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Abstract

Introduction: Colorectal cancer (CRC) is the 3" most common cancer in the world and is
strongly influenced by environmental factors including diet. Adherence to a Mediterranean
dietary pattern is associated with a lower incidence of all-cause mortality and an inverse
association with CRC risk has been reported. WNT signalling is a pathway involved in
maintaining a healthy large bowel but which is hyperactive in up to 85% of sporadic CRC
because of abnormal methylation and expression of WNT pathway genes. Altered WNT
signalling is a potential mechanism for the effects of diet on CRC risk.

Objective: To investigate relationships between adherence to a Mediterranean diet (MD) and

methylation of WNT pathway genes implicated in CRC.

Methods: A literature search identified three genes (WNT5A, WNT6 and WNT10A) associated
with MD and CRC. DNA was extracted from rectal biopsies of 40 BFU Study participants,
bisulphite-modified, and PCR-amplified to identify DNA methylation at specific CpG sites by
pyrosequencing. The MD score (MDS) was calculated from habitual dietary intake data (max.

score 14).

Results: In this study 40 participants were included (age range 49-79 years, 52.5% female).
MDS ranged from 2-7 and participants were divided into low- and high-MDS groups by
dichotomising at the median (4.5). Mean rectal WNT5A, WNT6, and WNT10A methylation was
relatively low across all participants i.e. 8.04%, 1.82% and 2.66%, respectively. There were no
significant relationships between adherence to the MD and methylation of WNT5A or WNT10A
(P>0.05). However, CpG site 5 within WNT6 was positively correlated with MDS (P=0.016).
Mean methylation of all three genes did not differ between participants with lower and higher
MDS (P>0.05). However, a post hoc analysis showed that WNT5A methylation was lower in
participants with polyps compared with healthy participants. For participants with polyps,
methylation of WNT5A was almost 50% lower in those with lower MDS compared to those
with higher MDS (P=0.032), however statistical significance was lost after adjusting for

covariates (P>0.05).

Conclusion: No evidence was found to support the hypothesis that MD adherence is associated
with WNT10A or WNT5A methylation. However, WNT6 methylation at CpG5 correlated with
MDS. In addition, for polyp participants only, differences in WNT5A were observed between
those with lower and higher MDS. Further research is needed to elucidate the relationship

between WNT pathway genes and adherence to a MD, especially in those at higher CRC risk.






1. Introduction

Colorectal cancer (CRC) is the third most common cancer in the world and the fourth most
common cause of cancer-related death (1). It affects around 1.36 million people worldwide
every year, and causes approximately 694 000 deaths annually (2). CRC is especially common
in economically developed countries, where an estimated 60% of all cases occur (3). The
survival rate of patients who are diagnosed early is 50% at 5 years. However, when patients are
diagnosed at a later metastatic stage of CRC survival rate at 5 years is only approximately 12%
(4). The risk of developing CRC increases with advancing age. More than 90% of persons
diagnosed with CRC are older than 50, with an average age at diagnosis of 64 years (5). CRC
is strongly influenced by environmental factors including diet. It has been estimated that
nutrition could account for more than one third of cancer deaths (6), and that dietary factors are
responsible for 70% to 90% of all cases (7). In the past few decades, findings from extensive
epidemiological and experimental investigations have linked consumption of several foods and
nutrients, such as dietary fibre and red meat, to the risk of colorectal neoplasia. Therefore,
dietary modifications could serve as a preventative measure to reduce the global burden of CRC
(8). A Western diet is characterised by higher consumption of red and processed meat and
reduced intake of dietary fibre which are associated with higher CRC risk. In contrast, people
living along the Mediterranean coast who eat a traditional Mediterranean-style diet, which

primarily includes plant based food, have decreased overall cancer mortality (3).

CRC is a ‘silent’ discase that takes years or even decades to develop. It usually arises
sporadically and is mostly asymptomatic until progression to an advanced stage. CRC develops
through a multistage process that includes epigenetic, as well as genetic, alterations in a number
of oncogenes and tumor suppressor genes including DNA mismatch repair (MMR) genes, and
cell cycle regulating genes in colonic mucosal cells (4, 9, 10). These genetic and epigenetic
changes result in three major molecular pathways i.e. chromosomal instability (CIN),
microsatellite instability (MSI), and the CpG island methylator phenotype (CIMP) through
which CRC develops (4).

MSI develops through the defects in the MMR system either via epigenetic silencing of h(MLH1
in CpG islands by promoter hypermethylation or a point mutation of the MMR genes (MLH1,
MSH2, MSH6, and PMS2). These alterations of the DNA drive the progression of CRC. Around
10-15% of CRCs are caused by defective DNA MMR machinery associated with MLH1
hypermethylation (4, 11, 12). MSI is a molecular hallmark of hereditary non-polyposis CRC,



also known as the Lynch syndrome, which is caused by a germ-line mutation in one of the
MMR genes.

The CIN pathway is characterized by widespread imbalances in chromosome number
(aneuploidy) and loss of heterozygosity (13). In the CIN pathway, adenomatous polyposis coli
(APC) mutations are the most common. APC is a multifunctional protein with an important role
in the WNT pathway and the regulation of processes including cell cycle control, cytoskeleton
stabilization, intracellular adhesion and apoptosis. Familial adenomatous polyposis, a major
hereditary predisposition event leading to CRC development, results from germ-line mutations
in the APC gene. APC mutations are found in more than 80% of sporadic colorectal tumors (14,
15).

The third molecular pathway in the aetiology of CRC is the CIMP pathway. CpG islands are
genomic regions with a high frequency of CpG dinucleotides and are often associated with the
transcription start sites of genes (16). CpG islands within the promoter regions are normally
unmethylated and methylation of these CpG islands silences the activity of the corresponding
genes (17). CIMP occurs in multiple types of cancer; these cancer cells often have a loss of
global DNA methylation and a gain of methylation at the promoters of specific CpG islands.
As a result, hundreds of non-mutated genes per cancer cell are silenced, some of which are
tumor suppressor genes. Whilst these changes in patterns of DNA methylation are characteristic
of CIMP cancers, there are no universally accepted criteria to define a tumor as CIMP-high. It
has been estimated that CIMP-high occurs in about 20% of sporadic CRCs (13).

1.1 DNA methylation in colorectal cancer

As noted above, CRC develops from a multistage process as a result of both epigenetic and
genetic alterations. Epigenetic alterations are mitotically heritable changes to the DNA which
do not affect the underlying DNA sequence but can influence its function. The three inter-
dependent mechanisms involved in epigenetics are DNA methylation, histone modification and
non-coding microRNAs. These three mechanisms interact closely to regulate chromatin

structure and gene expression (16).

DNA methylation is the enzymatic addition of a methyl group to the 5-position of a cytosine
residue by DNA methyltransferases (DNMT) to produce 5-methylcytosine. DNA methylation
is a normal mechanism in the mammalian genome by which cells regulate gene expression, and

the majority of the CpG sites in the human genome, which are located outside of promoter



regions, are heavily methylated. For example, DNA methylation is a major mechanism for X
chromosome inactivation and genomic imprinting (18). In mammals, the majority of DNA
methylation marks occur on the 5’ position of cytosine residues, where the cytosine is followed
by guanine residue in the 5’ to 3’ direction, i.e. a so-called CpG dinucleotide that are distributed
widely over the genome (19). Although the majority of cytosine residues within CpG
dinucleotides are methylated, some, particularly those in CpG islands within the promoter
regions, are normally unmethylated. Methylation of CpG islands occurs in many genes that are
expressed in colonic epithelial cells (17). Global (whole genome) DNA methylation is 10-40%
lower in CRCs compared with normal colonic tissue, primarily due to the loss of methylation
within the repetitive elements such as long interspersed nuclear element-1 (LINE-1) and ALU
(20). It is thought that this contributes to CRC initiation by enhancing genomic instability (21).
Additionally, CRCs are characterized by hypermethylation of a subset of gene promotors (20),
in particular hypermethylation of cytosine residues in the CpG islands of tumor suppressor
genes (22).

1.2 WNT signalling pathway

The WNT signalling pathway plays a critical role in normal intestinal function and in
maintaining the health of the large bowel. Dysregulation of the WNT pathway is a crucial step
in CRC tumorigenesis, which is characterized by the accumulation of both genetic and
epigenetic changes (23). APC inactivation by mutation is the most common WNT pathway
alteration and results in the constitutive activation of canonical WNT signalling in CRC
(explained in Figure 1) (24). Abnormal WNT pathway activity can result from aberrant
methylation of WNT pathway components, particularly WNT inhibitors and ligands, resulting
in abnormal expression of these genes. Promoter hypermethylation of negative regulators of the
canonical WNT pathway, such as secreted frizzled-related proteins, dickkopf family proteins
and WIF1 (WNT inhibitory factor), has also been described in CRC (24).
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Figure 1: WNT signalling pathway. A) In resting cells that are not exposed to WNT, f-catenin forms a
complex containing the APC protein. This complex ensures the destruction of s-catenin. Intracellular
levels of p-catenin are low. B) When cells are stimulated with WNT molecules, the destruction complex
is deactivated, and f-catenin degradation does not occur. The cytoplasmic levels of -catenin increase,
and S-catenin translocates to the nucleus where it binds to TCF. TCF is a transcription factor that
activates several genes involved in the cell cycle. C) In the case that APC is mutated or absent, the
destruction complex of f-catenin cannot occur. B-catenin translocates to the nucleus and coactivates
genes that promote the cell cycle. The cells behave if they are under constant stimulation by WNT (11,
25-27).

1.3 Risk factors for colorectal cancer

Both genetic and acquired or environmental factors can increase the risk of CRC development.
Despite the greater impact of genetic susceptibility in an individual compared with
environmental factors, the vast majority of CRC could be prevented through modifications in
environmental factors. In the past few decades, diet has been a popular subject of CRC research
because of its potential as both a risk factor and a protective factor (28). High intakes of red and
processed meats and low intake of dietary fibre increase CRC risk (29-31), and unhealthy diets
increase the risk of CRC by up to 70% (9).

1.3.1 Mechanisms trough which diet may alter colorectal risk

The mechanisms through which nutrition modifies CRC risk include effects on DNA
methylation. There are at least two mechanisms through which nutrients may affect DNA
methylation (32). Firstly, nutrients may influence the supply of methyl groups for the synthesis
of S-adenosylmethionine (SAM) and, therefore, the biochemical pathways of methylation (33).



For example, folate is a one-carbon donor which provides methyl groups for the synthesis of
nucleic acid purine bases and for DNA methylation (34). Epidemiological data have suggested
that higher intakes of folate and higher folate status are associated with lower risk of CRC (35,
36), but this has not been confirmed in folate intervention studies (32). The second mechanism
is associated with the fact that nutrients may alter the activity of enzymes such as DNMT (33).
For example, a number of polyphenols found in plant foods are competitive inhibitors of
DNMT1 and can result in reversal of hypermethylation of tumor suppressor genes in cancer
cells (37). In addition, in a study of mice fed a high-fat diet, fish oil supplementation abolished
the decrease in Pparg2 promoter methylation in skeletal muscle, thereby suppressing the

increase in Pparg?2 expression (34, 38).

1.4 Mediterranean diet

The Mediterranean diet (MD) is known to be one of the healthiest dietary patterns. It is
associated with a lower incidence of all-cause mortality (39, 40) as well as with reduced risk of
cardiovascular diseases (41), type 2 diabetes (42), certain types of cancer (43) and
neurodegenerative diseases (39, 44). Di Francesco et al. provided in vivo and in vitro evidence
that supplementation with extra virgin olive oil (EVOO) decreased DNA methylation of CB1 —
a tumor suppressor associated with a cancer phenotype (45). In addition, CB1 expression was
correlated inversely with DNA methylation at the CNR1 promoter and was associated with
reduced proliferation of Caco-2 cells (a well-studied colon cancer cell line). EVOO represents
the typical lipid source of the MD (45) and these authors suggested that modulation of CB1
expression by EVOO or its phenolic compounds via altered DNA methylation may represent
an anti-cancer mechanism of this key component of the MD. Traditionally, the MD pattern
(Figure 2) is a plant-based diet in which vegetables, fruit, cereals (preferably whole grain),
legumes and nuts are consumed in a high amount and frequency. This dietary pattern also
includes moderate consumption of fish and shellfish, white meat, eggs, and dairy products. On
the contrary, the MD contains low consumption of red meat, processed meats and foods rich in
sugars and in fats in both quantity and frequency. The beneficial effects of this dietary pattern
on cardiovascular disease risk may be due its beneficial fatty acid profile, with a high content
of monounsaturated fatty acids (MUFA) and a higher MUFA/saturated fatty acids ratio in
contrast with the non-MDs. However, the high consumption of dietary fibre, low glycemic
index and glycemic load, anti-inflammatory effects and antioxidant compounds present in the
foods contributing to the MD may act together to produce the beneficial effects on cancer risk

and on other health outcomes. Additionally there are also qualitative cultural and lifestyle



elements that are part of the MD such as conviviality, culinary activities, physical activity and

adequate rest that may be important for health and well-being (46).
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Figure 2: Mediterranean diet pyramid (47)

1.5 Mediterranean diet and colorectal cancer risk

Several studies have investigated the relationships between adherence to a MD and the risk of
developing CRC. A systematic review and a meta-analysis confirmed an important inverse
association between adherence to the MD and overall cancer mortality (RRconort: 0.86, 95% CI
0.811t0 0.91, 12 = 82%; n = 14 studies) and showed lower risk of several cancer types, especially
colorectal cancer (RRobservational: 0.82, 95% CI1 0.75 to 0.88, 12 = 73%; n = 11 studies) (31). The
beneficial effects observed in these studies appeared to be driven mainly by higher intakes of
fruits, vegetables and whole grains (31). One study with a total of 465 colorectal cancer cases
found that women adhering to a MD pattern had lower CRC risk (48). In the multivariable
adjusted model, the test for trend was positive (HR =0.88, 95% CI: 0.78 to 0.99; Ptrend = 0.03)
for a 2-point increment in the Mediterranean diet score. As noted above (section 1.3.1),
evidence is growing that the effect of nutrition on CRC risk may be mediated by epigenetic
mechanisms (49). However, further research is needed to determine whether the protection
against CRC by the MD occurs through epigenetic mechanisms which modulate the expression

of genes commonly de-regulated in CRC.



1.6 Hypothesis and objectives

1.6.1 Hypothesis

In this project we hypothesize that the methylation of WNT pathway genes is modulated by

adherence to the MD and differs between individuals with lower and higher MD score.

1.6.2 Aim

This project aimed to test this hypothesis by investigating the link between the adherence to the

MD and the methylation of CRC-related genes in the colorectal mucosa. In a secondary

analysis, we investigated i) whether participants with a prior history of adenomatous polyps

(and who, therefore, were at higher CRC risk) had differential methylation levels and ii)

whether there is differential methylation in healthy vs polyp participants in relation to adherence
to a MD.

1.6.3 Objectives

Perform a literature search and select genes for which expression and/or methylation is
associated with MD and with CRC.

Extract DNA from rectal mucosal biopsies from participants in the BFU Study.
Bisulphite-modify extracted DNA.

Amplify selected target genes by PCR.

Quantify DNA methylation at specific CpG sites within selected genes by pyrosequencing.
Statistically analyse relationships between MD and methylation of selected genes.
Undertake secondary statistical analysis to determine whether participants with a prior
history of adenomatous polyps had differential methylation levels.

Further explore this difference to investigate whether effects of adherence to the MD on

DNA methylation differed in healthy vs polyp participants.






2. Methods
2.1 The BFU Study

This study was part of the BORICC (Biomarkers Of Risk in CRC) Follow-Up (BFU) Study.
The BORICC Study recruited 363 participants in 2005/6 with the aim of investigating
relationships between lifestyle factors, such as diet, and markers of CRC risk (17). The
BORICC Study included two arms: the first recruited 262 healthy participants and the second
recruited 101 participants with a prior history of adenomatous polyp, and therefore at higher
risk of CRC. The BFU Study is a 12+ year longitudinal study which aims to enhance the
understanding of the relationships between ageing, diet, physical activity and health of the
bowel. VVolunteer recruitment and sample collection took place between March 2017 and June
2018 at the North Tyneside General Hospital (Tyne and Wear, UK). Ethical approval for the
BFU Study was obtained from the West Midlands — Coventry & Warwickshire Research Ethics
Committee on 29th November 2016 (REC No. 16/WM/0424). Caldicott approval for the
storage of data was provided by the Northumbria NHS Foundation Trust. The BFU Study is
conducted in accordance with the declaration of Helsinki. Participants from the original
BORICC study were contacted again for re-recruitment and informed consent was obtained
from those volunteers who wished to participate in the BFU Study. All participants recruited to
the BORICC Study in 2005/6 were invited to take part in the BFU Study, and exclusion criteria
included being unable to provide informed written consent (e.g. participants who had developed
dementia) and anyone actively undergoing chemotherapy or radiotherapy. Individuals on
anticoagulant or anti-platelet medication were invited to take part in all parts of the study except
the collection of colorectal biopsies due to greater risk of bleeding. The BFU Study participants
included both healthy individuals and those who had adenomatous polyps removed at baseline
in the BORICC Study. The following samples were collected from the volunteers: colorectal
mucosal biopsies, blood, urine, stool and buccal swabs. All the biological samples were stored
at -80 degrees until use. In addition, the volunteers were subjected to extensive phenotyping
including the collection of data on habitual diet, physical activity, smoking behaviour,

anthropometry and medical history.

2.2 Mediterranean diet assessment

Habitual diet was assessed by asking participants to complete a food frequency questionnaire
(FFQ) to estimate the frequency of food consumption over the previous 12 months. Raw data
from the FFQ were processed according to the criteria originally used in the PREDIMED study

(50) to calculate a total MD score (MDS). Because of the limited detail of foods consumed as



reported in the FFQ, a number of assumptions were made for certain foods when calculating
the MDS for individual participants. Where possible these assumptions were made based on
detailed criteria devised by Shannon et al. (In press) (51). Table 1 summarises the
operationalisation of the MD scoring system used in this project. The scoring system included
14 dietary components, for example ‘using olive oil as opposed to other culinary fats’. If the
participant adhered to this recommendation, or consumed the recommended serving size, one
point was allocated per component. The total MDS was calculated from the sum of the score
for each component, with a maximum score of 14. NB dietary analyses to provide MDS for
each BFU Study participant was carried out by other members of the Mathers Laboratory (52).

Table 1: Operationalisation of the MD scoring system

Component MD Scoring system Serving size

1 Olive oil more than other culinary fat -

2 Olive oil (>4 tbsp/d) 119

3 Vegetables (>2 servings/d) 80g

4 Fresh fruits (including natural fruit juice; >3 servings/d) 80g for fresh or
150 ml for juice

5 Red processed meats (<1 serving/d) 1509

6 Spread fats (butter, magarine, cream; <1 serving/d) 12g

7 Soda drinks (<1 drink/d) 250ml

8 Wine with meals (Only for habitual drinkers; >7 glasses/wk) 175ml

9 Legumes (>3 servings/wk) 1509

10 Fish (especially fatty fish), seafood (> servings/wk) 150g

11 Commercial bakery goods, sweets, and pastries (<3 servings/wk) 60g

12 Tree nuts and peanuts (>3 servings/wk) 30g

13 White meat instead of red meat -

14 Sofrito (sauce made with tomato and onion, leek, or garlic, -

simmered with olive oil; >2 servings/wk)

2.3 Target gene selection strategy

A literature search was performed to identify potential target genes for the DNA methylation
analysis (Figure 3). A review of the literature covering full-text English articles in PubMed was
conducted until December 2018. First, a literature search was done to find genes that are
modulated by the MD through expression or methylation (Figure 3; Step 1). In the second step,

identified genes were immediately selected if the studies were performed in colorectal tissue or

10



cells (Step 2.1). If this was not the case, an additional search was performed to identify genes
where expression or methylation levels have been reported in colorectal tissue or cells (Step
2.2). In the third step, identified genes were immediately selected if they were related to CRC
(Step 3.1). If this was not the case, an additional search was performed to identify if the genes
are linked with CRC (Step 3.2). Lastly, only genes that were aberrantly methylated in CRC
were selected (Step 4). Because most of these genes belonged to the WNT signalling pathway,
only the genes belonging to this pathway were selected (Step 5). The results of this literature
search can be found in section 3.1.

Step 1: Pubmed search for genes modulated by MD (expression ar methylation)
search terms: ‘Mediterranean diet’ AND ‘DNA methylation

‘Mediterranean diet ‘Gene expression

{‘Mediterranean diet’) AND (‘Colon” OR ‘colorectal cancer” OR ‘colon’)

Step 2:

2.1: Select identified genes where studies were performed in colorectal tissue or cells
2.2 Pubmed search for each identified gene (from Step 1) to identify genes where
expression or methylation levels have been reported in colorectal tissue or cells

Step 3:

3.1: Select identified genes where studies are in relation to colorectal cancer

3.2 Pubmed search for each identified gene (from Step 2) to identify if genes are linked
with colorectal cancer

Step 4: Select genes that are abnormally methylated in colorectal cancer |

| Step 5: Select genes belonging to the WNT signalling pathway |

Figure 3: Methods gene selection

2.4 DNA extraction from rectal biopsies

DNA extraction was performed using the GenElute Mammalian Genomic DNA Miniprep kit
(Sigma-Aldrich, USA). Rectal biopsies were transferred to tubes containing 180ul of lysis
solution T and 20l Proteinase K solution, and the mixtures were vortexed. The samples were
incubated at 55°C in a shaking heat block at 800rpm for 2-4 hours, with occasional vortexing
for complete enzymatic digestion. Next, 200ul lysis solution C were added to the samples
before vortexing for 15 seconds, followed by a 10-minute incubation at 70°C. 20ul RNase
solution A were added to degrade the RNA and the samples were incubated at room temperature

for 2 minutes. To maximize DNA binding to the membrane, which results in more consistent
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yields, 500ul of column preparation solution were added to the pre-assembled columns and
centrifuged at 120009 for 1 minute. The flow-through was discarded. 200ul of 99.8% ethanol
were added to the sample and vortexed to homogenise the solution. Next the lysate was
transferred to the treated binding column, which was centrifuged at 65009 for 1 minute before
discarding and replacing the collection tube. 500ul of wash solution were added to the column
and centrifuged as. Again, 500ul of washing solution were added to the column, the flow-
through was discarded after centrifugation at 14000g for 3 minutes. A fourth centrifugation step
was performed at 140009 for 1 minute to ensure all solutions were removed. Next, the binding
column was placed in a new collection tube. To elute the DNA from the column, 50ul of elution
solution were added into the centre of the column and centrifuged at 6500g for 1 minute after
an incubation of 5 minutes at room temperature. The yield of the DNA (ng/ul) and the purity
ratios (A260/280 and A260/230) were assessed using the Nanodrop 2000 (Thermofisher
scientific, USA) spectrophotometer (Supplement 1 and 2).

2.5 Bisulphite modification of the DNA

The EZ DNA methylation-gold™ kit (Zymo research, USA) was used to bisulphite-modify the
extracted DNA. First, the CT conversion reagent was prepared by adding 900 pl water, 300 pl
of M-dilution buffer, and 50 pl of M-dissolving buffer to a tube of CT conversion reagent. This
was mixed at room temperature with frequent vortexing or shaking for 10 minutes. The M-wash
buffer was prepared by adding 24 ml of 100% ethanol to 6 ml M-Wash Buffer concentrate
(D5005) before use. For each DNA sample, 130 pl of the CT conversion reagent and 20 pl
DNA sample were added to a PCR tube. The PCR tubes were placed in a thermal cycler (Bio-

Rad Laboratories Inc, USA); these steps are described in Supplement 2.

After the Thermal cycler steps were complete, 600 ul M-binding buffer were then added to a
Zymo-Spin™ IC column and the column placed into a collection tube. The sample was loaded
into the spin column and mixed by inverting the column several times. This was centrifuged at
full speed (>10,000 x g) for 30 seconds and the flow through was discarded. 100 ul of M-wash
buffer were added to the column and centrifuged at full speed for 30 seconds. Next, 200 pl of
M-desulphonation buffer were added to the column. This was incubated at room temperature
for 15-20 minutes. Afterwards, the column was centrifuged for 30 seconds at full speed. Then,
200 pl of M-wash buffer were added to the column and centrifuged at full speed for 30 seconds.
The washing step was repeated one more time. Lastly, the column was placed into a 1.5 ml
microcentrifuge tube and 10 pl M-elution buffer was directly added to the column matrix. The

DNA was eluted from the column by centrifuging for 30 seconds at full speed.
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2.6 Primers for PCR amplification and pyrosequencing

Commercially available Pyromark CpG assays (Qiagen, Germany) were used for the
amplification of bisulphite modified DNA by PCR and pyrosequencing (Table 2).

Table 2: Pyromark CpG primers

Assay Chromosomal location  Primer (bp) Target sequence CpG sites
WNT5A Chr3, BP 555151099- 219 TCGCTGGCGTGCCCCGC 5
55515318 GCACAGGATCCCAGCGA
WNT6 Chr2, BP 219724784- 263 GTCCGCCGACGTGCGCC 5
219725047 GGGC
WNT10A  Chr2, BP 219745021- 70 GTCTGTGCGCGCGT 3
219745091

2.7 Amplification of bisulphite-modified DNA by PCR

Amplification of bisulphite-modified DNA was performed using the PyroMark® PCR kit
(Qiagen, Germany). For each PCR, a master mix was prepared by scaling up the volumes in
Table 3 for the number of reactions required. 23l of master mix were pipetted into 0.2ml PCR
tubes, followed by 0.5ul of bisulphite-modified rectal DNA sample. In addition, a negative

control was included with water replacing the rectal DNA.

Table 3: PCR master mix components

PCR reaction mix component Volume per reaction (ul)
GoTag® Hot Start Green Master Mix, 2X 12

Nuclease-free water 9
PCR primer 2

All PCR reactions were performed using a thermal cycler (Bio-Rad Laboratories Inc, USA)
under set conditions (Table 4). Before the amplification of the samples, the annealing
temperature for each primer was tested (Supplement 3). Agarose gel electrophoresis was used
to confirm PCR product and absence of contamination in the negative control sample

(Supplement 4).
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Table 4: Thermal cycler steps for amplification by PCR

Step Temperature (°C) Duration (minutes)  Number of cycles
Initial denaturation 94 2 1

3-step cycling: 40

Denaturation 94 0.40

Annealing 50.4 0.40

Extension 72 40

Final extension 72 5 1

2.8 Quantification of DNA methylation by pyrosequencing

Pyrosequencing is a quantitative method that monitors the real-time incorporation of
nucleotides. It is based on sequencing-by-synthesis and on the detection of released
pyrophosphate that is converted by enzymes into a proportional light signal during DNA
synthesis. The pyromark Q96 ID pyrosequencer and Pyromark Gold Q96 reagents (Qiagen,

Germany) were used to perform this analysis.

In a 96-well PCR plate, 70 ul of the binding buffer solution were pipetted into each well. The
binding buffer solution consists of beads, binding buffer and mili-Q H2O (Table 5). 10 ul of
PCR product were added to each well. The PCR plate was sealed and shaken at room

temperature at 1400 rpm for 10 minutes.

Table 5: Master mix

Per well (ul)
1 x binding buffer 40
Streptavidin-sepharose beads 2
PCR product 10
Mili-Q H.0 28

While the PCR plate was shaking, the annealing buffer solution was prepared. The annealing
buffer solution consists of 38.4 ul annealing buffer and 1.6 pl sequencing primer (10 pM). 40
ul of the annealing buffer solution were added into each well of the Pyromark Q96 plate. Using
the Qiagen PyroMark Q96 Vacuum Workstation to aspirate the samples from the PCR plate,
the filter probes were there flushed with 70% ethanol for 5 seconds, followed by denaturation
solution for 5 seconds and wash buffer for 10 seconds. The vacuum pump was then switched

off and the beads were released by shaking the probes gently from side to side in the
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pyrosequencing low plate. The plate was heated at 80°C for 2 minutes and then cooled to room
temperature for 10 minutes. The nucleotides, enzyme and substrate solutions were added into
the designated compartments of the reagent cartridge. The cartridge and plate were inserted,
and the assay was run on the pyrosequencer. The pyrosequencer has an internal control to assure
the quality of the bisulphite modified DNA.

2.9 Data processing

Pyrosequencing provides quantitative estimates of DNA methylation (%) at specific CpG sites
on amplified, bisulphite modified DNA. Non-concordant (not within 5% methylation) or
‘failed” duplicates determined by the PyroMark software were repeated. If repeated, the two
most concordant percentages from the two sets of duplicates were selected for statistical
analysis, providing the data were within 5% concordance. If 5% concordance was not achieved
after repeating these samples, the average of all 4 readings was calculated for subsequent

analyses.

2.10 Statistical analysis

Statistical analyses were carried out using Minitab 17 Statistical Analysis Software. Before
analysis, the Kolmogorov-Smirnov test was applied to datasets to assess whether data were
normally-distributed (P>0.05). Correlation analyses were performed to investigate relationships
between total MDS and methylation levels, and to investigate the correlation of methylation at
CpG sites within a gene. Pearson’s correlation was performed for normally-distributed data.
Data that were not normally distributed were analysed with Spearman’s Rho correlation. Prior
to running categorical statistical analyses, participants were organised into two categories based
on their MDS by dichotomising at the median (MDS=4); participants scoring 2 to 4 points were
allocated to the “Lower MDS group” and participants scoring 5 to 7 points were allocated to
the “Higher MDS group” (scores ranged from 2 to 7). Categorical analyses were performed to
investigate differences in methylation between those with lower and higher MD adherence. The
Mann-Whitney test was used when the data were not-normally distributed. For normally
distributed data, the t-test was used. The analysis of variance (ANOVA) general linear model
(GLM) was used to analyse the difference in methylation of the target genes between the MDS
groups, adjusting for age, gender, BMI and smoking status as covariates. An interaction
analyses between health status (healthy participants and participants with polyps) and MDS
category was performed (data not shown). A p-value of <0.05 was considered statistically

significant for all statistical analyses performed. .
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3. Results
3.1 BFU Study participant characteristics

Table 6 gives an overview of the characteristics of the 40 BFU Study participants for whom
rectal mucosal biopsies were collected. 31 participants were from the healthy group, and 9 had
a prior history of polyps (polyp groups). The mean (10"-90" percentile) age of the participants
was 66.4 (55.8-78) and ranged from 49 to 79 years. The percentage of females in the BFU study
was 52.5%. The mean BMI of the participants was 27.98 kg/m2 and the mean body fat was
34.31%. The participants mean weight and waist circumference were 81.40 kg and 95.83 cm,
respectively. Most of the participants had never smoked (52.5%), 45% were former smokers
and 2.5% smoked daily. Most of the participants consumed alcohol 1 to 2 times per week (35%).
While 25% of participants reported consuming alcohol almost daily, 15% and 25% reported
consuming alcohol 1 to 2 times per month or occasionally, respectively, and 5% reported no

consumption of alcohol. There was only one participant who consumed 2 or more alcoholic

drinks per day.

Table 6: BFU Study Participant characteristics (n=40)
Characteristic n (%) or mean (10™ — 90™ percentile)
Age (years) 66.43 (55.8-78)
Female 21 (52.5)
Healthy 31 (77.5)

BMI (kg/m2) 27.98 (22.4-34.3)
Body fat (%) 34.31 (24.36-44.11)
Weight (kg) 81.40 (59.98-104.24)
Waist circumference (cm) 95.83 (75.49-112.94)
Smoking status

Never smoker 21 (52.5)

Former smoker 18 (45)

Daily smoker 1(2.5)
Alcohol consumption

None 2 (5)

Occasionally 7 (17.5)

1-2 per week 14 (35)

1-2 per month 6 (15)

Almost daily 10 (25)

2 a day or more 1(2.5)

17



3.2 Mediterranean diet score

The total MDS ranged from 2 to 7, with a possible maximum score of 14 (Figure 4). The most
common scores for the BFU participants were 4 and 5 and the mean MDS was 4.5. The
participants were divided into two categories based on their MDS by dichotomising at the
median (MDS=4.5), with 20 participants (50%) in the lower MDS category and 20 participants
(50%) in the higher MDS category.

154

104

Number of participants

<2 2 3 4 5 6 7 >7
Mediterranean diet score

Figure 4: Distribution of total MDS for BFU Study participants (n=40)

3.3 Gene selection

After the first literature search, a total of 29 genes were found whose methylation or expression
levels were modulated by the MD (Figure 5, Step 1). From these 29 genes, 24 genes were
identified where expression or methylation levels have been reported in colorectal tissue or cells
(Step 2). Results of the final search revealed that 21 genes are implicated in colorectal
carcinogenesis (Step 3). From the identified 9 genes that are abnormally methylated in CRC
risk (Step 4), 4 genes were identified that are part of the WNT signalling pathway: WNT5A,
WNT6, WNT8 and WNT10A (Step 5). The availability of the PyroMark® CpG primer assays
for the target genes was checked on Gene Globe (Qiagen website). As primers were available
for WNT5A, WNT6, and WNT10A only, these three genes were selected for investigation in this

project.
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Step 1: Genes modulated by MD n=29

Step 2: Genes where expression or methylation levels have
been reported in colorectal tissue or cells n=24

Step 3: Genes that are linked with colorectal
cancer n=21

Step 4: Genes that are abnormally
methylated in colorectal cancer n=9

GNAS, hMLH1, p14ARF, p16INKda, CB1, WNTSA,
WNT6, WNT8 and WNTL0A
Step 5: Genes belonging to the
WNT signalling pathway n=4

WNT5A, WNT6, WNT8
and WNT10A

Figure 5: Results of gene selection process

3.4 WNT5A methylation

Methylation of WNT5A was quantified at 5 CpG sites. Mean methylation across all CpG sites
in all participants was 8.04% (+2.06). The highest methylation was 10.94% (+2.86) at CpG
site 5, and the lowest was 4.08% (+3.00) at CpG site 4 (Figure 6).
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Figure 6: Mean WNT5A methylation at all CpG sites.

3.4.1 Correlations between WNT5A methylation at all analysed CpG sites

The correlation coefficients of the analyses between methylation at each CpG site in WNT5A
ranged from 0.351 to 0.608. All the correlations between different CpG sites were positive and

statistically significant (p<0.05) (Figure 7).
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Figure 7: Heat map showing correlations between methylation at individual CpG sites within WNT5A.
Spearman's correlations were performed. Statistically significant correlations (p<0.05) are
underlined and in bold (p-values not shown).

3.4.2 Relationships between MD score and methylation of WNT5A
Relationships between the MDS and WNT5A methylation were investigated using correlation
analyses. No statistically significant relationships were observed between MDS and mean

methylation across all CpG sites (Figure in Supplement 6) or methylation at any CpG site
(p>0.05) (Table 7).

Table 7: Correlations between the MD score and methylation of specific sites within WNT5A.

WNTS5A methylation Pearson correlation coefficient P-value
CpG sitel 0.131 0.419
CpG site2? 0.035 0.831
CpG site 3 -0.098 0.548
CpG site 4° 0.100 0.541
CpG site 5 -0.025 0.878
Total methylation 0.111 0.494

aSpearman Rho correlation coefficient

3.4.3 Differences in WNT5A methylation between lower and higher MDS groups

Differences in WNT5A methylation levels between lower and higher MDS groups were
investigated for all five CpG sites and total methylation using the Mann-Whitney test for the
non-normally distributed data and the t-test for the normally distributed data (Table 8). There
were no significant differences between lower (mean 8.1%) and higher (mean 8.01%) MD

adherers for total WNT5A methylation or methylation at each of the five CpG sites (P>0.05).
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Further, the effects of age, gender and BMI on WNT5A methylation modulation by MDS
category as covariates were investigated using the ANOVA GLM; no statistically significant

effects of age, gender or BMI were observed (P>0.05).

Table 8: Difference between and methylation of specific CpG sites within WNT5A

WNT5A Lower MDS (0-4) Higher MDS (5- Unadjustfd Adj usteczi
methylation Mean gg\g)or SD) 1;1)r Ig/l[t)e??n(zsonl)\/l P-value P- value
Total methylation 8.072 (0.482) 8.010 (0.482) 0.706 0.817
CpG sitel 9.627 (0.658) 9.357 (0.658) 0.730 0.780
CpG site2? 3.742 6.723 0.607 /
CpG site 3 9.520 (0.389) 9.379 (0.389) 0.748 0.804
CpG site 4° 3.742 5.290 0.695 /
CpG site 5 11.199 (0.659) 10.690 (0.659) 0.669 0.599
®Data are presented as medians, Mann-Whitney.

T-test
2ANOVA GLM adjusted for age, gender, BMI, and smoking status.
Only for normally distributed data, the ANOVA GLM was calculated.

3.5 WNT6 methylation

Methylation of WNT6 was quantified at 5 CpG sites. Mean methylation across all CpG sites in
all participants was 1.82% (+1.87). The highest methylation was 4.01% (+3.53) at CpG site 1,
and the lowest was 0.07% (+0.46) at CpG site 3 (Figure 8).
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Figure 8: Mean WNT6 methylation at all CpG sites.

3.5.1 Correlations between WNT6 methylation at all analysed CpG sites

The correlation coefficients of the analyses between methylation at each CpG site in WNT6

ranged from 0.255 to 0.480 (Figure 9). All of the correlations between different CpG sites were
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positively correlated. Whereof 7 out of 10 correlations were statistically significant (p<0.05).
The strongest correlation can be seen between CpG site 5 and 4 with a correlation coefficient
of 0.480 (P=0.002).

0.456 0.305 0.326 0.480

oV 0.278 0.488 0.334 %

Negative correlation Positive correlation
(p=-1) (p=+1)
Figure 9: Heat map showing correlations between methylation at individual CpG sites within WNT6.
Spearman’s correlations were performed. Statistically significant correlations (p<0.05) are
underlined and in bold (p-values not shown).

3.5.2 Relationship between MD score and methylation of WNT6

Relationships between the MDS and WNT6 methylation were investigated using correlation
analyses. A statistically significant positive correlation was found between MDS and
methylation at CpG site 5 (correlation coefficient= 0.378, P=0.016) (Figure 10). No statistically
significant relationships were observed between MDS and mean methylation across all CpG
sites (Figure supplement 6) or methylation for the other CpG sites (Table 9) (p>0.05). However,
there was a trend for a positive correlation between MDS and methylation at CpG site 3
(P=0.097).

Table 9: Correlations between the MD score and methylation of specific CpG sites within WNT6.

WNT6 methylation Spearman Rho correlation coefficient P-value
CpG sitel 0.184 0.257
CpG site2 0.143 0.378
CpG site 3 0.266 0.097
CpG site 4 0.121 0.459
CpGssite 5 0.378 0.016
Total methylation 0.160 0.324
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Figure 10: Correlation between MD score and CpG site 5 WNT6 methylation. Spearman Rho
correlation coefficient 0.378; P-value= 0.016.

3.5.3 Differences in WNT6 methylation between lower and higher MDS groups

Differences in WNT6 methylation levels between lower and higher MDS groups were
investigated for all five CpG sites and total methylation using the Mann-Whitney test for the
non-normally distributed (Table 10). There were no significant differences between lower
(median 1.11%) and higher (median 1.77%) MD adherers for total WNT6 methylation or
methylation at each of the five CpG sites (P>0.05). However, there was a significant trend for
CpG site 5. Methylation at CpG site 5 appeared to be lower in participants with a lower MDS
(mean methylation 0.59%) compared with those with a higher MDS (mean methylation 2.26%)
(P=0.08). Further, the effects of age, gender and BMI on WNT6 methylation as covariates were
investigated using the ANOVA GLM and no statistically significant effects were observed
(P>0.05).

23



Table 10: Difference between total MDS and methylation of specific CpG sites within WNT®6.

WNT6 methylation Lower MDS (0-  Higher MDS (5-14) Unadjusted Adjusted
4) Mean (SEM  Mean (SEM or SD) P-value! P-value’®

or SD) (n=20) (n=20)
Total methylation® 1.113 1.765 0.1167 /
CpG sitel? 2.320 5.457 0.1136 /
CpG site2? 0 0 0.2674 /
CpG site 3° / / / /
CpG site 4° 0 0 0.4249 /
CpG site 5 0.59 2.26 0.0787 /

4 Data is presented as medians, Mann-Whitney.

bMann-Whitney test performed, but data presented as means.
°Mann-Whitney test could not be performed.

1T-test

2ANOVA GLM adjusted for age, gender, BMI, and smoking status.
Only for normally distributed data, the ANOVA GLM was performed.

3.6 WNT10A methylation

Methylation of WNT10A was quantified at 3 CpG sites. Mean methylation across all CpG
sites in all participants was 2.66% (£1.11). The highest methylation was 4.27% (£1.51) at
CpG site 1, and the lowest was 1.60% (+1.98) at CpG site 2 (Figure 11).

Mean WNT10A
methylation levels (%)
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CpG1 CpG2 CpG3 Mea;n WNT10A
Figure 11: Mean WNT10A methylation at all CpG sites.

3.6.1 Correlations between WNT10A methylation at all analysed CpG sites

The correlation coefficients of the analyses between methylation at each CpG site in WNT10A
ranged from -0.269 to 0.527 (Figure 12). Only the correlation between CpG site 2 and 3 was

negative. A statistically significant, positive correlation was observed between methylation at
CpG site 1 and 2 (p<0.001).

24



0.527 -0.269

o 0.084 %
< @
& C
0,
OQO ¢,

e -
Negative correlation Positive correlation
(p=-1) (p=+1)

Figure 12: Heat map showing correlations between methylation at individual CpG sites within
WNT10A. Pearson’s correlations were performed. Statistically significant correlations (p<0.05) are
underlined and in bold (p-values not shown).

3.6.2 Relationship between MD score and methylation of WNT10A

Relationships between the MDS and WNT10A methylation were investigated using correlation
analyses. No statistically significant relationships were observed between MDS and mean
methylation across all CpG sites (Figure in Supplement 6) or methylation at any CpG site
(p>0.05) (Table 11).

Table 11: Correlations between the MD score and methylation of specific CpG sites within WNT10A.

WNT10A methylation Spearman Rho correlation coefficient P-value
CpG sitel 0.043 0.794
CpG site2 0.091 0.575
CpG site 3 -0.074 0.650
Total methylation® 0.126 0.437

& Pearson’s correlation coefficient

3.6.3 Differences in WNT10A methylation between lower and higher MDS groups

The difference in WNT10A methylation between lower and higher MDS groups was
investigated for all the three CpG sites (Table 12) using the Mann-Whitney test. A t-test was
used to investigate the difference in total WNT10A methylation between lower and higher MDS
groups. There were no significant differences between lower (mean 2.2%) and higher (mean
2.1%) MD adherers for total WNT10A methylation or methylation at each of the three CpG sites
(P>0.05). The effects of age, gender and BMI on WNT10A methylation were investigated using
the ANOVA GLM and we did not find any significant effects of these covariates (P>0.05).
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Table 12: Difference between total MDS and methylation of specific CpG sites within WNT10A.

WNT10A Lower MDS (0-  Higher MDS (5-14) Unadjustfd Adj ustegi
methylation A(f))rl\geDe;n( r(1§|25(|)\;| Mean gig\(/l))or SD) P-value P-value
Total methylation 2.175 (0.348) 2.058 (0.347) 0.811 0.817
CpG sitel? 4.905 4.405 0.4819 /
CpG site2? 0 0 >0.999 /
CpG site 3 2.080 2.070 0.5075 /
4Data is presented as medians, Mann-Whitney.
1T-test

2ANOVA GLM adjusted for age, gender, BMI, and smoking status
Only for normally distributed data, the ANOVA GLM was calculated.

3.7 Differences in methylation of WNT pathway-related genes in participants at greater risk
of CRC

The BFU Study participants included both healthy individuals and those who had adenomatous
polyps removed at baseline in the BORICC Study, deemed at greater risk of CRC. For the
purpose of primary analyses, participants were grouped together. As DNA methylation levels
may vary in individuals at differing risk of CRC, the secondary analyses investigated whether
participants with a prior history of adenomatous polyps had differential methylation levels of
WNT5A, WNT6 and WNT10A.

Methylation was quantified for all the three genes for both healthy participants and participants
with polyps (Figure 13). Mean methylation for WNT5A, WNT6, and WNT10A across all
participants was 8.04%, 1.82% and 2.66%, respectively. The highest mean methylation for
participants with polyps was 6.82% (£1.79) for WNT5A, and the lowest was 1.16% (+1.14) for
WNT®6. For the healthy participants, again the mean methylation for WNT5A was the highest
(8.39% £2.03) and for WNT6 the lowest (2.02% +2.01). The difference in methylation between
participants with and without adenomatous polyps was investigated for all the three genes using
a t-test for normally-distributed data and the Mann-Whitney test for non-parametric data. Mean
methylation of WNT5A was significantly lower in polyp (higher-risk) participants compared
with the healthy group (P=0.042) (Figure 13).
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Figure 13: Mean methylation (%) for WNT5A, WNT6, and WNT10A and mean methylation for healthy
participants and participants with polyps for WNT5A, WNT6, and WNT10A. *P<0.05.

3.7.1 Effects of adherence to the MD on methylation of WNT5A in healthy and polyp
participants

Because WNT5A methylation differed significantly between healthy and polyp participants, we
decided to further explore this difference to investigate whether this affected the response of
healthy vs polyp participants to adherence to a MD. To do this, we re-ran the analyses described
in sections 3.4.2 and 3.4.3 (investigating correlations between total MDS and WNT5A
methylation and differences in methylation levels between lower and higher adherence groups)
within the healthy and polyp participants separately. Within polyp participants, a trend for a
strong positive correlation between MDS and mean WNT5A methylation was observed
(Pearson’s correlation coefficient= 0.594, P=0.092) (Figure 14).
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Figure 14: Correlation between MDS and mean WNT5A methylation across participants with polyps.
Pearson correlation coefficient 0.594; P-value= 0.092
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The differences in mean WNT5A methylation between lower and higher MDS groups was
investigated for the healthy and polyp participants separately using t-tests. There were no
significant differences between lower (mean 8.53%) and higher (mean 8.25%) MD adherers for
mean WNT5A methylation within healthy participants (P>0.05). However, when investigating
this in polyp participants, a significant difference in mean WNT5A methylation between lower
(mean 5.46%) and higher (mean 7.91%) MD adherers was observed (P=0.032) (Figure 15).
However, after adjusting for potential covariates such as age, gender, BMI, and smoking status
this difference was no longer statistically significant. To investigate the interaction between the
health status (healthy vs. polyp) and the MDS category for WNT5A methylation an ANOVA
GLM was performed (data not shown). There was no significant interaction between health
status and MDS category (P=0.129)
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Figure 15: Difference between total MDS and methylation of WNT5A for healthy participants and
participants with polyps. * P<0.05
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4. Discussion

This project aimed to investigate the relationships between adherence to a MD and methylation
of WNT pathway genes implicated in CRC. We hypothesized that the methylation of WNT
pathway genes is modulated by adherence to the MD and differs between individuals with lower
and higher MDS. We found no significant relationships between adherence to the MD and
methylation at any of the CpG sites quantified or mean methylation of WNT5A or WNT10A
genes. However, we observed a significant positive association between the MDS and the
methylation at CpG site 5 quantified within WNT6. In addition, methylation across different
CpG sites within each gene was mostly positively and significantly correlated and so using
mean methylation across all CpG sites quantified is a good indicator of methylation for the
whole gene.

To my knowledge, this is the first report of a positive correlation between methylation at CpG
site 5 quantified within WNT6 and adherence to a MD pattern. In addition, a significant trend
was observed for the differences in WNT6 methylation at CpG site 5 between lower and higher
MDS groups. Methylation at CpG site 5 appeared to be lower in participants with a lower MDS
(mean methylation 0.59%) compared with those with a higher MDS (mean methylation 2.26%)
(P=0.08). This evidence supports our hypothesis that methylation of WNT6 for CpG5 is
modulated by adherence to the MD and differs between individuals with lower and higher
MDS. If methylation at this CpG site is correlated inversely with expression of the
corresponding gene (as would be expected), this suggests that increased methylation and

therefore reduced WNT6 expression may occur with greater adherence to the MD.

In a study by Pampaloni et al. 2014, treatment of HCT-B8 cells with EVOO modulated the
expression of a number of WNT family genes. HCT-B8 cells are colon cancer cell lines that
have been engineered to overexpress estrogen receptor 3. Treatment of HCT8-B8 cells with
EVOO downregulated WNT10A and WNTG6 genes expression, while WNT5A was upregulated
(53). There are several differences in the design of our study and that by Pampaloni et al. Firstly,
this was an in vitro study in colorectal cancer cells whereas the current study was performed in
macroscopically-normal rectal tissue from healthy participants. Secondly, Pampaloni and
colleagues investigated the effects of one component of the MD, olive oil, compared with our
study which assessed all components and assigned a MDS. Nevertheless, since higher EVOO
intake is characteristic of MD adherence, the observed greater methylation with greater MDS
is suggestive of reduced WNT6 expression, which is in agreement with that observed by

Pampaloni et al (53). These findings must be interpreted with caution as most studies report
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mean methylation levels across all quantified CpG sites, whereas our findings are for CpG site
5 within a specific primer sequence (PMO000979720). Because in this study commercially
available CpG assays were used, we cannot say with any certainty that our CpG sites lay within
the promotor region and therefore influence the expression of the related gene.

As DNA methylation levels may vary in individuals at differing risk of CRC, post hoc analyses
investigated whether participants with a prior history of adenomatous polyps had differential
methylation levels of WNT5A, WNT6 and WNT10A and may therefore respond to a different
extent to the MDS. We did not find differences in WNT6 or WNT10A methylation levels
between healthy (normal-risk) and polyp (higher risk) participants. A higher level of WNT10A
hypermethylation has previously been reported in CRC samples than in controls (54). Farkas et
al. 2014 analysed methylation status in 12 paired colorectal tumors and adjacent healthy
mucosal tissues. The results showed a significant differential methylation in 11 genes of the
Whnt/B-catenin pathway, whereof one of these genes was WNT6 (55). Our results showed that
mean WNT5A methylation was significantly lower in polyp (higher-risk) participants compared
with the healthy group, suggesting increased WNT5A expression. The role of WNT5A in
colorectal tumorigenesis is not fully understood. Previously, Ying et al. examined the
expression and methylation of WNT5A in normal colonic tissue, CRC cell lines and tumors.
WNT5A is silenced in most CRC cell lines due to promoter hypermethylation but is expressed
in most normal tissues including the colon and is unmethylated in normal colon epithelial cells.
WNT5A is frequently inactivated in CRC by tumor-specific methylation (56). Another study
showed that there was an association between WNT5A methylation and increasing tumor stage
(57).

Further post hoc analyses revealed a trend for a strong positive correlation between MDS and
mean WNT5A methylation within polyp (higher risk) participants only. No such relationship
was observed when investigating this only in healthy participants. For participants with polyps,
methylation of WNT5A was almost 50% lower in those with lower MDS compared with
participants with higher MDS. However, after adjusting for potential covariates such as age,
gender, BMI, and smoking status this difference was no longer statistically significant. To our
knowledge, this study is the first to report findings on relationships between adherence to the
MD and WNT5A methylation. WNT5A is involved in activating several noncanonical Wnt
signaling pathways, which can inhibit or activate canonical Wnt/f-catenin signalling pathway

in a receptor context-dependent manner. Aberrant activation or inhibition of WNT5A signalling
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IS emerging as an important event in cancer progression, exerting both oncogenic and tumor
suppressive effects (24, 58). Ying et al. 2008 reported that WNT5A is frequently epigenetically
inactivated in CRC and additionally, they stated that WNT5A expression resulted in significant
suppression of colony formation of CRC cells, that is at least partially mediated by Wnt/j-
catenin signalling pathway (56).

4.1 Study strengths and limitations

This study has several strengths. First, to our knowledge, this was the first study that
investigated the relationship between adherence to a MD and methylation of WNT pathway
genes (WNT5A, WNT6, and WNT10A) implicated in CRC. Second, the obtaining of the MDS
for each participant was adapted from Martinez-Gonzélez et al. 2015, considered a reputable
and effective method which has been utilised in a number of studies prior to this one. Therefore,
it can be assured that it provides an accurate measure of adherence to the MD pattern. Third,
the BFU Study participants were extensively phenotyped and were largely representative of the
population in the North of England in terms of diet and other lifestyle factors. Another strength
of this study is that the methylation measurements were made in the target tissue itself (the

colorectal mucosa).

One of the limitations of this study is the self-report method of the dietary assessment whereby
participants can over- or underestimate their consumption of particular dietary components, and
this can result in a misclassification and may explain the lack of significant associations.
Another limitation of this study is that the MDS data were dichotomised at the median to create
lower and higher MDS groups. This was done because of the small range of MDS of the
participants in this study. Therefore, because overall the BFU Study participants had a lower
MDS, the lower and higher groups that were used in this study may not equate to lower and
higher risk of CRC. Additionally, another limitation of this study is the relatively small sample
size (n=40) which could result in insufficient statistical power to determine any potential
relationships between adherence to the MD and methylation of genes involved in the WNT

pathway and which increases the risk of a type Il error.

4.2 Future work

The next step in this research is to investigate the changes at mMRNA level for each target gene
to investigate whether DNA methylation regulates gene expression, and whether this is

associated with adherence to the MD. Further work would aim to address some of the
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aforementioned limitations. Future larger studies are required to investigate these relationships
in a UK population with sufficient statistical power. In future research, it would be interesting
to investigate WNT pathway gene methylation from participants with a broader range of MDS.
As well, in future research different WNT pathway genes could be included then the ones that

are investigated in this study.
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5. Conclusion

To our knowledge, this is the first study to investigate the relationships between adherence to a
MD and methylation of WNT pathway genes implicated in CRC; WNT5A, WNT6, and
WNT10A. We found no evidence to support the hypothesis that MD adherence is associated
with WNT10A or WNT5A methylation. However, methylation of WNT6 at CpG5 correlated with
MD.

A post hoc analysis showed evidence of a significant difference in methylation levels of WNT5A
between healthy and participants with a history of adenomatous polyps. In addition, evidence
showed that WNT5A methylation was influenced by adherence to the MD in participants with
polyps. For participants with polyps, methylation of WNT5A was almost 50% lower in those
with lower MDS compared to those with higher MDS suggesting that the MD modulates the
methylation in participants with a higher CRC risk.

Despite the few limitations of this study, it has played an important role in identifying and
filling a gap in the literature, as studies investigating the molecular mechanisms underlying the
effects of diet and lifestyle, such as MD patterns, on CRC risk are limited. Further research is
needed to elucidate the relationship between WNT pathway genes and adherence to a MD,

especially in those at higher CRC risk.

33



34



6. References

1. Malcomson FC, Willis ND, McCallum 1, Xie L, Lagerwaard B, Kelly S, et al. Non-digestible
carbohydrates supplementation increases miR-32 expression in the healthy human colorectal epithelium: A
randomized controlled trial. Mol Carcinog. 2017;56(9):2104-11.

2. Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, et al. GLOBOCAN 2012 v1. 0,
Cancer Incidence and Mortality Worldwide: IARC CancerBase No. 11 [online]. International Agency for
Research on Cancer, Lyon (France) 2013. Available from www.

3. Farinetti A, Zurlo V, Manenti A, Coppi F, Mattioli AV. Mediterranean diet and colorectal cancer: A
systematic review. Nutrition. 2017;43-44:83-8.

4. Mahasneh A, Al-Shaheri F, Jamal E. Molecular biomarkers for an early diagnosis, effective treatment
and prognosis of colorectal cancer: Current updates. Exp Mol Pathol. 2017;102(3):475-83.

5. Amersi F, Agustin M, Ko CY. Colorectal cancer: epidemiology, risk factors, and health services. Clin
Colon Rectal Surg. 2005;18(3):133-40.

6. Doll R, Peto R. The causes of cancer: quantitative estimates of avoidable risks of cancer in the United
States today. J Natl Cancer Inst. 1981;66(6):1191-308.

7. Pericleous M, Mandair D, Caplin ME. Diet and supplements and their impact on colorectal cancer. J
Gastrointest Oncol. 2013;4(4):409-23.

8. Song M, Garrett WS, Chan AT. Nutrients, foods, and colorectal cancer prevention. Gastroenterology.
2015;148(6):1244-60.e16.

9. Roy S, Majumdar APN. Cancer Stem Cells in Colorectal Cancer: Genetic and Epigenetic Changes.
Journal of stem cell research & therapy.Suppl 7(6).

10. Gonzalez-Pons M, Cruz-Correa M. Colorectal Cancer Biomarkers: Where Are We Now? Biomed Res
Int. 2015;2015:149014.

11. Novellasdemunt L, Antas P, Li VS. Targeting Wnt signaling in colorectal cancer. A Review in the
Theme: Cell Signaling: Proteins, Pathways and Mechanisms. Am J Physiol Cell Physiol. 2015;309(8):C511-21.
12. Gelsomino F, Barbolini M, Spallanzani A, Pugliese G, Cascinu S. The evolving role of microsatellite

instability in colorectal cancer: A review. Cancer Treat Rev. 2016;51:19-26.

13. Wright M, Beaty JS, Ternent CA. Molecular Markers for Colorectal Cancer. Surg Clin North Am.
2017;97(3):683-701.

14, Zhang L, Shay JW. Multiple Roles of APC and its Therapeutic Implications in Colorectal Cancer. J
Natl Cancer Inst. 2017;109(8).

15. Fodde R. The APC gene in colorectal cancer. Eur J Cancer. 2002;38(7):867-71.

16. Inbar-Feigenberg M, Choufani S, Butcher DT, Roifman M, Weksberg R. Basic concepts of epigenetics.
Fertility and sterility. 2013;99(3):607-15.

17. Tapp HS, Commane DM, Bradburn DM, Arasaradnam R, Mathers JC, Johnson IT, et al. Nutritional
factors and gender influence age-related DNA methylation in the human rectal mucosa. Aging Cell.
2013;12(1):148-55.

18. Lao VV, Grady WM. Epigenetics and colorectal cancer. Nat Rev Gastroenterol Hepatol.
2011;8(12):686-700.

19. McKay JA, Mathers JC. Diet induced epigenetic changes and their implications for health. Acta
physiologica (Oxford, England). 2011;202(2):103-18.

20. Tse JWT, Jenkins LJ, Chionh F, Mariadason JM. Aberrant DNA Methylation in Colorectal Cancer:
What Should We Target? Trends Cancer. 2017;3(10):698-712.

21. Rodriguez J, Frigola J, Vendrell E, Risques RA, Fraga MF, Morales C, et al. Chromosomal instability
correlates with genome-wide DNA demethylation in human primary colorectal cancers. Cancer Res.
2006;66(17):8462-9468.

22. Belshaw NJ, Elliott GO, Williams EA, Bradburn DM, Mills SJ, Mathers JC, et al. Use of DNA from
human stools to detect aberrant CpG island methylation of genes implicated in colorectal cancer. Cancer
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer Research,
cosponsored by the American Society of Preventive Oncology. 2004;13(9):1495-501.

23. Kim SH, Park KH, Shin SJ, Lee KY, Kim TI, Kim NK, et al. CpG Island Methylator Phenotype and
Methylation of Wnt Pathway Genes Together Predict Survival in Patients with Colorectal Cancer. Yonsei Med J.
2018;59(5):588-94.

24, Galamb O, Kalmar A, Peterfia B, Csabai |, Bodor A, Ribli D, et al. Aberrant DNA methylation of WNT
pathway genes in the development and progression of CIMP-negative colorectal cancer. Epigenetics.
2016;11(8):588-602.

25. Gordon MD, Nusse R. Wnt signaling: multiple pathways, multiple receptors, and multiple transcription
factors. J Biol Chem. 2006;281(32):22429-33.
26. Maller MF, Ibrahim AE, Arends MJ. Molecular pathological classification of colorectal cancer.

35



Virchows Arch. 2016;469(2):125-34.

217. Mitchell RS, Kumar V, Abbas AK, Fausto N. Robbins basic pathology. Philadelphia, PA: Saunders.
2007;8:72-9.

28. Hadjipetrou A, Anyfantakis D, Galanakis CG, Kastanakis M, Kastanakis S. Colorectal cancer,
screening and primary care: A mini literature review. World J Gastroenterol. 2017;23(33):6049-58.

29. Chan DS, Lau R, Aune D, Vieira R, Greenwood DC, Kampman E, et al. Red and processed meat and
colorectal cancer incidence: meta-analysis of prospective studies. PLoS One. 2011;6(6):e20456.

30. Cross AJ, Ferrucci LM, Risch A, Graubard BI, Ward MH, Park Y, et al. A large prospective study of
meat consumption and colorectal cancer risk: an investigation of potential mechanisms underlying this
association. Cancer Res. 2010;70(6):2406-14.

31. Schwingshackl L, Schwedhelm C, Galbete C, Hoffmann G. Adherence to Mediterranean Diet and Risk
of Cancer: An Updated Systematic Review and Meta-Analysis. Nutrients. 2017;9(10).

32. Mathers JC. Folate intake and bowel cancer risk. Genes Nutr. 2009;4(3):173-8.

33. Liu L, Wylie RC, Andrews LG, Tollefsbol TO. Aging, cancer and nutrition: the DNA methylation
connection. Mech Ageing Dev. 2003;124(10-12):989-98.

34. Hou TY, Davidson LA, Kim E, Fan YY, Fuentes NR, Triff K, et al. Nutrient-Gene Interaction in Colon
Cancer, from the Membrane to Cellular Physiology. Annu Rev Nutr. 2016;36:543-70.

35. Giovannucci E. Epidemiologic studies of folate and colorectal neoplasia: a review. J Nutr. 2002;132(8
Suppl):2350s-5s.

36. Moazzen S, Dolatkhah R, Tabrizi JS, Shaarbafi J, Alizadeh BZ, de Bock GH, et al. Folic acid intake
and folate status and colorectal cancer risk: A systematic review and meta-analysis. Clin Nutr. 2018;37(6 Pt
A):1926-34.

37. Fang M, Chen D, Yang CS. Dietary polyphenols may affect DNA methylation. J Nutr. 2007;137(1
Suppl):223s-8s.

38. Amaral CL, Crisma AR, Masi LN, Martins AR, Hirabara SM, Curi R. DNA Methylation Changes
Induced by a High-Fat Diet and Fish Oil Supplementation in the Skeletal Muscle of Mice. J Nutrigenet
Nutrigenomics. 2014;7(4-6):314-26.

39. Sofi F, Abbate R, Gensini GF, Casini A. Accruing evidence on benefits of adherence to the
Mediterranean diet on health: an updated systematic review and meta-analysis. Am J Clin Nutr.
2010;92(5):1189-96.

40. Mitrou PN, Kipnis V, Thiebaut AC, Reedy J, Subar AF, Wirfalt E, et al. Mediterranean dietary pattern
and prediction of all-cause mortality in a US population: results from the NIH-AARP Diet and Health Study.
Arch Intern Med. 2007;167(22):2461-8.

41. Estruch R, Ros E, Salas-Salvado J, Covas MlI, Corella D, Aros F, et al. Primary prevention of
cardiovascular disease with a Mediterranean diet. N Engl J Med. 2013;368(14):1279-90.
42, Salas-Salvado J, Bullo M, Estruch R, Ros E, Covas M, Ibarrola-Jurado N, et al. Prevention of diabetes

with Mediterranean diets: a subgroup analysis of a randomized trial. Ann Intern Med. 2014;160(1):1-10.

43. Couto E, Boffetta P, Lagiou P, Ferrari P, Buckland G, Overvad K, et al. Mediterranean dietary pattern
and cancer risk in the EPIC cohort. Br J Cancer. 2011;104(9):1493-9.

44, Sofi F, Macchi C, Abbate R, Gensini GF, Casini A. Mediterranean diet and health. Biofactors.
2013;39(4):335-42.

45, Di Francesco A, Falconi A, Di Germanio C, Micioni Di Bonaventura MV, Costa A, Caramuta S, et al.
Extravirgin olive oil up-regulates CB: tumor suppressor gene in human colon cancer cells and in rat colon via
epigenetic mechanisms. J Nutr Biochem. 2015;26(3):250-8.

46. Castro-Quezada I, Roman-Vifias B, Serra-Majem L. The Mediterranean diet and nutritional adequacy: a
review. Nutrients. 2014;6(1):231-48.

47. Marcadenti A, Mosele F, Ludwig MS, Heck TG, de Abreu-Silva EO. Diet and Inflammation: Effects of
Macronutrients and Dietary Patterns.

48. Jones P, Cade JE, Evans CEL, Hancock N, Greenwood DC. The Mediterranean diet and risk of
colorectal cancer in the UK Women's Cohort Study. Int J Epidemiol. 2017;46(6):1786-96.

49, Petronis A. Epigenetics as a unifying principle in the aetiology of complex traits and diseases. Nature.
2010;465(7299):721-7.
50. Martinez-Gonzélez MA, Garcia-Arellano A, Toledo E, Salas-Salvad6 J, Buil-Cosiales P, Corella D, et

al. A 14-item Mediterranean diet assessment tool and obesity indexes among high-risk subjects: the PREDIMED
trial. PL0OS One. 2012;7(8):e43134.

51. Shannon OM, Stephan, B.C.M., Granic, A., Lentjes, M., Hayat, S., Mulligan, A., Brayne, C., Khaw, K-
T., Bundy, R., Aldred, S., Hornberger, M., Paddick, S-M., Muniz-Tererra, G., Minihane, A-M., Mathers J.C. &
Siervo. M. Mediterranean diet adherence and cognitive function in older, UK adults: The EPIC-Norfolk study.
American Journal of Clinical Nutrition. in press.

52. Amy LF. Adherence to a Mediterranean Dietary Pattern and Markers of Cardiometabolic Risk:

36



Newcastle university; 2019.

53. Pampaloni B, Mavilia C, Fabbri S, Romani A, leri F, Tanini A, et al. In vitro effects of extracts of extra
virgin olive oil on human colon cancer cells. Nutr Cancer. 2014;66(7):1228-36.

54, Jiang H, Sun L, Hu C, Wang Y. Hypermethylated WNT10A and its clinical significance in colorectal
cancer. Am J Transl Res. 2018;10(12):4290-301.

55. Farkas SA, Vymetalkova V, Vodickova L, Vodicka P, Nilsson TK. DNA methylation changes in genes
frequently mutated in sporadic colorectal cancer and in the DNA repair and Wnt/B-catenin signaling pathway
genes. Epigenomics. 2014;6(2):179-91.

56. Ying J, Li H, YuJ, Ng KM, Poon FF, Wong SC, et al. WNT5A exhibits tumor-suppressive activity
through antagonizing the Wnt/beta-catenin signaling, and is frequently methylated in colorectal cancer. Clin
Cancer Res. 2008;14(1):55-61.

57. Samaei NM, Yazdani Y, Alizadeh-Navaei R, Azadeh H, Farazmandfar T. Promoter methylation
analysis of WNT/beta-catenin pathway regulators and its association with expression of DNMT1 enzyme in
colorectal cancer. J Biomed Sci. 2014;21:73.

58. Zhou Y, Kipps TJ, Zhang S. Wntba Signaling in Normal and Cancer Stem Cells. Stem Cells Int.
2017;2017:5295286.

37



38



Supplemental information

Table of contents

Supplement 1: DNA exactions

Supplement 2: DNA concentrations

Supplement 3: Thermal cycler steps for bisulphite modification
Supplement 4: Testing annealing temperatures

Supplement 5: Quality assurance of PCR products by gel electrophoresis

Supplement 6: Correlations between Mediterranean diet and mean methylation across all CpG
sites of all genes

39



Supplement 1: DNA extractions

The mean concentration for the rectal DNA concentrations is respectively 187.57 ng/ul with an
IQR of 99.3 ng/ul. The lowest and highest concentration measured are respectively, 50.2 and
693.5 ng/pl. The DNA concentrations of all the rectal biopsies are listed in table in the

supplement.
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Supplement 2: DNA concentrations

Table 13: DNA concentration from rectal mucosal biopsies.

ID Concentration (ng/pl)  A260/280 A260/230

051 693.5 1.89 2.25
050 140.4 1.89 2.4
028 107.3 1.75 1.44
003 532.2 1.6 1.6
123 70.6 1.7 1.25
199 127.4 1.78 1.58
022 97.5 1.81 1.85
151 50.2 1.81 1.78
200 150 1.75 1.49
262 83.3 1.86 2.33
263 129.1 1.88 2.32
226 183 1.87 2.27
175 113.9 1.87 2.27
145 55.2 1.89 2.32
142 219.4 1.88 2.21
154 306.3 1.89 2.23
141 96.8 1.85 1.89
P002 154.3 1.87 2.1
239 340.7 1.89 2.23
PO01 88.1 1.72 1.33
247 187.8 1.87 2.05
208 244.4 1.87 2.2
PO12 106.7 1.85 2.12
074 190.3 1.84 1.97
PO77 198.8 1.88 2.17
023 169.7 1.86 2.13
P085 197.4 1.81 1.73
015 159.8 1.84 2.11
241 192.6 1.87 2.03
250 467.4 1.88 2.27
P088 99.9 1.78 1.52
P025 79.2 1.79 1.65
P039 380.3 1.88 2.17
124 64.1 1.83 1.8
096 140 1.86 2.06
257 231.1 1.84 1.83
234 280.2 1.85 2.09
045 107.9 1.84 2.05
P043 106.2 1.84 2.09
008 159.7 1.87 2.14
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Supplement 3: Thermal cycler steps for bisulphite modification

Table 14: Thermal cycler steps

Step Temperature (°C) Duration

1 98 10 minutes

2 64 2.5 hours

3 4 Storage up to 20 hours
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Supplement 4: Testing annealing temperatures

A PCR test run with a temperature gradient from 48 °C to 60 °C was performed for each primer
to test the annealing temperature. For all the primers an annealing temperature of 50.4 °C was
chosen. (Figure 16, Figure 17, and Figure 18)

Figure 16: Image of gel electrophoresis to test annealing temperature for WNT6.

Figure 17: Image of gel electrophoresis to test annealing temperature for WNT5A.
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Figure 18: Image of gel electrophoresis to test annealing temperature for WNT10A.
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Supplement 5: Quality assurance of PCR products by gel electrophoresis

Agarose gel (1%) electrophoresis was performed to verify if each gene of interest had been
successfully amplified in the absence of contamination (Figure 19, Figure 20, and Figure 21)
SYBR™ Safe DNA Gel stain was used to stain the gel for visualisation of the bands. DNA
ladder (New England Biolabs, USA) was pipetted into the first well for reference. 2ul of PCR
product was pipetted into each of the remaining wells. The gel was run at 100V for 30 minutes
with a current of 400. The images of the gels were captured using the LI-COR® (LI-CORE
Biosciences, USA) software.

Figure 19: Image of gel electrophoresis for WNT®6.

Figure 20: Image of gel electrophoresis for WNT5A.
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Figure 21: Image of gel electrophoresis for WNT10A.
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Supplement 6: Correlations between Mediterranean diet and methylation across all
CpG sites of all genes
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Figure 22: Correlation between MD score and mean methylation across all CpG sites for WNT5A,
WNT6, and WNT10A. The upper figure displays WNT5A. The Pearson correlation coefficient was 0.111
and the P-value was 0.494. The middle figure displays WNT6. The Spearman Rho correlation coefficient
was 0.378 and the P-value was 0.016. The lower figure displays WNT10A. The Pearson correlation
coefficient was 0.126 and the P-value was 0.437.
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