithelial cells isolated
with EDTA and used a targeted sequencing approach. The objective of this study
was to perform a comprehensive analysis of the methylation pattern in epithelial cells
which are the source of CAC. Future studies are need to utilise this design and
include a larger number of samples, given the availability of resources to obtain
robust specific data on the promoter methylation pattern in CAC. Another area of
concern in analysing methylation changes is the selection of an appropriate control
sample. As some methylation changes may be inherited and some can occur with
the normal aging process, it is pertinent to identify the disease specific changes by
comparing with uninvolved tissue samples. For the current study, the best available
control samples were selected for comparison of methylation changes as age-related
and inherited methylation had to be subtracted. For those with neoplastic changes,
the adjacent non neoplastic tissue was selected, and for those with inflammation, the
buffy coat was selected. Since the inflamed colons, which were subjected to
surgery, had pan colitis, the buffy coat had to be used as the control sample for
methylation changes. The same approach was used for the healthy colon sample,
which had to be tested against the best available control sample. The methylation in
the buffy coat reflects the methylation changes in whole blood (253) and has been
used to accurately demonstrate the age related methylation changes (254, 255). It
has been demonstrated that buffy coat does not demonstrate correlating methylation
changes of cancer related genes observed in primary malignant tumours (256, 257).

Common persistent methylation changes present from the stages of inflammation

along dysplasia and cancer were detected. In general more hypomethylated genes
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(compared to matched controls) were detected in cancer tissue. Gene annotation
analysis revealed that the top 3 pathways annotated to the differentially methylated
genes in all three stages were metabolic pathways, pathways in cancer and PI3K
pathway.

| have identified promoter hypomethylation in 63 and promoter hypermethylation in 6
genes that were common to all stages of CAC and were not present in normal
colonic epithelium. Out of these the genes that were associated with CRC based on
literature were separated. Seven (TACSD2, elF6, USP1, PRDX1, S100A12, IRAKS,
LFNG) out of the 63 hypomethylated promoters and 4 (ICAMS, IGF2, WT-1, MIR124-
2) out of the 6 hypermethylated promoters were in genes strongly associated with
CRC. Although a limited number of genes were included, gene expression data on
selected genes confirmed the sequencing data. The higher expression levels in elF2,
TACSD2 and LFNG with promoter hypomethylation validate the sequencing data to
an extent. There are a large number of differentially methylated genes that are
identified yet to be validated with expression data. Although it is widely accepted that
promoter methylation and gene expression has an inverse relationship, this general
rule has been challenged, particularly in cancer (258). The correlation between
methylation and gene expression has been shown to be applicable to particular
genes such as transcription factors more frequently than to other genes (258). In the
limited number of genes that have been tested in the study, | have included a
membrane protein (LFNG), a membrane transporter (TACSTD2), an enzyme
involved in DNA repair (USP1) and a transcription factor (elF2) to have a
representation of commonly involved mechanisms in carcinogenic transformation. A
future study with less resource and time limitations, | envisage assessing the

expression level of all 63 genes that were identified as common to all stages in CAC.
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Promoter hypo methylation of TACSD2, LFNG and elF6 are linked to C-MYC,
NOTCH signalling and transcription initiation with well-established links to CRC. High
expression of these genes from the inflammatory stage may indicate their important
role and predictive value in CAC. Also S7100A12 and /RAK3 are both highly
expressed in UC and CRC. Products of both genes have been shown to be elevated
in UC and suggested as a biomarkers previously.

Influence of gene body methylation on gene expression is less well studied
compared to promoter methylation (259). Gene body methylation downstream of the
promoter region has shown to influence gene expression (260). There were 423
hypomethylated genes and 14 hypermethylated genes that were common to
inflamed, dysplastic and cancer epithelial cells. Out of the total 10 hypomethylated
genes and 2 hypermethylated genes were previously linked strongly to CRC. USP1,
which demonstrated hypomethylated promoter region, also had gene body
hypomethylated in all stages. Increased expression of USP71 has shown to be
associated with poor clinical outcome in sporadic CRC which makes the finding more
significant.

This is the first study, which has looked in to cancer related epigenetic markers
common to all crucial stages (inflammation, dysplasia and cancer) of CAC
development. In doing so we intended to identify epigenetic markers that can predict
the development of cancer early in the disease process. ldentifying genes that are
involved in growth, differentiation and influence invasiveness of cells, with promoter
hypo methylation in the early noncancerous stages, may indicate that the epigenetic
changes towards CAC development is an early phenomenon. Also these data

indicate a CAC pathway that is independent of the chronic inflammation.
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These markers need to be validated in a large prospective cohort of patients with UC
before they can be implemented in a clinical setting. Markers that can be identified at
early inflammatory stage is important since they could guide the clinician in making
an early decision to offer restorative surgery which prevents the development of

cancer an ensure improved outcome from surgery.

5.0 Results: 2
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5.1 Analysis of methylation pattern in already recognised markers

5.1.1 Scope of the chapter

As described in the introduction, the sequence of genetic mutations leading to CAC
varies from sporadic CRC. Mutations in genes such as KRAS, P53 and FAP are
common for both forms of cancer. However epigenetic changes are thought to play
an early role in CAC (261-263). Key driver genes such as APC, KRAS, BRAF,
PIK3CA, SMAD4 and p53 that are identified in sporadic CRC have not been
identified to play a major role in CAC. Evidence on the epigenetic modifications of
those key genes in CAC is lacking. The possibility of some of the key driver genes
being silenced or activated through methylation is explored in this section. Existing
evidence suggests several methylated genes to have potential as markers in
CAC(51, 52, 57). In this chapter, an analysis of the methylation pattern of eleven
genes from this group was performed. Other investigators have also suggested few
methylated genes as stool based biomarkers in sporadic CRC (245, 264). The
sequencing data is analysed to assess the presence of such methylation markers in

the current study samples.
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5.1.2 Chapter summary

Out of the recognised 6 key genes of CRC, 5 genes show differential methylation in
different stages of CAC in the current samples. There is no consistent pattern of
methylation that allows them to be considered as predictive markers. Out of the
proposed markers of CAC, SFRP2 and P16 demonstrate a consistent pattern of
hypo- and hyper-methylation of the gene bodies respectively. Previously identified
tool based marker, SEPTIN9 shows a consistent hypomethylation in inflammation

and dysplasia, which is absent in the normal colon making it a potential marker.

5.1.3 Methylation of key driver genes in sporadic CRC

Six key driver genes in sporadic CRC that were previously described were analysed
for methylation changes (265, 266). Out of the 6 genes FAP, KRAS, BRAF, PIK3CA,
SMAD4 and pb53, only PIK3CA showed differential methylation in the CAC
epithelium. Both P53 and BRAF had gene body methylation in inflamed sample while
BRAF demonstrated promoter methylation. KRAS and SMAD4 had promoter

hypomethylation in the normal sample (Table 13).

Gene NORMAL INFLAMED DYSPLASIA CANCER
Promoter | Body | Promoter Body Promoter | Body | Promoter Body
KRAS -1.16 ND ND ND ND ND ND ND
BRAF ND ND | -3.94 -20 ND ND ND ND
PIK3CA ND ND ND ND ND ND ND -20
SMAD4 ND -1.06 ND ND ND ND ND ND
p53 ND ND ND -1.08 ND ND ND ND

Table 17. Promoter and body methylation pattern of key driver genes in CRC
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The key driver genes identified in sporadic CRC did not demonstrate a consistent
methylation pattern in the study samples.

ND — not detected

None of the key driver genes showed differential methylation in the dysplastic tissue
compared to the adjacent colonic mucosa. Also, only PIK3CA showed a significantly
higher level of hypomethylation in cancer tissue compared to the adjacent non
cancer tissue. This may be due to the fact that the key genes are not differentially
methylated in the process of CAC or the field changes have caused methylation
changes in adjacent tissues as well. BRAF and p53, are hypomethylated in inflamed

tissue compared to buffy coat.

5.2 Differential methylation of previously described key genes of CAC

| analysed the methylation pattern of key genes that were observed to be
differentially methylated by other investigators in CAC (Figure 26). RUNX3, MINT1,
MYOD1, APC2, P16, SFRP2, SFRP4, SFRP5, EYA4, ESR and WIF1 has been
found to be differentially methylated in colitis associated cancer by several authors
(57, 246, 267, 268). SFRP2 gene body hypomethylation and P76 promoter
hypermethylation were the only two DMRs that could be seen across all stages of

CAC and not in normal epithelium (Figure 27).
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Figure 26. Heat map of the promoter methylation in key driver genes.

The methylation levels (M values) of the key genes identified key driver genes in
sporadic CRC were compared across different stages of CAC and in the normal
colonic epithelial sample. Promoter of P16 shows a shift from being hypomethylated
in normal epithelium to being hypermethylated in the inflamed and cancer
epitheliums. SFRP2 has shifted from being hypermethylated in both normal and
inflamed samples to being hypomethylated in cancer. Gray areas indicate the

promoter that do not shoe DMRs compared to the control samples.
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Figure 27. Gene body methylation pattern of key driver genes.

Most genes do not show a distinct pattern of gene body methylation pattern
compared to the normal epithelium, that Is consistent along different tissue types.
SFRP2 gene body shows similar pattern to its promoter region with shifting from
being hypermethylated in normal epithelium to being hypomethylated consistently in

the inflamed, dysplastic and cancer epitheliums.

5.3 Methylation pattern of previously recognised stool biomarkers

Several biomarkers in stool have been suggested to predict CAC (214, 264, 269,
270). Methylation of NDGR4, VIM and SEPT9 has been repeatedly shown to be
methylation biomarkers in stool for sporadic CRC and CAC (264, 269-271). However
different studies have demonstrated varying sensitivities of the marker as a predictor.

In the current study promoter hypomethylation of SEPT9 has been shown to have a
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distinct pattern in inflamed and dysplastic tissue compared to normal tissue (Figure

28).

Methylation levels

NDRG4

SEPTINS

0- I

. Promorter

VIM

Cancer Dysplasia Inflammed Normal
Tissue type

Figure 28. Differential methylation of potential stool biomarkers

Methylation pattern of the NDRG4, SEPTIN9 and VIM, which have been suggested

as stool based biomarkers of CRC. SEPTIN9 promoter hypomethylation is seen in

inflamed and dysplastic tissue in contrast to the normal epithelium. NDRG4 and VIM

do

not show a consistent methylation

pattern.
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5.4 Gene Ontology (GO) analysis of the suggested candidate genes

5.4.1 Gene annotation to biological processes

Using the ToppGene Suit gene enrichment analysis tool, functional annotations
analysis was done for the suggested candidate genes (196).
The 27 candidate genes were annotated to two molecular functions; cell adhesion

binding and integrin binding (Figure 25).

5.4.2 Gene annotation to disease processes

The candidate genes annotated to disease processes revealed their significant
relations to several disease processes of interest. UC, hyperplastic polyp, adenoma
of the large intestine, epithelial carcinomas and sarcomas were amongst them
(Figure 29 and 30). This increases the relevance of the selected genes to be
investigated as an early bio marker of CAC.

Analysing the 15 hypomethylated genes out of the 27 candidate genes the molecular
function annotations were made to cell adhesion molecular binding, cadherin binding
and MAP kinase activity. These three functions are closely related to cancer cell
functions. These GO findings further support the further evaluation of the suggested

candidate genes as potential biomarkers of CAC.
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Figure 29. Molecular function annotation for candidate genes

The 27 candidate genes with differential methylation patter identified from WGBS
based on their persistency and distinction from normal tissue were analysed with the
genen enrichment analysis software ToppGene Suit. The gene set was annotated to
two molecular functions related to cell adhesion function with the Bonferroni

correction and at a significance level of 0.05.
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Figure 30. Gene annotation to disease processes

The 27 candidate genes were annotated to disease processes using the ToppGene
Suit tool with Bonferroni correction and a significance level of 0.05. The genes were

annotated to UC, large bowel adenoma and several epithelial carcinomas.
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5.5 Conclusion

Key driver genes are genes containing a higher mutational burden than expected
compared to the background mutation frequency in relation to any cancer. There are
6 key driver genes identified in CRC; FAP, KRAS, BRAF, P53, PIK3CA and SMADA4.
| investigated whether these driver genes demonstrated consistent methylation
changes. In the samples studied, differential methylation in these genes was rare
compared to the controls. Promoter hypomethylation of BRAF and P53, was
detected exclusively during inflammation. Hypomethylation of PIK3CA was detected
during cancer but not in the pre-malignant stages, reducing its value as a predictive
biomarker. | also analysed the genes that have been frequently recognised as
methylated in CAC. Eleven genes that included, RUNX3, MINT1, MYOD, APC?2,
P16, SFRP2, SFRP4, SFRP5, EYA4, ESR and WIF1 were searched for the pattern
of differential methylation in both promoter and gene body. This set of genes have
been repeatedly detected to be methylated in CAC although their status in
premalignant stages haven’t been demonstrated. The differential methylation pattern
of these genes was compared with the normal colonic epithelium.

Promoter hypomethylation of P16 was detected during inflammation and cancer
while hypermethylation was detected in the normal epithelium. P76 is a cell cycle
regulator gene which is strongly implicated in malignancies including CRC (272). The
observed methylation pattern strongly indicates its potential as a predictive
biomarker. P16 has been demonstrated previously to be overexpressed in the
epithelium of UC affected colon (273). Similarly, body hypomethylation of SFRP2, a
modulator of the WNT pathway, was detected during inflammation, dysplasia and
cancer, in contrast with the hypermethylation observed in the normal epithelium.

SFRP2 has been shown to be hypermethylated in CRC as well as expressed highly
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in invasive cancers (274, 275) where it has been suggested as a stool based
biomarker as well as its expression as a poor prognostic marker in CRC (274).
Increased level of hypomethylation in the gene bodies of WIF1, RUNX3 and MINT1
were detected in all stages, although the changes did not distinguish them from the
normal epithelium. The products of these genes may have a biomarker potential if
they demonstrate higher concentration in blood or stools.

Finally previously suggested stool-based biomarker genes NDRG4, SEPTIN9 and
VIM were also analysed. Only SPETIN9 promoter hypomethylation was detected in
the inflamed and dysplastic tissue. With its strong links to sporadic CRC, SEPTIN9 is
worth being included in a candidate gene panel to be tested as a biomarker. Form
these observations P16, SFRP2 and SEPTIN9 needs to be included in a candidate
gene panel for predicting CAC that will be evaluated in a prospective cohort of
patients.

The GO data from the identified potential biomarkers demonstrates an interesting
perspective. Although most of the genes common to all stages of CAC are not
previously described as biomarkers the GO enrichment analysis provides evidence
to their relationship with both UC and cancer related molecular functions. The genes
are significantly related to cell adhesion and MAP kinase activity both are which
deranged in cancer cells. The disease annotation to the candidate genes
demonstrated their relation to UC, colonic polyps and mucosal cancers in several
organs. These findings support the potential of the candidate gene set to be further

evaluated as a biomarker panel.
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6. Results: 3



6.1 Expression of SMAD?7 in different stages of inflammation associated

cancer

6.1.1 Scope of the chapter

Expression of SMAD7 has been shown to increase in tissues affected with UC. The
increase of this inhibitory molecule is postulated to negate the anti-inflammatory
effect of TGFB1. Although the increase in SMAD7 has been demonstrated during
the inflammatory phase, (126, 140-142) data on its behaviour during the progression
to colitis-associated neoplasia has not been demonstrated (125, 145, 146, 276-278).
In this chapter the changes in SMAD7 protein in the epithelia Icells of the colonic
mucosa in different stages of CAC is demonstrated. Also, data exist to demonstrate
that the increase in SMAD7 during inflammation is not due to an increase in the
synthesis of mRNA, but whether the same remains during the progression to
neoplasia has not been explored. One of the aims of this study was to explore the
changes in SMAD7 during different stages of CAC and to demonstrate how its
transcription is affected.

Further, SMAD?7 protein has shown to affect the methylation of three genes, products
of which are involved in cell migration and epithelial mesenchymal transition, in
breast cancer cells (133). | analysed the sequencing data to explore the possibility of
these genes demonstrating a correlation with the biphasic pattern of SMAD7

expression.
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6.1.2 Chapter summary

This chapter describes the changes of SMAD?7 in the colonic epithelium in UC and
different stages of CAC. Using Immuno histochemistry (IHC) | demonstrate the
biphasic changes in SMAD7 molecule in the colonic mucosa of tissue samples form
patients with UC. During the phase of inflammation there is a significant increase in
the concentration of SMAD7 compared to on-inflammed tissue. The dysplastic tissue
demonstrates a reduction in the expression while a significant rise is seen again in
the CAC tissues. This biphasic change in SMAD7 has not been demonstrated
before. With IHC for pPSMADS it is demonstrated that a complementary reduction in
this second messenger molecule is not seen during the high concentration of
SMAD7. This may indicate that the TGFB pathway escapes the inhibitory action of
SMAD?7 in UC affected epithelium. Using in situ hybridisation | have demonstrated
that the mRNA of SMAD7 does not show an increase during the inflamed or cancer
stages. This may suggest alternative mechanisms of increasing SMAD7
concentration during these phases, except for an increase in transcription levels.
Analysis of the WGBS sequencing data demonstrated that the methylation of the
genes related to EMT (CDH1, CGN and CLDN4) postulated to be affected by
SMAD7 does not show a consistent methylation pattern correlating to changes in

SMAD7 in ucC affected colon.



6.1.3 SMAD7 antibody optimisation

After optimisation on sections of human liver cancer, a final concentration of 0.03
Mg/ul was selected for the antibody recognising SMAD7 (Figure 27), as expression of
the protein in the cytoplasm could be detected with minimal background staining. The

isotype primary antibody repeatedly gave negative staining.
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Figure 27. Optimisation of anti SMAD7 antibody



a) Haematoxylin and eosin staining of liver cancer tissue section. b) 10X — scale bar -
250um & c) — 40X — scale bar — 50 ym; Mouse isotype control (0.033ug/uL) with anti-
mouse secondary antibody (1:500). d) 10X — scale bar - 250um & e) 40X — scale bar

— 50um; SMAD7 antibody (0.033ug/pL) with mouse secondary antibodies (1:500).

6.1.4 SMAD7 immunohistochemistry on different stages of CAC

Immunohistochemical staining was performed in 53 paraffin fixed samples from 25
patients, to assess the expression of cytoplasmic SMAD7 in non-inflamed (n=12),
inflamed (n=12), dysplastic (n=12) and colitis associated cancer specimens (n=17).
With image analysis software to assess staining intensity, expression of SMAD7 in
the cytoplasm showed a biphasic pattern along the different stages of colitis
associated carcinogenesis (Figures 28 to 31). Kruskal-Wallis test was used to
assess intergroup variability in the population and Mann-Whitney U test was used to
compare between individual stages. SMAD7 expression was significantly high in the
inflamed compared to the non-inflamed epithelium (p<0.01). The expression of the
protein is lower in the dysplastic epithelium and showed a wider variation amongst
tissue sections. Cancer epithelium demonstrated a significantly higher staining

intensity (p<0.01) for SMAD7 compared to the dysplastic tissue (Figure 32).
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Figure 28. Expression of SMAD7 in non-inflamed/ non-neoplastic colon

a) H&E sections of non-inflamed/non-neoplastic colonic mucosa from a patient with
UC. b) Serial section of the same tissue stained with anti SMAD7 anti bodies, Scale
bar — 250 ym. c) Magnified view showing non-stained cytoplasm of the epithelial

cells, scale bar - 50um.

Figure 29. Expression of SMAD7 in the inflamed colonic epithelium

a) H&E stained sections of inflamed colon mucosa from patients with UC. b) Serial
section stained with anti SMAD7 antibodies (scale bar - 250um). c) 40X Magnified
view of the selection demonstrating dark staining of the cytoplasm of epithelial cells

indicating high expression of MSAD7 (scale bar - 50um).
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Figure 30. SMAD?7 in dysplastic colonic epithelium in patients with UC

a) H&E stained sections of dysplastic colon mucosa from patients with UC. b). Serial
section stained with anti SMAD7 antibodies; (scale bar - 250um). c) 40X Magnified
view of the selection demonstrating light staining of the cytoplasm of epithelial cells
indicating a lower expression of MSAD7 compared to the inflamed tissues (scale bar

- 50um).

Figure 31. SMADY7 in the colonic epithelium in patients with CAC

a) H&E stained sections of CAC from patients with UC. b) Serial section stained with
anti SMAD7 antibodies (scale bar - 250um). c) 40X Magnified view of the selection
demonstrating dark staining of the cytoplasm of epithelial cells indicating high

expression of MSAD7 (scale bar - 50um).
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Figure 32. Expression of SMAD?7 in the colonic epithelium

The expression of SMAD7 protein in non-neoplastic/ non-inflamed (NNP/NIN),
inflamed (INF), dysplastic (DYS) and colitis associated cancer (CAC) tissue (n=53).
Quantification was done using the image analysing software Visiopharm. Using
Kruskal-Wallis test for inter group variability (p<0.001) and Mann-Whitney U test to
compare between different stages, a significant difference in the expression of
SMAD7 in the epithelium of different tissue sections was observed (p values:
NNP/NIN vs INF; <0.01, INF VS DYS = 0.01, DYS vs CAC <0.01). The expression
pattern was biphasic with high levels in the inflamed and cancer tissue. A

significantly low average expression was observed in the dysplastic tissue.
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6.1.5 Optimisation of pPSMAD3 antibody

The working dilution of 1:50 was chosen for pPSMAD3 antibody as at this dilution the

maximum nuclear staining with minimum background was observed (Figure 33).

Figure 33. Anti pSMAD3 antibody optimisation

a) Haematoxylin and eosin staining of a cross section of tonsil. b) negative control

with iso type rabbit antibodies. c) tonsil section stained with anti pPSMADS3 antibody
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demonstrating dark staining, scalebar - 250um. d) & €) — magnified views of selected

regions from b)&c), scale bar - 250um

6.1.6 Immunohistochemistry for pPSMAD3 in different stages of CAC

According to the stipulated TGFB pathway, an increase in SMAD?7 is expected to
inhibit pPSMAD3 in the nucleus due to the inhibition of its phosphorylation. In this
cohort of colon samples, the expression of pPSMAD3 in the nucleus is not inversely
correlated to SMADY7. Nuclear expression of pPSMAD3 in the normal, inflamed,

dysplastic and malignant epithelial cells do not differ significantly (p=0.17) (Figure 34

and 35).
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Figure 34. Expression of pPSMAD3 in the colonic epithelium

The presence of pSMAD3 protein in non-neoplastic/ non-inflamed (NNP/NIN),
inflamed (INF), dysplastic (DYS) and colitis associated cancer (CAC) tissue.

Quantification was done using image analysing software. There was no significant
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difference in the expression of nuclear pPSMAD3 in the epithelial cells of different

tissue sections (p=0.4).

Figure 35. Staining for pSMAD3 in the nuclei in different stages of UC and CAC
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Staining for pSMAD3 in different sections. A higher staining intensity is seen in the
inflamed and caner tissues while a lower intensity is observed in the non-inflamed
and the dysplastic epithelium. Red arrow indicates examples of stained nuclei of the
epithelial cells. NNI/NNP- non-inflamed/ non-neoplastic, INF — inflamed, DYS -
dysplastic, CAC — colitis associated cancer. 10X- scale bar - 250um, 40X - scale bar

- 50um.

6.2 Expression of SMAD7 mRNA in different stages of CAC

6.2.1 Optimisation of in-situ hybridisation (ISH)

The RNAscope technique was first optimised using HelLa cells using a probe for
isomerase B (PPIB) as positive control and a probe for the bacterial gene DapB as

the negative control probe (Figure 36).

6.2.2 ISH for SMAD7 mRNA in different stages of CAC

The expression of SMAD7 mRNA was assessed using in-situ hybridisation with
RNAScope. Sections that showed poor staining for the positive control (PPIB) due to
time related degradation of MRNA had to be excluded. The expression of the mRNA
normalised to the PPIB expression in 33 paraffin embedded sections was compared
between different stages of CAC. When the ratio of SMAD7 mRNA molecules to
PPIB was assessed there was no significant difference in the expression level in

either stage compared to the non-inflamed epithelium (Figures 37 to 39).
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Figure 36. Optimisation of ISH of SMAD7 mRNA

RNAscope® technique was optimised on HelLa cells as per product
recommendations a) 10X magnification with PPIB (positive probe) b) 10x
magnification with DapB (negative probe). Scale bar - 250 ym. c) 40X magnification

with PPIB and d) 40X magnification with DapB. Scale bar — 250 ym
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Figure 37. In situ hybridisation of non-inflamed/ non-neoplastic colonic

mucosa

a) H&E staining of a colonic mucosa from a non-inflamed/ non neoplastic region,
(10X) Scale bar - 250 pym, b) Magnified view (40X) of the H&E staining c) In-situ
staining with the positive control demonstrating abundant mRNA molecules in the
section. d) Serial section of the same site stained with SMAD7 mRNA. Scale bar -

250 pm.
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Figure 38. In-situ hybridisation of malignant colonic mucosa

a) H&E staining of a CAC (10X), Scale bar - 250 pm. b) Magnified view (40X) of the
H&E staining, Scale bar - 50 pym c) In-situ staining with PPIB demonstrating
abundant mRNA molecules in the section. 40X, Scale bar - 50 ym d) Serial section

stained with SMAD7 ISH probe. Scale bar - 50 ym
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Figure 39. In-situ hybridisation of SMAD7 mRNA

Normalised expression levels of SMAD7 mRNA in non-neoplastic/ non-inflamed
(NNP/NIN), inflamed (INF), dysplastic (DYS) and colitis associated cancer (CAC)
tissue. The SMAD7 ISH was normalised in relation to PPIB (Peptidyl-prolyl cis-trans
isomerase B). There was no significant difference in the ISH signal of SMAD7 mRNA

in the epithelium of different tissue sections (p=0.34).

6.3 Methylation in SMAD7 genes influenced by SMAD in breast cancer

Analysing the WGBS data, | looked in to the promoter and genebodymethylation
pattern of CDH1, CLDN4 and CGN; three geens that have been demnstrated to be
differentially methylated influenced by SMAD?7 in breast cancer (133). Promoter of
CLDN4 demonstrated increasing levels of bypomethylation in dysplastic and cancer
tissue although normal epithelium also showed hypomethylation of the promoter

(Figure 40).
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Figure 40. Differential methylation of genes influenced by SMAD7
Methylation pattern of CDH1, CGN and CLDN4 in different stages of CAC. There is

no consistent pattern of methylation that can be distinguished from the normal

epithelium or correlate to changes in SMAD?7.
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6.4 in-vitro knockdown of SMAD7 gene in colorectal cancer cells

6.4.1 Gene knockdown with siRNA

No significant inhibition of SMAD7 mRNA expression after treatment with the pooled
siRNA was seen. RT-PCR failed to demonstrate any of the cell lines to have a

difference of greater than 2 folds in gene expression (Figure 31).
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Figure 31. SMAD7 expression with siRNA transfection.

RT-PCR at 24 and 48 hours after transfection of HCT116 cell lines with pooled
siRNA. The transfected cells do not demonstrate a significant reduction in gene

expression.

6.4.2 Gene knockdown with viral transfection of shRNA with Tet-ON construct

DLD-1 and HCT 116 colorectal cell lines were transfected with shRNA ligated to Tet-
ON construct using a lentivirus vector. Two pairs of shRNA sequences compatible
two sites of the SMAD7 gene in the non-variable region were custom made. The

successful transfection was observed after positive puromycin selection. However,
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both cell lines failed to demonstrate a significant reduction in the expression of

SMAD7 mRNA or SMAD?7 protein (Figures 32 and 33).
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Figure 32. SMAD7 expression with shRNA transfection.

RT-PCR for SMAD7 gene expression in HCT 116 and DLD-1 colorectal cancer cell
lines transfected with SMAD7 shRNA. None of the cell lines with neither of the

shRNA sequences demonstrated a significant reduction in gene expression.
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Figure 33. SMAD?7 protein expression after shRNA inhibition.

Western blot detecting the expression of SMAD7 protein (46 kDa) in HCT 116 and
DLD-1 cell lines following shRNA transfection. Expression of the SMAD7 protein in

both cell lines was unaffected with the shRNA transfection.

6.5 Conclusion

There is a statistically significant bimodal increase in the expression of SMAD7 at
different stages of UC associated cancer. As shown in Figures 12 to 15, inflamed
and cancer tissue shows a significant increase in the expression of SMAD7 while
non-inflamed and dysplastic epithelium shows a reduced expression of the same.

Although a complementary reduction in pSMAD3 expression is expected with an
increase in SMAD7 expression, this was not to be observed. These results could be
explained by the hypothesis of pPSMAD3 escaping the inhibition of SMAD7 in the
inflammatory and cancer epithelium. It has been suggested that the SMAD7
elevation is an initiating factor in UC. Given the dual action of TGF1 on cancer, the

reduction in SMAD?Y in the colonic epithelium during dysplastic phase may indicate
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an attempt to allow the protective action of TGF31 in the precancerous stage. The
increase in cancer tissue may represent the attempt to prevent the pro-carcinogenic
action of TGFB1. However, the absence of a complimentary reduction in pSMAD3
expression may indicate that TGFB1 has a positive feedback response. This is the
first time a bimodal pattern of SMAD7 expression has been described in the
epithelium in UC and associated neoplasia.

It was also interesting to observe that SMAD7 mRNA levels did not differ significantly
across different tissues. This could be due to the fact that increase in the SMAD7
protein levels in different tissue types is due to an altered metabolism of the protein
through post transcriptional modifications rather than an increase in the transcription
of the protein. Another possibility would be altered degradation of mRNA (279)
increasing the total protein transcription while a constant amount of mRNA is
maintained in the cytoplasm . This would require further studies to delineate the
exact mechanism. When analysing the genes postulated to be influenced by SMAD7
(133) none of the genes demonstrated a correlation with the SMAD?7 levels in
different stages of CAC. Attempts at gene knockdown did not demonstrate a
significant reduction in the SMAD7 mRNA levels in colorectal cancer cell lines. This
could be either due to splice variances in the SMAD7 gene or low efficacy of the
RNA constructs (280, 281). However successful transfer of the construct in to the
cells was demonstrated with positive puromycin selection. The transcription of the
SMAD7 mRNA may be more complex with several splice variances coding for similar
peptides (280). These possibilities would need to be addressed in order to improve
the results of this experiment. Addition of a reporter gene such as green fluorescent
protein (GFP) could be used to monitor the transfection efficacy of siRNA and

shRNA. Further use of novel technologies such as CRISPR could provide more
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efficacious gene knockdown in vitro. A colonic organoid model with CRISPR
technology to selectively inhibit SMAD7 would be a perfect experimental model to

study the effect of SMAD7 on the methylation process.
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7.0 Discussion
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Ulcerative colitis, which is an autoimmune inflammation of the colonic mucosa due
to, yet poorly explained aetiology, is increasing in incidence globally (6, 282). UC
increases the risk of affected individuals to develop CAC. A dilemma faced by the
clinicians is to predict which patients would progress to develop CAC. The main aim
of this study was the characterisation of the epigenome of CAC, which would allow
the identification of potential biomarker for the malignancy. As the process of CAC
development occurs in a staged manner from inflammation to dysplasia further
transforming into cancer, a potential methylation marker that could predict the sequel
early would significantly change the management of the disease and aid the decision
to offer early preventive surgery. SMAD7 is a molecule that has been found to be
elevated in inflamed colonic epithelium and has been tried as a therapeutic target.
SMAD7 has been implicated in the development of UC and CRC cancer by many
researchers. However the changes of SMAD7 were not studied in CAC.

In the first part of my research, whole genome bisulphite sequencing was performed
for tissues from different stages of CAC. Previously array based methylation studies
have been performed for CAC samples and inflamed tissues but a comparison
across all stages of CAC along with normal colonic mucosa has not been performed
in a single study. Coupled controls were included for each test sample from the same
patient. This was to exclude the age-related and inherited methylation changes and
to identify the differentially methylated genes that are unique to each stage.
Furthermore, since adjacent tissue was taken as control samples for dysplasia and
CAC, the differentially methylated genes related to inflammation alone are excluded
from the analysis. Since the objective of the project was to provide guidance for
potential methylation markers to predict the development of CAC, common genes

showing similar methylation pattern across all stages were searched for.



Overall CAC tissue demonstrated a higher proportion of hypomethylated promoters
compared to other stages. There were 63 common genes that were hypomethylated
in inflamed, dysplastic and cancer epithelium compared to their matched control
which were not observed in normal epithelium. Out of these, 7 candidate genes were
selected through available evidence to link them with CRC. These 7 genes;
TACSD2, elF6, PRDX1, USP1, IRAK-3, LFNG and S100A12 were strongly linked to
CRC and were unlikely to be associated inflammatory disease alone. described by
previous authors .In particular, TACSDZ2 (Tumor-associated calcium signal
transducer 2) is known to be upregulated in CRC and increased metastatic potential
is linked in to it (199, 283-286). The gene codes for a calcium signal transducer that
has shown to be over expressed in epithelial cancers including colon cancer (287).
The gene product, Trop-2 is demonstrated to be important in cell adhesion and
maintaining the epithelial barrier . Trop-2 has been proposed as a biomarker and a
molecular target in cancers including CRC (287). Fact that TACSD2 promoter is
hypomethylated in the UC affected tissues from the early stages, in contrast to
healthy epithelium may imply its potential role in the development of CAC and its use
as a early biomarker.

Product of elF6 is a protein implicated in translational initiation and in ribosome
synthesis, is linked to CRC proliferation and invasion (200-202). This protein is highly
expressed in CRC compared to normal tissue. It is involved in the positive regulation
of AKT-related cancer signalling and it enhances tumorigenicity in CRC. It is also
known to activate aberrant Wnt/B-catenin signalling pathways in cancer tissues
(202). In this study all three stages of CAC showed promoter hypomethylation of
elF6 compared to matched control samples, which can be related to its

overexpression, and the same was not observed in normal epithelium. Interestingly it
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is being observed in sporadic CRC that elF6 is increasingly expressed in dysplastic
adenomas and cancers in contrast to normal tissue (202, 288). In this study it is
observed that promoter hypomethylation is present form the inflammatory stage of
UC that indicates its strong potential as an early biomarker.

Relationship between chronic inflammation and CRC has long been identified (203).
PRDX1 gene, which codes for a thiol-peroxidase protein that degrades
hydroperoxides to water, is known to be upregulated in CRC tissue compared to
normal tissue (204, 205). The inactivation of PRDX1 inactivation has a positive effect
on activating pro-carcinogenic pathways such as nuclear factor-kB (NF-kB) (203-
205). Hence hypermethylation of PRDX1 from the stage of inflammation onwards
may suggest that this could be used as an early marker of neoplastic change.

USP1, a recently identified gene of interest in CRC, is also amongst the
hypomethylated common genes across all stages and its expression was validated
with qPCR data. USP1 is over expressed in CRC and its inhibition slows down
HCT116 cell growth (206-208). Promoter hypomethylation of such a gene that is
strongly associated with CRC shows high potential to be a marker of malignant
transformation in UC.

IRAK3 gene which is shown to be upregulated in CRC (289) has been observed to
be down regulated in murine models of CAC (209). Although these contrasting
findings have not been validated we observed it to be uniformly hypomethylated
along all stages of CAC in this study highlighting its potential as a marker. It is
postulated that IRAKS is an inhibitor of inflammation and has a pro-carcinogenic
effect on the colonic epithelium. Rothschild et al and other investigators have
repeatedly demonstrated that IRAK3 in humans favours the development and

progression of colon cancer (289, 290) . It is shown to act via combined Wnt and
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TLR activation in the colon cancer cells with associated poor prognosis in patients
(289). A gene that produces a molecule, which activates the Wnt pathway showing
promoter hypomethylation is a significant finding and may indicate the early
inclination of inflamed mucosa in UC towards tumourogenecity.

The expression of LFNG, which codes for Lunatic fringe a receptor ligand of the N-
acetyl-glucosaminyl-transferases family, is upregulated in CRCs and showed
promoter hypomethylation in all stages of CAC in the current study (211-213).
Interestingly LFNG is known to be upregulated in a TGF3 dependent manner in CRC
cell lines (211). LFNG is known to both positively and negatively modulate Notch
signalling, which is known to be active in CRC. Promoter hypomethylation of LFNG
was observed in all stages of CAC and its upregulated expression was confirmed
with gPCR data in this study. These data proposes a strong case for this gene to be
included in a candidate gene panel for an early biomarker although the qPCR in this
study could not confirm increased expression levels of the gene.

The increased expression of ST00A712 has been observed in a number of chronic
inflammatory conditions including IBD (291-293). Interestingly the same has been
detected to be highly expressed in CRC and has been suggested as a faecal
biomarker for the early detection of CRC (214, 294). A high specificity of 95% was
observed for the marker pair S100A12 and haemoglobin-haptoglobin (214). Promoter
hypomethylation of ST00A72 gene was identified in all stages of CAC in the study
samples. Being related to both chronic inflammation and CRC, this marker may be a
strong link between inflammation and cancer in CAC.

Four hypermethylated were identified as linked to colorectal cancer from the
analysis of differentially methylated genes. These four were consistent across all

stages and was not observed in the normal colonic epithelium. Amongst the
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hypermethylated genes ICAMS, an adhesion molecule, and IGF2, a growth factor
receptor, are both linked to CRC (218, 221, 222). ICAMS hypermethylation leads to
reduction in cell-cell adhesion increasing the invasive and metastatic potential (217).
Both up-regulation and inhibition of IGF2 has been observed in CRC and its specific
action has not yet been clearly understood (222).

Another gene with hypermethylated promoter, MIR-124, is a gene previously shown
to be down regulated in CRC. It is a tumour suppressor gene with multiple actions
including targeting STAT3 pathway to inhibit inflammation, changing genetic
propensity, inhibiting Warburg effect, inducing natural cell death and autolysis of cells
(224, 295, 296). It is shown to be methylated during the carcinogenic process in
sporadic CRC (295, 297-299). MIR-124 is also suggested as a therapeutic target in
CRC by increasing the radio sensitivity of rectal cancers (296). An interesting link
between inflammation and colorectal cancer is demonstrated through the inhibitory
action of MIR-124 on the pro-inflammatory molecule STATS3, which is over expressed
in UC (300). Hypermethylation of MIR-124, a gene with multiple tumour suppressor
activities, in all stages of CAC is a significant indicator that the pro-carcinogenic
factors may be active from the inflammatory stage in UC. Therefore methylation of
MIR-124 provides a strong case as an early biomarker. .

Promoter hypermethylation of WT1, a tumour suppressor gene first identified in
Wilms’ tumours, is a significant finding. Promoter methylation of WT1 has repeatedly
been demonstrated in sporadic CRC and other epithelial cancers (249, 301).
Magnani et al studying young (< 40 years) and older populations (>60 years) with
CRC found promoter methylation of WT1 to be a consistent finding in both

populations (302). A tumour suppressor that acts through inhibiting the Wnt pathway
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to be methylated from the stage of inflammation throughout all stages of CAC
increases its potential as an early biomarker of colon cancer in UC.

| then analysed the pattern of gene body methylation across all stages of CAC.
Gene body methylation although shown to correlate with the expression levels of the
gene, this correlation is variable (227). Out of the 465 common genes with body
methylation, 92 genes with the highest level of hypomethylation and hyper
methylation in cancer, or both cancer and dysplasia were identified. Out of the 10
hypomethylated genes with direct links to CRC, five (ADAM23, ITGAS8, ZEB2, ETS1
and CDH12) were either cell adhesion molecules or integrins involved in epithelial
mesenchymal transition (Table 12). Others were transcription factors well described
in CRC. The two genes related to CRC carcinogenesis, showing gene body
hypermethylation are WT1-AS, a gene coding for an anti-sense RNA up stream of
WT1, and CABIN1 gene, which is involved in apoptosis. These genes were all
differentially methylated from the inflammatory stage to cancer compared to the
control samples. Few of these genes require special mention due to their strong
relationship with CRC. ETS1 and ZEBZ2 are both transcription initiation factors and
both genes are linked to invasiveness of CRC cells (235-237, 242, 303). ETS1,
which is categorised a proto-oncogene, has shown to control the expression of
genes involved in extracellular matrix remodelling and is highly expressed in CRC
and adenomas with high-grade dysplasia (242). Similarly ZEB2, which regulates
epithelial mesenchymal transition, has been proposed as a molecular marker for
tumour stage classification in post-surgical specimens of CRC (236, 237). Both these
genes are hypomethylated in the study samples making them strong contenders to
be biomarkers with the validation of their expression levels with qPCR. Products of

HPP1 gene, which act as transmembrane receptors, has growth factor like effects
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and is shown to be hypermethylated in CAC by Sato et al (304). Genes with such
pivotal roles in the development of CRC being differentially methylated from the
inflammatory stage may suggest their predictive value in the development of CAC.
USP1, is interestingly also amongst the genes with highest level of gene body
hypomethylation. Having both promoter and gene body hypomethylation in this gene
in all stages of CAC is of significance. However the gene expression data could not
confirm an increased level of expression of the gene with gPCR.

Both ITGA8 and CDH12 are genes producing in integrins and cell adhesion
molecules and have been strongly indicated in tumorogenicity of CRC (228, 229,
233, 234). Both these genes show increasing levels of gene body hypomethylation
along the stages of CAC with maximum level of hypomethylation in cancer.

In the next part of my research | looked into the methylation of key driver genes
identified in sporadic CRC. Analysing methylation level of promoter and gene body of
APC, KRAS, BRAF, PIK3CA, SMAD4 and p53 it was observed that none of them
showed significant methylation pattern at different stages of CAC. BRAF
demonstrated hypomethylation of both the gene body and the promoter while the
P53 showed hypomethylation of the gene body. BRAF is an oncogene that has been
found to be activated in around 30% of CRC and P53 is a tumour suppressor gene
usually inactivated through mutation in around 50% of the CRC.

Further genes that have been suggested to be methylated in CAC previously were
analysed. Eleven genes; RUNX3, MINT1, MYOD1, APC2, P16 (CDKN2A), SFRP2,
SFRP4, SFRP5, EYA4, ESR and WIF1 were analysed to look for promoter or gene
body methylation. P16 (CDKN2A), SPRF2 and MYOD1 were the only genes, which
demonstrated differentially methylated promoters in cancer or dysplasia that were not

present in the normal tissue. Promoter hypermethylation of P16 (CDKNZ2A) was
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observed in inflammatory and malignant tissue in contrast to hypomethylation in
normal tissue. It has been shown to be methylated in the promoter region in
dysplastic and cancer tissue associated with UC (268, 305). Its product, a cyclin -
dependent-kinase, is a cell cycle regulatory molecule, absence of which inhibits
apoptosis (272, 306). The dysplastic samples of my study were not characterised by
significant differential methylation of P16 compared to adjacent tissue. This may be
comparable to previous observations where it was demonstrated that P16
methylation was observed in both neoplastic and non-neoplastic tissue in UC (268).
Increased expression of P16 has also been has been reported at single crypt level in
CAC (273). MYOD1 is known show age related methylation in colonic mucosa in
normal individuals (307) . SFRP2 another gene involved in the Wnt signalling
pathway has shown to be methylated in CRC with a potential to be used as a
biomarker (308). These three genes although not demonstrating a uniform pattern
across the stages of CAC, they have a potential of being used as predictors with the
available evidence. SEPTIN9 codes for proteins involved in cell division and has
been identified as a biomarker in CRC (309). It has been detected to be methylated
in CRC and has been isolated from both blood and stools as a sensitive biomarker
(310, 311). In this study SPETIN9 was found to be hypomethylated in inflamed and
dysplastic tissue in contrast to normal tissue. However a differential methylation was
not demonstrated in CAC tissue compared to adjacent non-neoplastic tissue. Given
its distinction in premalignant UC affected tissue and promising data as a methylation
marker in sporadic CRC, SPETIN9 was included in the proposed candidate gene set.
The GO analysis of the selected markers further supports their potential to be
effective predictors of CAC. The gene set is annotated to three significant molecular

functions; cell adhesion molecule binding and integrin binding. Further, the 15
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hypomethylated genes from the candidate set are annotated to cell adhesion
molecule binding, cadherin binding and MAP kinase activity which are all closely
associated to the process of carcinogenesis. A set of gene annotated to such
processes being differentially methylated from the stage of inflammation and being
absent in normal colonic tissue is a significant phenomenon. Furthermore, the gene
set is annotated to a number of disease processes, which include UC, colonic
polyps, epithelial cancers and sarcomas. This further justifies the potential of these
genes to be carried forward to the next level of validation.

This is the first attempt at looking at differentially methylated genes common to all
stages of CAC using WGBS data from isolated epithelial cells from colonic samples.
Furthermore the samples are from different patients and surrounding non-neoplastic
tissues were used as control samples making them more specific markers.

In the second part of my research | have demonstrated how the SMAD7 molecule
expression changes along the different stages of CAC. The bimodal change in
expression of SMAD7 was not previously demonstrated. Several hypotheses can be
drawn out of the observation as the reason behind this phenomenon, which needs to
be tested. Lower SMAD7 expression in the dysplastic stage could be as attempt to
increase the anti tumour effect of TGFB1 during early stage of CAC. The second
peak in the cancer tissue could be an attempt to inhibit TGFB1 action and its pro-
carcinogenic effect in late stages as explained previously(138, 147, 149, 312).
Previously an increase of SMAD?7 in the immune cells has been observed (125, 144),
but there were no studies focusing on the change in SMAD?7 in colonic epithelial
cells. It was also noted that the expression of SMAD7 mRNA does not reflect the
changes seen in protein within the epithelial cells. This might be due to a regulation

in metabolism as explained earlier (141). However no methylation changes were
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detected in the SMAD7 gene or a significant differential methylation could be
detected in the known genes that are affected by SMAD7. The attempt at silencing
the SMAD7 mRNA in colorectal cancer cell lines did not demonstrate a significant
reduction at protein levels despite the successful transfer of pLKO-Tet-ON constructs
in to the cell lines, which was confirmed by puromycin selection. A possible
explanation for this could be due to a splice variance in SMAD7 mRNA that allowed it
to by pass the inhibition of shRNA. An ideal model to overcome this would be using
CRISPR technology on a colonic organoid model. There were both time and
resource constrains to organise such an experiment during this project.

In conclusion, in this pilot study | have identified 27 genes that could be used in a
potential gene panel to predict CAC development in UC. Out of these, 11 genes
show differentially methylated promoters while 12 genes show gene body DMRs.
Twenty-three of the genes consistently show differential methylation in all three
stages of CAC development in contrast to the normal colonic epithelium. The other 4
genes, P16 (CDKN2A), SFRP2, MYOD1 and SEPTINS were selected from already
identified CAC and CRC biomarkers with potential. The selected genes are
annotated to important molecular functions related to cancer as well as UC, colonic
polyps and other epithelial cancers in disease process annotation.

A limitation of my study is the limited number of samples used in the sequencing.
CAC samples are not abundant in clinical practice and to overcome this | have used
a combination of both fresh and FFPE tissue. However utilising WGBS and using
adjacent tissue as control sample | attempted to increase the specificity of my data
set. In addition laser capturing epithelial cells helped to increase the specificity of the

data by excluding the mesenchymal tissue in the samples. Difficulty in acquiring
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adequate amount of DNA from isolated epithelial cells with this method also limited
the number of samples | could utilise during the study period.

Adjacent tissue and buffy coat were the best available tissue for control samples.
Since the objective was to detect the acquired CpG island methylation, changes due
to the inflammation age-related and germline mutations had to be excluded from the
test samples. However, there may be variations in methylation between these test
and control samples that are independent of the disease process. Epithelial cells of
the sigmoid colon taken as a control sample against a test sample of a rectal cancer
may harbour site-specific differences in DNA methylation. Several authors have
demonstrated differences in methylation in normal colon tissue from left and right
colons (313-315). Barnicle and colleagues demonstrated differences in methylated
regions between proximal and distal colon tissues. Also, interesting to note was the
increased variability in methylation patterns in whole biopsies compared to isolated
epithelial cells in their study (314). Using isolated epithelial cells in the current study
would reduce the intrasite variations in methylation levels. The best control sample
would be serial samples collected at different time points from the same site. This
would only be possible in a long-term prospective study where subjects will be
followed up with serial screening colonoscopies with biopsies. The inflamed tissues
in this study were matched with buffy coat as the entire colon was inflamed and a
suitable adjacent area was not available as a control. The buffy coat would allow to
subtract environmentally influenced and inherited methylation from the test samples,
but there are site specific methylation changes that would not be compared (257).
However, notably cancer driving epigenetic changes have shown not to correlate

between primary tumour sites and buffy coat (256).
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| envisage validating the selected genes in a prospectively collected larger cohort of
CAC related tissue samples in order to assess their predictive value in a clinical
setting. Fresh tissue collected from patients with inflammed, dysplastic and malignant
colonic lesions during colonoscopy could be used to assess the methylation levels in
mucosal samples. Also same samples could be used to validate the expression
levels of the identified gene products using gPCR. Longitudinal follow-up data could
be correlated with the findings of the methylation studies and differentiate the
progressors to CAC from non-progressors. Also studying the methylation of the
proposed genes in a larger cohort of patients could help on narrowing down the
number of candidate genes. Further in-vitro studies to delineate the exact
mechanism of some of the methylation would be of help. An organoid model for UC,
if developed, could be used to identify the exact effect of methylation of the proposed
genes. Further such a model could be used to study the action of SMAD7 on
methylation and development of CAC by utilising techniques such as CRISPR to
selectively inactivate the gene.

Development of a validated gene panel with these genes could assist in early
decision making for colectomy in patients with UC minimising the cost, risk of

complications and development of cancer.
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