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Abstract

Carotid intima media thickness (IMT) is a marker of subclinical atherosclerosis that can predict
cardiovascular events over traditional risk factors. This thesis focused on a chromosome 16 locus
associated with IMT and coronaaytery disease, in order to identify functional variation affecting

protein structure or gene expression, and investigate the role of novel genes in atherosclerosis.

Bioinformatics tools were used to identifariants in strong LD with the lead S&tl tofilter these

to a shortlist of potential regulatory variants. Electrophoretic mobility shift assays on thedess SN
detected allelespecific protein binding to the lead SNP rs488838RDPland implicated the

protein FOXA. Luciferase reporter assaysasdt a 3592% decrease in gene expression with the A
allele. Expressie@TL analysis confirmed associations of the protective allele of rs4888378 with
higher expression dCAR1n vascular tissues. Genotyping and analysis of the lead SNP in the PLIC
cohott of 2144 healthy men and women suggested as@acific effect of the SNP on IMT
progression. Metaanalysis of five cohort studies supported a protective effect of the A allele on

commoncarotid IMT in women only.

As illustrated by this locus, functionadriation often lies in enhancers far from its target promoter.
Circularchromosome conformation capture (4C) was explored to investigate interactions between
enhancers and promoters at this locus, with the aim of capturing regions interacting with r§48883

and theBCARpromoter.

Analysis of exome sequencing data identified a SNBE &R {coding amino acid chand®/6S),

whichwas genotyped in two cohorts (IMPROVE and PLIC). Associations with lower plaque and IMT
were found (wildtype proline form), but dfered between the cohorts and require further
validation.Wild-type and variant vectors were expressed in cells to assess the variant’s effect on
protein function and pathways involved in plaque, showing cells withtyjid protein to migrate

more quichy.

These analyses on regulatagd proteircoding mechanisms implicate BCARL1 in atherosclerosis

and provide new pathways for analysis in the understanding of cardiovascular disease.
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1 Introduction

1.1 Overview

It was said by Aldous Huxley th#é morewe know the more fantastic the world becomes and the
profounder the surrounding darkness Ninety years later, thistatementstill applies to many areas

of science, with the gengts of complex disease no exception. Advances in genetics have uncovered
novel genetic factors behind many conditions, including cardiovascular disease, a wothdvddg,

but these results often raise more questions. Diseases linked to genes with unkmnastion, or

areas of the genome previously thought to be Hanctional, indicate roles for novel genes and
pathways in disease, and for previously uncharacterised genetic regions in regulating gene
expression. There is much yet to discover about the @erity of the human genome, and this

thesis will attempt to explore a part of it in relation to cardiovascular disease.

This introduction will cover the background of cardiovascular disease, including its developraent, th
burden on population health andrategies for prevention and treatment. Risk factors will be
discussed with a focus on new genetic risk factors and a genetic locus associated with caratid intim
media thickness. BCAR1 and related proteins will also be described, which are involvegtuianol
processes that may be involved in the development of plaque, followed by the overall hypothesis

and thesis aims.

1.2 Cardiovascular disease

Cardiovascular disease (CVD) is a general term for diseases of thertteaasaular system that
involvenarrowing or blocking of blood vessels; it comprises coronary heart disease (CHD), stroke,
peripheral arterial disease and aortic disease. CVD is the most common cause of death in the
developed worldand globally, having been responsible for 17.5 million deaths worldwide in 2012
(Figurel). Incidence isising worldwide as populations grow in size, age, and undergo

epidemiological changes that influence cardiovasculaf.risk

Many environmental and behavioural factors for CVD are known to increase risk of the disease, with
the most significant being poor diet, physical inactivity and smdékamyl addressing these risk

factors can reduce incidence. Cardiovasculsease is also known to have a significant genetic
component, and many genetic factors conferring increased risk have been identifiadever,
approximately 90% ohe heritable factors of CVD remain unkndwidentifying factors that

contribute to CVD has aided the development of new treatments and prevention stratggieso
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further reduce the burden it will be necessary to identify additional factors that are invaiveyD
risk. By understanding more of the molecular basis of the disease methods can be developed to

reduce incidence. Part of this will involve discovering the missing heritability of CVD.

Cardiovascular
diseases
37% Diabetes
mellitus
49%

Respiratory
diseases
8%

Malignant Other NCDs
neoplasm 23%
27%

Figurel: Proportion of global deaths agsed by norcommunicable disease, by cause of death, 20ERure
from World Health Organisation (2014).

1.2.1 Coronary artery disease and atherosclerosis

Coronary artery disease (CAD), or coronary heart disease (CHD), is the most common subtype of
cardiovascudr disease, caused by the narrowing and hardening of the arteries supplying the heart
(atherosclerosis). Atherosclerosis is caused by deposition of cholesterol and fats in the argry wal
As these deposits build up, blood flow through the arteries igigted, with two main outcomes.
Narrowing of the coronargrteries reduces the blood flow to the heahgrereduced oxygen supply
forces cardiac muscle to respire anaerobically and lactic acid to build up, causing pain inthe ches
(angina). If atherosetotic plaque ruptures, plaque matrix and foam cells are released into the
plasma, and initiate thrombus formation on contact with platelets. If extensive enough to fully bloc

the coronary artery, this leads to myocardial infarctistopping blood flowd the cardiac muscfe
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Over 40% of cardiovascular disease deaths were caused by CAD in 2012, with thdargednd

cause being stroke

Rupture of clots in other artérs also cause vascular disease: clots in the blood vessels supplying the
brain block oxygen sujhpto the brain, causing strokeand Bockage in the blood supply to the

limbs causes peripheral arterial disease and manifests as pain in the extrémities

1.2.1.1 Pathology of atherosclerosis

The structure of the artery walls comprises three discrete lay@i(e2). The inner layer, the

tunica intima, comprises a monolayer of endothelial cells, and a membrane of collagen and
proteoglycans whicbind it to the media layer. The media consists of smooth muscle cells (SMCs),

while the outer adventitia consists of connective tissue, fibroblasts and smooth muscfe cells

Tunica adventitia

Tunica media

Smooth muscle
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Figure2: Structure of the artery wallThe artery wall consists of three layers: the intima, media and
adventitia. The tunica intima consists of endothelial cellsthednternal elastic membrane. The tunica media
contains smooth muscle cells and connective matrix, and is connected to the adventitia by thaleadi@stic
membrane. The tunica adventitia consists of connective tissue, fibroblasts and smooth muscle cell

Atherosclerosis is instigated with the movement of density lipoprotein (LDL) cholesterol from

the plasma into the blood vessel wall; high circulating LDL levels promote this pfotéss
apolipoprotein B100 (apoBL00) protein that is bound to LDL particles binds to proteoglycans in the
extracellular matrix, trapping LDL particles in the infilnblere reactive oxygen species cause the

oxidation of LDL to oxidised L!2IAt the intima of the plague site endothelial activation can occur,
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in which endothelial cells enter an inflammatory state, activating a defence resjfohsaddition

to high circulating LDL, a number of factors such as hypertefisime radicals increased by

tobacco smokintf and diabete® can cause endothial activation. This encourages monocytes to
adhere to the surface of the endothelium, then migrate into the intima, where they differentiate

into macrophage’s These bind to epitopes on the oxidised LDL through scavenger receptors such as
CD36, and subsequently internalise the partitiehe macrophages are unable to break down the
internalised oxidised LDL, so it gradually accumulates. This causes the transformation of the
macrophages into larger lipiilled foamcells, which are too large to cross back into the lumen; this
begins to form a fatty streak in the vessel wall. Foam cells that die release their lipid conieiots,

can combine to form a lipidch necrotic core.

Migration of vascular smooth musatells (VSMCs) into the fatty streak causes it to increase in size,
which may be stimulated by the inflammatory response in the lé$jieuich as platelederived

growth factor (PDGF) production by activated endothelial ®eNsSSMCs begin to proliferate and

form fibrous tissues, such that a fibrougpd@arms over the lipid coré. Plaques that have a large
necrotic core tend to contain more inflammatory cells and have a thinner fibrous cap, and are
therefore regarded as unstable plaques. Stable plaques have shigilliecores and a thicker fibrous

cap, making them less likely to rupté?e

The physical growth of the plaquefiisst managed by remodelling of the vessel. The overall
circumference of the vessel can initially enlarge to compensate for the increased intima thickness,
allowing blood flow to continuenimpeded Figure3b). However, growth of the plaque beyond a
certain size induces constrictive remodellifgglre3c), with the plaque encroaching upon the

lumen and reducing the area available for blood flow

Figure3: Atherosclerotic plaquegrowth and artery remodelling(a) The artery in its healthy state has
adequate space for blood flob) The formation and growth of atherosclerotic plaque causes enlargement of
the artery, at first without significantly reducing lumen sig.The plaque is sufficiently large to intrugteo

the lumen, restricting blood flow.
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1.2.2 Risk factors for cardiovascular disease

Many variables have been identified which influence the likelihood of developing CVD. Some of
these risk factors are unmodifiable; age, for example, increases risk andsisadhgest predictor for
cardiovascular disea%e Sex is another strong unmodifiable risk factor, with lifetime risk of

incidence and mortality higher fonen than wome#@*24 While men have a significantly higher risk

of coronary heart disease, the risk of certain CVD subtypes such as stroke shows less of aedifferenc
between sexe®. Other strong normodifiable risk factors &rethnicity (even after controlling for

other risk factorsf?"and family histors?, indicating the significance oégetic factors in

cardiovascular risk. The heritability of cardiovascular disease has indeed been found to be

substantial, with premature atherosclerosis in a parent conferringa@dincrease in CVD ridk

While normodifiable risk factors play a significant role in risk, behaaborisk factors are

responsible for approximately 80% of CHD and cerebrovascular di$e@igmrette smoking is a

major behavioural cardiovascular risk factor, doubling the risk okstemd CHD and increasing the

risk of peripheral arterial disease and aortic aneurysm by over 366%moking promotes CVD
through several mechanisms: it increases circulating LDL levels and tmakesticles themselves

more susceptible to oxidation, creating atherogenic oxXf,hcreases the risk of clotting through
elevating levels of clotting factors such as fibrinoeand nicotine increases blood pressure,
increasing the chance of endothelial damage and plaque rugtupdysical activity is associated

with lower risk of cardiovascular disease and mortality, through various processes, including weight

regulation, insuh control, decreases in blood pressure and endothelial funétion

Alcohol consumption is another behaviourisk factor, but an unusual one, in that many studies
have shown a Lor Jshaped curve of association between alcohol and CVD risk, with moderate
consumption of alcohol being atheroprotectifé’. This has been suggested to be a result of raised
high-density lipoprotein (HDL) cholesterol (proposed to be atheroprote®®viower levels of
inflammatory markers and reduced aggregation of platéfetdowever, a Mendelian randomisation
study using genetic variants that predispose to lower alcohol consumption suggested that lower
alcohol consumption always decwsd risk of CHD, suggesting the suggested protective effect of

alcohol may be due to confounding or selection fflas

One of the major modifiable risk factors is hypertension, which is highly prevalent, with 22% of
people being hypertensive globally in 261Hypertension is defined by the WHO World Health

Organisation (WHO) as systolic blood pressure above 140 mmHg or diastolic blood pabssere
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90 mmHd¢~. Hypertension increases the risk of cardiovascular evbgtputting arteries under
increased pressure, increasing chance of injury and promoting atherosctértissresponsible for
at least 45% of deaths due to heart disedskligh blood pressure can be reduced with moderation
of diet (particularly reducing salt intake) and increasing physical activity. A reduction in blood
pressure of 10 mmHg is associated with 246% reduction in cardiomabolic mortality*. Blood
pressurelowering medicatn such as ACE inhibitors have been shtwreduce cardiovascular

events®,

Obesity (defined as body mass index (BMI) > 30 Rgdmd being overweight (BMI > 25 kgfmaise

the risk of CV19, and rising obesity levels have increased levels of CVD, increasing the burden on
health services and causing productivity lo45&sObesity increases cardiovascular risk when
controlling for other risk factors, but also through increasing risk of hyperteftsioul type 2

diabetes®. Diabetes, characterised by hyperglycaemia and glucose intolerance, doubles the risk of

cardiovascular disea3ghrough hyperglycaemic effects on the vascular ti§éue

Blood lipid levels are also strong modifiable risk factors: risk of CVD is increased by raised total
cholesterol and low density lipoprotein (LDL) cholestérdhcreased levels of circulating LDL
particles raise the number of partad entering the blood vessel wall and becoming oxidised,
beginning the atherosclerotic process. Increased circulating triglyceride levels also incredsk risk
has ben suggested that triglyceridéch lipoproteins may activate platelets and promote a{ro
coagulant and prénflammatory phenotyp&. HDL has been proposed as a protective blood lipid,
with higher concentrations associated with decreased cardiovasculaf; tigikvever, Mendelian
randomisation analysisassuggested that this effect may be correlated with other factors rather
than being caus&l. These blood lipids are modifiakiteough changing behaviour such as improving
diet and increasing exercise levels, which decreases risk as ex{jé&tbdt also have a strong

heritable componerff.

As seen above, atherosclerosis is a process wittbagtinflammatory influence, and inflammatory
markers have been linked to CVD risk. For examplea&ive protein (CRP) is an acyiease

reactant that acts as a general marker of systemic inflammation, which has been associated with
higher risk of cardieascular evenf$:®2 For a time, CRP was therefore considered as a variable to
target in reducing cardiovascular i$kout Mendelian randomisation studies failed to demonstrate
a causal role of the protein, suggesting it is a marker rather thansatéactof*. The pre

inflammatory cytokine interleuku® (11-6) has also been shown to be associated with increased risk
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of CHDevents®; in this case, Mendelian randomisation studies have suggesi®datsal in the

development of CHE.

1.2.2.1 Management of cardiovascular risk factors

As the influence dbehavioural factors on CVD risk is so high, procedures to identify people at higher
risk, and interventions to reduce this risk, are an important part of disease prevention. However,
while the health benefits of improved diet, increased physical activitysamoking cessation are

clear and wetestablished%8 persuading poputions to make longerm lifestyle changes can be

difficult.

Methods of reducing risk of CVD would ideally have a large effect and be easy to implement. Statins
are a good example of such an intervention. These drugs inhibit the enzymedeM@ductase,

required for the synthesis of endogenous cholesterol, thereby reducing the amount of cholesterol in
circulation. Statins have been shown to reduce LDL concentration, and with it the incidence of
cardiovascular event$ They are a cheap treatment with relatively few side effé¢tand are

therefore widely prescribed tower the likelihood of CVD for those in highk groups. However,

efficacy is compromised by poor adherence to the treatment prografhime

1.2.2.2 Carotid intimamedia thickness

Markers of disese such as the above inflammatory factors allow potentially more accurate risk
prediction than standard risk factors. A more direct marker of atherosclerosis is that of carotid
intima-media thickness (IMT): a value comprising the thickness of the turticaaiand media layers

in the carotid arteryigure4). It can thus be used as a marker for subclinical atheroscléfokis a
useful marker for large studies and screening, as it can be easily measured using standardised non

invasive ultrasound techniqués

IMT is useful for thetady of CAD risk, having been shown by numerous studies to correlate with
atherosclerosis in the coronary artéfy®, and thus can be used as a surrogate of this measure. Its
value as a marker and sugate is shown by multiple studies that have shown it to be predictive of
incident coronary and cerebrovascular events. Specifically, a metanalysis 68 trials showed

that a 0.1 mm increase in carotid IMT is associated with-8580 increase in risk of Ml and a18%
increase in risk of strok&(Figure5). Carotid IMT therefore acts as both a marker of disease

progression at the time and a risk factor for later events.
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There is some debate over the utility of IMT in improving cardiovasadakain individuals. IMT is
associated with cardiovascular events even when controlling for traditional risk f&&ptsut there

is conflicting evidence about whether it improves individual risk prediction when added to existing
risk prediction algorithnf&. Results from thétherosclerosis Risk in Communitssdy showed
improvement in teryear CHD risk prediction when adding IMT information to traditional risk
factor$. The French Thre€ityStudy found no value of adding IMT to prediction methods, although
it used IMT as measured selectively in plafree areas and presence of plaque remained an
independent risk predictdf. The Carotid Atherosclerosis Progressiam$saw no improved risk
classification when adding IMT to traditional models, although noted it remains predictive for

cardiovascular endpoints

As shown irFigured, carotid IMT can be measured at various segments within the carotid tree: in
the commoncarotid artery, at the bifurcation, and in the internal and external carotid arteries.
Therehas been some debate about which IMT measurements are the most meafingfa

thickness at different segmentsay reflect different stresses and processes; for example, shear
stresses have been shown to affect IMT, and are more likely to affect carotid walls at the
bifurcatiorf® . However, the different segment measurements do not show great differences in their

ability to reflect risk®.

Although its additive value in risk algorithms remains debated, IMT’s use as an atherosclerotic
marker gives it value for genetic studies. The underlying genetic mechanisms that contribute to
increased or decreased IMT are not yet well known. Using asswckitidies to search for loci
associated with IMT, as a marker of subclinical disease, gives more specificity than lookirrg at late

cardiovascular events, and may allow the identification of novel genes involved in atherosclerosis.
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Figure4: Segments of the carotid arteryMT can be measurdd the commoncarotid artery, at the
bifurcation itself, and in the internal and external carotid arteries. Measurements often compesadan
value of all measurements at a segment, or the maximum value.

A Hazard ratio (HR) for MI per 0.1mm difference in CCA-IMT, adjusted for age and sex

Study HR [95% CI] n Data source
Atherosclerosis Risk in Communities Study (ARIC) 1.13 [1.10-1.17] 13204 - unpublished data
Cardiovascular Health Study (CHS) 115  [1.10-1.22] 4476 —— O'Leary 1999 (5)
Rotterdam Study 1.19 [1.12-1.26] 2267 - Del Sol 2002 (7)
Maimé Diet and Cancer Study subcohort (MDCS) 1.23 [1.14-1.33] 5163 —_—— Rosvall 2005 (10)
Carotid Atherosclerosis Progression Study (CAPS) 1.1 [1.05-1.17] 5052 — Lorenz 2006 (12)
TOTAL 145 [.121.47] 30162 &
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12 for heterogeneity 42.5%

Hazard Ratio (95% CI) per 0.10mm IMT difference

B Hazard ratio (HR) for stroke per 0.1mm difference in CCA-IMT, adjusted for age and sex

Study HR [95% CI] n Data source
Cardiovascular Health Study (CHS) 147 [1.12-1.23) 4476 —.— O'Leary 1998 (5)
Atherosclerosis Risk in Communities Study (ARIC) 1.21 [1.17-1.25] 14165 -.- unpublished data
Rotterdam Study 1.147 [1.09-1-26] 5479 —- Hollander 2003 (8)
Malmé Diet and Cancer Study subcohort (MDCS) 1.20 [1.08-1.33] 5163 ———— Rosvall 2005 (11)
Carotid Atherosclerosis Progression Study (CAPS) 1.10 [1.02-1.19] 5052 | ——— Lorenz 2006 (12)
TOTAL 1.18 [1.16-1.21] 34335 <>

I* for heterogeneity 28.2% 0.4 1 1 a2 14

Hazard Ratio (95% Cl) per 0.10mm IMT difference

Figure5: Forest plas for hazard ratios (HRs)er 0.2mm difference in commorcarotid IMT, adjusted from
age and sexFigure from Lorenz et®lAn increase in 0.1 mm increases the hazard ratio for Ml and stroke by
15% and 18% respectively.
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1.2.4 Identifying new genetic risk factors for CVD

Approaches used to determine the genetic basis of disease are dependent on the péttern o
inheritance the disease displays. Diseases inherited in a Mendelian fashion suggest a single causal
gene with a strong effect on phenotype; for these conditions, family linkage studies and direct DNA
sequencing have been successful in finding the cayggas. An early cardiovascular example is that

of familial hypercholesterolaemia (FH), a genetic disease characterised by high circulating LDL
cholesterol, and consequent early cardiovascular dis€a¥be majority of cases are caused by loss

of function mutations in the lovdensity lipoprotein receptorl(DLRRgene, encoding the receptor

that removes LDL from thglood circulatior?®. In 1985, direct sequencing of th®LRyene in a

patient with homozygous FH was ugeddetecta deletion of several exonwhich left the LDLR

protein without membranespanning or cytoplasmic domains, abolishing its function and causing

high LDL in the plasrffa

Family linkage analyses have also been used to uncover the basis of heart disease disorders. Subject
in a large family with familial hypertrophic cardiomyopathy were genotyped for numerous DNA
markers throughout the genome, pinpointing a locus on chromosome 14 that was coinherited with

the condition, afterwards identified as the beta cardiac myosin heaay?°-°%

The simple genetic basis of such Mendelian diseases allows these detection techniques to be carried
out, as the disease state is generally easy to recognise and the inheritance pattern is simple.
However, the geneticsehind most cardiovascular diseases are much more complex, involving many
genes of smaller effect and interplay with environmental factors. The common disease/common
variant (CD/CV) hypothesis proposes that genetic variants which are present at rekaitiely

frequency in the population, but with small effect on phenotype, are significant contributors to
common diseasé$ Rare variant®f small effect, while they are also likely to be involved in disease,

are difficult to detect using association studies due to lack of ptiigures).

The CD/CV hypothesis may be particularly relevant for CAD, which is likely to occur latet is life. |
therefore likely to have little effect on fithess until after reproductive age, and vara@ontierring

greater risk of CAD less likely to have been reduced in frequency due to selection pressure. This is
especially applicable for CVD, whose impact has grown substantially in recent decades, fuelled by
worldwide demographic and lifestyle change®lapping common variant lomvolved in disease

requires a different approach, made possible by the advent of genwitde association studies.
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Figure6. Genetic variants by risk allele frequency and strength of genetic effEigure from Manolio et &f.
Rare alleles that cause Mendelian disease are easy to identify due to their ptrengtypic effect and simple
inheritance pattern. Variants with small effect can be identified using geneitie association studies if thie
are sufficiently common in the population; rare variants with small effect are very difficult eztatariants
with a strong effect on disease are unlikely to also be common due to selection pressure.

1.2.5 Genomewide association studies

Genomewide assodition studies (GWAS) are a hitiinoughput method of scanning genetic

markers across the genomes of many individuals, to look for genetic variants that associate with a
particular disease or trait. They were made possible after the completion of the HGe@aome

Project in 200% and the Internatimal HapMap Project in 208% which provided a reference

human genome and a map of over a million SNPs in the genome.

Thedevelopment of higithroughput genotyping technologies, particularly genotyping platforms
from Illlumina and Affymetrix, allowed large numbers of SNPs to be genotyped at a low cost. These
genotypes can be combined with phenotype data to carry out hundoétisousands of SNP

phenotype association tests across the genome. SNPs that show a strong association are likely to
indicate a genetic locus with an effect on the phenotype. The associatiaiups are often plotted
against chromosomal location as a Maittian plot Figure7), allowing associated loci to be

identified. To detect variants of small effect, large cohorts are needed; the relatively low ¢bst of
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highthroughput genotyping platforms allowed genotyping to be carried out in large numbers of

samples.

:i g 6 5 8 9 10 lll ]I2 13 1415|1719 |21| X 0 Position on chromosome 9
Chromosome 16 18 20 22

Figure7: Example of a Manhattan plot for a genomegide association studyFigure from Manoli§’. The—

logio p-values of the association test for each SNP are plotted against their chromosomal locatiomgA st
association can be seen by its smaligtue. Here a locus on chromosome 9 is implicated in the phenotype.
The second graph shows a smaller section of chromosome 9, showing the positions of the two mght stro
associated SNPs.

GWAS ifacilitatedby linkage disequilibrium (LD), the noandom association of alleles at different

loci in the genome. According to Mendel’s second law, the alleles of different variants are idherite
independently®. However, in some cases the genotypes of variants are correlated, with certain
alleles more likely to be inherited together. This can happen when two variants are located in close
proximity on a chromosomeRecombination events during meiosis progressively reduce contiguous
chromosomal regions in a population, but variants that are closer together or have fewer
recombination hotspots between them are more likely to remain as unbroken regions, with their
alleles being inherited together. Recombination events shorten the length of these regions over
time. Genotyping every variant in the genome would be unfeasible in terms of time and cost, but the
LD blocks in the genome allow one genotyped variant to actas ar proxy to determine the allele

of SNPs in I*f) In this way many more variants can be effectively genotyped than those that are

directly assayed.

Clearly defined phenotypes are needed in GWAS to effectively characterise pathogenic variants.
Unambiguous phenotypes that are easy to measure such as heiglaealewhereas

heterogeneous phenotypes that are hard to accurately measure, or vary in onset, decrease the
power to detect associatioh®. Where there is room foambiguity in phenotype measurements,
measurement protocols should be standardised and quality controlled to increase accuracy and

reproducibility of the results.

34



One issue for GWAS interpretation is that association testing for each genotyped variatstiresul
hundreds of thousands or millions of statistical tests being applied across the genome. To avoid the
thousands of false positive associations that would thus be expected due to type | error, acstatisti
correction for multiple comparisons is uséthis is often the conservative Bonferroni correction, in
which the alpha value is divided by the number of tests, giving a much smaiduethreshold for
significance®. A threshold pvalue of 5x16 is often used as a standard for GW®&SAn alternative

to the Bonferroni correction is the false disewy rate (FDR) method, in whickvplues are used to

correct for the number of significant results that are false positifes

1.2.5.1 GWAS examples

One of the first GWAS identified the Complement Faktgene as a major risk factor for age

related macular degeneration (AMD), locating the variants and finding the biological basis for the
associatio®’®. The authors carried out a genome wide screen of over 100,000 SNPs in AMD cases
and controls, locating an associated intronic SNP in the complement factor H (CFH)rggo&tar

of innate immunity. Exome resequencing identified the variant with the strongest association; a non
synonymous SNP coding for a tyroshistidine change in the gene. It was later shown that protein
with the risk variant has reduced binding ta€active protein, heparin and retinal pigment

endothelial cell¥,

After the first studies, the pace of GWAS publications increased rapidly as the cost of perfdrening t
genotypingdecreased. One of the first large GWAS for cardiovascieask was carried out by the
Wellcome Trust Case Control Consortium in 2007, genotyping 17,000 subjects to look for
associations with seven common dised8eS he study identified a locus on chromosome 9p21 as
strongly associated with CABigure8), with a signhal so strong that the finding was independently
reported by three other studies within a short timefrati&'%®. The 9p21 locus is ttstrongest and

most wellreplicated cardiovascular GWAS hit, yet still one that is still not well understood: the
region contains no known proteicoding genes, and the functional variant has not been
characterised®. The GWAS also looked for associations with other diseases, including the
cardiovascular risk factors type 2 diabetes (T2D) and hypertension. Three loci were found for T2D,
but nonewere foundat genomewide significance for hypertension. This may be dum&alequate
tagging of functional variants by the genotyping arrajernatively, it may be the case that the

effects of individual blood pressure loci are smaller (compared to an OR of 1.47 pefoaltbée

CADlocus), such that larger sample sizes are required to detect tlagioh that inappropriate
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selection of cases and controls may have reduced power to detect associéttioarsindeed been
suggested by later studies that variants for hypertensare likely to have smaller effect sizes than
those for CAF®, and later studies using larger sample sizes and continuous blood pressure

phenotypes have uncovered numerous new18¢it%

Coronary artery disease
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Figure8: Manhattan plot showing association signal for coronary artery disease at the 9p21 ldegisre
from Wellcome Trust Case Control Consorfitin The chromosomal piin of each SNP is plotted against
logio of the association {value, so that larger numbers indicate a stronger signal.

Another landmark in cardiovascular association studies was a 2010amalgsis of over 100,000
subjects, identifying several locisaxiated with blood lipids (total cholesterol, l-Eiolesterol, HDL
cholesterol and triglyceride®®) Some of the loci identified were novel, while others were located by
genes prewvausly known or proposed to be involved in lipid metabolism, supporting these previous
findings. Many were also associated with CAD risk, demonstrating the significance of blocd lipids

particularly LDEas a cardiovascular risk factor.

Large GWASuch & those describedise genotyping chips that cover as many variants as possible
across the whole genome. On the other hand, once a locus has been identified, genotyping
strategies that densely cover the locus of interest are valuable in order torfapete association
signal to a smaller region. As the creation of lespscific genotyping arrays is expensive, many-fine
mapping strategies use targeting genotyping arrays for a certain disease or trait, such as thie iSele
Collaborative Oncological Gegevironment Study(iCOGS) array for cané&rand the ITMAT
Broad_CARe (IB&and lllumina CardioMetabochip (“Nbochip”)**for cardiovascular, metabolic

and inflammatory traits.

The IBC array has beased to follomup on previous blood pressure and hypertension GWAS results
to confirm previous blood pressu@ssociated loci, and identify two new loci at known candidate
genes KIDM4andHRH)*°, Associated SNPs at tMOM4locus showed associations with

expression of théMDM4 gene. The array has also been used to identify new signals for central

adiposity*°,
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More recently, the Metabochip was designed for the study of @Adtype 2 diabetedsk lociand
quantitative risk factes associated with these traitcludinglipid levels and blood pressuréY.

There are pproximately 200,000 SNipsesent on the arraytheseare concentratedat risk-

assogated locito permitdensefine-mappingof GWASssociation signals, witidditional content

based on nominal associations from GWAS studi@sovide costeffectivereplicationstudies

Willer and colleagues followed up on the 2010 blood lipid regtalysis by conducting a meta

analysis using cohorts genotyped with both genomic arrays and the MetaB#tHipis approach
facilitated the discovery of many new lipegsociated loci and firmapped previously known loci to
separate the strongest assiation signal from a larger region. Fim@&pping was aided by using
samples from multiple ethnic groups, in which patterns of LD differ, leaving different SNPs th LD wi

the functional variant.

Further studies on cardiovascular events have used greatertsizes and improved genotype
techniques to further refine known signals and identify new loci. The CARDIo@RAMEry ARtery
Disease Genome wedReplication and Metanalysis) consortium combines information from many
large genetic studies to idefigyi CAD and Ml risk loci. A large meatzalysis in CARDIOGRAM

identified 13 new loci associated with CAD and confirmed 10 otHefi$e majority of the new loci

were not associated with traditionalsh factors, nor were they located in previously implicated
regions. Deloukas and colleagues used the Metabochip in the CARDIOGRAMplusC4D consortium in
order to finemap confirmed loéi A further 15 CAD loci were identified, along with loci also
associated with blood pressure and lipid traits. Network angligientified lipid metabolism and

inflammation as biological pathways important for CAD pathogenesis.

1.2.5.1.1 Carotid intimamedia thickness association studies

Carotid intimamedia thickness is another attractive phenotype for association analyses, being both
arisk factor for cardiovascular events and a marker of atherosclerosis/subclinical disédse

ease of measurement using a standardised protocol allows unambiguous phenotyping of numerous
subjects and therefore greater study power. A matzlysis of GWAS in theohorts for Heart and

Aging Research in Genomic Epidemiol@iARGE) consortium identified three loci associated with
commoncarotid IMT ZHX2APOCHANdPINX}, and two with plaqueRIK3C@nd EDNRJR!E The

genes identified are involved in LDL m@blism, endothelial function and platelets. These distinct
signals shown between the phenotypes indicate the interplay of numerous different pathways,

although it should be noted that the definition of plaque differed between the included cohorts.
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Ascan was later performed using the Metabochipay. The scamwascarried outin the European

Cardid IMT and IMIProgression as Predictors of Vascular Events (IMPROVE) cohort, a longitudinal
multicentre observational study designed to look at IMT as a risk pretfittdhe study identified a
novel locus on chromosome 16 as robustly associated with IMT andT@ainor Aallele of the

lead SNP (rs4888378) was protective, being associated with lower carotid IMT and CRiQuisk (

9).
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Figure9: Manhattan pbt of association pvalues for IMT in IMPROVEigurefrom Gertow et af*°. Pvalues

are aljusted for age, sex and population substructure. The lead SNP at the association signal, rs4888378,
shown in green on chromosome 16. This is the only signal crossing teadtddor arraywide significance
(indicated by the red line).

This signal wagresent at a novel locus for cardiovascular phenotypes, and hence was not a
Metabochip candidate region covered densely by the chip. There was no clear candidate gene at the
locus. The lead SNP is located within intron 6 ofGR®P {craniofacial develament protein 1)

gene; located upstream are the genEMIEM170Atransmembrane protein 170A) af@HST6
(carbohydrate (Nacetylglucosamine-®) sulfotransferase 6and downstream arBCAR{breast

cancer antiestrogen resistand® CTRB{chymotrypsinogen B1EL,TRB2chymotrypsinogen B2),
ZFPXzinc finger protein 1) andDH(lactate dehydrogenase DFigurel0).

Many of the genes at the locus aretryet wellcharacterisedCFDPis known to be expressed
widely in the embryo, but it is specifically involved in the development of té&fAMEM170Acodes
for a transmembrane protein that localises in the endoplasmic reticulum and nuclear envelope. Its

expression promotes the formation of endoplasmic reticulum sheets and nuclear pore complexes

BCARtodes for an adaptor protein with roles in signalling pathways for cell adhesion, migration

and mechanical stress, and is described further in sedtidrCHST6odes for an enzyme that

38



catalyses the transfer of sulphate to keratin in the corrié&eratan sulphate is necessary for
maintenance of corneal transparency, and mutation€hST@re associated with macular corneal
dystrophy?%. CTRBAnd CTRB2ode for chymotrypsinogens, serine proteases secreted into the Gl
tract as precursors of the digestive enzymes chymotrygsi@ FP kodes for a zinc finger protein
which has been suggested to be involved in transcriptional regufdtiddibHDcodes for an enzyme
catalysing the conversion of lactate to pyruvate. It is widely expressed, with the highest levels in

kidney and livelP®.

Expression data from th&dvanced StudyfcAortic Pathology and Biobank of Karolinska
Endarterectomies studies revealed differences in expressiat@EM1704Ay rs4888378 allele, and
nominallysignificant differential expression BCAR&And LDHDO(Figurell); it therefore appears

that the functional variation may be affecting expression of onenoreof these genes.

rs4888378

|

LDHD ZFP1 CTRB2 CTRB1 BCAR1 CFDP1 TMEM170A CHST6
—_—

50kb

FigurelO: The position of the lead SNP rs4888378 in Gertow aalfeagues’ carotid IMT scaiThe SNP is
located in an intron at the 3’ end GFDP1Gene coordinate data is from UCSC Genome Brétfiser
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1.3 Moving from GWAS loci to functional variation using genoraitnotations

GWAS have identified numerous novel genetic associations with disease, but the majority of these
have yet to be translated into clinically useful informatiénaside from the incomplete knowledge

we have regarding the full functions of human ggroducts, the majority of GWAS do not identify

the causal variants. ldentifying these variants is critical in understanding how a locus is inrolved
molecular pathways which contribute to disease pathology. The ideal analysis will determine how a
variant exerts an effect at the molecular level; for example, disrupting the action of a promoter,
enhancer or silencer. A nucleotide change may affect the binding of a transcription factor which
drives expression of a gene, and finding out which transcrigéotor is affected may provide clues
about which pathways are involved. Knowing this informatidar example, that an inflammatory
pathway is involved may allow the discovery of novel factors that are involved and interact with
risk of disease. ldenidfation of regulatory elements may also implicate certain tissues in the disease

process.

Part of the problem in the search for causal variants is the issue of linkage disequilibriumt while
allows for the tagging and analysis of hundreds of thousandsmfobed variants, it also presents a
problemfor finding the actual genetic change that causes the effect. When a variant identified by
GWAS is in LD with many other SNPs, strength of association is not a useful instrument to diistinguis
between them: tie correlation between genotypes means all variants will show a similar association.
In order to assess the likelihood of functionality for these SNPs, other approaches must theeefore b

used.

Genomic annotation data can be used to study a genetic lodhsawiiew to determining which

variants are most likely to be causing an effect on phenotype. The ENCODE (Encyclopaedia of DNA
Elements) Consortium aims to document the functional elements in the human géffomapping
information relevant to genetic regulation such as transcription, transcription factor binding,
chromatin structure and histee modifications. These annotations allow the evaluation of likely
functionality of regions of the genome; indeed, ENCODE claimed to have assigned biochemical
function to 80% of the genom#&, although the magnitude of this claim has been met with
controversy®*131 Nevertheless, variants that lie in regions undergoing regulatory activity, as
assessed by these regulatory marks, are more likely to disrupt processasixpression. Such

data can therefore be used to judge the likely functionality of variants identified by GWAS. The NIH

Roadmap Epigenomics Mapping Consortitfs another publicly available resource of human
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epigenomic data, focusing on stem cells and primary tissues to map epigenetic marks such as

histone modifications and chroatin features.

The UCSM@iversity of California Santa Cruz) Genome BroWdacilitates visualisation of ENCODE
and Roadmap annotations across the genome by displaying the data as tracks mapped to the
genome sequence, allving easy comparison of regulatory activityati of interest. The genome
browser can be used to gain an overview of the regulatory and structural landscape at a locus, and
make inferences about variants and their likelihood of affecting regulatorgisssto directly

compare variants’ regulatory potential, online tools such as HapfédRagnmarise relevant
annotations from these databases. At present there is no conclusive tool to rankaddmy variants

by likelihood of functionality, but programs such as Regulom&@aBd CADB* provide their own

systems of rankingsing annotations from ENCODE and RoadMap.

Assessing likelihood @ifinctionality for variants in protebgoding regions is more straightforward

than for those who are intronic and intergenic. Variant effect is likely to depend on synonymous or
non-synonymous hature of the base change, the properties of the original ancangno acid

coded for, and the position of the amino acid in the protein. Stafid PolyPhen?’ are examples

of algoiithms that compare these variables, assessing factors such as residue conservation, charge

and hydrophobicity.
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1.4 BCAR1

As discussed in Secti@r.5.1.1 the chrom@ome 16 locus found to be associated with carotid IMT
contains multiple genes, one of whichbigeast cancer anibestrogen resistance(BCAR)L As will be
discussed, gene expression data and sequencing analysis carried out in this thesis id&QAfRD

as the main gene of interest for IMT associations at the locus, and further work concentrated on
identifying the role of this gene and variants within it in intimadia thickness and atherosclerosis.
The BCAR1 protein has been well studied and is knowaye roles in many molecular processes,
(Figurel?2). In this section the known functions of the gene and protein will be discussed, along with

their possible involement in atherosclerosieelated pathways.

BCARL1 is also known as Cas-&Sdociated substrate) or p130cas. It was identified in 1989 as a 130
kDa protein associating with the adapter protein Crk (CT10 (chicken tumour virus number 10)
regulator of kinasephat was highly phosphorylated on tyrosine residues on transformation with v
Src and yCrk oncogenéé€®, It isan essential protein in development, with mouse knockouts being
embryonic lethaf®. Mouse embryonic fibroblasts (MEFs) without the protein have disorganised
actin stress fibres and defects in cell migration, implicating the protein in cell motility amdiacs

arrangement®,

It does not have a kinase domain, but its many conserved sequence motifs and many post
translational modifications suggested that it was amjpter protein“®. These proteins tend not to
have enzymatic activity, as is the case with BCAR1, but instedain interaction domains that link
binding partners to create larger signalling complexes. Its structure is similzattoftother adapter
proteins, such as DOK1 (downstream of tyrosine kinase 1) and Gab-&&&B&ated binding
protein), with a weldefined domain in the Merminal region and a large-®€rminal region with less

definition'%,
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Figurel2 Signalling netvorks involving BCAR1 (p130caBgure fromDefilippt“2. Proteinssuch as integrins,
receptor protein tyrosie kinases, oestrogen receptors angfdtein coupled receptors regulate BCAR1
through formation of a complex with Src and tyrosine phosphorylation. BCARL1 recruits proteingadteact
downstream pathways, regulating cell survival and moven@aphosphondtion of BCAR1 stimulates its
cleavage and contributes to cell death.

1.4.1 BCAR1 structure

BCARL1 consists of SH3 {svmology3), prolinerich, substrate, seringich and @erminal domains
(Figure13). The SH3 domain binds FAK (focal adhesion kifi3$eYK2 (protein tyrosine kinasé*?)
and C3&", and is fundamental for the localisation of BCAR1 to focal adhé&iansl its ability to
disassemble theit’. Following the SH3 domain is a protimeh region of about 40 aa, to which no

known function has yet been attributed.

The substrate domain is approximately 300 amino acids in length and contains the major sites of
tyrosine phosphorylationyhich are 15 repeats of a YxxP amino acid sequéh&rehomology 2
(SH2domaincontaining proteins bind the phosphorylated tyrosine residues in this sequence. 9 of
the repeats are a YDxP sequence, which best matches the bimditifg for the SH2/SH3 adapter

proteins Crk and Nck, with which it birtéfs The serinegich domain follows the substratdomain,
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forming a fourhelix bundle which acts as a proteimteraction motif similar to that found in other
adhesionrelated proteing®*®. The large @erminal domain contains little structural definition, but is

known to bind to SFE°, which is responsible for YxxP phosphorylation in the substrate déthain

Pro-rich VP repeats Ser-rich

74-87 422-443
Substrate
115-416

C-terminal
443-870

Figurel3: Protein domain structure of BCARThe protein is largely composed of an SH3, prdiicie,
substrate, seringich and @erminal domain. The major postanslational modificationsacur in the form of
phosphorylation of tyrosine residues in the substrate domain.

1.4.2 Cas family members

BCARL1 is part of the Cas protein family, whose members have high structural homology and
conserved binding domains. However, their roles, tissue expreasidtissue distribution vary.

While BCARL is expressed ubiquitouBlgF1/Cak (humarenhancer of filamentation/Crk
associatedsubstrate in lymphocyte) is expressed in epithelial and nervous tissues and is involved in
mitosis®t, Efs/sin (embryonic fyn substrate) is expressed largely in the embryo and placenta but is
also active in skeletal muscle and the btéinand has antinflammatory functions in T

lymphocyte$®:. HEPL (HEfEfsp130cadike) was identified due to its structural similarity to the Cas

family and is expressed in primary tisst¥és

1.4.3 BCAR1 localisation

BCARL1 is ubiquitously expressed throughout the B3dyhe gendissue expression browser (GTEX)
shows it to be highlgxpressed in artery tissue, particularly the adttgFigure14). The Human
Protein Atlas also reports that it is expressed highly in telomeirageortalised microvascular

endothelial cell¥,

Its subcellular localisation is concentrated largely at the plasma membrane and in the cytoplasm,
with some present at nucleoli, focal adhesions and stress fitirésnphosphorylated BCAR1 tends
to be cytosoli¢*, while ligandinduced tyrosine phosphorylation causes it to translocate to the cell
membrané*’, where it localises in focal adhesions (FAs) with other FA proteins, suchkasabes

Src, FAK and PYK2 and the adapter proteins Crk aftf.Nck
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BCAR1 Gene Expression
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Figurel4: BCARExpresson in different human tissuesBCAR1s expressed ubiquitously, with the exception of whole blood, with particularly high expressian in
cerebellum aorta and kidney cortex. Data from GTEx (GEssue Expression Browsér)



1.4.4 BCAR1 at focal adhesions

BCARL localises at focal adhesions with the other focal adhesion proteins FAK, paxillin atd tensin
Focal adhesions are large protein complexes that link the extracellular matrix (ECM) to the cell's

internal actin cytoskeleton. They act as both a physical anchor and a transmitter of signalsérom th
ECM to internbsignalling pathways, and thus can translate mechanical forces into signals affecting

cell behaviour.

Focal adhesions are important for the maintenance and modification of cell shape. They frequently
undergo assembly and disassembly, particularly in ngpgé@ils that are constantly making new

connections. BCARL is important for focal adhesion assembly and disassembly: mouse embryonic
fibroblasts (MEFs) without BCAR1 show slow FA disassembly which is restored with addition of the

proteint47:1%8

The physical link between the extracellular and intracellular spa@esated by integrins, which

*% Vv $Z oouu Ev =« Z 3§ E} Ju E3Higurelsy). ThedoBEJtalytic «
cytoplasmic domains associate with adaptor proteins like BCAR1 to transmit signals from & ECM
Integrin complexes link tthe actin cytoskeleton through actiregulating proteins such as vinculin,
paxillin and talit®. It was recently demonstrated that phosphorylated BCARL is linked to the actin

cytoskeleton through tensint4?, which drives cell migration.

Adhesion to proteins in the ECM such as fibronectin and vitronectin activate integfimslating
phosphorylation of BCAR1 and the other FA proteins FAK, paxillin and‘ter&ical adhesions are
also involved in growth factor signalling; both integdnd growthfactor-mediated phosphorylation

are discussed in Sectidrd.5
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Figurel5: Integrins and VEGFeceptar signalling at focal adhesiongigure from Ngalim et &* X - and t-
subunits of integrins bintb proteins in the ECM, activating cascades involving the phosphorylation of BCAR1
(p130cas).

1.45 Phosphorylation of BCAR1

BCAR1 is largely regulated by phosphorylation and dephosphorylation, at either tyrosine or
serine/threonine amino acids. The main form is tyrosine phosphorylation, particularly the tyrosines
of the 15 YxxP repeats contained in the stuéte domain. BCAR1 is tyrosipeosphorylated on
stimulation with growth factor¥", activation by integrin§®and peptide hormone ligands for G

protein coupled receptors (GPCRS)

Growth factorinduced tyrosine phosphorylation of BCARquires the presence of Sf& Growth

factors that stimulate phosphorylation of BCAR1 do so through activation of their respective protein
receptor kinase ligands. VEGF (vascular endothelial growth factor), the main chemotactic and
angiogenic factor in endothelial cells, induces phosphonytatif BCAR®S, its stimulation of

endothelial cells causes type 2 VEGF receptors to translocate from cave&da@altadhesions and
stimulate signalling cascadé&$ Other growth factors that stimulate BCAR1 phosphorylation are
FGF2 (fibroblast growth factor'®}, PDGF (platelederived growth factorf®, EGF (endothelial

growth factor}’®and IGFL (insulinlike growth factor 1)%. Src directly carries out growfiactor

induced phosphorylation of BCAR and FAK is an portant upstream activator involved in this

process’?

The other main initiator of tyrosine phosphorylation is integrin activation. As detil8ection
1.4.4 BCARLI1 forms a protein complex at focal adhesions with integrins, where it undergoes tyrosine
phosphorylation in response to cell adhesion. When the cell adheres to ECM proteins such as

fibronectin and vitronectin, integrins are activated to phosphorylate FAK and p&Xiliensirt’#and
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BCARY?3, This stimulation of phosphorylation by different extracellular proteins allows theakigg
cascades to be regulated according to the status of the ECM. As with gliestdninduced
phosphorylation, integriimediated BCAR1 phosphorylation is-@ependent’s. Tyrosine
phosphorylation of FAK, Src and BCARL1 is required for the functioning of focal adfiesiods
tyrosine phosphorylatioiis so abundant here that arghosphotyrosine antibodies are used to mark
focal adhesions in immunostainii§ BCAR1 and FAK phosphorylation occur in association with the

formation of actin stress fibré®,

Serine/threonine phosphorylation of BCAR1 occurs to change the interactions of BCAR1 during
mitosis. Focal adhesions disassemble in order to let cells change shape and lose attachments to the
other cells and the ECM. Serine/threonine phosphorylation and tyrosine phosphorylation of BCAR1

allows the complex to disassemble, and the process is reversed after mitotic diVision

BCARL1 tyrosine phosphorylation is key in controlling organisation of the cytoskeleton, which
facilitates cell attachment, migration and invasi&hosphorylated tyrosine residues in BCARL1 are
recognised by SH@maincontaining proeins such as Crk and Bfcinteraction with proteins in

the Crk family (Crkl, Crkil and CrkL {{Rekprotein)) are essential to these downstream proce¥$es
These interactions depend on phosphorylation of both proteins, with phosjétary of the Crk

proteins being mediated by the nereceptor tyrosine kinase ABY.

Sremediated tyrosingohosphorylation causes the assembly of a complex of BCAR1, Crk, DOCK180
and ELMO at focal adhesion sites, which activates the GTPd&& Ris causes actin

polymerisation which is needed to form lamellipodia and membrane rdffles

Phosphorylated BCAR1 also forms a scaffold for thecatalytic region of the tyrosine kisa Nck in
these membrane ruffles, forming a complex involved in linking growth factor signalling to the actin

cytoskeletori®?,

1.4.6 BCARIn mechanosensing

BCARIs affectednot onlyby chemical signals but mechanical foré®rces such as endlial

shear stress regulate expression of growth factors such as VEGF and PDGF, which stimulate
BCAR¥?, but also directly influence tyrosine phosphorylation of BCAR1 itself without acting through
Src family kinase activif§?. Directly stretching of the cell and the BCARL1 protein increases tyrosine
phosphorylation, suggesting this force exposes suitablestgeoresidues for phosphorylatii.

Mechanical force can therefore be transduced into the BCARL signalling cascades.
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1.4.7 BCAR1 in blood vessel tissues

BCARL1 and the focal adhesion complex are known to be involesdiathelial migratiof™.
Growth-factor-dependent endothelial migration redues tyrosine phosphorylation of BCAR1 and the
presence of the coreceptor neuropititt®®. Growth factors that are important to the function of
endothelial cells, such as VEGF, have been shown to stimulate BCAR1 phosphorylation in these
cell$®, As the cell types present proximal to the lumen of the blood vessel, it is endothelial cells that
mainly experience fluid shear stress, with this stress increasing phosphorylation of BCAR1
Phosphorylation of BCAR1 has been shown to differ depending on whether the protein is located at

focal adhesions upstream or downstream of blood fithw

Vascular smooth muscle cells (VSMCs) are the other main constituent of the blood vessel wall,
where they predominantly show the quiescent, or contrisctphenotype. BCARL1 is needed for the
contraction of VSMCs through actin polymerisatfénAfter vascular injury, a healimgsponse is

activated and growth factors such as PDGF and VEGF released,; this triggers VSMCs to change to the
migratory/proliferative profile, allowing them to migrate to repair the dam&g&his process is
necessary for wound healing and vascular development, but can alsanh&gihg in the context of
atherogenesis. As an atherosclerotic lesion forms, oxidised LDL promotes an inflammatory response
in the lesion, activating the migratory response of VSMCs and causing the lesion to thieesn.
growth-factor-stimulated migratoy responses are mediated through BCAR1, and deletion or
dephosphorylation of BCAR1 from VSMCs decreases the migratory re$pobken and colleagues
showed that the expression and phosphorylation of BCARL1 directly promote formation of neointima
after arterial injury, and that vascular injury modulates this phosphorylation. Téweglude that

BCAR1 may be a potential therapeutic target for vascular dis€ase

1.4.8 BCAR1in disease

The phenotype of knockout mouse models (impaired cardiovascular development and impaired
actin organisation) shows the importance of BCAR1 in cardiovascular prdé&dmesdditionto the

roles in blood vessel tissues described above, BCARL1 plays a role in myocytes in regulating
organisation 6the sarcomeré®, It is also involved in pulmonary arterial hypertension (PAH): BCAR1
expression and phosprylation was higher in endothelial and smooth muscle cells of people with

PAH, causing more proliferation and migration of ¢&lis

BCAR1 also has many known interactions with cancer. It was namaask cancer anibestrogen

resistance for the fact that its overexpression confers resistance to-aestrogens such as
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tamoxifen in ERpositive ieast cancer celt®. In breastumours, high levels of BCARL are

associated with poorer tamoxifen response and decreased sultfivdilencing of BCARL in breast

carcinoma cellf vitrodecreased their invasive potential, suggesting it promotes breast cancer
progressiot®. Furthermore, it is involved more generally in many processes important to cancer: it
increases the invasive potential fctransformed cells, with associated increased tyrosine
phosphorylatiod®U 13 ( ]J0]3 8§ « §Z & % E ++]}v }( Praddisbr¢akddpwps§dlv C d'&

important for regulation of programmed cell death

It can be seen that BCARL is involved in a wide variety of functions and cell types implicaged in th
development of atlkerosclerosis. Genetic variants affecting its expression or structure may have the

capacity to disturb these processes and affect the development of atherosclerosis.

1.5 Aims and hypothesis

The hypothesis of this thesis is that genetic variants exist whichibatg to the formation and
progression of atherosclerosis, which can be measured by monitoring carotid imteda
thickness. By identifying these variants, greater understanding can be obtained about the
mechanisms involved in the pathogenesis of CViD,this can be used to assess and decrease

people’s cardiovascular risk.
To address the above hypothesis, the aims of this PhD project are as follows:

X Investigate theCFDP-BCARITMEM170Aocus, with the aim of finding functional variation
and identifyinggenes involved in atherosclerosis
X Investigate through what mechanisms functional variation affects atherosclerosis

x Exploremethods ofstudyinggenetic regulation at loci such &-DP-BCARITMEM170A
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2 Methods

2.1 General methods
2.1.1 Agarose gel electrophoresis

Gel electrophoresis was used to analyse DNA sizes during various applications throughout the
project. Agarose gels ranged fromr2% depending on the size of DNA fragment to be resolved. For a
100ml 1% gel, 1g agarose was added to 9D, and microwavedn high power until dissolved.

10ml 0xTBE and 250ul 10 mg/ml Ethidium Bromide were added, and the mixture poured into a gel
mould with comb. Gels were placed in the electrophoresis tank and submerged in 1xTBE. 6x loading
buffer was added to 120 pl DNA pduct and the mixture loaded onto the gel. Electrophoresis was
typically carried out at 120V for 45 minutes. Gels were visualised using the Syngene Gel
Documentation and Genesnap v6.04 software, or the Syngene G:BOX Chemi XRQ and GeneSys
v1.5.0.0 software

212 PCR

Polymerase chain reaction (PCR) was used to amplify DNA templates for various applications
throughout the thesis. PCR utilises the ability of DNA polymerase to synthesise copies of a specific
region of DNA. A reaction consists of DNA template coimgitihe region to be amplified, two

primers of approximately 20 bp length that are complementary to the 3’ ends of the sense and anti
sense strands of the DNA target, DNA polymerase enzyaoxyducleoside triphosphatedTPs)

used by the polymerase tosthesise new DNA strands, and buffer solution.

The procedure relies on a thermocycling procedure consisting of multiple cycles of different
temperature steps. In the denaturation step, the reaction is heated to a temperature-8895 for
20-30 seconds,ausing the doublestranded DNA to break apart into singdganded DNA molecules.
The annealing step, at approxately 50665°C for 2610 secondsallows the primers to anneal to the
singlestranded DNA template at the target sites. An extension step atoxopately 72°C, for a
length of time dependent on the target length to be amplified, allows the DNA polymerase to
synthesig a new DNA strand complementary to the template strand, creating a desildaded

DNA molecule again. Repeated thermocycling altve amount of target DNA to increase

exponentially until sufficient amounts have been produced.

In this thesis, PCR was carried out using the NEB'’s Phusion DNA polymerase, Roche’s Expand Long

Template PCR System, and Acqua Science’s PCR MastermionBeaate set up according to the
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protocols provided by the manufacturers. Thermocycling conditions were calculated on the basis of
manufacturerrecommended conditions, DNA template length, primer Tm, and amount of PCR

product required. PCR reactions weggried out on the BioRad C1000 Thermal Cycler.

2.1.3 TagMan allelic discrimination

Life Technologies’ TagMan allelic discrimination genotyping system was used for genotyping SNPs in
cohort studies. The system uses FRET technology: two tspgetific probes, onfor each allele of

the SNP, are covalently linked to two different 5’ reporter dyes (generally VIC and FAM), and a 3’
guencher dye. When the probes are intact, the quencher dye represses fluorescence from the
reporter dye due to their close proximity. fkte annealing step of PCR, the probes anneal to the

SNP; during extension, the 5’ nuclease activity of the Taq polymerase releases the reporter and
guencher dyes, leaving the reporter dye free to fluoresce. As a probe with a mismatched base is not
recognied by the Taq polymerase, only the reporter matching the allele will be released. Reporter
dye signals are detected and visualised in a plot, allowing each sample's genotype to be recognised

by the relative signal of each dye.

To carry out the assay, 4 agsay mix for the SNP under investigation was dispensed over 5 ng dry
DNA in a 384vell plate format and thermocycled as per manufacturers’ instructions. Fluorescence

was detected with the ABI 7900HT Fast Reale PCR System.

2.1.4 KASP SNP genotyping system

KBoScience’'s KASP SNP genotyping was used for genotyping of a SNP in the PLIC cohort. This is a
high-throughput genotyping system with a similar protocol to TagMan, but different underlying
chemistry. Each assay mix contains two alfglecific primers witla unique unlabelled 5’ tail

sequence, and a common reverse primer. The common reaction mix contains two secondary 5’
fluor-labelled oligos (labelled with either FAM or HEX), which can bind to the-glet#fic primer

tails, with two complementary oligasith quenchers bound to the 3’ ends. The complementary

pairs bind to each other and fluorescent signal is quenched.

In the first round of PCR, the allegdpecific primer binds upstream of the SNP, and the common
reverse primer binds on the other stranchelunique 5’ tail sequence is incorporated into the PCR
product. In the second round, the common reverse oligo binds the template made in the first round
and extends, producing a complement to the aliepeecific 5’ tail. In the third round, the secondary

oligo with the attached fluorophore binds to the product, removing the fluorophore from its
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guencher and incorporating it into the PCR product. In subsequent rounds of PCR, more
fluorophores are incorporated into the products and allowed to fluoresce, ycod) more signal.
Allele-specific signals are detected and visualised in a plot, allowing the identification of genotype by

relative signal intensity.

3.6l assay mix was dispensed over 5 ng dry DNA in-av@84late format and thermocycled
according ® manufacturers’ instructions. Fluorescence was detected with the ABI 7900HT Fast Real

Time PCR System.

2.1.5 Sanger sequencing

DNA that was sent for sequencing for verification of sequence and for genotyping used Source
Bioscience’s Sanger sequencing servielesmid DNA was sent at a concentration of 100 ng/ul,
while PCR products were sent at 1 ng/ul per 100 bp. Sequencing primers were sent at a

concentration of 3.2 pmol/pl.

2.1.6 Cell culture

Huh7 (human hepatoma) cells were obtained from the European CollectidalbCultures (ECACC)

and cultured in DMEM (Dulbecco’s Modified Eagle Medium) with 10% added foetal bovine serum
(FBS). Human embryonic kidney 293 (HEK293T&id(simian) in origin, carrying SVADOS) cells

were obtained fromEuropean Collection of ghenticated Cell Cultureand cultured in DMEM
(Dulbecco’s Modified Eagle Medium) with 10% FBS. HepG2 (human hepatoma) cells were obtained
from European Collection of Authenticated Cell Cultured cultured in Eagle’s Minimal Essential
Medium (EMEM) witli0% added FBS and nessential amino acids. HUVECs were obtained from
Promocell, or supplied e Queen Mary Cardiovascular Genomics and Stratified Medicine group
and cultured in Promocell’s Endothelial Cell Medium with-&@aining Endothelial Ce&lrowth
Supplement. All cells were cultured at 37°C, 5% CO

When necessary, cell numbers and viability were measured usirfgitfieal Bio ADAM (Advanced

Detection and Accurate Measurement) series automatic cell counter (Digital Bio Technology)

2.1.7 Ethanol/isgpropanol precipitation

Ethanol precipitation was carried out at various stages for purification and concentration of DNA. T
DNA solution, 0.1 x volume sodium acetate (NaOAc) was added. 3 x volume (after addition of
NaOAc) ethanol or 0.7 x volume isopropbwas then added. DNA was incubated on ice for 15

minutes or overnight a20°C, then centrifuged at 15,000 g for8B minutes at 4°C. Supernatant
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was discarded and the pellet rinsed with 70% ethanol and centrifuged at 15,000 g for 15 minutes.
Supernatahwas discarded and the remainder left to evaporate, and the pelsstalived in the

desired buffer.

2.2 Chapter 3: bioinformatics methods
2.2.1 Bioinformatics

1000 Genomes project dafd with the Broad Institute’s SNABNP Annotation and Proxy Seat¢h)
was used to identify variants in strong (t® H.8)with rs488378, the lead SNP identified in Gertow
and colleagues’ pap€f. These variants were examed for regulatory annotations using ENCODE
Project and RoadMap Epigenomics d&t&*> The UCSC Genome Browser was used to visualise the
location of variants in strong E. UCSC Genonirowser and Haplorégf were used to find out
whether SNPs were coding SNPs or located within splice junctions. Targ&seanused to assess

whether SNPwere in predicted miRNA binding sites.

Variants were selected for further analysis based on the following criteria: location within narrow
peaks for transcription factor binding sites (defined from &d& data), location within narrow
peaks for DNas€hypersensitivity, and within either praoter or enhancer histone signatures
(defined by signaturesl3K4mel, H3K4me3 and H3K27Ac). Of these, the EIDorado genomic
annotation tool (Genomatix) was used to select only variants with changes in strong transcription

factor binding motifs (thresholds udevere core similarity 1 and matrix similarity > 0.8).

The Gilad/Pritchard eQTL browser was used to look for any QTLs@GE BieBCARITMEM170A

locus Two DNase sensitivity QTLs (dsQTLs) were taken forward for further amaRg665136nd
rs247454 BMSA probes were ordered for the two dsQTL SNPS, and EMSAs were carried out on the
two SNPs with Huh7 cell extract aid.1

2.2.2 eQTL analysis

The Genotyp€dlissue Epression (GTEX) portaiwas used to calculate association between

rs4888378 genotype and gee&pressiorat the locus in the two bladvesselrelated tissues (aorta

and tibial artery). All genes within 200 kb were analysed, following Gertow and colleagues’ approach
when looking at gene expressidh giving a total of nineBCARICFDPICHSTECTRBICTRB2
LDHDTMEM170AZFPIlandZNRF1SNPRexpression associations were corrected for multiple testing

using the Bonferroni aoection.
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2.2.3 Analysis of CardioMetabochip coverage

A short analysis was carried out on the ability of the lllumina CardioMetabochip to coveFbiel
BCARIMEM170Aocus. The area under study was chosen as the 305 kb region containing the lead
SNP that was bordered on both sides by recombination hotspots, as identified using'1°@hihk

UCSC Genonrowset?’. Variant data for all SNPs in the region was downloaded for all subjects

the CEU population from 1000 Genort#€sThe 21 SNPs in this region that are on the Metabochip
were identified; two were monoallelic in CEU population, leaving 19 Metabochip SNPs. Pairwise LD
was calculatedetween each Metabochip SNP and every other SNP in the region using’PLINK
Minor allele frequency was calculated for every SNP. For every SNP at the locus, the maximum LD
with any Metabochip SNP was chosen. Ttapprtion of variants in strong LD with any Metabochip
SNP was calculated for varying-offis of minor allele frequency. L) walues of the SNPs with MAF

> 0.05 were plotted against their location.

2.3 Chapters 4 and 7: genotyping and association analyses
2.3.1 Study cohorts

IMPROVE (IMT and IMPFogression as Predictors of Vascular Events) is a prospective multicentre
longitudinal study set up to investigate carotid intinmeedia thickness in individuals at high risk of
CVB°. 3711 participants (549 years) with at least three vascular risk factors were recruited in
seven centres in Finland, France, Italy, the Netherlands and Sweden. Vascular risk factors were
defined as: male sex, female at least 5 years pesienopausal, hypercholesterolaemia,
hypertriglyceridaemia, hypoalphalipoproteinaemia, hypertension, diabetes or impaired fasting
glucose, smoking habits and family history of cardiovascular disd&6Esariables were measured
using ultrasonic scans; presence of plague was defined as maximum IMT in the whole carotid tree
greater than 1.5 mif¥2 The study was designed in accordance with the rules of Good Clinical
Practice (GCP), and with the ethical principles established in the Declaration of Helsimki. Eac
participant provided two different informed consents; one for general participation in the study and

one for genotyping.

PLIC (Progressione della Lesione Intimale Carotidea) comprises 2144 general population participants
attending the Centre for the Stydf Atherosclerosis, Bassini Hospital (Cinisello Balsamo, M, Italy).
The study was designed to study atherosclerotic lesions and IMT in the common carotid artery, and
relationships with cardiovascular risk factors. Patient characteristics, blood bioraahke lifestyle

behaviours were recorded and cIMT measured using ultrasound, as published pre#tously
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Informed consent was obtained from each patient and the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinkieftected in a priori approval by the institution's

human research committee.

CharacteristicsdMPROVE and PLIC are showhable25and Table26 (chapter 3).Three
additional cohorts were used for replication of rs48883WHB association in men and women:
Whitehall 1l (WHII), Edinburgh Artery Study (EAS) and the cardiovaaculaf the Malmo Diet and

Cancer study (MDC), the characteristics of which have been described predfcisly

2.3.2 Genotyping of rs4888378 in PLIC

The SNP rs4888378 was genotyped in PLIC using Life Technologies’ TagMan SNP genotyping assays

as per sectior2.1.3

2.3.3 Statistical analysis of PLIC, IMPROVE and ragialysis

Statistical analysis #fLIQGlata was performed using SPSS® v.19.0 for Windows® (IBM Corporation®,
Chicago lllinois, USA) by Andrea Baragetti. ShapireWilk test wasusedto verify normal

distribution of linear variablesStatistical analyses were carried out on-tegnsformed cIMT

variables due to skewed distributionéssociation between the rs4888378 SNP and continuous
variables, adjusting fage and smoking, was perfmed by linear regression and ANCOVA (SPSS,
General Linear Model) witBonferroni posthoc analysisAnalyses were controlled for ag@édsex

(whereapplicabl@.

Statistical analysis of IMPROVE data and raatdysisvas perfemed using R version 3.6°and

PLINK version 2°9. Statisticahnalyses were carried out on kdignsformed cIMT variables due to
skewed distributions. Linear regression was used to assess genotypic association with continuous
variables, and logistic regression was used to assess binary traits, such as presegacofTjple

Cox proportional hazard model was used to assess-tonavent data after confirming that the
proportional hazard assumption was met. Genotygenotype analyses used an additive genetic
model. Analyses in IMPROVE controlled for age, sex (whpre@iate) and multidimensional

scaling (MDS) coordinates.

Meta-analysis was performed to analyse genotypic association of rs4888378 with cooamudia
IMT separately in men and women using a random effects model. Pooled regressftioients

with 95%confidence intervals were cal@iéd from the five cohorts under study: PLIC, IMPROVE,
Whitehall 1, MaIm6 Diet and Cancer Study (MDC) and Edinburgh Artery Study (EAS).
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LD information was not available using online tools at the time of analysis for r<3®a55t was
not present in the 1000 Genomes Pilot 1 panel. Combined genotypes for rs4888378 and rs1035539

in IMPROVE were used to calculate the correlation coefficieragsra measure of LD.

2.3.4 Exome sequencing data analysis

Exome sequencing data from tshromosome 16 locus was obtained from tHelLBI GO Exome
Sequencing Project (ESR)ng the Exome Variant Sert®r The data was analysed to identify any
common variants that may affect protein structure. Variants were obtained for the génes

within 200 kb of the lead SNP; these were filtered to select only those causing a missense mutation
(change in coded amino acid) or change in splice site. In order to look for only common varilgnts, on

those with a MAFH 1 Xnidie taken forward.

2.3.5 rs1035539 genotyping in IMPROVE

The SNP rs1035539, identified using Exome Variant Server, was genotyped in the IMPROVE cohort
using KBioscience’'s KASP SNP genotyping system (as 2dctor3.6pl assay mix was dispensed
over 5 ng dry DNA in a 38l plate format and thermocycled accordingTablel.

Tablel: KASP thermocycling conditions

Cycle step Temperature (°C) Time (s) Number of cycles
Initial denaturation 94 960 1
Denaturation 94 20

. . 65-57 (decrease of 10
Annealing/extension 60

0.8°C per cycle)

Denaturation 94 20 26
Annealing/extension 57 60

2.3.6 rs1035539 genotyping in PLIC
KBioscience’'s KASP SNP genotyping system was attempted to genotype rs1053359 in the PLIC
cohort; however, genotype clustering was poor, giving an inadequate assay call rate. DNA was sent

to KBioscience who carried ogénotyping of the SNP in this cohort.
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2.4 Chapter 5: functional assays
2.4.1 Electrophoretic mobility shift assay
2.4.1.1 Nuclear extractHuh7 and HUVEC

Nuclear extract was obtained from Huh7 and HUVEC cells for EMSA. One T175 flask of cells was
grown to 100% confluenc€ulture medium was removed and cells washed with 154¥RB50.25%
trypsinrEDTA was added to the flask; 5ml for Huh7, 3ml for HUVEC. Cells were |&trfondies

until they dissociated with tapping of the flask. 15 ml of culture medium with FBS was added to the
flask andhe cellmedium solution centrifuged a°C, 1500rpm, for 5 minute§ hepelletwas
resuspended in 5ml ieeold buffer A (1 ml 10 M HEPES, pH 7.9; 150 ml 1.5 mM;Ns@CIml| 10

mM KCI; and 50m| 1&(rotease inhibitor (Thermo Scientific Protease Inhibitor Cockta)ldfit)

left on ice for 10 rinutes.Cells were again centrifuged at@, 1500rpm, for 5 minutes, supernatant
discarded and the pellet seispended in 2ml buffer A (10mM HEPES (pH 7.9), 1.5mM,M@QIM

KCI).

Cells were vortexed and centrifuged at 4°C, 13,000rpm, for 2 minutes. St@erwas discarded

and the pellet resuspended in §@buffer C (2 ml 20 mM HEPES, pH 7.9; 50 mls 25% v/v glycerol,
10.5ml 0.42M NacCl; 150 ml 1.5 mM MgCI2; 40 ml 0.2 mM EDTA)witihadease inhibitor. The
solution was vortexed for 1 minute and left @ for 10 minutes; this step was repeated for a total
of four times. Thenix was then centrifuged at 4°C ah8,000rpm for 50 minutes, and the

supernatant stored at80°C.

2.4.1.2 Production of labelled probes

EMSA probes were designed to comprise the 25 bp iflgnéach candidate SNP, for both reference
and alternative alleles. The flanking sequence and reverse complement were ordered so as to

produce doublestranded probes on annealing. Probe sequences are shoabiie2.
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Table2: Primer sequences for EMSA probes

SNP no SNP name Allele  Orientation  Primer sequencéd5’—3’)
1 rs4888378 A For ATAAAACAAATAATTCTGTGTTT
A Rev CAAACACAGAACATTTGTTTTA
G For ATAAAACAAATCATTCTGTGTTT
G Rev CAAACACAGA/CCATTTGTTTTA
3 rs4888379 A For AGTATCACCCIACCCATTCTGA#
A Rev TTTCAGAATGCTTAGGGTGATA(
T For AGTATCACCCTICCCATTCTGA#
T Rev TTTCAGAATGCATAGGGTGATA(
8 rs4888392 T For TACAGTCTGTITTGGGGTCAGC
T Rev TAGCTGACCCKAAACAGACTGT
C For TACAGTCTGTICTGGGGTCAGC
C Rev TAGCTGACCC(CAAACAGACTGT
9 rs2865530 G For AAAAATGGTCICAGCTTACAGG(
G Rev TGCCTGTAAG(CAAGACCATTTT
T For AAAAATGGTCTTAGCTTACAGG(
T Rev TGCCTGTAAGWAAAGACCATTTT
14 rs3743609 G For CGCACACGCCCGGCCGGAGCC
G Rev GCCGCTCCGGCGAGGCGTGTG
C For CGCACACGCCCGGCCGGAGCC
C Rev GCCGCTCCGGCGAGGCGTGTG
15 rs11643207 C For CTCTGCTCTG(CTTCTCTGCAG(
C Rev CGCTGCAGAGCGGCAGAGCAG
T For CTCTGCTCTGTTCTCTGCAGC
T Rev CGCTGCAGAGAGGCAGAGCAG

For 30 pl of labelled probe, the reaction contained 17.7Q@Hul 5xTdT buffer, 3ul biotitl-dUTP
and 0.3pl probe (5 pmol/ul). Tubes were incubated at 37°C foni@dtes. 30ul chloroform:isoamyl
alcohol (24:1) was added to extract TdT, the tubes vortexed and centrifuged at 13,000 rpm for 2

minutes, and the aqueous layer saved.

The complementary forward and reverse probes were annealed to form detitzsladed probes
Labelled probes were used at 5 pmol/ul and unlabelled probes at 100 pmol/ul. Equal volumes of
forward and reverse primer were mixed and 1/1@tal volume 10x annealing buffedded.

Primers were annealed on the thermocycling block: thermocycling statt®5°C for 3 minutes, and
decreased by 5°C every three minutes until reaching a temperature of 35°C, held for 5 minutes.

Annealed primers were stored sé80°C.
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2.4.1.3 Polyacrylamide gel preparation

Polyacrylamide gel solution wasepared usig the volumes shaen in Table3. The gel solution was
poured into a gel frame of 1.5 mm thickness, the well comb added and the gel left to polymerise.

Electrophoresis was run with theelgsubmerged in 0.5 x TBE at 4°C.

Table3: Volumes for 1x1.5mm polyacrylamide gel

Volume
37.5:1 acrylamide 12ml
dH:0 47ml
10xTBE 3ml
TEMED 50ul

25% ammonium persulphate 500ul

2.4.1.4 EMSA binding reaction and electrophoresis

EMSA binding reactions consisted of 2ul 10xbinding buffer (100 mM Tris, 500mM KCI; pH 7.5), 1pl
poly didC, 0.5ul 50mM Mg£Bul nuclear extractl.5ul labelled probe, and @B to 20ul.For
competitorreactions,unlabelled competitor probes were added toet reaction and left for 30

minutes at 4°C to allow nuclear proteins to bind. For both standardcantpetitorreactions,

labelled probes were then added and left to bind at 25°C for 50 minutes.

Samples were loaded onto the 6% polyacrylamide gel with @kigaebuffer (0.25% bromophenol

blue, 0.25% xylene cyanol FF, 30% glycerol in water) and electrophoresis carried out at 4°C in
0.5xTBE for 4.5 hours at 120V. The electrophoresed gel was transferred to Hybond nylon membrane
(Fermentas) overnight, and the nmmdbrane crosslinked with Stratagene’s UV Stratalinker 2400. The
location of biotinrlabelled probes was visualised according to the instructions of the

ThermoScientific Lightshift Chemiluminescent Nucleic Acid Detection module. Membrane was

exposed to film ad the film developed using the Konica SRX101A tabletop processor.

2.4.1.5 Multiplex competitor EMSA

For multiplex competitor EMSAs, competitor probes consist of known transcription factor binding
sites rather than the sequence around the $RFP70 wellcharacterised transcription féar

consensus sequences were used for multiplex competitor EMSA. Seven setsaigensus
sequences were used as competitors as per the competitor reactions previously. Whzanthevas
found to be competed out by a particular set of competitor seqsnthe probe was incubated

with each of these sequences individually. The multiplex competitor sequences used and their
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corresponding transcription factors can be seeidle4. Multiplex competitor EMSA was carried

out on the rs4888378 probe to look for a protein family competing out the prev@iding band.

Table4: Consensus competitor sgiencesfor multiplex competitor EMSAF and R refer to forward and
reverse oligonucleotides respectively.

Competitor Competitor

probe Sequencd5’'—3’) probe Sequence5’'—3’)

AP1_F CGCTTGATGACTCAGCCGGAA Pax5_R CGGTGGTCACGCCTCAGTGCCCCATTC
AP1_R TTCCGGCTGAGTCATCAAGCG Pbx1_F CTCCAATTAGTGCATCAATCAATTCG
AP2a_F GATCGAACTGACCGCCCGCGGCCCGPhx1_R CGAATTGATTGATGCACTAATTGGAG
AP2a_R ACGGGCCGCGGGCGGTCAGTTCGAT®Itl_F TGTCTTCCTGAATATGAATAAGAAATA
AR_F GAAGTCTGGTACAGGGTGTTCTTTTT@itl_R TATTTCTTATTCATATTCAGGAAGACA
AR_R CAAAAAGAACACCCTGTACCAGACTT®PAR_F AGGTCAAAGGTCA

Brn3_F CACAGCTCATTAACGCGC PPAR_R TGACCTTTGACCT

Brn3_R GCGCGTTAATGAGCTGTG PR_F GATCCTGTACAGGATGTTCTAGCTACA
CBP_F AGACCGTACGTGATTGGTTAATCTCTTPR_R TGTAGCTAGAACATCCTGTACAGGATC
CBP_R AAGAGATTAACCAATCACGTACGGTCRAR_F AGGGTAGGGTTCACCGAAAGTTCACTC
CDP_F ACCCAATGATTATTAGCCAATTTCTGARAR_R GAGTGAACTTTCGGTGAACCCTACCCT
CDP_R TCAGAAATTGGCTAATAATCATTGGGTRXR_F AGCTTCAGGTCAGAGGTCAGAGAGCT
CEBP_F_R TGCAGATTGCGCAATCTGCA RXR_R AGCTCTCTGACCTCTGACCTGAAGCT
cMyb_F TACAGGCATAACGGTTCCGTAGTGA SIE_F GTGCATTTCCCGTAAATCTTGTCTACA
cMyb_R TCACTACGGAACCGTTATGCCTGTA SIE_R TGTAGACAAGATTTACGGGAAATGCAC
CREB_F AGAGATTGCCTGACGTCAGAGAGCTASBmMad_F GTCTAGACCA

CREB_R CTAGCTCTCTGACGTCAGGCAATCTCBmad_R TGGTCTAGAC

CTCF_F GGCGGCGCCGCTAGGGGTCTCTCT Smad34_F TCGAGAGCCAGACAAAAAGCCAGACATTTAGCCAGACAC
CTCF_R AGAGAGACCCCTAGCGGCGCCGCC Smad34_R  GTGTCTGGCTAAATGTCTGGCTTTTTGTCTGGCTCTCGA
E2F1_F ATTTAAGTTTCGCGCCCTTTCTCAA Smuc_F GGATCCCCCAACACCTGCTGCCTGA
E2F1_R TTGAGAAAGGGCGCGAAACTTAAAT Smuc_R TCAGGCAGCAGGTGTTGGGGGATCC
Egr_F GGATCCAGCGGGGGCGAGCGGGGGEpA F ATTCGATCGGGGCGGGGCGAGC
Egr_R TCGCCCCCGCTCGCCCCCGCTGGAT@EP1_R GCTCGCCCCGCCCCGATCGAAT

ER_F GGATCTAGGTCACTGTGACCCCGGATSRE_F GGATGTCCATATTAGGACATCT

ER_R GATCCGGGGTCACAGTGACCTAGATCERE_R AGATGTCCTAATATGGACATCC

Ets F GGGCTGCTTGAGGAAGTATAAGAAT Statl_F CATGTTATGCATATTCCTGTAAGTG

Ets R ATTCTTATACTTCCTCAAGCAGCCC Statl R CACTTACAGGAATATGCATAACATG
Etsl_F GATCTCGAGCAGGAAGTTCGA Stat3_F GATCCTTCTGGGAATTCCTAGATC
Etsl1_R TCGAACTTCCTGCTCGAGATC Stat3_R GATCTAGGAATTCCCAGAAGGATC
FAST1_F TGTGTATTCA Stat4_F GAGCCTGATTTCCCCGAAATGATGAGC
FAST1_R TGAATACACA Stat4_R GCTCATCATTTCGGGGAAATCAGGCTC
GAS_F AAGTACTTTCAGTTTCATATTACTCTA Stat5_F AGATTTCTAGGAATTCAATCC

GAS R TAGAGTAATATGAAACTGAAAGTACTTStats5_R GGATTGAATTCCTAGAAATCT

GATA_F CACTTGATAACAGAAAGTGATAACTCTStat56_F GTATTTCCCAGAAAAGGAAC

GATA_R AGAGTTATCACTTTCTGTTATCAAGTGStats6_R GTTCCTTTTCTGGGAAATAC

Gfil_F TAAATCACTGC Thet_F_R AATTTCACACCTAGGTGTGAAATT
Gfil_R GCAGTGATTTA TFE3_F GATCTGGTCATGTGGCAAGGC

GR_F AGAGGATCTGTACAGGATGTTCTAGATFE3_R GCCTTGCCACATGACCAGATC

GR_R ATCTAGAACATCCTGTACAGATCCTCTTFEB_F CACGTG
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HIFla_F TCTGTACGTGACCACACTCACCTC  TFEB_R CACGTG

HIFla_R GAGGTGAGTGTGGTCACGTACAGA TFIID_F GCAGAGCATATAAAATGAGGTAGGA
ISRE_F AAGTACTTTCAGTTTCATATTACTCTA TFIID_R TCCTACCTCATTTTATATGCTCTGC
ISRE_R TAGAGTAATATGAAACTGAAAGTACTTTGIF_F ACTCTGCCTGTCAAGCGAGG

HNF4_F CTCAGCTTGTACTTTGGTACAACTA TGIF_R CCTCGCTTGACAGGCAGAGT

HNF4_R TAGTTGTACCAAAGTACAAGCTGAG TR_F AGCTTCAGGTCACAGGAGGTCAGAGAG
IRF1_F GGAAGCGAAAATGAAATTGACT TR_R CTCTCTGACCTCCTGTGACCTGAAGCT
IRF1_R AGTCAATTTCATTTTCGCTTCC USF1_F CACCCGGTCACGTGGCCTACACC
MEF1_F GATCCCCCCAACACCTGCTGCCTGA USF1_R GGTGTAGGCCACGTGACCGGGTG
MEF1_R TCAGGCAGCAGGTGTTGGGGGGATC VDR_F AGCTTCAGGTCAAGGAGGTCAGAGAGC
MEF2_F GATCGCTCTAAAAATAACCCTGTCG VDR_R GCTCTCTGACCTCCTTGACCTGAAGCT
MEF2_R CGACAGGGTTATTTTTAGAGCGATC YY1 F CGCTCCCCGGCCATCTTGGCGGCTGGT
MIBP1_F TCTTTTCCCA YY1_R ACCAGCCGCCAAGATGGCCGGGGAGCG
MIBP1_R TGGGAAAAGA ZEB_F GATCTGGCCAAAGGTGCAGGATC
MycMax_F_R GGAAGCAGACCACGTGGTCTGCTTCCZEB_R GATCCTGCACCTTTGGCCAGATC

NF1_F TTTTGGATTGAAGCCAATATGATAA HNF1_F GTTAATGATTAAC

NF1_R TTATCATATTGGCTTCAATCCAAAA  HNF1_R GTTAATCATTAAC

NFE2_F TGGGGAACCTGTGCTGAGTCACTGGASRP1_F AGGTGACCTTTGCCCA

NFE2_R CTCCAGTGACTCAGCACAGGTTCCCCARP1_R TGGGCAAAGGTCACCT

NFATc_F CGCCCAAAGAGGAAAATTTGTTTCATANFY_F ATCAGCCAATCAGAGC

NFATc_R TATGAAACAAATTTTCCTCTTTGGGCGNFY_R GCTCTGATTGGCTGAT

NFkB_F AGTTGAGGGGACTTTCCCAGGC HNF3_F GCCCATTGTTTGTTTTAAGCC

NFkB_R GCCTGGGAAAGTCCCCTCAACT HNF3_R GGCTTAAAACAAACAATGGGC

NR5A2_F GATCAACGACCGACCTTGAG BARP_F TCACTCAAGTTCAAGTTATT

NR5A2_R CTCAAGGTCGGTCGTTGATC BARP_R AATAACTTGAACTTGAGTGA

OCT1_F TGTCGAATGCAAATCACTAGAA SREBP1_F TTTGAAAATCACCCCATGCAAACTC
OCT1_R TTCTAGTGATTTGCATTCGACA SREBP1_R GAGTTTGCATGGGGTGATTTTCAAA
p53_F TACAGAACATGTCTAAGCATGCTGGGGEISF1_F GATCTCGGCTGGAATATTCCCGACCTGGCAGCCGA
p53_R CCCCAGCATGCTTAGACATGTTCTGTAISF1_R TCGGCTGCCAGGTCGGGAATATTCCAGCCGAGATC
Pax5_F GAATGGGGCACTGAGGCGTGACCACCG
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2.4.1.6 Supershift EMSA

Supershift EMSA was used on the rs4888378 probe to verify the protein binding to the sequence.
The assay was carried out as in a competitor EMSA above, but instaddirmgunlabelled probes at

the incubation step, 2ul antOXA2 or 2l antlFH4 antibodyvas addedand incubated as before. A
positive control was performed by using a labelled probe consisting of the consensus sequence for

the HNF3 (FOXA) family, both incubated with the antibody and without.

2.4.1.7 Oestrogenrelated SNP EMSAs

SNPs in strong LEF (8.8)with the IMT lead SNP (rs4888378) were again analysed using the

bioinformatic tool Haploreg v3. SNPs were then selected for analysis if they hadeQté?dence of

ERr ~ «SE}P v E %S}E 0%Z ¢ ]v JvP 8§} §Z -rEWJmpPGE AdqursZ C Z vP
SNPs were taken forward for analysis: rs2161648, rs4888400, rs2285222 and rs11149832.

Forward and reverse probes were ordered for the four SNPs, and EMSAs were carried out using
Huh7 nuclear extract as in sectigrt.1 The probe for oestrogen receptor (ER), used as a competitor

in multiplex competitor EMSA, was also bid@belled and used as an EMSA probe.

2.4.1.8 EMSA with oestrogesstimulated cell extract

Oestrogenstimulated Huh7 extract was produced for EMSASs with the oestroglated SNPs. Huh7

cells were grown in a T175 flask with 30 ml medium toi909 }v(opn v C-Esttad®io(20

pg/ml) was added to the cell medium, the medium swirled to mixi gre cells incubated as normal

for 30 minutes. The cells were then washed with PBS and nuclear extraction proceed@ak. in

EMSAs were carried out on theufooestrogenrrelated SNPs as 4.1, using both standard and
oestrogenstimulated Huh7 extract Nf v Z 0 00 % &} « A E p- * % }*]5]1A

2.4.2 Lucferase reporter assay

Luciferase reporter assays were used to assess the impact of rs4888378 allele on gene expression.

2.4.2.1 Primer design

The InFusion Primer Design Té8lwas used to design primers to amplify a region of 378 bp around
the SNP (fragmertt), and to creaté&alland BamHlrestriction sites at each end of the sequence.
After analysis of results, Genomatix’s ElDorado’tbalas used to predict biridg sites in fragment

1 for proteins classified as repressor or repregsdated, and three further fragments were

designed to include or exclude these binding sites. Primer sequences can be Sablein
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Table5: Cloning primers for luciferase sequence fragmer®simers were designed to incorporate restriction
sites forBamHIland Sal|] the pGL3romoter vector and sequence fragments weligestedwith these
enzymes to allow ligation.

Fragment  Forward/ Sequencdb’ —-3) Restriction
reverse site

1 Forward AATCGATARGATCATGTCAGTACAAGGCGAGCA BamHI

1 Reverse AAGGGCATGECGAGGGTTCCCAGATACAGGTTG Sall

2 Forward AAATCGATAGATCCTGAAGTCCTCCAAAACCAGA BamHI

2 Reverse AAGGGCATGECGATGCTTTTACGTCATCAGCAATCHalI

3and4 Forward AAATCGATAGATOCCTCCAGGCTTTGTGTATAAG@amHI

3 Reverse AAGGGCATGECGAETGCTTGGGACTGGAAGTGT Sall

4 Reverse AAGGGCATGECGARTTTGCTTTTACGTCATCAGCASall

2.4.2.2 Amplification of rs4888378 fragment

As no polymorphic variants are present in the region flanking rs4888378, the fragment was amplified
from DNA of AA and GG genotype. rs4888378 creaté&xaRtestriction site; therefore, the strand

can be cut when the A allele is present, but not the G allele. A diagnostic dige&ooRtvas

therefore used to genotype DNA samples and AA and GG homozygotes were selected /09®CR.

well plate of test DNA as amplified using theolumesshown inTable6.

A
-~AATGAATTCTGT~--HAATGGATTCTGTW

WTTACTTAAGACA~--HTTACCTAAGACAW

Figurel6: EcoRtutting site disrupted by rs4888378

Table6: Volumes for amplificaton of test DNA

Reagent Volume per
reaction (pl)

5xGC buffer 2

dNTPs 0.2

Primer lucl_for 0.05

Primer lucl_rev 0.05

DNA 10ng (dried)

Phusion polymerase 0.1

H.O 7.6
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Amplified DNA was digested with EcoRI asTadile7, and digested for 2 hours at 37°C. Digested

DNA was visualised on an agarose gel to identify AA and GG homozygotes.

Table7: EcoRHigest.

Reagent Volume per reaction (ul)
10x EcoRI buffer 1

EcoRl 0.15(3 V)

H.O 0.85

DNA 8

Samples of AA and GG genotypere selected. The samples were amplified in a 50 pl reaction using

the appropriate primer pairs to produce fragment 1, 2, 3 andab(e8).

Table8: Volumes for amplification of luciferase fragment

Reagent Volume per
reaction

5xGC buffer 4

dNTPs 0.4

Forward primer 0.1
Reverse primer 0.1

Phusion 0.2
H.O 10.2
DNA 5

2.4.2.3 Digest of pGL®romoter

The pGL3romoter vector was digested witBallandBamHlto allow ligation of the insert fragment
at the polylinker site. Thdigest was set up according Table9 andincubated at 37°C overnight.
Digest of the insert fragments was not required, as PCR with thedion primers introduces the
appropriate sticky ends at the ends of the rs48883ragments.
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Table9: Salland BamHIdigest

Reagent Volume (ul)
pGL3promoter DNA (400ng/ul) 6

Sall 2.5(50 V)
BamHI 2.5(50 V)
NEB buffer 3 5

BSA 0.5

H.O 33.5

2ul CIP (calf intestinal alkaline phosphatase) was add#uketoeaction after digestion to remove

phosphate groups from the 5’ end of the DNA strand, preventing recircularisation of the vector.

The digested vector and amplified AA and GG fragments were run on a 1% and 1.8% gel respectively,
and gelpurified accorihg to the instructions of the GE Healthcare illustra DNA and gel band

purification kit.

2.4.2.4 In-Fusion cloning reaction

To insert the fragments into the linearised pGit8moter vector, the reaction ifablel0was set

up for each fragment. The cloning reaction was incubated for 15 minutes at 50°C.

Tablel0: In-Fusion cloning reaction

Reagent Volume (ul)
5x InFusion HD Enzyme Premix 2
LineariseqpGL3promoter 50ng
rs4888378 fragment 10ng

dHO To 10l

2.4.2.5 Transformation into NEB-&lpha competent cells

NEB Salpha competenE. coli oo+ ~ ,fir @E]A §]A « A E 3§z A }v ] v fAi Ro A
into pre-chilled thinwalled tubes for the Aallele, Gallele and negative controd.5 pl of the A, G, or

control (no insert) ligation product was added to each tube and the reacticubaied on ice for 20

minutes. The reactions were heptilsed in a 42°C water bath for 1 minute, then immediately placed

on ice for 2 minutes. The contents were added to 500 pl LB broth warmed to 37°C in a 1.5 ml tube

and the contents shaken at 37°C fdndur. Transformed cells in LB were then spread onto LB agar

plates with 50 g/ml ampicillin, then incubated at 37°C overnight. Plates were then checked for
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colonies; if colonies were present on the A and G plates and not on the negative control, A and G

caonies were picked for plasmid purification.

2.4.2.6 Plasmid purification (minjprep)

Four colonies each were picked from the A and G plates for each fragment. Each colony was
inoculated into 500l LB containid®0 pg/mlampicillin, and shaken overnight at 37Bacterial

cells were first harvested by centrifugation at 8000 rpm at room temperature for 3 minutes. DNA
was then purified following the instructions of the Qiagen Spin {diep kit, and eluted in 3Ql

dH:0.

2.4.2.7 Diagnostic digest

A diagnostic digest was germed on the miniprep DNA wittBamHIand Sallto verify that the
fragment hadbeensuccessfully iserted into the plasmid, as p&iablell. Digests were carried out

in a reaction of 10pl for 2 hours at 371@gest products were visualised on an agarose gel to check
that two products of the expected sizes were present (5000 bp for the cut plasmid arB0C0tp

for the inserted fragments). Samples were then senskxuencing to confirm the correct allele of
rs4888378 was present and that the remainder of the sequence was cdfatach sample, 14

DNA was sent for sequencing at a concentration ofri@l, with primers diluted to 3.pmol/pl.

Glycerol stocks ®re made of bacterial cultures the pGp@moter DNA with the four inserted
fragments of A and G genotype, for letggm storage of plasmid DNA. 500 pl bacterial culture was

added to 500 pl glycerol and the stocks storeddat°C.

Tablell: Diagnostic digest for luciferase fragment insertion

Reagent Volume per reaction (ul)
Plasmid DNA 2

Sall 0.5 (20 V)

BamHI 0.5(20 V)

Buffer 3 1

BSA 0.1

H.O 5.9

2.4.2.8 Plasmid purification (maxprep)
Maxi %o E % A« EE] }us 3} }8]vo EP <«puvi]sd] «}( E (JE 3E v

culture (one of each for allele A and G) was streaked out esgaBplates and incubated at 37°C
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overnight. A colony from each plate was inoculated into 190Bwith 300ul ampicillin, and shaken
at 37°C overnighBacterial culture was centrifuged 2000 gfor 10 minutes. Plasmid DNA was then
purified according to the instructions of the GenElute HP Plasmid Maxiprep Kit, and eluted in 3ml
elution solution. Taoncentrate DNA, the solution was ethanol precipitated (as se&ibry) and

DNA resuspended in 300 KO. DNAconcentrationwasmeasured using the Nanodrop.

2.4.2.9 Trarsfection

Huh7 cells were seededto a 96well plate 24 hours before transfection at 1.6%&@lls per wella
density previously ascertained to produce80% confluency in this time. Cell medium was removed
and the cells washed with PBS. 2ml trypsin a@ded for 3 minutes and 12ml EMEM then added to

stop the reaction. Cells were counted and 1.6>cH)Is added to each well.

Plasmid DNA and controls for transfection wasedat a concentration of 400ng/ul. pucl8 was
used as a background reading (negatieatrol), and pGL-promoter as a positive control. pRIK
was used as a emansfection control, at 1:200 ratio, in order to normalise for variable transfection

efficiency.

Two OptiMEM based mixes were made upagter mix was made up with 12 pl pRK (D ng/ul)

and 2928 ul OptMEM, and lipid mix was made wpith 66 pl Lipofectamine 2000 and 3234 ul Opti
MEM. 343 pl master mix or pure OptlEM was added to 7 pl of each vector DNA stock dsilole

12. Lipid mix was prepared and incubated at room temperature for 5 minutes. 350 pl lipid mix was
then added to each tube of vector DNA, creating a 700 pl transfection mix for each construct, and
the resulting transfection mes incubated at room temperature for 20 minutes. One row of-a 96

well plate of Huh7 cells was used for each construct. 50 pl transfection mix was added to each well
of the appropriate row. The cells were then cultured in standard conditions for 48 hours.

Tablel2: Volumes of vector DNA and OpMEM mixes added for luciferase reporter assay transfection.

Opti-MEM rather thanmaster mix was used for the puc18 control, which was assayed withetzigsfectant.
Vector DNA was used atconcentration of 400 ng/pl.

Construct Volume Mixes

pucl8 6..0 i07...0 -MEMS ]
pGL3control 6..0 707 .master mix
pGL3promoter 6..0 707 .master mix
Fragments 4, alleles A and G (8 6...0 1071 .master mix

total)
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2.4.2.10 Measurement of luciferase expression

LARIkubstrate was reconstituted using LARII buffer and Stop & Glo reagent according to the
manufacturers’ instructions. Cells were washed twice with 1xPBS, and lysed by addition of 20ul 1x
Promega lysis buffer and 20 minutes’ shaking. Luciferase was measimgddpplied Biosystems’
TR717 Microplate LuminometeF-tests were used to compare expression between insert fragment

and control DNA, and between alleles of the insert fragment.

2.5 Chapter 6: chromosome conformation capture

2.5.1 Optimisation of protocols

As curent 4C protocols differ widely, many aspects of the method were tested and optimised before
a final protocol was decided on. Areas of optimisation are described below. Where not otherwise

stated, methods following the finalised protocol (sectib.?).

2.5.1.1 Crosslinking protocol

Cells were cultured and trypsinised as in secldn?2.], then resuspended in 11.2 ml cell medium.

To this solution, 312 pl or 624 pl 37% formaldehyde was added to the cells for a final concentration
of 1% or 2% respectively. After 10 minutes the formaldehyde crosslinking reaction was quenched
with the adlition of 625 pl 2.5 M glycine for a final concentration of 129 mM. Treatment of
crosslinked cells then proceeded as per the final protocol. After cell lysis, the molecular weight o

crosslinked DNA was visualised on a gel and compared.

2.5.1.2 Primary restrictionenzyme

SDS is required for the permeabilisation of nuclei in elioged cells, but its presence inhibits the
action of restriction enzymes. While addition of detergents such as Tril@@0Xjuenches SDS to an
extent, remaining SDS still impairs efficient digestVarious primary restriction enzymes were
therefore tested for their ability to digest crosslinked DNA in the presence of quenched SDS.
Restriction enzymes were initially tested on genomic DNA in the presence of SDS and-T0idon X
Hindll} BamHIland Dpnlwere tested in 50 pl reactions consisting of 1 ug plasmid DNA (Promega’s
pGL3promoter reporter vector), 1 ul enzyme and variable SDS and Trif@0X00.3% SDS:-D.8%
Triton %100).

Enzymes were also tested in various combinations on crosslogeDNAHindll| BamHland EcoRl
were tested on Hek293 and HUVEC crosslinked DNA, following the method in the final protocol, and

digestion efficiency assessed by running undigested and digested controls on an agarose gel.
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Subsequent restriction enzymedting focused on the-dutter enzyme®pnl| CviQland Csp6l
Hek293 and HUVEC DNA was again digested with these enzymes and the digestion products run on

an agarose gel.

2.5.1.3 SDS and Triton-X00 concentration

Different concentrations of SDS and TritehOOwere tested in the primary restriction digest in
order to find concentrations that provided a sufficient yet quenchable volume of SDS. SDS was
tested at a concentration of 0% (as a control), 0.1%, 0.2% and 0.3%, while Tx@6nNés used at a

concentraton of 0.6%, 1.2% and 1.8%. Digestion was tested on genomic and crosslinked cell DNA.

2.5.1.4 First ligation

A number of parameters were tested for the first ligation; in each case, ligation products were
compared on an agarose gel. The reaction (as in the fio&bgul) was tested with and without the

presence of 40 yl 10 mg/ml BSA. Ligation efficiency was compared on an agarose gel.

2.5.1.4.1 Primer design (initial)

After viewpoints and secondary fragments had been chosen and the efficacy of the restriction
enzymes verifid, primers for inverse PCR were designed. For each secondary fragment a forward
and reverse primer were designed, referred to as the ‘read’ (primary restrictiopasite'nonread’
(secondary restriction site) primer. In contrast to standard PCR, the primers were designed facing
outwards from the secondary fragment so that when they have ligated into PCR circles, they amplify

the captured fragment and the rest of tloércle Figurel?).

Primers were designed using Primer3Pltis order to create primers with suitable length, GC

content and melting temperatures (Tms), avoid primer elirand hairpin formation, and check that
primers do not match anywhere else in the genome. To create primers facing outwards, the
sequence was rearranged: the 50 bp flanking the primary restriction site and the 100 bp flanking the
secondary site were takeswapped around and separated by a 100 bp stretch of N nucleotides to
represent the captured sequencEigurel?). Primer3plus was used to design a pair of primers to
amplify the stretch of Ns. The read primer was designed as close as possible to the primary
restriction site, while the nonread primer could be anywhere in the 100 bp region. Secondary
fragments for which a suitable pair of primers could not be designereé wiscarded. For each

sequence that allowed suitable primers, two pairs were ordered for testing on 4C library DNA.
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1ryRS Secondary fragment 2ry RS

2ry 1ry

N(100) ‘

%

Read primer Nonread primer

Figurel?: Sequence reaangement before primer desigrthe sequence of the secondary fragment is taken
and rearranged into a form suitable for conventional primer design before being used in Primer3PIu. The 5
bp adjoining the primary restriction site and the 130 bp adjoining the secondary restrictionesggvapped

over and connected with a 100 bp stretchwhucleotides, which serve as the placeholder for the unknown
ligated fragment in the DNA circle. Primers are then designed to amplify this stretch of Ns. ildi#eava
sequence for primer design by the secondary restriction site is longer because rtiés will not be used to
produce a sequencing read, so does not need to beaEe to the restriction site.

25.15 4CPCR

2.5.1.5.1 Primer testing without adapters

Many variables were tested for amplification of 4C library DNA. Test reactions were carried out in
reaction wlumes of 50 pl, following the proportions in the final protocol. Test PCR reactions were
carried out on the appropriate 4C library DNA using three different polymerases: NEB'’s Phusion
HighFidelity DNA Polymerase, Acqua Science’s PCR Master Mix andsRogiaid Long Template
PCR System.

PCR reactions were tested with template 4C library DNA at volumes of 10 ng, 20 ng and 40 ng, in
order to find the optimum amount of template DNA (the point beyond which the amount of PCR
product does not markedly increagéth an increase in template). Different thermocycling

conditions were assessed. A gradient of annealing temperatures fred®38 were tested, and total
number of cycles was varied from 30 to 35. An NTC was included in each reaction to check for
contamiration and primer dimer. Genomic DNA was also included as a control; as primers face
outwards from the secondary fragment, the product should not amplify from genomic DNA. Controls

with only the “read” primer were also included to check for rapecific binling of primers. Again,
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no product should amplify using only this primer. The final set of primers before addition of

sequencing adapters is shownTiablel3.

Tablel3: Primer names and propertiestwo pairs of primers were tested for each secondary fragment, where
the sequence was amendable to primer design.

. . . . Read/non Secondary

Viewpoint Primer name Site read frag_ment Sequencg5’ - 3) Length Tm
side

11_Dpnll R Nlalll Read Dpnll  Read Left CATTGTGCCGACATCTGG 18 59.6
Bgﬁ,ﬁ]n 11_Dpnll R Nlalll Non Nlalll Non Right CCCCTTTCCCTCTAGATT! 20 58.2
11_Dpnll R Nlalll Non2 Nlalll Non Right GAGCTGTGGTGGTGATG/ 20 585
BCARL' 11p_Csp6lL Dpnll Read Csp6l  Read Right AAGATGTCCGTGCCTGTG 18 58.1
Cspé6lleft  11p Csp6lL Dpnll Read2 Csp6l  Read Right CAAGATGTCCGTGCCTGT 18 58.1
SId®)  11p Csp6lLDpnllNon  Dpnll Non Left ACCTAGGCCTTTTTCTGTCG 20 585
BCARA' 11p_Csp6lRDpnll Read Csp6l  Read Left GTGGCTCCTTATCTCCCT 20 58.2
Csp6lright  11p Csp6IR Dpnll Read2 Csp6l  Read Left GGGAAGTGGCTCCTTATC 20 57.8
side) 11p_Csp6!R Dpnll Non Dpnll  Non Right TTCCCTATAGGACGGAGT 20 57.2
SNPDpnll R Csp6lRead Dpnll  Read Left CACAAAAACACCTGGTCTCC 20 58
SNFDpnll SNPDpnll R Csp6lRead2 Dpnll Read Left ACAAAAACACCTGGTCTCCA 10 58
SNPDpnIl R_Csp6_Non  Csp6l Non Right AGAAACTGCCCTTCCAGTCT 20 58
SNPCsp6IL_Nlalll Read  Csp6l Read Right GGGACCCAAGTTTAAACA 20 579
SNRCsp6l  SNPCsp6lL Nlalll Read2 Csp6l  Read Right GGACCCAAGTTTAAACAA 21  56.7
SNPCsp6! L Nlalll Non Nlalll Non Left TAGTCACCCTGGCTGAAC 20 56.6

2.5.1.5.2 PCR optimisation with adapters
After confirmation of working primer pairs, these primers were ordered from Eur@férsomics

with the appropriate “read” or “nonread” Illumina sequencing adapter on the 5’ end.

Read adapterAATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGACGCTCTTCCGAT
Nonread adapterCAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC

Primerconcentration was tested using the new adapter primers. Primers were used in the PCR
reactions at 200 pmol to 750 pmol. Reactions were again tested using genomic DNA template
control and NTCs, and with 4D ng of template DNA. Thermocycling extension tmas varied

from 2 to 3 minutes per cycle.

2.5.1.6 Next-generation sequencing

Nextgeneration sequencing of amplified 4C libraries was tested with and without custom
sequencing primers. Custom sequencing primers used were the applicable read primers for each

amplified viewpoint.
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2.5.2 Final protocol
2.5.2.1 Cell culture and crosslinking

Hek293 and Huh7 cells were cultured in DMEM with 10% FBS, while HUVECs were grown in
Promocell Endothelial Growth Medium with sertgontaining growth suplement. Between 12 and

18 F175flasks wee cultured to 96100% confluence. Fresh 2.5 M glycine was prepared and filtered
through 0.22 pym filter membrane. Medium was removed from cells and PBS added for 3 minutes to
wash the cell surface. Cells were trypsinised and collected in 15 ml tubesgherdown at 400 g

for 4 minutes. Cells were resuspended in 2 ml medium each, then consolidated into one tube of cells
and spun down again as before. Cells were resuspended in 11.2 ml medium for a final volume of

11.25 ml. 50 pl was removed and set asideedounting cells.

312 ul 37% formaldehyde was added to the cells for a final concentration of 1%, and the solution
mixed for 10 minutes by gentle rocking on the rocking mixer. While cells were crosslinking, some of
the cells removed for crosslinking wedguted 1 in 10 in cell medium in order to increase the range

of countable cells. The diluted and undiluted cells were counted. After 10 minutes, the

formaldehyde crosslinking was quenched with the addition of 625 pl 2.5 M glycine for a final
concentrationof 129 mM. The solution was mixed for 5 minutes on the rocking mixer, then placed

on ice for 15 minutes. The cells were centrifuged at 480 g for 10 minutes. Supernatant was removed
and the cells resuspended in PBS. The cell solution was then dividdd5mtd tubes in order to

contain 1020 million cells per tube. The tubes were centrifuged at 480 g for 5 minutes at 4°C.

Supernatant was removed and the pellets fldisbzen in dry ice, then stored a80°C.

2.5.2.2 Celllysis and first digestion

Cell lysis buffewas made up with 10 mM T#$CI (pH 8.0), 10 mM NaCl, 0.2% Igepab8Rand 1x

Thermo Halt Protease Inhibitor Cocktails. 1 x digestion buffer was also made up astille

using the relevant digestion buffers for the restriction enzymes being usigdafy restriction

enzymes used were Dpnll (with its unique Dpnll buffer) and Csp6l (with Thermo Fisher Buffer B). Cell
pellets were thawed and resuspended in 660 pl chilled lysis buffer, and the solution mixed by
pipetting, then homogenised using a plastiicrocentrifuge tube pestle. The solution was left on ice

for 15 minutes.

A sample of 3 ul of the solution was taken and mixed with 3 pl methyl gugeamin stain on a
microscope slide and covered with a coverslip. Cells were then visualised undedctbeampe to

check that individual nuclei (stained blgeeen) had been isolated. If clumps of cells were still
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visible, the cell solution was homogenised with the pestle and left for another 15 minutes. The cell
solutions were then centrifuged at 2300 g4&C for 5 minutes. Supernatant was removed and the
pellet washed with 500 pl chilled 1 x digestion buffer and spun again. The wash step was repeated
once more. The final pellet was resuspended in 392 ul 1 x digestion buffer, to which 10 yl 10% SDS
was adled, to a final concentration of 0.2%. The mixture was incubated at 37°C for 1 hour, then in a
65°C water bath for 10 minutes, with agitation ev@mninutes. 44.4 ul 20% Tritonr200 to a final
concentration of 2% was added to quench SDS, and the sokhadten at 37°C for 1 hour.

20 plUndigested control samplgvas taken at this point to compare sizes of digested and
undigested DNA, and stored -&0°C until use. Here 200 U of the primary restriction enzyme was
added, and the solution incubated for 4 hewat 37°C with shaking. 200 U more enzyme was added
at this point, and the solution incubated at 37°C with shaking overnight. Parafilm watoussal

the top of the tube to prevent evaporation.

In the morning, 20 pl digested control was taken. Contnadse processed as in5.2.3 Digestion

was stopped using hed@mbactivation, if the primary restriction enzyme could be higtctivated, or
addition of SDS. For Atinactivation, the solution was placed in a 65°C water bath for 20 minutes,
manually mixing the tube every few minutes. For SDS inactivation, SDS was added to a final
concentration of 1.5% and the solution again heated at 65°C for 20 minutes with e@dasio

agitation.

2.5.2.3 Controls

To 20 pl controls the following were added: 76.5 pl 10 mM-HI@$, 2.5 pl Proteinase K (20 mg/ml)
and 1 pl RNase A (100 mg/ml). Crosslinks were reversed at 65°C for 4 hours. Controls were then
phenol/chloroform extracted followinghe instructions of the 5 Prime heavy phase lock gel. Controls
were then run on a 1% agarose gel to confirm that the undigested control produced a single high

weight band, while the digested control produced a smafdower weights.

2.5.2.4 First ligation

Digestel DNA was transferred to a 15 tnbe and the reagents shown irablel4 added. The

ligation was then incubated at 16°C overnight.
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Tablel4: Volumes for first 4C ligation.

Reagent Volume (ul)
20% Triton X100 1200

10x NEB ligation buffer ~ 800

BSA 80

dH0 4900

T4 DNA ligase 20 (120 V)
Total 7000

25 pl 20 mg/ml Proteinase K was added to the solution and the tube lid wrapped with parafilm to
prevent evaporation. The tube was incubated for 6 hours or overnight at 65°C to reversériess
2.5yl 100 mg/ml RNase A was added and the tube inculatt8@°C for 45 minutes. Ligated DNA
was then phenol/chloroform extracted following the instructions of the 5 Prime 15 ml heavy phase
lock kit. The result was ethanol precipitated and resuspended in 150 pl 10 miAdIrigH 7.5. This
DNA was referred to ake “3C library”. 2 pl 3C library was run on an agarose gel to check ligation

efficiency.

2.5.2.5 Second digestion

After controls were processed to check for successful primary digestion and ligation, ligated DNA
was digested with the secondary enzyme. At thi;ipBINA was no longer croisked and no SDS

was present, so restriction digestion could proceed as standard. 1 pl of 3C library DNA was run on a
1.5% agarose gel alongside reference samples of human genomic DNA (200, 500 and 1000 ng) and
bands quantifiedusing SynGene GeneTools, in order to estimate DNA concentrations of the 3C

library.

2550 pg of 3C library DNA was digested overnight with the secondary restriction eriazgmé:
Csp6br Nlalll Digests contained 50 pl 10x applicable digestion buffe@®fg 3C library DNA, 5 pl
secondary restriction enzyme anéhOto a total volume of 500 ul. The digest reactions were

incubated at 37°C overnight.

5 plsecond digest controlvas taken35 ul 10 mM TrigdClwas added to dilute the sample and half

of thisrun on a 1.5% agarose gel to check digestion efficiency.

If DNA had digested sufficiently, the reaction was phenol/chloroform extracted using a 1.5 ml heavy

phase lock tube, then ethanol precipitated, adding glycogen to a concentration of 0.4 ug/ul before
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addition of sodium acetate and ethanol. DNA was resuspended in @) and the

concentration measured on the Nanodrop.

2.5.2.6 Second ligation

The digested DNA was transferred to a 50 ml tube, to which the reagefn&blal5were added.

The ligation reaction was incubated at 16°C for 4 hours/overnight.

Tablel5: Volumes for second 4C ligation.

Reagent Volume (ul)
Digested 3C library 100

10 xT4 ligase buffer 1400

T4 ligase 20(120 L)
Milli-Q 12480
Total 14000

After ligation, the solution was phenol/chloroform extracted using 50 ml heavy phase lock tubes. To

increase yield, the solution was bagktracted: the aqueous layer was transferred to a new tube,

the phase lock gel pierced with a glass rod and an eagaime ofdHO added, mixed and

centrifuged as before. The aqueous layer was transferred to the new tube. The solution was ethanol
precipitated, adding 0.4 pg/ul before addition of sodium acetate and ethanol. DNA was resuspended

in 100 pl 10 mM TrisICl.

The final ligated DNA was purified using thastra GFX PCR DNA and Gel Band Purification Kit
eluting in 50 wl 10 mM THBEICI. This is referred to at the 4C library. The DNA concentration was
measured using the Nanodrop and the 4C library samples stor@@<C.

2.5.2.7 Amplification of 4C library

After optimisation of 4e€PCR, amplification reactions were scaled up. Each 4C library was amplified
in 16 reactions of 50 pl, using the SigAldrich Expand Long Template PCR System. The reaction

was set up as shown Tablel6. Thermocycling conditions are showriTiablel7.
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Tablel6: Volumes for largescale amplification of 4C library.

Reagent Volume (ul)
Expand Long Template Buffer 1 80

dNTPs (10 mM) 16

Primer 1 (10 pmol/pl) 80

Primer 2 (10 pmol/pl) 80

Expand Long Template Polymerase Mix 12
4Clibrary (10 ng/ul) 160

dH0 372

Total 800

Tablel7: 4C PCR thermocycling conditions.

Cycle step Temperature (°C)  Time (S) Number of cycles
Initial denaturation 95 120 1

Denaturation 94 10

Annealing 55 60 35

Extension 68 180

Final extension 68 300 1

2.5.2.8 Quantification of amplified 4C library

Amplified 4C samples were quantified on the Agilent 2100 BioAnalyzer using the Bgil&rit000

kit. 4C DNA was diluted to 20 and 40 ng/ul, and the chip was loaded and pregmaading to the

kit instructions. Data was recorded and analysed using Agilent 2100 Expert Software. After
confirming that suitable peaks were recorded for the DNA ladder and upper and lower markers, DNA

size and amount was recorded.

2.5.2.9 Quantification of seqgienceable DNA

To check for the presence of a DNA library that can be suitably sequenced with Illumina next
generation sequencing chemistry, the New England Biolabs NEBNext Library Quant Kit for lllumina
was used. This gPCR kit checks for the presence dfitimina sequencing adapters, and allows

quantification of the sequenceable library using supplied DNA standards.

Following the instructions of the kit, amplified 4C library was diluted in 1x NEBNext Library Quant
Dilution Buffer to 1:1,000, 1:10,000 atdl00,000. The gPCR reactions were prepared in an&f4
plate as per the instructions. The gPCR assay was run &Bh®00HT Fast Redime PCR System

using the thermocycling conditions shownTiablel8. The DNA standard curve was produced using
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the amplified DNA standard data, and the concentration of undiluted sequenceable DNA in each

sample calculated using the standard curve.

Table18: Thermocycling prtocol for gPCR of 4C librarieShermocycling followed the instructions of thew
England Biolabs NEBNext Library Quant Kit for lllumina

Cycle step Temperature (°C) Time (s) Cycles
Initial Denaturation 95 60 1
Denaturation 95 15 35
Extension 63 45

2.5.2.10 Next generation sequencing of amplified 4C libraries

The final amplified 4C libraries were sequenced to produce sequence reads that could be mapped to
the genome to identify interacting genomic regions. Sequencing was carried out dhuthima

MiSeq Desktop Sequencer, with the MiSeq Reagent Kit v2.

Following the kit instructions, amplified 4C samples were diluted to 4 nM in 0.2 N NaOH, then to a
final concentration of 12 pM in HT1 buffer. After the first sequencing attempt, 20% amdbiie

2nM PhiX control was added to the samples to increase base diversity at the start of the sequence
reads. One sequencing run used custom primers: the PCR “read” primers with linked Illlumina
adapter sequence. These were diluted to 0.5 uM and loaded tive cartridge as per the
manufacturer’s instructions. Subsequent sequencing runs used only the standard lllumina
sequencing primers supplied in the cartridge. After loading the DNA samples and custom primers
onto the reagent cartridge, the cartridge wiaserted into the MiSeand the sequencing run

started.

2.6 Chapter 8: protein assays

2.6.1 General methods for protein assays

2.6.1.1 Celllysis

Immediately after treatmentvith media or growth factorscell plates were placed on ice and
medium removed by aspiration. Gellvere washed twice with PBS. Cells were then lysed with
addition of RIPA buffgB0mM Tris/HCI, pH 7.4, 150mM NacCl, 1% Nonidet P40, 0.5% sodium
deoxycholate and 2 mM ED)lWith 1 x protease inhibitor cocktail and 1 x phosphatase inhibitor
cocktail. 80 pRIPA was used for each well of aw#ll plate and 50 pl for each well of a-dl|

plate. Cell were scraped and pipetted into 1.5 ml microcentrifuge tubes on ice. Samples were
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vortexed for ten secondand centrifuged at 4°C for 116 minutes atl6,000 go pelletcelldebris.

Supernatant was transferred to a fresh tube.

2.6.1.2 Protein measurement and standardisation

The BioRad DC Protein Assay was usete@surement. Solution A’ was made up with 1ml Solution
A and 20ul Solution S. To the wells of a8l plaie, 25ul solutiorA’, 200pl solution B, and 5l
sample or RIPA buffer (as a blank) were added and the plate left for 15 minutes at room
temperature. Protein concentrations were measured using Tecan GENios MicropéaterRnd

Magellan 3 softwareand the esults used to sindardise protein concentration

2.6.1.3 Western blot

NuPAGE Sample Reducing Agent and NUPAGE LDS Sample Buffer were added to 1x concentration to
each sample. The solution was vortexed briefly, incubated at 98°C for 3 minutes and placedfon ice. |

not being loaded immediately, samples were storee2a¢C.

The electrophoresis module wassembledvith a NUPAGE-#2% BisIris 1.0mm gel. 1INUPAGE®
MOPS SDS Running Bulfers added to fill the inner chamber and hélfthe outer chamber. 10 pl
sampe was loaded onto the gel, with 10 ul Spectra Broad Range Protein Ladder as a marker.

Electrophoresis was carried out at 200V for 50 minutes.

Invitrolon PVDF membrane (0.45 um pore size) was soaked in methanol, rirtdé®iand soaked

in 1x NuPAGErander Bufferwith 10% methanol. Two filter paper sheets, sponges for the transfer
module and the gel were also soaked in transfer buffer. The sponges, gel, membrane and filter paper
were assembled in the transfer module as showRigurel8, the module placed in the tank and the

chamber filled with transfer buffer. The transfer was run at 35V for one hour.

80



+ anode

Sponges <.__

Filter paper
AN
Membrane i"

Gel —

- cathode

Figurel8: Assembly of componentsfor membrane transfer All components are soaked in transfer buffer
before assembly. Charge running from the cathode to the anode stimulates transfer of proteinh &gl to
the PVDF membrane.

After transfer, the membrane was blocked for one hourd g&kimmed milk in PBST. The membrane
was cut into sections to probe for the proteins of interest. Sections were incubated overnight with
the primary antibodies to the proteins of interest diluted to 1/1000 (or as per manufacturer’s
instructions) in 5% milikan PBST. Membranes were subsequently washed with PBST for 10 minutes
three times and incubated for one hour with the appropriate secondary antibody diluted to

1/10,000. Membranes were again given three-tainute washes.

2.6.1.4 Western blot:protein detection

Proteins were detected using the BRad Clarity Western ECL Blotting Substrate. For each
membrane, 0.5 ml peroxide reagent and 0.6 ml luminol/enhancer reagent were mixed and added to
the membrane for five minutes. Protein location was captured by eitheogixg the membrane to

film and developing the film with thiKonica SRX101A tabletop processwrby directly capturing
fluorescence with th&yngene G:BOX Chemi XRQ and GeneSys v1.5.0.0 software.

2.6.2 Assays with GFBCAR1 fusion expression vector

A GFEBCAR1usion construct was obtained from the Cardiovascular Biology and Medicine group.
The fusion construct was produced by cloning B@ARYene into the pEGFE2 vector aEcoRand

BamHIrestriction sites, as shown Figurel9.
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Figurel9 Map of pEGFPERCARL1 plasmidhe plasmid was used as the wiyjghbe BCAR1 expression vector,
and for sitedirected mutagenesis to create the mutant vectdhe BCAR1 gene had previously been cloned
into the plasmid. The position of the base change equivalent to rs1035539, changing a codedsaiimee,
is marked by “P@S”. Figure created in Snapgéfie

2.6.2.1 Sitedirected mutagenesis

Sitedirected mutagenesis was performed on the pEGRBCARL construasing Agilent
Technologies’ Quik@ange Lightning mutagenesis kit, in order to change the base at the location of
the rs1035539 SNP. Primers with the rs1035539 A allele were designed\gserg Technologies’

QuikChange Primer Design t88l Primer sequences are shownTablel9.

Tablel9: Site-directed mutagenesis primer sequences

Primer Sequencdb’ —-3")

SDM_for CAGGGCCTGTCCGGCCCTCI
SDM_rev GGGAGGGCCAGCCAGGCCC
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The mutagenesis reaction was prepaaatording toTable20and amplifiedaccording to the

thermocycling conditions shown ifable21.

Table20: Volumes for QuikChange reaction

Reagent Volume (ul)
10x QuikChange Lightning Buffer 2.5
QuikSolution 1.5

dNTP mix 1
QuikChange Lightning Enzyme 1

H.O 16

dsDNA template (100ng/pl) 1

Forward primer (100ng/ul) 1

Reverse primer (100ng/pl) 1

Table21: Sitedirected mutagenesis thermocycling conditions

Cycles Temperature (°C) Time (min:sec)
1 95 2:00
95 0:20
30 60 0:30
65 3:30
1 65 5:00

After PCR, 1 (Dpnlendonuclease was added to the reaction and incubated for 10 minutes at 37°C.
Dpnlis specific for methylated and hemiethylated DNA, and therefore digests the parental DNA

template: DNA isolated fror&. colis dam methylated, while the mutated new tenaps are not.

2.6.2.2 Transformation and minprep plasmid purification

The original (referred to as wilgpe) and mutated pEGFP2/BCAR1 construct was transformed into
OneShot TOP10 chemicatlympetent cells, following the manufacturer’s protocol. 50l aliquadts

the cells were thawed on ice and 4pl vector DNA added to each aliquot. The cells were left on ice fo
30 minutes, heapulsed at 42°C for 30 seconds and immediately placeice for 2 minutes. 250l

room-temperature SOC medium was added and the \@ha#ken at 37°C for one hour.

The transformed cells in LB were then spread onto LB agar plates witiirBDkanamycin and
incubatedat 37°C overnightour colonies were picked from the wiighe and mutant plates and

inoculatedinto 5 mILB containindOpg/mlkanamyan, and shaken overnight at 37°C.
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Bacterial cells were harvested by centrifugatio8@00 gat room temperature for 3 minutes. DNA
was then purified following the instructions of the Qiagen Spin {diep kit, and eluted 0 pl
dHO. Corstruct DNA was sequenced by Source BioScincenfirm the correct mutation of the

rs105339 allele. DNA was sent for sequencing to corifimpresence of the mutant.

After confirmation of correct sequence, 50 pl bacterial culture for the tyifee and nutant

constructs was inoculated into 150 ml LB with 50 pg/ml kanamycin, and shaken at 37°C overnight.
The cultures were centrifuged at 5000 g for 10 minuBlasmid DNA was then purified according to
the instructions of the GenElute HP Plasmid Maxiprépald eluted in 3ml elution solutio™dNA

was isopropanol precipitated and resuspende@@dulH,O. ncentrationwasmeasured using the
Nanodrop. DNA was then sent for sequenciagross the whole gene, and the results compared to
the reference sequenc® check that no base changes had been introdugéth the exception of

the mutatedrs1035539ariant

2.6.2.3 Cell culture and transfection

HEK293 (human embryonic kidney 293) and-Z@&ls were used for transfection of the BCAR1
plasmid. HEK293 and C&@#swere cultured in Dulbecco’s modified Eagle medium (DMEM)
containing 10%-BS$Sandmaintainedat 37°C, 5% GO

For transfection, cells were seeded into av@ll plate containing 1 ml medium per well. For each
well, 3 pl Lipofectamine 2000 (Invitrogen) wased with 250 pl OptMEM, and 1 pg plasmid DNA
mixed with 250 pl OptMEM. Each mix was incubated at room temperature for 5 minutes. The DNA
mix was then added to the Lipofectamine mix, and incubated at 20 minutes at room temperature.
Solutions were addetb the wells containinghe cells. Cells were then left at 37°C 5% 624

hours and then serupstarved overnighDMEM with 10% FBS was replaced with DMEM with 0.5%

FBS)n preparation for treatment.

Four plasmids were used to transfect COS and HEt&8For BCAR1 assays. The four plasmids are

referred to in this section as “GFP”, “wilgpe”, “mutant” and “15F” respectively.

1. pEGFRC2 basic GFP vector withoBiCCARInserted. The vector was used as a negative
control and for normalisation of transfection efficiency.

2. pEGFRC2/BCAR1(WTPEGFRC2 vector with wildype BCAR1/GFP fusion protein (proline
at position 76).
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3. pEG-RC2/BCAR1(MpPEGFRC2/BCARWith mutation codng serine at position 76,
corresponding to the amino acid substitution caused by the SNP rs1035539.

4. pEGFRC2/BCAR1(15REGFRC2/BCARtoding for an “unphosphorylatable” version of the
BCARDrotein. 15 key tyrosine residues in the substrate domain amated to

phenylalanine and can no longer be phosphorylated.

2.6.2.4 Signalling assays

COS cells transfected with the four plasmids were used for signalling assays. Cells were cultured in
standard conditions as described in sectibh.§ then transfected and serustarved overnight as
per2.6.2.3 Cells were treated with serufinee medium (SFM), or SFM with 2 ng/npiéermal

growth factor EGF), 5 mMhanganeseldoride MnCb) or 10 uM Nilotinib. Treatment times wekg

5, 10 and 20 minutes respectivel@ells were lysed and proteins detected aszérl Proteins

detected were total BCAR1, phosphorylated BCARL1 (tyrosine 410) and GAPDH.

2.6.2.5 Protein localisation assay

HEK293 cells were transfected with the GFP -tyipé and mutant plasmids. After serustarvation
overnight, cells were plated intoell cell culture microscope slides and treated for five minutes
with serumfree medium or medium with 5% FBS. After treatment, medium was removed and 4%
formaldehyde added tdix cells. Fixed cells were stored at 4°C. Location of theBGAR1 fusion

proteins was visualised using confocal microscopy.

2.6.2.6 Wound healing assay

COS cells were used for the wound closure assay. Cells were transfected with the four GFP plasmids
as per2.6.2.3 After transfection they were plated into an Essen ImagelLoekédbplate at a density

of 3.5x10 per well. Cells were serwustarved overnight. The Essen WalMaker was used to create
700-800 uM wide scratch wounds in the cell layer in each well of the plate. Distilled water and 70%
ethanol were placed in the two wash boats, and the WoundMaker pin block was placed in the water
and ethanol wash boats for fivainutes each. The 9&ell plate was then placed in the plate holder

with the lid removed, and the pin block was placed on top of the plate. The lever was pressed to
create the wounds, the pin block removed, and the pin block washed as before. Thed|3tate

was then placed in the Essen BioScience IncuCyte ZOOM incubator, where cells were incubated at
37°C, 5% GQ@s normal. Scans of the cell surface were scheduled every 2 hours, allowing

guantification of the rate of wound closure.
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2.6.2.7 siRNA knockdown of ermjenous BCAR1

The Accell Human BCARL1 (9564) siRNA (Dharm@aaet sequence CCAGGAAUCUGUAUAUAUU)
was transfected into HUVEC cells to knock down endogenous BCAR1. The BCAR1 siRNA was initially
resuspended in 100 ul RNaBee water for a concentration &0 nmol/ul. A control siRNA with
scrambled sequence was resuspended in the same conditions. HUVECs were seeded into two wells
of a 6well plate at 1.75x10per well. The two siRNA mixes were made by mixing 4 pl (0.2 nmol)
resuspended siRNA (BCARL1 or agptvith 176 pl OptMEM. Oligofectamine mix was made by

mixing 21 pl OptMEM with 21 pl oligofectamine, and incubated for 10 minutes at room

temperature. 20 pl of oligo mix was then added to each siRNA mix, and the mixture incubated at
room temperature ér 25 minutes. Cells were then washed and 800 pvpaemed OptiMEM added

to each well. 200 pl of the oligesiRNA mixes was added to the BCAR1 and control wells, and the cells
incubated as normal for 4 hours. 500 ul 30% FBS inNIpkil was added for a fah concentration of

10% FBS. After 24 hours, cell medium was changed to endothelial cell medium with growth

supplement, and cells were assayed after 48 hours.

2.6.3 HUVEC transfection

Successful transfection of HUVECs was desired for two areas of the thesidoton luciferase

reporter assays to assess the intronic SNP rs4888378's effect on gene expression, and to express
wild-type and mutant BCAR1 protein for signalling and functional assays. Various methods were
tested to try and achieve successful transfectof HUVECS, involving lipid reagents or

electroporation.

2.6.3.1 Lipofectamine 2000

HUVECs were seeded in awidl plate at 1.5x10cells per well. Medium was changed 24 hours

later. Four lots of 150 pl OpMIEM were measured out, to which Lipofectamine 2000

(ThermoFisher) was added at 6, 9, 12 and 15 pl to create the lipid mixes. 10 pg of pEGFP DNA was
diluted in 600 ul OptMEM, and 150pl of the DNA mix added to each lipid mix. Solutions were
incubated for 5 minutes at room temperature, then 250 pl of eack added to a well of cells. GFP

expression was monitored using fluorescence microscopy.

2.6.3.2 Lipofectamine 3000

Transfection was carried out on HUVECs in 24 wells ofneB@late, following the Lipofectamine
3000 (ThermoFisher) protocol. Two volumes of tdptamine 3000 and two volumes of pEGFP DNA

were tested. Lipofectamine 3000 was tested at 0.15 and 0.3 pl per well, and DNA at 0.1 and 0.5 ug
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per well. Lipid mix was made up by diluting 0.9 pl or 1.8 pl Lipofectamine in 30 t1@pti DNA
mix was made bgliluting 0.1 pg or 0.5ug DNA and 1.2 pl P3000 reagent in 30 pMEN. The DNA
mix was then added to the lipid mix, and the DNAd complex incubated for 5 minutes at room
temperature. 10 ul DNAipid complex was then added to each well, and cells ke for

transfection efficiency with fluorescence microscopy.

2.6.3.3 Comparison of Lipofectamine 3000, jetPHUVEC and electroporation

Transfection efficiency dfipofectamine 3000, jetPHUVEPolyplus transfectiorgnd
electroporationwere compared using bbtthe pEGFP and pEGBEAR1(WT) plasmids. Transfection
took place in a 1&vell plate, in which 4 wells of 7x46ells per well were plated out. 24 hours later,
cell medium was replaced with fresh ECM, and cells were transfected with the two plasmids using

Lipofectamine 3000 and jetRHUVEC (one plasmid and lipid reagent combination per well).

Lipofectamine lipid mix was made up using 3 pl Lipofectamine with 100 pMEdi. Each
Lipofectamine DNA mix contained 1 pg plasmid DNA, 2 ul P3000 reagent an@@EBNIEM. 50 pl
lipid mix was added to each DNA mix, and the solutions were incubated at room temperature for 5

minutes. 100 ul was then added dropwise to each well.

JetPei lipid miwas male up with 8 ul JetPei and 100 ul NaCl. Each JetPei DNA mixnedrigilg
plasmid DNA and 50 pl NaCl. 50 pl lipid mix was added to each DNA mix, and the solutions vortexed

and spun down briefly, then incubated at room temperature for 30 minutes.

Electroporation used 1.5 x 46ells per well to account for cell deathasesult of electroporation.

For electroporation, cells were not plated out in advance. 3%célls were spun down and
resuspended in 200 pl Mirus buffer. 100 pl of the cell solution was added to two 0.2 cm Mirus
cuvettes containing 2 ug GFP and G¥PDNA, and electroporated using the Amaxa Nucleofector |
on setting WO01. The electroporated solutions were each added to 1.5 ml medium and all added to

wells. Cells were monitored for GFP signal on the IncuCyte.

2.6.4 BCARL virus production and infection

Two ad@oviruses were produced using the Gateway system (ThermoFisher) in order to examine the
effects of wildtype and mutant BCARAdenoviruses are neanveloped viruses wita double

stranded DNA genomen infection, viral DNA is introduced into the hostl d®it is not

incorporated into the host genomédenoviruses were used as the delivery vehicle for BCAR1 due

to their ability to infect a wide variety of cell types, and in particular their ability to infedtECS°.
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The Gateway cloning system allows a DNA fragment to be inserted into an entry vector (here
pPENTR3C), then transferred irsdarger virusspecific destination vector which can be used for viral

infection.

2.6.4.1 Virus entry vector construct
The BCAR1 gene had been cloned into the pE3CTRatewaygual selection vector by the
Cardiovascular Biology and Medicine grokijg(re20). DNA sequences of choice can be easily

cloned into this vector, then transferred into the destination vector.

PENTR3C-BCAR1

4912 bp

Figure20: Map of pPENTR3BCARDlasmid The plasmid wagsed as thavild-type entry vector for
production of adenovirus, and basis for sititected mutagenesis to create the mutant vector. The BCAR1
gene had previously bearioned intothe plasmid.The position of the base change egplent to rs1035539,
changing a coded proline to serine, is marked by “P7@§iire created in Snapgeiie

2.6.4.2 Site-directed mutagenesis

The gene sequence in the plasmid is identical to that used for the pEGER1 expression vector.
Therefore, the same sitdirected mutagenesis primers and protocol was used &s6r2.1However,

the thermocycling protocol was altered due to the shorter length of the vector (4912bp to the
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PEGFBCARL vector's 7326bp), reducing the extension time to 2mM3@dpnilwas added to the

mutagenesis product and incubatéar 10 minutes at 37°C to digest the parental DNA template.

2.6.4.3 Transformation and plasmid purification

The mutagenesis product was transformed into XGHd ultracompetent cells. Cells were thawed
on ice and 45 pl added to pighilled thinwalled tubes. 2 |0 -rhercaptoethanol mix was added to
each aliquot of cells and the cells kept on ice for 2 minutes. 2 pl vector DNA was added to each
aliquot and the tubes gently swirled and incubated on ice for 30 minutes. Cells werpuisadl at
42°C for 30 secondshen placed on ice for 2 minutes. Cells were then added to 500 pl preheated
(37°C) LB, and shaken at 37°C for 1 hour.

The pENTR3C vector contains a kanamycin resistance gene which allows selection of positive
transformants. The cells in LB were sgtemto LB agar plates with 50 {rgl kanamycin and

incubated at 37°C overnight. Four colonies were picked from each plate and inoculated into 5 ml LB
containing 50 pg/ml kanamycin, and shaken overnight at 38&Cterial cells were harvested by
centrifugation at6000 gat room temperature for 3 minutes. DNA was then purified following the
instructions of the Qiagen Spin Mipiep kit, and eluted ir80 ul dHO. A diagnostic digest was
performed to confirm that the gene had been cloned correctly into the pENTR3@ \&&tiand
EcoRWvere used to digest the vector. The vector should therefore be cut at both the polylinker sites
and halfway through the BCAR1 gene, whe8alsite is present. The reaction was set up as in
Table22 and digested for 90 minutes at 37°C.

Table22: Volumes for diagnostic digest of pPENTR3C clone.

Reagent Volume (ul)
DNA 6

Sall 0.5(10 V)
EcoRV 0.5(10 V)
NEBuffer3 1

BSA 0.1

dH.O 1.9

Total 10

When the digest had confirmed the presence of BlEARYene, mutated DNA was sent for
sequencing. After confirmation of the correct sequence, 50 ul of the mutated bacterial culture was

inoculated into 150 ml LB with 50 pg/ml kanamycin, and shaken at 37°C overnight. The cultures were
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centrifuged at 5000 g fatO minutes, and lasmid DNA purified according to the instructions of the
GenElute HP Plasmid Maxiprep Kltitingin 3ml elution solutionDNA was isopropanol precipitated
and resuspended iBOOUIH.O. The clone sequenced across the whole gene, andethdts

compared to the reference sequent®check that no additional base chandesl been introduced.

2.6.4.4 Cloning into pAd/CMV/VEDEST destination vector (LR recombination reaction)

= !
| m Cm attR2 V5 epitope |

Pac

pAd/CMV/V5-

DEST"™
36686 bp

Pac |

Figure21: Map of pAd/CMV/V5DEST destination w¢or. Image from ThermoFishgpAd/CMV/V5DEST™
and pAd/PLDEST @ateway® Vectorsanual.

After the production of the entry clone, an LR recombination reaction is carried out to transfer the
sequence of interest into the destination vector. The destimatiector used here was
pAd/CMV/VEDESTHigure21), which contains genes essential for synthesis of adenoviral proteins.
Both the entry and destination vectors contaitiL/attR sequences, which react specifically with

each other to transfer the sequence.

The LR Clonase Il reaction was set up for thetyjld and mutated vectors, and a control vector

(PENTRGUS). Each reaction was set up with 1 yl pENTR vector ({@0stagk), 2.75 pl
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pAd/CMV/VSDEST vector (50 ng/ul stock), 2 pl LR Clonase Il mix, and 4.25 pl TE (pH 8). Reactions
were incubated at 37°C for 1 hour. 1 pl supplied Proteinase K was added and the reaction incubated

for 10 minutes at 37°C.

TheattR sequenes in the destination vector flank theedBgene, which is toxic to the cell. This
provides negative selection, as a successful recombination reaction produces an expression vector
with the gene of interest rather than thecdBgene. The product of the ltBcombination reaction

must be transformed into competent cells that do not contain the F’ episome, as these cells contain
the geneccdA which compensates for the negative selection provided byctuBgene. As the
destination vector contains the ampiail resistance gene rather than the kanamycin resistance

gene, selection plates use ampicillin to prevent growth of cells with the entry clone.

The LR Clonase Il reaction product was therefore transformed into One Shot OmniMAX 2 T1 Phase
resistant Cells.Hree vials of cells were thawed on ice for the wifge, mutant and control

reactions. 1 ul DNA was added to each vial and mixed gently, then incubated on ice for 30 minutes.
Cells were heashocked at 42°C for 30 seconds, then placed on ice for 2 mir2§égul pre

warmed (37°C) SOC medium was added to each vial, and shaken at 37°C for 1 hour. The solution was

then plated onto LB agar plates with 50/ng ampicillin, and incubated at 37°C overnight.

The next day, after confirming that colonies were prasan the wildtype and mutant plates but
not negative control, DNA was purified according to the instructions oGimeElute HP Plasmid
Maxiprep Kit and ethanol precipitated as before. DNA concentrated was measured using the
Nanodrop and sent for sequeimg to confirm the correct base, corrdBCAR%equence, and

alignment with the pDEST vector after the attR1 site.

2.6.4.5 Pacldigest

pDEST vectors were digested withcl Digestion witiPaclexposes the left and right viral ITRs,
allowing proper viral replication and packaging, and removes the bacterial sequences. 10 ug DNA
was digested in a 100 pl reaction, with 10 pl NEB CutSmart buffer anéaZ.ifrhe DNA was then
purified with phenol/@loroform extraction, following the instructions of the 5 Prime Heavy Phase

Lock Gel. DNA was then ethanol precipitated and resuspended in 100 pl.

2.6.4.6 Preparation of adenoviral stock

Pacldigested destination vectors were transfected into HEK293 cells fye-$amale production of

adenovirus. HEK293 cells were plated into twwedl plates. The following day, the pAd/CMV#V5
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DESBCARL1 wildype and mutant vectors were transfected into the cells using Lipofectamine 2000.
4 ug WT and mutant DNA was mixed witmllOpt-tMEM, while for each the WT and mutant, 12 pl
Lipofectamine 2000 was diluted in 1 ml OREEM. These were incubated at room temperature for 5
minutes, then the DNA mix added to the lipid mix and these incubated for 20 minutes. 500 ul of the

mix wasadded dropwise to 4 wells each for the WT and mutant.

After 1-3 days, when cells were confluent, eactvéll plate was split into six T175 flasks. Culture
medium was replaced every2days until visible regions of cytopathic effect were seen. The viral

infection was left to proceed until about 80% cytopathic effect was seen.

Cells were removed from the plate by pipetting with a 10 ml pipette and transferred to a 50 ml tube.
Freeze/thaw cycles were then performed to prepare a crude viral lysate, allovergetls to lyse

and release viral particles. Tubes of harvested cells wereg&c80°C for 30 minutes, removed

and thawed in a 37°C water bath for 15 minutes. These two steps were repeated twice for a total of

three freezethaw cycles.

2.6.4.7 Virus purificatbn

Purified virus was produced from the crude viral lysate using the PureSyn Adenopure Adenovirus
Purification Kit. After the final thaw of the three freetteaw cycles, cell debris was pelleted by
centrifuging the samples at 2000 g for 5 minutes at roemperature. 50 ul of 25 U/ul Benzonase

was added to each lysate and the solution mixed and incubated at 37°C for 30 minutes. Lysates were
then diluted, equilibrated, loaded onto the virus module and eluted following the instructionseof th

Adenopure kit. fie final elution volume was 45 ml.

2.6.4.8 Virus dialysis

Eluted wildtype and mutant BCAR1 viruses were dialysed in order to replace the elution buffer with
a glycerolcontaining TE buffer more suitable for loteym storage. Dialysis was performed using 3
12ml Thermo Scientific Sligd&Lyzer Dialysis Cassettes (10,000 molecular weighafEutTwo

cassettes were immersed in the dialysis buffer, sterile TE-fominutes to hydrate the membrane.

A 18gauge syringe was used to load the wilge and mutant vius solution into the cassettes. Each
cassette was floated in 1 L TE and the solution mixed using a magnetic stirrer for 4 hours at room
temperature. The TE buffer was then replaced with 1 L TE with 10% glycerol, and the solutions with

cassettes mixed ovaight at 4°C. A syringe was then used to remove the viral solution from the
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cassettes, and both solutions were fiksterilised with a 0.2 um filter. Viral solutions were

subsequently stored aR0°C.

2.6.4.9 Measurement of viral titre

Viral titre was measured ug) the QuickTiter Adenovirus Quantitation Kit. DNA standards were
prepared by serial dilution of the supplied standard, and final solutions for measurement were
prepared in duplicate following the manufacturer’s instructions. Fluorescence was measurgd usi

the TECAN GENios Fluorescence, Absorbance and Luminescence Microplate Reader with 480/520
nm filter, and recorded using TECAN Magellan data analysis software. Adenovirus titre was

calculated using the viral solution RFUs and the standard curve.

2.6.5 BCAR1 mtein assays in HUVECs

Production of adenovirus expressing wijghe and mutant BCARL1 allowed assays to be carried out

on these proteins in HUVECSs.

2.6.5.1 HUVEC culture and infection

Pooled HUVECs were obtained from Promocell and cultured in Promocell End@k#IMEedium
with added serurrcontaining growth supplement. Cells were maintained at 37°C, 5%@Befre
viral infection, cells were seeded into av@ll plate. 24 hours later, 1 pl viral solution was added to
each well. After 48 hours, cells were serstarved overnight by replacing cell medium with

Endothelial Cell Medium containing 0.5% serum.

2.6.5.2 Signalling assays

For signalling assays, HUVECs were infected witkiypiédor mutant BCARL1 virus, control virus (GFP

or lacZexpressing virus) or no virus.

After 48 hours, cells were treated with 25 ng/ul VEGF. 10 pl VEGF (50 pg/ml) was added to wells at
timepoints of O (i.e. no VEGF), 5, 10, 20, 40 and 60 minutes. During treatment cells were incubated
at 37°C, 5% CQAfter treatment, cells were immediately pkaton ice and lysed as26.1.1

Samples were run on a gel and proteins detected &s@ri.3 Proteins detected were: total BCARL1,
phosphorylated BCARL1 (Y410) and phosphorylated BCAR1 (Y249), total paxillin, phosphorylated
paxillin (Y119), Akt and GAPDH. Total protein amounts were quantified using GeneSys v1.5.0.0
software and compared using twaway ANOVA.
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2.6.5.3 Well migration assays

HUVECs were infected with witghbe or mutant BCARL virus, control virus (GFP ordapressing
virus) or no virus. 750 pl ml serufree endothelial cell medium was added to each well of ave#l
plate. Control wells contained only sertinee medium, while treatment wells contained 25 ng/ul
VEGFTranswell inserts made of lepore-density polyethylene terephthalate (8 um pore size)
(Falcon, BD Biosciences) were then added into each well. Cedisryyesinised and resuspended at

a concentration of 3 x 2@ells/ml. 500 pl of cell suspension was added into each well insert, giving
1.5 x 18 cells per well. Cells were incubated in standard conditions for 4 hours. The inserts were
then removed, and dis on the upper side of the inserts that had not migrated through the
membrane were removed with cotton buds, leaving only those that had successfully migrated

through to the other side.

Membranes were then fixed and stained following the instructionthefReastain Quibiff kit. Cells
that had migrated to the lower side of the membrane were therefore stainad,vaere counted at
400x magnification using a microscope. After four independent experiments contai3ingp2ats
of each treatment/plasmid coftyination, number of migrated cells were compared between

treatment/no treatment and plasmid expressed using tway ANOVA.
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3 Bioinformatics analysis of th€ FDP-BCARITMEM170Aocus

3.1 Introduction

Genomewide association studies have identified many nowei for complex diseases such as CHD,
but implicating a genetic locus is only the first step to discovering the basis for these asssciatio
discussed in the introduction, the presence of linkage disequilibrium provides the means by which
tag SNPs campresent a haplotype containing many additional SNPs. However, this means that in
areas of strong LD, GWAS signals cannot implicate a single variant with the trait, as all vakiants i
will be correlated. Of these correlated variants, it is often uncletaich is likely to be directly

causing a change in the phenotype.

Strong phenotypic changes created by a single SNP are often the result ebgnomymous coding
variant that alters the amino acid and resultant protein structure. For example, sidkEneemia is
characterised by homozygosity for the minor T allele of rs334, coding for a valine instead ofg@lutam
acid at position six of the haemoglobin protéfn Identifying these noisynonymous risk variants

can be relatively straightforward as they have a predictable effect on protein steu¢iowever,

the majority of diseas@ssociated variants found by GWAS are in-owding areas of the

genome?’?8 In theCARDIoGRAMplusCHigta-analysis looking for CAD risk loci, for example, 77%
of associated variants occurred in intergenic or intronic rediddsing unable to alter protein

structure, sich variants are therefore likely to exehe phenotypic effect througldisruption of

gene expressian

While the noncoding regions that make up the majority of the genome was traditionally largely
regarded as unused “junk” DNA, genomic annotation projects like ENCODE are assigning increasing
functionality to these intronic and inteegic region$'®. Some variants in these naoding areas

have been shown to have a functional effect on cardiovascular disea&&#kbut genetic

regulation is still an area consisting of many unknowns, and numerous methods can be required to

investigate the possible effects on regulat@inan associated locus.

Gertow and colleagues identified a locus on chromosome 16 that was associated with cIMT and
CAD", but the causal variant at theFDP-BCARITMEM170Aocus, and the basis behind the

genetic association, are not known. The aim of this chapter was to investigate the chromosome 16
cIMT locus to determine whickariantsmight be good candidates for functiongl, and to explore

which gene or genes at the locus they might be acting on to cause the effect.
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In Gertow et al's study, genotyping did not follow a genemide approach, where a genotyping

array examines SNPs spacerbas the genome in order to tag as many SNPs as possible. Instead the
Metabochip was used; as describedsattionl.2.5.] this is a custom genotjy array that tests

200,000 SNPs concentrated at loci already known to be of metabolic and cardiovascular'ifiterest
While it allows finemapping of known cardiovascular loci, it leaves relatively sparse coverage at
non-focused regions, as was the case for @leDP-BCARITMEM170Aocus, which had not

previously been implicated in cardiovasaulraits from GWAS. The discovery of the lead SNP at the
locus therefore results in the possibility for a potentially large number of functional variams. Th
functional variant tagged by the lead SNP, rs4888378, could be any of those in strong LDIwith it

first stage of analysis was therefore to find SNPs in LD with the lead SNP.

The online tool SNAP (SNP Annotation and Proxy Search) was used to find such SNPs, and these
taken forward for further analysis. SNPs in strong LD with the lead SNP wetiiddersing the

1000 Genomes Pilot 1 data $&t which at the time of analysis was the mosttopdate population
available for LD calculation. After selection of candidate SNPs and functional analysis, more
comprehensive 1000 Genomes Phase | data became available, and variants in LDoatendated

and analysed. Bioinformatics tools were used to prioritise the likely functionality of these $Ps. T
likelihood of functionality of a SNP was evaluated byr@ring its location (for example, whether it

is present in proteircoding regions) and by looking at regulatory characteristics annotated by

ENCOD®’and the NIH Roadmap Epigenomics Mapping Consoftfum

Data from chromatin immunoprecipitation (Ch$Bq) assays show regions bound by EifitAling
proteins; variants in these areas might be expected to affect the binding and action of transcriptio
factor$. The histone modifications present on the ahratin also provide information about the
potential function of a region. For example, the methylation and acetylation nk#3kgimeaand
H3K9ac mark areas consistent with promoters, wHiBK4melandH3K27a@re generally found in
active regulatory elemestsuch as enhancers. Other marks indicate functions suttamscription

start (H3K79mepor repressive elements (H3K9mMé&SF?4 Variants in these areas are therefore

more likely to affect regulation of gene expression.

Hypersensitivity to the DNase | enzyme is a mark of chromatin accessibility, and correlates with the
presence of regulary elements such as promoters and enhané&rsMapping of DNase |

hypersensitrity by DNaseeq in ENCODE allowed over 2 million uniqgue DNase | hypersensitive sites
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to be mapped to the genome. Variants in these areas are again more likely to have an effect on

regulation.

In addition to looking for the variant that is responsible thoe association, the phenotypic effect of

the locus was explored on a wider scale by examining genes whose expression was associated with
the lead SNP. Variants associated with the expression of genes are known as expression quantitative
trait loci (eQT&)%%. Data from eQTLs does not help to distinguish functional variants from a

haplotypic block; if eQTL data is from the same population, the same patterns of LD will be present
and all SNPs in LD will be correlated with expression. Suchhdag&dore cannot prove that a SNP is
directly influencing expression. However, by implicating the gene or genes that are associated with
the measured phenotype, we can understand more about how the functional variant might be
causing the effect. This cafso give clues about the location of the functional variant; for example,

if the lead SNP is associated with expression of a certain gene at the locus, it may be usekuhto lo

any variants in strong LD that are present in the promoter of this gene.

Getow and colleagues’ discovery study conducted eQTL analyses on the lead IMT SNP in the
Advanced Study of Aortic Pathology (ASAP) and Biobank of Karolinska Endarterectomies (BiKE) data
sets. ASAP comprises gene expression data from biopsies of liver,anaamery and ascending
aorta tissue from patients undergoing aortic value surgery, while BiKE has expression from
atherosclerotic tissue from patients undergoing endarterectomidssurgeries were carried out at
Karolinska University Hospital in Stockh, Sweden, and SNP genotype was obtained from patients’
DNA samples using thkumina Human 610¥WQuad Beadarray. Using tissues relevant to the cIMT
phenotype (thoracic aorta intimenedia, aortic adventitia, mammary artery, heart, liver, human
plague andperipheral blood mononuclear cells), Gertow and colleagues loaktgk relationship
between the lead SNP and expression of the nine genes within 200 kb of the locusspelsfie
expression was observed fEMEM170Afor which the association was sirgest, BCAR&ndLDHD
suggesting that functional variation at the locus may be acting through the expression of one of

these genesHigurell).

To extend the analysj looking at whether allelspecific expression was replicated in a different

data set and different tissues, expression by rs4888378 allele was here examined using theypublicall
available Genotypdissue Expression (GTEXx) péttaand other publicly available eQTL resources
were examined for variants of interest at the locus, to look for insight into active regylato

elements.
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3.2 Resuls

3.2.1 Selection of candidate SNPs

While the lead SNP, rs4888378, may itself be exerting a functional effect causing increased cIMT, it
may also be tagging a functional variant or variants with which itis in LD. LD analysis using 1000
Genomes project data ificated 214 variants in strong LB (1 1 X6+ A]5Z Eiguiedd,i6o ~
implicating any of these as a potential candidate for the functional variant. These variants spanned
the gene<CFDPITMEM170fAand CHST6None of these SNPs were nsynonymous coding SNPs,
located within splice junctions or in predicted miRNA binding sites, thus any function of these SNPs

affecting cIMT was likely to be a result of effects on gene regulatory elements.
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Figure22: Linkage disequilibtim plot for lead SNP rs4888378ata from 1000 Genomes (Pilot 1); graph
plotted with data and R script from SNAPLead SNP rs4888378 is shown in red; othgéantsare shown
relative to their position at the locus-gxis) and LD {y with rs4888378 (axis). The majority ofariants in
strong LDOie within CFDPAnd TMEM170Aandthey may affect these genes, le within enhancer regions
which affect expression of other genes. Chromosome coordinates are based on NCBI Build 36.1 (hg18).

Potential regulatory effect of the variants in strong LD was assessed using ENCODE, Roadmap and
the ElDorado toh as describeth section2.2 SNPs with certain regulatory features were assumed

to be more likely to have a functional effect. Variants were taken forward for further analysey if t
fulfilled all of the following coritions: located within protein binding sites (based on C38g data),
located in or within 200 bp of a DNasel hypersensitive site, located in promoter or enhancer histone
signatures, and disrupt a predicted transcription factor binding motif. These teguimarks can be

visualised using online tools such as the UCSC Genome BrdandrHaploReg:
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Five variants passed the criteria, which were selected for furthalyais along with the lead SNP,
rs4888378rs4888379rs4888392rs2865530rs3743609andrs11643207Table23 shows each
selected SNP with the simgths of associated regulatory marksgure23 shows the position of each
chosen SNP on the UCSC Genome Browser in relation to annotated histoneDinaké
hypersensitivity and bound protesnFigure24 shows an example of a SNP in strong LD with
rs4888378 with insufficient regulatory marks, ahét was therefore not chosen for further analysis.

Table23: Chosen SNPs with associated regulatory marks.
* Indicates DNasel hypersensitive sites within 200 bp of the SNP

DNase Altered binding
Histone marks hypersensitivity motifs
Promoter  Enhance Bound
Position Genetic MAF  (H3K4me3, (H3K4me, Cell proteins
SNP (hg19) location Alleles (EUR) H3K9ac) H3K27ac) types Score (UCSC) HR ElDorado
CFDP.
rs4888378 75332041  (intronic) AIG 0.57 0 8 8* 239 1 3 9
CFDP.
rs4888379 75340231  (intronic) AIT 0.56 12 19 51 776 23 3 4
CFDP.
rs4888392 75412262  (intronic) CIT 0.57 4 18 83* 1000 10 6 5
CFDP.
rs2865530 75414376  (intronic) GIT 0.57 1 12 23 763 29 2 3
CFDP.
rs3743609 75467021  (intronic) C/IG 0.56 24 0 77 1000 41 9 2
TMEM170,
(5' flanking
rs11643207 75498793 region) CIT 0.63 20 3 125 1000 74 5 2
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Figure23: Selected SNPs with annotated bound proteins, promeotend enhancerassociated histone marks,
and DNasel hypensensitivity clusterd3K4medistone marks signify areas consistent with promoters, while
H4K4mel and H3K27ac marks signify areas consistent with enhancers. SNPs in strong LD withiNRe lead S
were viewed on UCSC Genome Brow3evith these rel@ant regulatory tracks to visualise their location in
regards to genes at the locus and other SNPs in strong LD.
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Figure24: Example of an unselected SNENPs such as rs4888390 were not selected for further analysis due
to their lack of bound proteins, promoteand enhancesassociated histone marks, and proximity to DNasel
hypersensitivity clusters. Figure adapted from UCSC Genome Bt&wser

The final six selected SNPs with their locations irtiogldo the genes at the locus, and reasons for
selection, are shown iRigure25. These SNPs were taken forward for functional analysis to
determine teir likelihood of affecting gene expressidmalysis of 1000 Genomes Phase | data

which had become available after the initial analysis showed a further 56 variants in strong LD with
rs4888378. These were analysed using regulatory data as above, bupassed the threshold for

further analysis.

—< CFDP1 | (TMEM170A |—
rs4888378 rs4888379 rs4888392 rs2865530 rs3743609 rs11643207
GIA AT TiC GIT GIC CIT
0.43 0.44 0.43 0.43 0.44 0.37
lead SNP enhancer mark enhancer mark enhancer mark promoter mark promoter mark
DNase* DNase DNase* DNase enhancer mark enhancer mark
bound proteins bound proteins bound proteins bound proteins DNase DNase*
motif change motif change motif change motif change bound proteins bound proteins
motif change motif change

Figure25: Location of chosen SNPs at thi&-DP-BCARITMEM170Aocus.SNP locations are shown in
relation to the genes CFDP1 and TMEM170A, with the reasons for choice highlifiNadel hypersensitive
site within 200 bp of the SNP.

3.2.2 eQTL analysis

It has previously been shown in Gertow and colleages’ study that the lead SNP rs4888378 was
associated with at least nominal significance with expressiaiMEM170ABCARANdLDHON

aortic media, aortic adventitia and carotid pladd® The gene expression dataset GTExuwsgas to
extend the analysis and find out which relationships could be replicated. Again, the association
between rs4888378 and transcripts from the nine genes within 200 kb of the lead SNP were tested.

The blood vessel tissues aortic artery, coronary grtard tibial artery were selected for study.
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Of the gene transcripts examined, three showed nominally significant-ajpeleific expression with
rs4888378 BCARILDHDand CFDPIwhile the association wittMEM170Awvas not replicated

(Figure26 andFigure27, Table24). Only theBCARAssociation was present in more than one tissue

(aortic artery and tibial artery) and remained significant after correction for multiple testiadsdt
showedtheZ]PZ 8 (( 3 ]l « ~t A IXT1 8} IXT0 % &E ' 00 0 }v VIEU 0]
Association in coronary artetissue was borderline significant before correction. As sediigare

26, expression oBCARIncreases with each G allel¢he allele associated with higher IMT and CAD

risk in the discovery study.
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Figure26: BCAREXxpression by rs4888378 genotype in aortimronary and tibial artery tissuedata and
graphs from Gendissue Expression (GTEX) P&fiaccessed February 2016f the ninegenes analysed at

the locus, only associations wiBCARTemained significant after correction for multiple testing. Expression of
BCARWas shown to increase with eabighriskallele of theSNP
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Figure27. (a)LDHDand (b)CBPlexpression by rs4888378 genotype in aortic arteBata and graphs from
GeneTissue Expression (GTEX) Pfiahccessed Febary 2016 Expression of these genes was associated
with rs4888378 genotype in aortic artery only, but the association did not remain after correationuftiple
testing.

Table24: Association between rs4888378 and expressiondenes at theCFDP-BCARITMEM170Aocus.
Data from GTEx Browset Effect size is expression per G allele.

*Represents significantsgociation (p < 0.05) between genotype and expres8@AR1, CFDP1, LDHD
**Represents association significant after correction for multiple testBQARL

Gene Tissue

Aortic artery Coronary artery Tibial artery

p-value Effect size p-value Effectsize p-value Effect size

BCAR1 6.70x10%*  0.26 0.052 0.13 8.90x10%**  0.22
CFDP1 0.031* 0.086 0.067 -0.13 0.94 -0.0029
CHST6 0.62 -0.035 0.19 0.1 0.23 0.055
CTRB1 0.099 0.16 0.1 0.21 0.31 0.085
CTRB2 0.32 0.1 0.26 0.15 0.84 0.016
LDHD 0.03* -0.11 0.29 -0.075 0.94 0.0026
TMEM170A 0.6 0.023 0.78 -0.024 0.16 -0.054
ZFP1 0.94 -0.0044 0.32 0.065 0.085 0.083
ZNRF1 0.28 0.072 0.97 -0.0035 0.11 -0.079

Analysis of the Gilad/Pritchard eQTL browser, which shows eQTL identified by varioug%tudies
indicated 7 eQTL variants at the locus. These variants were present-lsioamhvessel tissues, and

as GTEx now providesmore up to date eQTL resource than this browser, were not taken forward

for further analysis. However, two DNase sensitivity QTLs (dsQTLs) were present, which give distinct
information from eQTLs, showing variants at which chromatin accessibility idatssowith allele.
rs73605136 neaBCARland rs247454 iRHST@vere identified as dsQTLs in Yoruban

lymphoblastoid cell lined={gure28). These loci represent variants likely to directly affect chromatin
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accessibility and transcription factor binding or nucleosome occupancy, and were therefore chosen
for further analysis to xplore their function. The two variants were in only weak LD with the lead

SNP rs4888378; however, as with eQTL analysis, they were chosen for investigation as studying the
effects of different regulatory elements the locus may indicate through whichrgs the

functional variation is working.

rs73605136 rs247454
¥ hi
t } } } }

TG00k FATO0k FI00k FIA00k Tk

Entrez genes

NM_032265 NM_153635 NM_006324 NHM_021615
— i o "t~

ZNRF1l: zinc and ring finger protein 1 ZFPL: zinc finger protein 1 homolog CFOPL: craniofacial dewelopment protein 1 CHSTE: carho

NM_153456 NM_145254
=

LOHD: D-lactate dehudrogenaze izoform 1 precursor THEM170: hypothetic
NM_00L 025200

CTREZ : chymotrypsinogen B2
NM_001 906

CTREL: chymotrypsinogen Bl
NM_014567

BCARL: breast cancer anti-estrogen resistance 1

Figure28: dsQTLs at th€ FDP-BCARITMEM170Aocus.Data shown is from the Gilad/Pritchard eQTL
browser?’. rs73605136s shown to affect local DNasel sensitivity

3.3 Discussion
This chapter used bioinformatics tools to investigate the chrl6 cIMT locus, with the aim of
prioritising variants most likely todve a regulatory effect and investigating allgfgecific gene

expression at the locus.

3.3.1 Selection of candidate SNPs

The first obstacle in investigating GWAS results is often presented by the LD blocks that mask the
functional variant. ThR€ FDP-BCARITMEMI70Alocus had a particularly strong extent of LD, with
214 variants in strong LD with the lead SNP. These were all selected for investigation of regulatory

elements.

Regulation data from ENCODE, RoadMap Epigenomics and ElDorado was used to evaluate the 214
variants in strong LEr their regulatory potentialOne criterion was the presencé the variant in a
proven transcription factor binding site, as assayed by -G&¢Rlata, with the idea that such a

variant is more likely to disrupt binding, with possible downstream effects. ChIP experiments have
previously been used to verify functiorBlNPs in disease; for example, a SNP in the l§ER€&R2

(fibroblast growth factor receptor 2) was found to affect binding of the transcription factor Ranx2

vitro (using EMSA) arid vivo(using ChIP), subsequently regulatif@FR2egulation and risk of
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breast cancer®. Disruption of a predicted TF binding motif was therefore also used as a condition of
candidate SNPs, using the toblaploreg ad Genomatix’'s EIDorad®f the SNPs with the features
above, these were used to select variants with changes in strong predicted transcription factor
binding motifs, as assessed by core similarity (nucleotide similarity to the four consecutive highes
conserved bases in the motif) and matrix similarity (nucleotide similarity across the whole motif) in

ElDorado.

Location in or close to a DNakhypersensitive site was also deemed to be important. Risk variants
for disease have been shown to be enrichethiese site$*2* and & they act as markers for

regulatory elements, variants here are more likely to disrupt regulatory activity.

Regulatory elements are also indicated by different histone signatures, characterised by methylation
and acetylation present on specific residwédistone tails. It has been shown that using these

histone marks can be used to assign certain functions to genomic régjjmusthey could be used

to select only variants present in areas consistent with promotdBk@me3and H3K9ac) and
enhancersKi3K4melandH3K27ax Fulfilment of the above regulatory conditions deterad the

shortlist of candidate SNPs to be taken forwardftoctional analysis (chapte).5

Previous studies have used similar methods of examining regulatory annotations to select candidate
functional SNPs, such as a study that used ENCODE regulatoty datect SNPs in regulatory

elements in the 9p21 cardiovascular risk locus, finding SNPs in an enhancer impair binding of STAT1
and driveCKDN2BA&pressiof®2. Another study identified a variant alteridgNGPTL8xpression

and CAD risk through characterisation of regulatory marks and assays eprBtiia binding and

chromatin accessibilifi#>.

Bioinformatics data were used in this chapter to aid in the selection of potential regulatory&itPs,

it should be considered that decisions on calade SNPs cannot be made with complete confidence.

It is first necessary to choose thel Dthresholdover which variants are said to be in strong LD. An

r? value of 0.8 was chosen here to follow the general consensus among researchers and online tools;
Haploreg, PLINK and SNAP use 0.8 as the default threshold of strong LD and tagdihtf SftPs

Any threshold value will necessarily be arbitrary to an extent, and it cannot be ruled out that the
functional variant is in lower LD with the lead SNP than theoffused, particularly considering the

low coverage of the region by the CardioMetabochip. However, with such a large pool of potential

SNPs, such thresholds are necessary in order to provide a manageable pool of the most likely
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candidates. It is also gsible that the functional variant is not present on the 1000 Genomes panels
used for LD analysis and therefore not included in this stddyvever, reanalysis with the 1000

Genomes Phase | data did not show that a potentially functional variant haddveeiooked.

To investigate whether a functional SNP may have been missed by imposing aroff»fc0i8, the

coverage of the locus by the CardioMetabochip was later examined.

Variant data for all SNPs at the locus (defined as the 305 kb region contz4@83378 bordered

by recombination hotspotsyasused to identify Metabochip SNPs, and pairwise LD calculated
between these and all other SNFsgure29 shows the maximum LD of all common SNPs (MAF
>0.05) with SNPs on the Metabochip. 60.7% of common SNPs (MAF > 0.05) were in stroht LD (r
0.8) with a Metabochip SNP and therefore tagged by it. SNPs abovetiged threshold and tagged

by the chipare on average more common, so these are more likely to be captured by the chip.

These calculations were carried out after functional analysis of chosen SNPs, so did not infleence t
method of selection. It should also be noted that this was a basic analysis that did not congider IM
association values of the other Metabochip SNPthigsvas not available from the original

association study. With this additional data, SNPs could have been prioritised or rejected based on
strength of LD with other SNPs with different phenotypic association strengths. The calculations
nevertheless prode an indication that although the majority of common SNPs at the locus were

covered,t is possible thah functional variant was present in those not examined.
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SNPs in strong LD with Metabochip SNPs tend to be more common, but some common SNPs stillthe baleshold.



Pairwise LD calculations between SNPs are dependent on the cohort from which the samples are
taken. A larg number of genotyped individuals gives better confidence to LD calculations. The 1000
Genomes Pilot | data used a subset of the final cohort, so pairwise LD calculations were nedfinalis
and were a less accurate estimate of the real value. The morpletenl000 Genomes Phase | data
was later used when this became availadtel examined withHaploReg, slightly altering the

candidate list: 39 SNPs were removed from thiedngLD” band and 56 new ones wergroduced.

The changing nature of such resu#idikely to be an issue in bioinformatics until large enough
datasets are produced and become established as standaadger sequencing efforts, such as
Genomics England’s 100,000 Genome Prpgetlikely to providearobustcatalogue of variation in

UK subjects.

The CEU (Northern and Western European) 1000 Genomes data set was used to calculate LD with
the lead SNP, to match IMPROVE, the discovery cohort. Linkage disequilibrium is strongly influenced
by population substructure, due to the different demographic histories of ethnic groups. European

and Asian populations generally have more extensive LD blocks than African poptizatfor&NPs

in LD with the study’s lead SNP should therefore be calculated from a similar population to the one

genotyped to obtain theorrect pool of SNPs tagged by the genotyped SNP.

The different patterns of LD observed between ethnic groups may provide useful advantages for
research. Carrying out GWAS in ethnic groups other than Europeans would produce different
association signalsigounding functional variants, allowing the pool of potential functional variants
to be narrowed downPrevious studies have used this method to refine {esisociated loci; for
example, Willer and colleagues carried out refinement on Teslovich’s 2640 lppids GWAS in
European® to fine-map loci of interest®. Additional genotyping was carried out using the
Metabochip in European, African, East Asian and South Asian populations; despite the relatively
small sample sizes of the n@uropean poplations, the differences in LD allowed fimeapping of
signals that in Europeans had been broader. Another study carried outethng finemapping of
blood lipid loci in African, East Asian and European populations, finding additional signals at some
loci that increased explained phenotypic variance byl118%, and narrowing the lists of candidate

variants at multiple gené¥’.

Finemapping using multiple ethnic groupssof particulavalue in African populations, whave
with shorter haplotype blocks and, on average, fewer SNPs in LD with a lead¥arkémiever, to

obtain such benefits, future cohorts will need to diverge from the current model of largely
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Europeanrbased cohorts: currentlgnly 3% of published GWAS consist of African Americans, and
less than 1% for other ethnic grod@%s Additionally, fo sparselycovered loci such as the chrl6 IMT
locus, using a genotyping chip with denser coverage at the locus, or whole genome sequencing,

would be advisable in order to separate out the association signal.

Using regulatory data to prioritise SNPs forlgeis, as waperformedhere using ENCODE and
Roadmap regulatory data, necessarily involves some degree of speculation, especially when the pool
of potential candidates is large. A sequiantitative method was used to choose SNPs, requiring
presence of muiple regulatory features and changes in predicted transcription binding motifs

above a particular threshold. The online tool Haploreg v3 was used to consolidate regulatory data
into an easily viewable format, but a degree of subjectivity remains, medméng is a chance that

some suitable candidates are missed. A fully quantitative method of scoring SNPs would be ideal. At
the time of analysis, RegulomeB®only contained early data from the ENCODE project, but it has
now been brought up to date with current ENCODE and Roadmap releases and represents a viable
choice for ranking SNPEhe NIH’s LDIitiR, whichwas also not availde at the time of analysis, is

also a useful tool that provides information about SNPs in LD and scoring their regulatory potential
As more data is produced about regulatory elements, particularly using new assays for
understanding genetic regulation, iant annotation tools such as these are likely to be able to

score variants with increased confidence.

3.3.2 eQTL analysis

Expression analyses are valuable in the investigation of sesadciated locus in order to

understand how functional variation is cangia phenotypic chang&xpression assays in relevant
tissues from the ASAP and BIiKE studies revealed associations of rs488837d &N 70Ain

aortic intimamedia and adventitia), and nominal significance VBARLin carotid plaque) and
LDHO{n aoric intimamedia and adventitia). The protective minor allele was associated with lower
TMEM170Aand BCAREXpression, and highéiDHDexpression. While there is a possibility of false
positives due to multiple testing, the association with multiple genes supports the idea that

rs4888378 may be present in an enhancer acting on multiple promoters.

To further investigate allelepecific epression with rs4888378, tissue expression data was
examined from the GTEX portal, a resource combining gene expression from multiple tissues with
information about genetic variation, in order to identify eQTLs. Expression data was analysed from

aortic arery, coronary artery and tibial artery. Of the genes analyisBtiDand CFDP$howed
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nominally significant allelic differences in expression in one tissue, buB@MRitemained
significant after multiple testing, and showed differences in more thantissee (aortic artery and
tibial artery). The relationship was in the same direction as that seen previouBIBIME data, with

the protectiveA allele being associated with lower expression.

These expression data back up the idea that the function@gmwgis having a phenotypic effect
through the regulation of a gene or genes at the locus. The strongest candidate from these sets of
data,BCAR/is a particularly intesting gene for IMT phenotypes endothelial cells,rgwth
factorssuch as VEGHmulate phosphorylation of the BCAR1 proteivhich is required for cell
migration'¢®185 whereas in vascular smooth muscle cells, BCARL1 iseddar cell contraction

through actin polymerisatiof®, with phosphorylated BCAR1 being linked to the actin cytoskeleton
through tensin 1%2. Growth factorstimulated migratory respases of VSMCs, important in the
development of atherosclerosis, are mediated through BCAR1, and its expression and
phosphorylation promote formation of neotim. Due to these roles in blood vessel tissues,

Gertow and colleagues speculate that the causal variant may be regulating transcrigiGA\Bfin

these cells.

This hypothesis is supported by the eQTL data, which shows the protective A allele to be associated
with lower expression dBBCAR1Further work would investigate whether candidates for a functional

variant directly cause a change in gene exgmss

eQTL analysis with the Gil®ritchard eQTL bruser does not provide means for specifietiant
gene expressioassociations to be calculated GTEx doebut only shows eQTLs with genome
wide significance. However, examination of the browssealed7 generaleQTLvariants at the

locus inlymphoblastoid cell lines, liver and monocyt&s. GTEx now provides more comprehensive
eQTL analysis witlserspecifiedvarianttranscript calculations, anas the cells lines studied from
the Gilad/Pritclard eQTL browser were of limited interest for blood vessel phenotypes, these
variantswere not taken forward for further analysis. However, two dsQTL loci were chosen for
functional analysibecause genetic variants altering chromatin acceéldsilmay diectly indicate
functional variants that leatb differences in gene expressidh DNasel sensitivity, as a quantitative
marker of open chromatin, has been shown to correlate with actéggilatory regions. As the
majority of dsQTLs act on nearby areas of chromatin, more confidence can be placed in a dsQTL

carying out the functional effect, compared to an eQTL variant where LD can span longer distances.
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The source ofamplesnust be takerinto account regarding eQTL daEthical and practical issues
preclude the option of taking multiple tissue biopsies from healthy subjects; ASAP and BiKE biopsies
are from patients undergoing aortic valve surgery and endarterectomies. GTEX biopsidsare ta

from autopsies within 24 hours of death, from donors age&r@iwvho have died from

cerebrovascular, liver, renal, respiratory or neurological causes or traumatic injury. It should
therefore be considered that gene expression in these data sets mayerrapresentative of that in

healthy individuals.

3.3.3 Conclusions and further work
In this chapter, over 200 SNPs were identified in LD wittCRBP-BCARITMEM17Aocus lead
SNP. Bioinformatic tools with ENCODE, Roadmap and other data were used to asgasyeg

features around these SNPs, from which a shortlist of SNPs for further analysis was drawn up.

Previous eQTL data at the locus, and new eQTL data from the GTEXx portal were combined to identify
a gene of particular interest at the locus, and to giltees about how we would expect the
functional SNP to affect gene expression. Two dsQTLs were identified for further analysis, o find o

how modification of chromatin accessibility might affect genetic regulation.
Further work will follow four main area

1. Having identified candidate functional SNPs, functional analysis should be carried out on
these to determine their effect on protein binding, and on whether they directly affect gene
expression.

2. To investigate further through what mechanism the functibmariant is affecting IMT,
association of the locus with other traits should be investigated in other cohorts.
Identification of other phenotypes may give clues as to the pathways involved in the
association.

3. The locus under investigation is gedense with functional variation that mape affecting
a number of genes)ot necesarily the one it is closest to. An alternative method or
methods of studying genetic regulation, particularly across distance, should be investigation.

4. Other methods of investigain of genetic regulation, particularly across distance, should be
investigated.

5. This chapter has focused on the regulatory potential of SNPs to affect gene expression, due

to the absence of protelsoding SNPs in the higlb candidate list. However, loaki at how
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any SNPs affecting protein structure may disrupt phenotype may also give clues about

through which gene we expect the functional variant to act.
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4 Genotyping and association analyses of regulatory variation

4.1 Introduction

This chapter investigates further the association betweenGR®P-BCARITMEM170Aocus and
IMT phenotypes, by looking at IMT and the additional phenotype IMT progression. It was
hypothesised that studying additional loepkenotype relationships may provide more information
about the mechanism of the locus’s association with ITHiusassociation analysis was carried out
using a cohort with the related phenotype IMT progression, Progressione della Lesione Intimale
Carotidea (PLICThis was aohort ofgeneral populatiorsubjects, in contrago IMPROVHith its
highrisk participants Analyses were also carried out in theginal discovery cohort, IMPRO\Gd

for replication,three cohorts used foreplicationin Gertow and colleagues’ original studgre used

(WhiteHall II, Edinburgh Artery Study, Malmo Diet and Cancer $ttidy)

The speed at which carotid intirraedia thickness is increasing is a distinct variable fraatic

value, and may differ from IMT in its relationships with other risk factors and genetitliditie

single measures of IMT, progression variables are the combination of atherosclerotic burden at
multiple time points. Cardiovascular biomarkers haeen shown to vary over time, and measuring
these over multiple time points should reduce the chance of recording atypical values and improve
assessment of CHD r#ék IMT progression is associated with vascular risk factors and
atherosclerosi€*1242 but there are conflicting reports on whether there is a significant relationship
between progression and vascular events; while multiple studies report an assotf&tigra

recent large metaanalysis failed to detect oR®.

Results from the IMPROVE study suggest that while standard IMT progression variables in different
segments of the carotid tree are not associated with vascular events, a composite of the fastest IMT
max progression over akkgments did have predictive vakté Such findings highlight one of the
complications of using IMphenotypes, as discussed in sectidh2.2 many different variables can

be created by measuring different sections of the carotid tree, and by taking meaaxdmom

values.

The PLIC cohort comprises 2015 general population subjects attending the Atherosclerosis Centre in
Bassini Hospital, University of Milan, and was designed to study the presence and progression of
atherosclerotic lesions in the common carotidery?®®, IMT measures of the common carotid artery

were taken at baseline and at ay@éar followup for calculation of progression. As subjects were
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from the general population, their cardiovascular risk was lower than those in IMPROVE, who had

beenselected for higher risk.

For this chapter, the lead SNP rs4888378 was genotyped in PLIC usinghaduighput TagMan
allelic discrimination assay, and the results analysed to study the relationshipdetive SNP and
IMT-progressionAnalysis was alsgplit by sex to test for any differences in genetic effect by lsex.
was noted that additional analyses increase the risk of type | errotlif iugsconsidered that these
analyses were valuable, asxsisa risk factoiof particular relevance to CHBlen have a higher
overall risk of CHI3, and though differeoes between sexes in traditional risk factors contribute to

this disparity*®, sex is ne of the most significant risk factors over and above these differéfices

The distinct physiology of men and women has led some studies to look fepseific effects of
genetics on cardiovascular phenotypes. For exanfROEenotype has a greater impact on
triglycerides and HDL in women than n&nvariants irSLC2AA8ffect uric acid levels (a risk factor
for CVD) to a much gater extent in womef??, and variations in the platelaterived growth factor

D PDGFPgene increase the risk of CHD in woRtérDespite this, many genetic association studies

dealing with CVD do not consider that there may be an interaction between genotype &t sex

Therefore, in this chapter it was considered appropri@tearry out sesstratified analyses. A
different effect of the locus on IMT phenotypes between men and women could suggest differences
between atherosclerotic pathways between men and women, and may indicate which gene or genes

at the locus are more likelp be involved in the phenotype.

4.2 Results

4.2.1 PLIC cohort characteristics

PLIComprises 2144 general population participants attending the Centre for the Study of
Atherosclerosis, Bassini Hospital (Cinisello Balsamo, Ml, Italy). The study was desigradd to stu
atherosclerotic lesions and IMT in the common carotid artery, and relationships with cardiovascular
risk factors Characteristics are shown Trable25. It can beseen that there are differences in

average levels of many of the cardiovascular risk factors between men and women. Where there are

differences, risk factarare higher for men than women, with the exception of total cholesterol.
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Table25: Characteristics of PLIC.
Values expressed as mean (SEBMaracteristics are for subjects usadhe analysis; i.e. those with
phenotypes and rs4888378 genotypes available.

Men (n=795) Women (n=1076) ?&;ﬁelzlrj;nce between sexes)
Age(years) 54.0 (0.4) 55.0 (0.3) 0.064
BMI (kg/n®) 27.12 (0.12) 26.07 (0.14) 0.001
Systolic BP (mmHg) 134.3 (0.6) 129.3 (0.5) 0.001
Diastolic BP (mmHg) 83.4 (0.3) 80.4 (0.3) 0.001
Total cholesterol (mmol/l)  5.66 (0.04) 5.79 (0.03) 0.006
HDLC(mmol/l) 1.28 (0.01) 1.53 (0.01) 0.001
Triglycerides (mmol/l) 1.39 (0.03) 1.10 (0.01) 0.001
LDEC (mmol/l) 3.74 (0.03) 3.75 (0.02) 0.965
apoAl (mg/dL) 141.5(0.89) 154.6(0.79) 0.001
apoB (mg/dL) 115.0(0.98) 112.6(0.77) 0.115
RemnantC(mmol/L) 0.64 (0.02) 0.51 (0.01) 0.001
Glucose (mmol/l) 5.42 (0.03) 4.97 (0.02) 0.001
CCAMT (mm) 0.663 (0.005) 0.643 (0.004) 0.002

4.2.2 IMPROVE characteristics

IMPROVE (IMT and IMPFogression as Predictors of Vascular Events) is a prospetitieentre
longitudinal study set up to investigate carotid intinmeedia thickness in individuals at high risk of
CVDB. 3711 participants (549 years) with at least three saular risk factors were recruited in
seven centres in Finland, France, Italy, the Netherlands and Sweden. Vascular risk factors were
defined as: male sex, or female at least 5 years-pu=topausal, hypercholesterolaemia,
hypertriglyceridaemia, hypoalplipbproteinaemia, hypertension, diabetes or impaired fasting

glucose, smoking habits and family history of cardiovascular diseases.

As the subjects were selected for higher risk of cardiovascular disease, rather than chosen from the
general population, itan be seen that risk factors such as age, blood pressure and triglycerides are
higher on average than in PLIC. Characteristics of the cohort are sh@ahl@26. Again, many risk
factors are higher in men than in women, although more women are orhgptertensive therapy

than men.

115



Table26. Characteristics of IMPROVE.

Values expressed as mean (SEM) or percer(fegguency) Difference between sexes calculated ushtest
or chisquared test for mean and frequency data respectively.

*Significant difference between men and women.

ftLogtransformed due to no-normality; SEM is approximate

p-value

Men (n=1772) Women (n=1931) (difference between sexes)

Age (years) 64.0 (0.13) 64.4 (0.13) 0.03*

BMI (kg/n®) 27.4 (0.09) 27.1 (0.11) 0.03*
Systolic BP (mngj 142.4 (0.44) 141.6 (0.42) 0.21
Diastolic BP (mmHg) 83.1 (0.24) 80.9 (0.22) 2.16x10%%*
Hypertension 67.9% (1203) 69.9% (1349) 0.21

Total cholesterol (mmol/l) 5.25 (0.02) 5.71 (0.03) 3.7x10%%
LDEC (mmol/l) 3.39 (0.02) 3.68 (0.02) 1.7x10'
HDL-C (mmol/l) 1.14 (0.01) 1.38 (0.01) 2.8x10%%
Triglycerides (rmol/l) T 1.42 (0.02) 1.29 (0.01) 2.8x108%
Combined vascular eve

(cardiac, cerebrovascular or  7.6% (134) 4.2% (81) 1.657%10%
peripheral)

Diabetes prevalence 29.4% (521) 20.3% (392) 1.7x10%0x
Lipictlowering therapy 47.6% (827) 50.7% (965) 0.07
Anti-hypertensive therapy 54.6% (967) 59.1%(1142) 0.01*

4.2.3 Other cohort characteristics

The Whitehall 1l (WHII) study consists of 10,308 men and women between 1985 and 1989 from the
civil service in London. Clinical measurements were taken at intervals of 5 years, and carotid
measurements made in P3-2004. The 2,138 subjects used by Gertow and colleagues were

included in the analysi®.

The Edinburgh Artery Study recruited 1,592 men and womei7{5fears old) in 1988 from general
practices in Edinburgf®. IMT was measured 5 years after recruitment. 630 individuals had valid IMT

measurements and appropriate CardieMbochip genotyping data and were used for analysis.

The Malm6 Diet and Cancer Study is a populatiased prospective study that recruited 28,449
men and women of 453 years between 1991 and 1996 IMT ultrasound measurements were
taken in a random sample of 6,103 subjects, the “cardiovascular arm” of the study. 2,143 non

diabetic subjects were genotyped with the CardioMetabochip.

4.2.4 rs4888378 genotyping in RL

PLIC was genotyped for the lead SNP aGRBP-BCARITMEM170Aocus, rs4888378, using a

TagMan allelic discrimination assay. Genotyping was successful with a call rate of 90%. The minor

116



allele frequency of rs4888378 in PLIC was 0.44, not significhffilgent to the frequency of 0.43
observed in/ DW Z K $=06:072, p = 0.788). The genotype distribution is shovilrabie27.
Heterozygotes were present less oftdran expected, but there was no significant deviation from

HardyWeinbergequilibrium (p = 0.41).

A number of samples could not be called with confidence due to inadequate amplification, despite

optimisation of the assay with varying concentrations of Mg&tl DMSORigure30).

Table27: Observed and expected rs48878 genotypes in PLIEewer heterozygotes than expected were
observed, but there was no significant deviation from Handsinbergequilibrium(p = 0.41).

Genotype GG GA AA
Observed 367 908 607
Expected 358 926 598
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Figure30: Example of TagMan allelic discrimination amplification pldthe plot shows an example plate with
clusters ofcalled genotypes: GG (blue), GA (green) and AA (red). Black crosses represent samples that did not
cluster clearly so could not be called with confidence.

4.2.5 Association analyses
4.2.5.1 Association of rs4888378 with basal IMT in PLIC

The relationship between rs48883 and IMT was investigated in the PtdGort to allow for the
investigation of the related phenotype of IMT progressibhere was no significant association

between rs4888378 genotype and basall®T (p=0.52; ANCOVA, adjusted for age, sex and

117



smoking;Figure31), in contrast to the significant association seen in Gertow and colleagues’ original

study.
0.70
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Figure31 Basal CAMT by rs488837genotype in PLINO significant association between genotype and
basal CAMT was observed (p=0.5ANCOVA, adjusted for age, sex and smgking

4.2.5.2 Association of rs4888378 with IMT progression in PLIC

rs4888378 was also not significantly associated wigbd progression of GIMT in PLIC (p = 0.45,
ANCOVA, adjusted for age, sex and smoking). Aigmificant trend for lower GOAT progression

with each A allele was observed.
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Figure32 6-year progression of GBAT with rs4888378enotype in PLIQNO significant association between
genotype and GOMT progression was observed p = Q.ABICOVA, adjusted for age, sex and smdking

4.2.5.3 Association with cardiovascular risk factors

rs4888378 was associated with the cardiovascular rigkrmof waist circumference (p=0.030) and
waist/hip ratio (p=0.007§Table28, model adjusted as above). The minor A allele was associated
with higher values of bothisk factors. Taking into account that waist and waist/hip ratio positively
correlate with carotid IM3*2%, the relationship with the A allele (protective in regards to IMT), this
relationship is in the opposite direction to that expected.

Table28: Cardiovascular risk factors and CIMT by rs4888378 genotype in PLIC

P(trend)values were adjusted for age, sex, and smoking habits. Values are expressed as mean (SEM).
*Logtransformed due to nomormality; SEM is approximate.

Parameter GG (n=603) GA (n=901) AA (n=367) P (trend)
Basal CGAMT (mmj¥ 0.649 (0.005) 0.651 (0.004) 0.653(0.007) 0.518
VvVl 0 4IMT (mmj¥ 0.021(0.001) 0.019(0.001) 0.018(0.002) 0.451
BMI (kg/cnd) 26.2(0.13)  26.7(0.16) 26.7(0.22) 0.157
Waist (cm) 89.3(0.52)  91.1(0.43) 91.6(0.66) 0.030
Hip (cm) 103.4(0.34) 104.5(0.30) 103.5(0.57) 0.410
Waist/hip ratio 0.86(0.03)  0.87(0.03) 0.88(0.04) 0.007
Triglycerides (mmol/l) 1.04(0.02) 1.06(0.02) 1.06(0.03) 0.078
Glucose (mmol/l) 5.10(0.03) 5.19(0.03) 5.21(0.04) 0.825
RemnantC (mmol/l) 0.54(0.01) 0.58(0.01) 0.57(0.02) 0.078
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4.2.5.4 Sexspecific analysis in PLIC

Genetic analyses in PLIC were separated by men and wntest for genotypephenotype
associations that may differ between sexAssociation between rs4888378 and basalkaT

remained not significant in both men and womg@n= 0.93 and 0.27 respectiveBigure33).

a) 070 b) 070

p = 0.93 p=0.27
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rs4888378 genotype rs4888378 genotype

Figure33: Basal CAMT by rs4888378 genotype in PLIC in (&) men and (b) wofersignificant association
between genotype and basal @@T was observed (©0.93 and 0.27or men and women respectively;
ANCOVA, adjusted for age and smoking).

Progression of IMT did shaavdifferencein association with rs48883#&tween sexes. In woem,
CCIMT progressionvas 10% lower for each protective A allele (AA vs GG, p=0.04, ANCOVA and

Bonferroni postHoc analysisyyhile no association was seen in men (p = 0.8@ute34).

Direct validation of this IMT progression finding could not be carriedasuthe phenotype had not
been measured in the available cohorts. However, data on basal IMT was split by sex to test for any

male/female differences.
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no significant association was present with genotype (p = 033)lomen: 4/Dd ]v

than in GG genotype (p = 0.04), although overall trend was not significant (p =c)MBh: no significant

*e} 1 8l}v

4.2.5.5 Sexspecific: metaanalysis for association with commaearotid IMT

SA vV P V}EC %

V)4/Dd ~% A 1X33

GA AA
(233)  (87)

P v}$C %

A« 0}A E

Additional analyses into sespecift associations were carried outideta-analysis was carried out

on the association of rs4888378 with-OMT (chosen as it was the variable measured in all cohorts)

in men and women. The cohorts used were PLIC, IMPBQ@MEree replication cohorts used in

Gertow and colleagues’ original studyHI|, EAS an®iDC Overall 5119 men and 4369 women

were included in the analysis.

Linear regressiohetavalues and SEs, using an additive genetic model, were obtained for edgh st

in men and women separately. Models were adjusted for age and, in IMPROVE, MDS coordinates, to

account for population substructure. Metnalysis was carried out using a randeffects model.

In women, rs4888378 was associated Wi@IMT in the expe@d direction (a decrease of 0.0047

mm for each A allele; p=1.63x40However, in men, no significamssociationA « (}uv - ~tA

0.0029, p=0.07)Higure35). It can ado be seen ifrigure35that the association found originally in

IMPROVE attained significance only in women. It therefore appears that the functional variation is

having an effect more strongly, or only, in women.
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a) Cohort n Men Effect size [95% Cl] b) Cohort n Women Effect size [95% Ci]

IMPROVE 1662 — -0.003[-0.009, 0.002] IMPROVE 1780 —— -0.006[-0.010,-0.002]
PLIC 461 —— 0.001[-0.005, 0.006] PLIC 647 —— -0.003 [-0.007 , 0.001]
WHII 1641 —— -0.004[-0.010 . 0.002] WHII 497 —_— -0.011[-0.021,-0.002]
EAS 305 0.006[-0.016, 0.028] EAS 352 -0.006 [-0.024 , 0.013]
MDC 1050 - -0.008[-0.015,-0.001] MDC 1003 L -0.003[-0.009, 0.003]
RE Model 5118 - -0.003 [-0.006 . 0.000] RE Model 4368 - -0.005[-0.007,-0.002]
[ T T T 1 [ T T
-0.02 -001 000 001 002 003 -003 -00z2 -001 000 001 O0QO02
Change in IMT per A allele Change in IMT per A allele

Figure35: Forest plot showing metanalysis of COMT by rs4888378 allele in (a) men and (b) womé).No
overall association between the SNP and IMT is observed in+rtéh0030, p=0.0591}b) In women, the A
allele is associated with a decrease in IMT for eacloA 0 -0-0046, p=1.59%1@).

4.2.5.6 Sexspecific: other IMT phenotypes in IMPROVE

IMT phenotypes other than the commanarotid variable were not focused on asdly were not available in
all cohorts for metaanalysis. The IMT values for different segments of the carotid tree in IMPROVE are
shown in

Table29. It can be seen herthat some IMT segments are associated with rs4888378 genotype in
men (in addition to all segments overall and in women); particularly, the bifurcation and internal
segments and those composite measures including them. With the exception of mean internal
carotid arteries, the association effect size is greater in women for all variables, and/&hess for

association are between 1 and 4 orders of magnitude smaller in women than men.
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Table29: IMT phenotypes by rs4888378 genotype in IMPRORMenotype values shown are mean (standard error). P values calculated by linear or logistioregeessi
appropriate; adjusted for age, MDS coordinates and sex (where applicAbIBLT variables were leigansformed before analysis.

Overall Men Women
Effect Effect Effect
Variable GG GA AA size p GG GA AA size p GG GA AA size p
0.749 0.745 0.729 0.772 0.775 0.758 0.726 0.717 0.705 3
Mean common carotid  (0.004) (0.003) (0.005) 0005 57110 | 6 00n 0.006) (0.008) 0004 0185 | 6 00s) (0.004) (0.006 0006  5.06<10
Mean common carotic
(cm closest to 0.808 0.796 0.789 -0.005 1.29x1( 0.828 ~ 0823 0824 -0.002 0.380 0.787 0.772 0.760 -0.006 6.48x1C

(0.007) (0.006) (0.010)

bifurcation) | (0.005) (0.004) (0.006) (0.007) (0.005) (0.007)

o pemlcao 03850510 0840, g 50y 0972 028 007 aoiy omis |02 D199 619 oon oou

o 5y by R oora ssnas | 120 LEE L2 o oy |10 10D A% o0y 13ma

et cars v Sy 5y () 0010 Aoreas | O 05 6T o0 sguay | DD 802 09 o0ty .ara

i oo e 21032020 819 o 1 g £ RS2 gy sz | 1T L0 LTS oo 2azas

et 1210 1259 20 oo yag |15 130 L oo pous | EEL 04 o0s; apas
0.734 0.685 0.620 0.789 0.772 0.715 0.677 0.607 0.542

Presence of plaque  (0.013) (0.011) (0.019) 0283 1881071 iy 0.014) (0.026) 0221 0010 | 65000) (0.016) (0.026) O304  2:29X10




4.2.5.7 Sexspecific: association with cardiovascular event rate

Following the discovery of the difference between rs4888BV8 association in men and women,
the genotypic association with events was studied to see if it showed the same pattern. As event
data were not available in the replication cohorts, combined vascular event rate (cardiac,

cerebrovascular or peripheral) was analysed by sex in IMPROVE.

As with the genotypic association, the association between rs4888378 and vascular events was
significant only in women. Overall each A allele was associated with a reduction in hazard ratio of
23% (Cox proportional hazard model; p=0.01); in women a remuofiHR of 36% (p=0.01) and in

men no significant association (reduction in HR 14%, p=(FRy)re36).
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Figure36: Vascularevent-free suvival by rs4888378 genotype in (a) all subjects, (b) men and (c) women.
Vascular events comprise cardiac, cerebrovascular and peripheral events; data from IM@RD¥EIl, each
A allele is associated with a significant reduction in HR of 23% (Gmx¢towoal hazard model; p=0.01) In
men, no significant difference is seen (reduction in HR 14%, p=)/124yomen, each A allele is associated
with a significant reduction in HR of 23% (reduction in HR 36%, p=0.01).
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4.2.5.8 Interaction between genotype andex

Heterogeneity between men and women was tested during the raetalysis of rs4888378 on
vascular events; no significant heterogeneity between the two was detected (Q(df =1)=1.31,p =
0.25). It was therefore considered to be unlikely that there wdaddsufficient power to detect an
interaction between genotype and sex. Due to this lack of power, and as interaction statistics were

not readily available for each cohort, a formal test for interaction was not carried out.

4.2.5.9 Sexspecific association with caiovascular risk factors (PLIC)

As seen id.2.5.3 rs4888378 was overall associated with the risk factors of waist circumference and
waisthip ratio, with the A déle being associated with high levels of the risk factor. In women, the
SNP was also associated in the same direction with BMI, hip circumference and glatxbsg0j. In

men, only hip circumference showed an associafiaible31), with the lowerrisk A allele being

associatedvith smaller circumference.

Table30: Cardiovascular risk factors and COAT by rs4888378 genotype in Plt@omen orly.

Parameter GG GA AA p (trend) P (posthoc)
GGvs GA GGvs AA GAvs AA
BMI (Kg/crd) ((2)5_32"(‘)) ((2;32.3) ((2)%3) 0.00¥  0.020 0.00% 0.052
Waist (cm) ?é 6310) (g%‘é) (g%% 0.00¥ 0035 0002 0.082
Hip (cm) (100_2'89) (100_1'33)’ (100_‘7"27) 0.012 0015 0.00¢ 0.614
Waist/hip ratio (8'_?&) (8'_?3) (8'_3‘;) 0.02% 0340 0006  0.036
Triglycerides (mmoliL) ((1)'_82) ((1)'_ é;) ((1)'_ éi) 0075 0110  0.03% 0.330
Glucose (mmoliL) (g'_gé) (g'_gg) (g'_gg) 0023 0361  000%  0.037%
RemnantsC (mmol/L) 0.48 0.51 0.52 0.075 0.111 0.03% 0.321

(0.01)  (0.01)  (0.02)

0.620 0.627 0.629
> *
Basal CGMT (mm) (0.011) (0.010)  (0.016) 0.274 0.799 0.962 0.868

0.026 0.020 0.017
* *
VVU 0 4IMT (mm) (0.001)  (0.001)  (0.002) 0.246 0.405 0.040 0.201

P(trend) values were adjusted foageand smoking.
*Significant with p < 0.05.
tLogtransformed due to nomormality; SEM is approximate.
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Table31: Cardiovascular riskactors and CCAMT by rs4888378 genotype in Plt@en only.

Parameter GG GA AA p (trend) P (posthoc)
GGvs GA GGvs AA GAvs AA
BMI (Kg/crd) ((2)_72'3) ((2)_71'% ((Zfz'g) 0.139  0.757 0.118  0.050"
Waist (cm) (?féi) (3_77'2) (g%é) 0.331  0.382 0.541 0.154
Hip (cm) (100_157) (100;';; (10().éé37) 0.00  0.833  000F  0.00F
Waist/hip ratio (8'_3?) (8'_?3) (8'_?3) 0.150 0218 0.055 0.316
Triglycerides (mmoliL) ((1)'_32) ((1)'_33) ((1)'_32) 0572  0.289 0.719 0.602
Glucose (mmol/L) (ggg) (ggg) (ggg) 0.234 0.105 0.727 0.298
RemnantsC (mmol/L) 0.62 0.66 0.59 0.571 0.298 0.719 0.602

(0.02)  (0.02)  (0.03)

0.649 0.655 0.633
Basal CGMT (mm)t (0.014)  (0.010)  (0.021) 0.934 0.500 0.473 0.852

0.019  0.020  0.019
VvVl 0 4IMT (mm)t ©001) (001 (0002 O51° 0.829 0.943 0.733

P(trend) values were adjusted for agend smoking.
*Significant with p < 0.05.
tLogtransformed due to nomormality; SEM is approximate.

4.3 Discussion

4.3.1 Overview

In this chapter, the locus on chromosome 16 previously associated with carotid imadi

thickness and CAD was investigated using additional cohorts and further aratyidé4$

progressionThe association between the lead SNP rs4888378 and baseline IMT was not replicated,
andno overall associationvasseen with IMTprogression Howeveran analysis split by sésund an
association between the SNP and progressiowomen. Tdurther investigate this apparent

difference between sexes, a mesmalysis was carried out on @@T by rs4888378 allele using
IMPROVE, PLIC, and three of the replication cohorts used iov@estudy (WHII, MDC and MDC).
While the genotypdMT association was seen as expected in woraaeCrease of 0.0047 mm for

each A allele; p=1.63x%)) no significant association was seen in nféigyre35).
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This difference between sexes was robust, also being seen for vascular events: in IMPROVE, each A
allele was associated with a 36% lower hazard ratio (p=0.01), while no significant relationship was

observed in ren.

IMT values in other segments, studied only in IMPROVE, did show some association with rs4888378
in men, for variables containing the bifurcation or internal carotid artery, although these were

weaker than those seen in women. These variables couldestudied in the metanalysis and

would require replication, but if confirmed, the results would suggest the pathways implicated at th
locus that differ most between the sexes might be more important at certain segments of the

carotid tree.

PreviouslheQTL data from the ASAP study and GTEXx browser implB&@&Ras one of the genes
affected by the variation at th€EFDP-BCARITMEM170Aocus This finding becomes particularly
interesting when we consider the sepecific associations with @&IT, IMTFprogression and

vascular events seen in this chapter.

It is unclear what differences in CVD pathology exist between the sexes, such that some genetic
variants have a stronger effect on the phenotype of women. Of the cardiovascular risk factors, only
femalehormonal status has been shown to be specifi*®. Oestrogen is thought to have a

protective effect, and with its decrease in the body after menopause, the levels of LDL, total
cholesterol and triglycerides increase, promoting atherogef®sis addition to its effects on the

blood lipid profile, oestrogen may affect endotheliall¢ahction directly, as shown by the fact that
oestrogen therapy is associated with enhanced fibrinolytic potefifia possible protective effeet

reduced plasma fibrinolytic activity has been shown to be a marker of CV. risk

It could be hypothesised that there is an interaction between the effect of oestrogen on endothelial
cells duringolaque formation, and the functional variant’s effect on plaque in the arteri@&CHAR1

is indeed the gene causing the effect, this interaction could occur thrB@#R'$ known role in
endothelial and vascular smooth muscle ¢élisThe BCAR1 protein’s connection with oestrogen is

of particular relevance here, it having bedracacterised under the namereast cancer

antiestrogen resistancedfter its overexpression was found to confer antiestrogen resistance in
breast cancer ceft®. In addition to its conceivable role in atherosclerosis, it is a strong candidate for

a gene having an interaction with sexgdawill be studied further in later chapters.
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Additional differences in association seen here may also help to elucidate the role of the fuhctiona
gene— BCARDr otherwise—in affecting IMT. The weaker, but statistically significant, rs4888378
IMT assoiation seen in some carotid IMT segment measures seen in IMPROVE suggest that the
implicated protein is involved in processes that differ from the comitarmtid artery to the

bifurcation.

One key difference between the commaearotid artery and théifurcation is the stresses

experienced by the vessel walls. The intima at the bifurcation experiences much greater shear stress
due to the increased friction of blood at the separation of the vessel \(ilisire37). Shear stress

has been shown to affect atherosclerosis: plaques form more readily in regions of lov¢°8tads
intima-media thickness is greafé&®. It has been proposed that this is dieeslower blood flow

allowing greater deposition of atherogenic parti®esnd/or effects on endothelial functigft 262

Shear stresmodulatesexpression of proteins involved in vascular remodelling sust=gsand

PDGF? and of particular relevance here, to tyrosine phosphorylation of BEARtEchanical

stretch produced by shear stress has been suggested to expose the protéistisageidomain,

promoting the phosphorylation of tyrosine residd&sBCAR1 at focal adhesions downstream of

blood flow is exposed to greater shear stress and thus experiences more phosphorylation to protein
upstream of blood flovt®3, This raises the question of whether shear stress in the carotid artery

could influence the effect of BCAR1 in remodelling of endothelial cells to produce atherosclerotic

lesions.
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High shear
stress

Figure37: Blood flow at the carotid bifurcation, shwing area of high shear stresStress is highest at the
bifurcation itself, and lowest friction occurs on the outside walls of the carotid bifurcation albéh

4.3.1.1 rs4888378 and basal IMT in PLIC

An unexpected finding of the analysis was that the relationship of rs4888378 with baddT®@s

not replicated in PLIC. This lack of significance may be a consequence @fastedythe number of
women in PLIC was smaller than that in IMPROVE (1076 compared to 1931), an effect compounded

by a genotyping assay with a saptimal call rate of 90%.

Itis also possible that the low call rate might have introduced bias in the seselttain genotypes,
especially heterozygotes, are less easy to call when they have not amplified well. These genotypes
may therefore be absent from analysis more often than by chance. (Heterozygotes were indeed
present less often than expected@08 comred to 925.8-but the deviation from HardyVeinberg
equilibrium was not significant (p = 0.41)). Unfortunatelyre robustgenotyping assays could not

be used; genotyping was also trialled using a KBioscience KASP allelic discrimination assay but this

produced a poorer call rate.

The lack of association is most likely to be related to patient characteristics. Patients with highe

levels of risk factors, as in IMPROVE, are more likely to accumulate higher IMT and suffer
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cardiovascular eventgcreasing tle chance of seeing SNBsociated differencedt is worth noting

that the other generapopulation cohorts (EAS and MDC) did not individually show a significant
association in women, but contributego the overall significance in the megmalysis Eigure35).

Patients with more severe atherosclerosis may also experience different effects of the SNP on IMT to

those with little atherosclerosis, depending on the phenatymechanism.

4.3.1.2 rs4888378 and IMT progression in PLIC

As with basal IMT, IMprogression was not seen to associate with rs4888378 overall in PLIC,
although a trend was seen in the expected direction: a slower progression of IMT for each A allele.
This may ban effect of chance or an undetectable relationship due to reduced power. The lack of
significant relationship here is not particularly informative, as none was found for basal INETgif t

is insufficient power to detect a small effect for basal IMTyweald expect similar results here.

Stratification by sex, however, produced an interesting finding, with women with two A alleles
having slower progression of IMT than those with two G alleles. However, it was noted that an
overall trend as measured bydistic regression was not present; significance was only reached
when comparing AA and GG genotypes. The finding was therefore treated with caution and

investigated further with the metanalysis and events analysis before drawing conclusions.

Thesignifi@anceof finding an association with IMT progression depends on a number of factors.
Progression values will be different depending on whether they are adjusted for baseline or not; an
increase in IMT might be more relevant in terms of risk of a CVD du®fiK is already high, or it

might be considered that a faster increase in IMT would be expected when atherosclerosis has
already progressed a significant amount. Values in PLIC were not adjusted for baseline. Itlsan also
expected that progression ratedll differ depending on when the baseline value is taken. Baseline
measurements taken in younger subjects with fewer cardiovascular risk factors are likely to be
smaller with more potential for progression. For these reasons IMT progression at thisssteage

well-defined variable for association analysis.

4.3.1.3 IMT metaanalysis

To further investigate the effect of stratifying by sex, the data originally used to identifydbe lo
and used with the PLIC cohort to assess the effect of sex stratificatiassogiation with the locus.
WHII, EAS and MDC provided three additional cohorts for aeddysis. Two cohorts used in the

original study, Rotterdarhand Rotterdardl, were not used as sespecific data was not readily
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available. A randoreffects model vas chosen after considering the heterogeneity in IMT

measurement methods between cohorts.

As discussed in sectidn2.2.2 IMT variables may vary between differaggments as they reflect
different processes and stresses. For the rratalysis, commoigarotid IMT was used as it was the
variable available in all cohorts; it is also the variable most commonly measured and $tudied
Progression data were not availabhedther cohorts to do so, but the difference between sexes in

association with IMT progression should also be replicated in future.

4.3.1.4 Sex differences in event rate

Itis of particular interest that the sex difference in rs4888Br@&naype association was @sent for
event rate as well as IMT. IMT has been shown to predict cardiovascular @véfftsand the SNP
was associated with CAD risk in the original sttfdiput it is desirable to be sure that the observed
sex differences are present through to the relevant endpoint of CVD, the phenotype that is

ultimately of clinical importance.

Cardiovascular event data were unfortunately not availabline replication cohorts, meaning this
analysis had to be restricted to IMPROVE. To replicate such data, event definition would alsp have t
be considered. Here combined vascular events (cardiac, cerebrovascular or peripheral) were used,

this being the ariable generally used as the aome in the main IMPROVE papéis

4.3.1.5 Association withcardiovascular risk factori PLIC
As no association was found between rs4888378 and cardiometabolic risk factors in IMPRR/E
association with weight, BMI, glucose and hip circumference in PLIC was unexpected. So too was the

direction of effect, with the protective IMT allele beiagsociated with higherisk parameters.

For example, we expect BMI to be associated with IMT, being strongly associat€&Hiitbver and
above the effect of its correlation with other cardiovascular fiskors*®2%5, but here the protective
IMT genotype was associated with higher BMI. In addition, no such association was seen in
IMPROVE. Hip circumference may confer higher risk if acting as a measure of &ffipostty
greater hip circumference after BMI adjustmeraishbeen associated with protection against heart

diseasé®’268

The unexpected directions of effect may be due to IMPROVE and PLIC&htdferracteristics

(high risk versus general populatiobyt the unexpected directioand lack of relationship in
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IMPROVEuggest the observed association may have occurred by chance, and that the variant’s
mechanism of action is not related to adipogityrelated measures such as BMithis is the case, it
would suggest the IMT phenotype is affected throughipitd or weightrelated factors. Increased

IMT could be occurring though inflammatory factors affecting formation of plaque in vessel walls, o
through factors affecting cells’ ability to remodel and form the plaque. If the observations here ar
true, it seems unlikely that decreased BMI would here be causal in increased IMT, as the opposite
relationship between the two is know#¥. It would be expected that decreased IMT and BMI would

be phenotypes caused by unrelated pathways.

It is possible that the SNP is present in an enhancer that acts upon several genes, in which case it
could be affecting unrelatedathways that cause diffences in BMITo test this theory, published
GWAS data on BfPwas visualised through LocusZo@mshowing no variaRBMI associations

with rs4888378 or any otharariantsat the locus.
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Figure38: Regional association results for BMI at tiikd-DP-BCARITMEM170Aocus Fgure produced using
LocusZoorfit, GWAS data from the GIANT consortithrPublished GWA@sults show no association with
BMI for any variant at the locus.
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4.3.2 Conclusios and further work

In this chapter, samples from a cohort studying the progression of IMT were genotyped for the lead
SNP at the€ FDP-BCARIITMEM170Aocus to investigate relationship with IMT phdypes. Results

from this cohortand from a metaanalysis bfive cohortssuggest the effect of the variation on
commoncarotid IMT and vascular events is present only in women. At the bifurcation and internal
carotid artery, the difference may be less pronounced, with men showing a weaker rs4888878

associatio.

This difference was considered in light of the findings of chapter 3, which impliB&a& As the

gene that might be causing the phenotype. The protective effect of oestrogen on atherosclerosis,
and the role of both oestrogen arBICARIn endothelialcell function, suggest a possible interaction
between the two that may be involved in the mechanism of the observed effect on atherosclerosis

and risk of CVD.

Further work will examine thBCARJYiene and protein, to investigate its possible role in inima
medial thickening and atherosclerosis. Genetic variation will be studied for characterised or
previously unknown variants that might affect relevant processes and disrupt the IMT phenotype.
Coding variants, yet unexplored at the locus, may provide mooenrdtion about how genes at the

locus have an effect.
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5 Functional analysis of regulatory variation at tteFDP-BCAR4
TMEM170Aocus

5.1 Introduction

TheCFDP-BCARIMEM170Aocus on chromosome 16 had previously been associated with IMT
and CAD risk®. In order to understand the reason for such an association, and ultimately gain
clinical vale, the next step is to discover the causal variant and characterise the mechanism by
which the variant exerts its effect. While the lead SNP is intror@=iDP it is not clear whether this
is the gene through which the functional variation at the locikiences IMT: there are numerous

genes in proximity to the lead SNP, and many SNPs intlh @, wwpanning multiple gene§igure22).

In chapter 3 the locus was @xined to determine which variants are most likely to be the functional
variant. Various bioinformatics data were used to evaluate the regulatory potential of variants in
strong LD with the lead SNP, rs4888378, from which a shortlist of candidate fuh&MRa was

drawn up. These candidate SNPs are associated with features that might be found at areas of genetic
regulation. For example, they have histone marks associated with active promoters or enhancers,
have evidence of proteins binding to their seqaenor alter a predicted transcription factor binding

motif.

After selecting candidates on this basis, this chapter examined whether proteins actually bied to th
sequences and whether this binding differs by allele, and attempted to identify these woltkm
SNP is shown to affect the binding of a protein by allele, the action of the protein may be affected

causing a difference in gene regulation.

Chapter 3 also examined expression data from relevant tissues, finding@#eR vas most
robustly assoated with the lead SNP genotype and implicating it as the gene most likely to be
involved. This association also needs to be verified for the candidate SNPs: we know them to be

associatedn vivg but do they actually cause a difference in expression?

5.1.1 DNAprotein interactions

In this chapter, binding of proteins to the candidate SNPs was investigated using electrophoretic
mobility shift assays (EMSA). EMSA is a functional technique used to detect protein binding to a DNA
sequence. Forward and reverse DNiyas are generated for each allele of the SNP of interest,
consisting of a short section of the sequence surrounding the SNP (here 25 bp). The oligos are

labelled with biotin and annealed to create doulsganded probes for each allele. Nuclear extract i
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produced from cellsulturedin vitroin order to obtain a solution of nuclear proteins. The labelled
oligos are incubated with nuclear extract, allowing nuclear proteins to bind to the DNA in a simple
model of how theymayactin viva This reaction isun on a polyacrylamide gel, and the biatin
labelled probes are visualised using a suitable chemiluminescent detection module. Probes with
bound nuclear proteinmigratemore slowly on the gel than free probes and are identifiable on the

gel as a “shiftedband, and allelespecific protein binding can be identified.

Multiplex competitor EMSA is a technique that uses a cocktail of unlabelled probes, consisting of
known transcription factor binding motifs, to compete for binding with nuclear prot&inan

excess of these unlabed probes are added to nuclear extract and incubated before addition of
labelled SNP sequence. The protein that binds to a labelled SNP sequencstandard assay
conditions here is competed out with the excess of unlabelled binding motif insteagingahe
labelledDNAprotein band to disappear, and implicating this motif as the one belonging to the
transcription factor of interest. The technique was here used to identify a protein that showed
differential binding to a candidate SNP. EMSAs wereusiad to evaluate protein binding of the two
DNAsel sensitivity QTL variants at tieF DP-BCARITMEM170Aocus identified in chapter 3.

5.1.2 Luciferase reporter assays

The effect of SNP genotype on gene expression was also assessed using luciferase reporter assays.
Thisin vitroassay is used to quantify and compare gene expresaioeporter vector containing the
luciferase gene is transfected into the cell line oficeoA DNA fragmetiior study— here the region

of DNA around the SNHSs inserted into the reporter vector at an appropriate locat{eng. in the
promoter region for variants in promoters, or ti3&region for variants in enhancersjwo days after
transfection, cells are lysed and light emission measured: the amount of light emitted is proportional
to the expression of the reporter gene, and can thus be used to compare levels of expression
between alleles. Here a candidate SNP identified by EMSASs aigseoh using the luciferase

reporter assay to compare expression between the two alleles.

5.1.3 Effect of oestrogen

In chapter 4, a difference between the sexes was found of the effect of genotype on IMT and
vascular events at theFDP-BCARITMEM170Aocus, wih the genetic effect largely being seen
only in women. In light BBCARbDeing implicated by eQTL data and given the gene’s full name
breast cancer antiestrogen resistancaHtis difference between sexes appeared of particular

interest.
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In light of thisfunctional analysis was designed also to examine SNPs at the locus that might be
influenced by oestrogen. Oestrogen, the primary female sex hormone, consists of three major
subtypes: estrone, estradiol and estriol. Estradiol is the primary form of oestrioggomen during
reproductive years, though after menopause this role shifts to esf@n®esrogens enter the cell
and bindto the oestrogen eceptor located in the cytosadFigure39). This complex transtates to

the nucleus and binds to response elements in the DNA, thus regulating gene exprésbiun

complex may also bind to other DMvdund transcription factorso modulate their actiod’™.

To investigate whether oestrogen interactions with SNPs might be involved phémotype, SNPs
in LD withthe lead SNP were again examingxsee if any were located in sequences binding
oestrogen receptors. SNPs with potential oestrogen interactions were subjected to functional

analysis as with the candidate SNPs.
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Figure39: Oestrogen receptor pathwas Figure from Deroo and Koragt.Oestrogen or selective oestrogen
receptor modulators (SERMS) bind to the oestrogen receptor (ER), which bingsttogen response
elements (ERES) in target genes and recruits coregulatory pro@éstrogen may also bind to ER adjacent to
the plasma membrane, stimulating signalling cascades which also affect transcripticERNmoteins
(oestrogenbinding proteirs or EBPs) may also trigger signalling cascades.
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5.2 Results
5.2.1 6 candidate SNPs
5.2.1.1 Effect of candidate SNPs on DNbotein interactions

EMSAs were performed on the six candidate SNPs within potential regulatory elements, selected in
chapter 3. Nuclear extract wasquuced from the hepatoma cell line Huh7 and incubated with
doublestranded biotinlabelled oligos consisting of the 25 bp surrounding the SNP. Labelled probes
for transcription factordNF f or Spl were used as a positive control, as protein binding bad b

shown to be successful for these probes. For competitor assays, an excess of unlabelled competitor
oligos (the same sequence as the labelled ones) were first incubated with the nuclear extract before
addition of the labelled oligos. A binding protehmsild completely bind to the unlabelled

competitor in this case, and no band for the DBAnplex would be seen.

One SNP, rs4888378, demonstrated differential preteirding by alleleRigure40). The G allele
(the major and risk allele, in terms of IMT and CAD risk) bound a number of proteins strongly, while
the A allele had much weaker protein binding. This suggests that the G>A change weakens a binding

site for a potein or complex of proteins. The other candidate SNPs did not show protein binding

(Figure4l).
Lane 1 2 3 4 5 6
Labelled probe NF-kB NF-kB A A G G
Competitor - NF«kB - A - G

i

Figure40: EMSA shows differential proteihinding for rs4888378Lane 1 shows binding of the control

protein, NFf U 8} §Z }Jv3E)}o }we vE&e+V o v 1T sZ}Ae v JVP lu% § }puS C pv
NFf % E} X >vei v fi «ZYAA | v «SE}VP % E}S |v pectiyeip Lajes Z v "' %o
and 6 show the binding to be competed out by respective unlabelled pr&zesls show the position of

biotin-labelled probe on the gel (direction from top to bottom). Probes unbound by DNA run fastest and are

not visible on the picturehands here are protedoound probe which migrates more slowhA” and “G” refer

to the respective alleles of rs48883Mositive and negativeigns show electrode chargenage is

representative of 4 replicates.
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Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Labelled probe SP1 SP1 1G 1A 2A 2T 3C 3T 4G 4T 5C 5G 6C 6T
Competitor - SP1 - - - - - - - - - -

Figure41l EMSAshows differential protein binding for one of the six tested SNPs: rs4888Rabelled
probes 16 refer to SNPs rs4888378, rs4888379, rs4888392, rs2865530, rs3743609 and rs11643207
respectively; the letter denotes the allele. Bands show the positionatinblabelled probe on the gel
(direction from top to bottom). Probes unbound by Di#gratefastest and are present at the bottom of the
picture; bands above are protelmound probe which migrates more slowiyell extract is from Huh7 cells.
Image is rpresentative of 3 replicates.

5.2.1.2 lIdentification of binding protein

To characterise the DNgrotein interaction, multiplexed competitor EMSA (NEBISA) was
performed®. This involved the incubation of the nuclear extract with 70 unlabelled competitor DNA
consensus sequences feell-characterised transcription factors, proteins predicted to have a
binding motif altered by the variants, and proteins bound to the regions determined bys€glP
through ENCODE. These were incubated prior to addition of the rs4888378 labelled jorabewT

for the study of many potential binding proteins at once, these competitors are incubated iratially
“cocktails” of 10 competitors. When one cocktail is found to compete out the band, the assay is

repeated using each component separately.

MC-EMSAshowed the protein binding to be competed out on addition of the FOXA consensus
sequence igure4?2). While some other competitors caused a reduction in band intgniey did

not consistently compete out the band upon repeating the assay.
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a)
Lane 1 2 3 4 5 6 7 8 9 10
Labelled probe NF-kBNF-kB G G G G G G G

Competitor NF-kB - - 0 1 2 3 4 5 6

4——— Band competed
out

b)
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Labelled probe NF-kB NF-kB G G G G G G G G G G G G
Competitor NF-kB - - G VDR YY1 ZEB HNF1 ARP1 NFY FOXA BARP SREBP1 HSF1

Figure42: Multiplex competitor EMSA showing competition of the proteininding allele of rs4888378G”

refers to the rs4888378 allele. Cell extracfrom Huh7 celldmages are representative of 3 replicates.

a) MGEMSA with six competitor cocktails. Lanes 3 to 10 show protein binding to the G probe is competed ou
by one or more components of cocktail six. Signal at the bottom shows free (unbawhd) p

b) MGEMSA with the ten individuabmponents from cocktail 6. Lanes 3 to 14 show protein binding to the G
probe is competed out only by the unlabelled G probe, as expected, and by the FOXA competitor.

To further test this finding, the FOXA bindingtihwas compared to the genomic sequence around

rs4888378. This revealed a close match, and that the A allele weakens the bindind-igot#43).

rs4888378

\/
Genomicsequence: CATATAAAACAAATGCGGATTCTGT

FOXA motif: AAAACAAACAGTGGGC

Figure43: FOXA consensus sequence used in multiplex competitor EMSA compared witihjesequence
around rs4888378The G allele of the SNP forms a closer match with the consensus sequence, reinforcing the
implication that FOXA is the protdnding to the SNP.
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5.2.1.3 DNAprotein binding in HUVECs

EMSAs were initially carried out using nuclear extract from the Huh7 cell line, but the SNP’s
association with expression in vascular cells was later discovered. Assays were therefore repeated
using extract from human umbilical vein endothelial cells (HLY i order to look for DNgrotein
binding in a relevant cell modelifterential binding was again seen with rs48883FRjure44), and

competed out with the FOXgequencgFigure4b).

Lane 1 2 3 4 5 6 7 9 8 10 11 12 13 14

Labelled probe NFkB CBP 1A 1G 2A 2T 3C 3T 4G 4T 5C 5G e6C 6T

+

T PR

Figure44: EMSA with HUVEC extract shows differenpabtein binding for rs4888378.anes 1 and 2 show

binding ofth %0}*]3]A }V3E}0o % E}S Jve E&f v W s} §Z }vSESame v « ~E&f
protein binding is observed with SNPs 2, 3 and 4. As with Huh7 extract, the only SNP that sbemsialiff

protein binding is SNP 1, rs48883L8belled probes-6 refer to SNPs rs4888378, rs4888379, rs4888392,

rs2865530, rs3743609 and rs11643207 respectively; the letter denotes the allele. Bands showtithre gfosi
biotin-labelled probe on the gel (direction from top to bottom). Probes unbound by DNA migratstfasd

are present at the bottom of the picture; bands above are protenind probe which migrates more slowly.

Image is representative of 3 replicates.
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Figure45: Multiplex competitor EMSA with HUVEC extract, showgampetition of the proten-binding

allele of rs4888378.G” refers to the rs4888378 allele. Cell extract is from Huh7 delges are

representative of 3 replicates.

a) MGEMSA with six competitor cocktails. Lanes 2 to 8 show protein binding to theh@ isrcompeted out

by one or more components of cocktail six. Signal at the bottom shows free (unbound) probe.

b) MGEMSA with the ten individual components from cocktail 6. Lanes 2 to 11 show protein binding to the G
probe is competed out by the FOXA quetitor.

5.2.1.4 Supershift EMSA for confirmation of protein binding

MCEMSA implicated the protein FOXA protein family as binding to the rs4888378 SNP, but to truly
verify the protein, a supershift EMSA is required. Here an antibody to the protein of interest is

incubated with the nuclear extract before addition of labelled probes. The antibody binds to the
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protein whichsubsequenthbindsto the labelled probe, creating a larger antibeglsotein-DNA
complex that migrates more slowly through the gel. A succeskiftlconfirms the identity of the

protein.

Supershift EMSA was performed on the rs4888378 G probe to identify the protein binding to it in the
assay. The proteins in the FOXA family share very similar consensus sequenceEMSAICOUId

not identify which one was binding. Two antibodies were examined:-BGIKA2 and anEOXJ1

antibody. These were incubated with the nuclear extract before addition of rs4888378 labelled

probe and a positive control probe (consensus sequence for the FOXA family).

However while the rs4888378 @llele probe produced a band as expected, no shift was visible on
addition of FOXA2 or FOXJ1 antibdeigire46). A positive control tested thieinding capacity of

the antibodies, using the FOXA motif as the labelled probe. However, again no band shift was seen
upon addition of the antibodied={gure46). Asthe antibody is expected to bind to the FGinily
protein, and the protein to the known FOXA motif, the lack of shift suggests the antibodies used do

not bind to the protein under EMSA conditions.

Figure46: Supershift EMSA stvaing the effect of addition of FOXA2 and F@Xantibody on protein binding.
Lanes 36 show the rs4888378 G allele probe (“G”). A band is seen and competed out with its own sequence,
as expected, but the addition of antibodies produces no band shift. LlGxh@gpositive control) show binding

to the FOXA motif. The antibodies would be expected to bind to the protein that binds to this segieihno
supershift is seerthis gel is representative of three replicates, all of which failed to demonstrate antibody
binding to the FOXA consensus sequence.
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5.2.1.5 DNAprotein binding for oestrogerrelated SNPs

The suggestion @CARAs a gene of interest at the locus, and the sexediffice in association,
suggested a possible role of oestrogen in the phenotype. Additional bioinformatics work was carried
out to look for variants that could potentially interact with oestrogen. Again, all the variahfd in

with the lead SNP were analyseHaplored® was used to find any SNPs shown to bind an oestrogen
receptor, or to change the binding consensus sequence for an oestrogen receptor. Four SNPs were
identified:rs2161648rs4888400rs2285222 ands11149832All had an alteration of the oestrogen

E %3}E 0%Z ~ Zre u}3](U v }v +Z3skqFigaed?)v JvP C Z/W

Figure47. SNPs in LD with lead SNP rs48888W¥& bind an oestrogen receptor or change its binding motif.
Alloestrogenrelated ][vs E 3§]}ve E Imags adageXfrom HaploReg'¥3

As additional variants of interest, these four SNPs were also investigated using EMSA to look for
differential protein binding. In addition to the protocol with standard nuclear extract, assays were
performed using nuclear extract from cells stimulatedhaestrogen. Before carrying out the

VL o E AESE S]}v %€Etixljolveeld added t® one T175 flask of Huh7 cells in 30 ml
medium. This was incubated at 37°C for 30 minutes, and the nuclear extraction protocol was carried
out as before. EMSA waarried out on the four SNPs with stimulated and unstimulated Huh7

nuclear extract. None of the variants demonstrated binding in this instance.

5.2.1.6 Luciferase reporter assay

EMSA identified rs4888378 as the candidate SNP with -alpeeific protein bindingherefore, it

was then necessary to see whether this difference has an effect on gene expression. The SNP is
located in the 3’ intron of the gen@FDP/so its effect is likely to be through enhancer rather than
promoter activity. The genomic sequencersunding rs4888378 was therefore inserted in the 3’
downstream region of the luciferase gene to mimic the effects of an enhancer rather than a

promoter Figure48).
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Figure48: pGL3promoter reporter vector.Enhancer insertion site shows where DNA sequences were inserted
for study.Image adapted from Prome&/a

Selection of suitable restriction sites fdoning BamHland Sal) in the sequence resulted in a

fragment of 379 bp around rs4888378. This sequence was amplified from genomic DNA of AA or GG
genotype and digested witBamHIland Sallenzymes to leave the fragment of choice. After

sequencing confirmed that no other bases differed between the A and G fragrttenfsagments

were cloned into the pGl-Bromoter vector using the Hrusion cloning system, and the vector

transfected into Huld cells.

The luciferase assay revealed a decrease in expression compared to the control vecter (pGL3
promoter) for both alleles of rs488837Bigure49). It was consiered that this decrease may be

caused by the binding of a repressor protein to part of the sequence of the inserted fragment.
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Figure49: Ehhancerfragments with both the A and G alleles o$4888378 show decreased expression
compared to pGL3romoter control. Luciferase reporter assay datav&lues derive from unpairedtéest.
Error bars show SEM. (12 replicates each.)

The decrease in expression prompted evaluation of the inserted fragment to look for possible
binding of repressr proteins. Bioinformatics sequence analysis using the Matinspectdr%ool
predicted the binding of three repressors and repressdated proteins to the sequence fragment:
E4BP4, CHR and PRDML1 (positions showigure50a). Three further cloning fragments were
designed to investigate theffect of these potential DNHArotein interactions on gene expression.
These fragments eliminated the segment with potential E4BP4 binding, the segment with CHR and

PRDML1 binding, or all three of these binding sitegfre50b-d).

Figure50: Predicted binding positions of three repressoelated proteins to the rs4888378 fragment, and
additional fragments created to avoid these binding sité2osition data from Matinspect®i®. Repressor
proteins binding to this sequence may affect expression of the luciferase geimg due assay. Fragments
shown in b, ¢, and d were therefore designed to test the effect of avoiding these binding sites.

The additional fragments were cloned into the reporter vector and assayed as before. Expression
results differed between insert fragments. Alledpecificreporter expression was observed from the
vectors with insertions 3 and #igure51c,d; p=5.7x18; p=4.0x16?), with a nonsignifcant trend in

the third (Figure51b). The effect size and direction was dependent upon fragment:sidgle
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expression with allele G remained similar in all cases, allele A showed a 35% and 92% reduction in

expression compared to G in the shorter fragments.

147



Figure51: rs4888378 allele is associated with differential expressidepending on sequence elementsuciferase reporter assay data. Fragments 1 and 2 show no
significant differential expression (a and b). Fragments 3 and 4 show a decrease in express®A falklie, with the decrease in fragment 4 being much more
pronounced (c and d). Expression values are normalised to-p®hter control. Pvalues derive from unpairedtést. Error bars show SEM. (4 plates of 12 replicates

each.)



5.2.1.7 Transfection of HUVECs for luciferase reporter assay

Luciferase reporter assays were carried out in Huh7 cells, as these had previously been usgd reliabl
for luciferase reporter assays, and at the time of initial assays the association with expression in
vascular cells was unknown. However, human umbilical vein endothelial cells (HUVECs) were a
preferred cell type, as the IMT phenotypes under study relevant to blood vessel endothelial cells.

Transfection assays were therefore carried out on HUVECs usimgpbrter vector.

Transfection was tested using the lipid reagent Lipofectamine 3000, and using the Amaxa
Nucleofector I. Vectors for transfection were the pGFP plasmid (green fluorescent protein allows
easy detection of expression under a microscope};P@ith a pRIK ceransfectant (to mimic the
cotransfectant conditions in the luciferase assay), and p@h&oter with pRLTK cetransfectant

(as in a standard assay).

Transfection using Lipofectamine 3000 was not successful, but as deiguiies2a, transfection of
the GFP plasmid using electroporation achieved some succetmnStection with pRITK resulted
in lower transfection efficiencyF{gure52b). Expression peaked -PD hours after transfection (84

hours after first timepoint on graph).

Figure52 GFP expression in HUVECs aftiectroporation of GFP plasmida) Detection of GFP expression
shows cells with successful transfection of plasrfiiyiIGFP emission in cells transfected with GFP plasmid or
GFP + pRIK plasmids. Graph starts 6 hours after electroporation. It can betkatexpression of GFP is
lower with the cetransfectant.

Transfection of the reporter vector into these cells could not be measured via GFP emission. HUVECs
were electroporated with the vectors puc, pGténtrol and pGLpromoter, with pRLTK ce
transfectant, and luciferase expression was measured by light emission. This indicated that

transfection of the pGL-8ontrol and pGLJromoter vectors was unsuccessfiiqure53): readings
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of luciferase and renilla were extremely low compared to those seen in Huh7 cells (rightmost data
points; note logarithmic scale), and would not be adequate for reporter assays. Repeated

experiments did not achieve successful transfection.

1,000,000+
M Luciferase

100,000 - Renilla
10,000 -

2
= 1,000 -

100 -

10 -

1 A T T T 1
puc pGL3-control pGL3-promoter GFP pGL3-promoter
(Huh7)

Figure53: Luciferasgmain transfectant)and renilla(co-transfectant) readings for vectors transfected into
HUVECSRelative light units are a measure of luciferase expression. Luciferase readings would be expected t
be manytimes higher than renilla readings. Although transfection vector readings for-p@ii®| were

higher than those for the ctransfectant, these values were too low for reliable comparison of signal between
fragments. “pGLpromoter (Huh7)” indicates avege readings for luciferase readings of this vector in Huh7
cells; note logarithmic scale.

5.2.2 DNAwprotein binding for dsQTL variants

In chapter 3, analysis of the Gilad/Pritchard eQTL browser found two DNase sensitivity QTLs
(dsQTLs), where chromatin acced#ipis associated with SNP alleleigure28): rs73605136nd

rs247454. EMSAs were carried out on these two SNPs to analyse how the variants may be affecting
chromath accessibility. 25 bp probes were created as before and incubated with Huh7 extract.

However, no proteirbinding bands were observe#igure54).
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Figure54: EMSA shows no observed protefinding for dsQTL SNHsabelled probes 1 and 2 here refer to
the dsQTLss73605136 and rs2474%dspectively, and the letter to the allele. Control bands are here
overexposed as film was overexposed teakno signal was present for the dsQTL SiKRge is
representative of 3 replicates which showed no protein binding.
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5.3 Discussion

5.3.1 Overall

In chapter 3, investigation of theFDP-BCARITMEM170Aocus with bioinformatics data identified

six candidate functional SNPs that may potentially be affecting IMT and CAD. In this chapter, DNA
protein interactions surrounding the SNPs were tested, identifying that the lead SNP rs4888378
altered allelespecfic protein binding. Competitor assays indicated a member of the FOXA protein
family may be responsible for this alledpecific binding. This SNP was taken forward for expression
analysis using luciferase reporter assays. Expression varied widely agdorthie length of DNA
sequence cloned into the reporter vector, but where allspecific expression was present, the G

allele of the SNP produced significantly higher expression than the A allele.

Other aspects of interest at the locus were examined: d&QTLs nedBCARANdCHST6vere
assayed for allelspecific protein binding, but no proteins were found to bind. Four SNPs in LD with
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5.3.2 Effect of candidate SNPs on DMotein interactions

Of the candidate SNPs assayed using EMSA, only the lead SNP rs4888378 showspddiflele

protein binding, with a protein or proteins binding strongly to the risk G allele. As multiple bands
were visible for the rs4888378 G probe whédmfwas subjected to a longer exposure, it appears

that a complex of proteins may be binding here. If this is indeed the functional SNP, it could
therefore be hypothesised that a transcriptional activator binds more strongly to this sequence

when the G adle is present, increasing expression of an atherogenic gene at the locus, resulting in
increased IMT. Alternatively, a repressor may bind more strongly, reducing expression of a gene that
is atheroprotective. Expression results from the luciferase rep@ssay suggest the former

possibility, as the G allele here causes increased expression.

Using multiplex competitor EMSA it was found that the FOXA binding motif competed out the G
band of the rs4888378 probe, implicating this as the protein family theat be binding. FOXA is a
subfamily of hepatocyte nuclear factors consisting of FOXA1, FOXA2 and FOXAS3, which share a
common consensus sequence. The proteins act as transcriptional activators fapkegific genes,
and are involved in regulation of metalism and glucose homeosta&is?’® They have been shown

to bind sites in compacted chromatin and mediate its change into an open, more activ&state
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The FOXA family contains three proteins and numeiseif®rmsthat share similar binding ntiés,
and so it was not practical to perform a supershift adsagll proteins. The FOXA2 antibody was
chosen as this protein has been implicated in cardiovascalated phenotypes: it has been
suggested that it is critical in diabetes and metaboliwsgme?’®2%% FOXJfforkhead box J1) is a
transcription factor relatedd the FOXA family (previous names for FOXA and FOXJdpaitecyte
nuclear factor aandhepatocyte nuclear factor 3 forkhead homologedpectively). FOXJlaw
specifically identified in chapt&.2.1as one of the motifs altered by rs4888378, and its binding

motif is indeed similar to that of FOX#&2 so it was also chosen as a priority for supershift.

Unfortunately, the identity of the protein binding could not be verified with a supéiraksay. No
supershift was seen with the addition of FOXA antibodies to the probe containing rs4888378
however, a lack of band shift for thpsitive consensus sequenicelicated that the antibodies were
not suitable for this assay. Unfortunately, nBl&Averified FOXA antibodies were available;

therefore, conclusions could not be drawn about the identity of the protein.

EMSAs have utility in detecting alledpecific effects without the hindrance of LD, but it must also be
considered that they examingariants outside their natural chromatin environment and cannot take
into accountin vivoproperties such as chromatin state. It should also be considered that the nuclear
protein profile is that of the cells used to produce the nuclear extract. Here Erits’were initially

used, and subsequently HUVECs, which were a more appropriate model for vascular phenotypes.

5.3.3 DNAprotein binding for oestrogerrelated SNPs

K(8Z 1i0 "EWs Jv «SE}VP > U (}JuE A E (}uv 8} ]Jv Zwef¢E Z vP ]38
chosen for analysis with EMSA. No binding was observed for the variants in this ass&/ir v

induce an effect without binding to the DNA sequence itself, other SNPs could also be involved in an

effect of oestrogef’®.

These oestrogestimulated EMSAs were preliminary experiments that would require more
thorough analysis if being followed up. The@Qvpus SE& 3Su v3§ 3Sdstradio] was thosen
based on research by Dominguez éidevych whofound stimulation with estradiol induced
pupo 3]tv Y( Zr A]JSZ % 22 Rutiiie whskpnutd vary concentration and
SE 3u v3 SJu 3} JVvA «3]1P 8 AZ § }v ]8]}ve %o E} §Z PE § 5§ ]v

Different cells would also bexamined(}E & 3§]vP §Z vpo & ASE 3§ ]v (MSPE A

expressed in liver cells such as Huh7, although at a lower level than in target tissues sudnes uter
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and mammary tissue (gene ESR1, &NEkuture assays should use HUVEC and smooth muscle cell

extract to examine the possible effect in vascular tissues.

5.3.4 DNAwprotein binding for dsQTL SNPs

EMSA analysis demonstrated no prot&®NA interactions for the two dsQTL SNPs. These SNPs were
reported to be associated with different accessibility of chromatin depending on allele. This
mechanism may be through the action of proteins binding directly to the genomic sequence, or by
another mehod, such as histone modifications A different method to investigate the relevance of
such dsQTLs might be through assaying whether the loci interact with other loci of interest, such as

promoters or enhaners of genes (explordd chapter 6).

5.3.5 Allelic effect on gene expression

Previous examination of genotygexpression data found multiple associations between the lead
SNP angene expressiarso it is likely thasucheffects on expression may be involved in producing
the carotid IMT phenotype. The disaditage of these datasets is that they can only report
associations rather than causality, so SNPs in LD show similar fittdeagsh other Conversely,
reporter assays test causality, as only the allele of the SNP under investigation differs between

constucts. This allowed the direct evaluation of whether a chosen SNP affects gene expression.

Expression data from ASAP and GTEx had shown the G allele to be associated with higher
expression; in the luciferase reporter assay, the same direction of effecieregs However, the
difference in expression varied greatly depending on the size of the DNA fragment inserted. For the
larger fragments, no significant difference was seen, while for the others, the magnitude of the
difference was greater for the smalldsagment. This highlights the strong effect that proteins
bindingin vitroto proximal sequence elements can have on enhancer or repressor activity. The
different fragments were chosen to include or exclude the predicted binding sites for three
repressorrelated proteins Figure50). The two fragments that excluded tpeedictedE4BP4 (NFIL3)
binding site showed a decrease in expression with allele A. EABP4 is &jtaomsd repressor that

binds to activating transcription factor (ATF) sites in many prom&fers

The effect on expression from sequence fragment length and genotype implies a strong effect and
potential for interaction with the FOXA element from proteins hingdto these additional elements
close to the SNP. While these results do not prove an effect of E4BP4 at the locus, they do suggest

that this or another binding proteimaysuppress the effect of the SNP under certain circumstances.
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Selection of a represeative fragment for assaying expression is complicated by the artificial nature
of the assay. As with the EMSA, the luciferase reporter assay cannot measudiskamge

interactions between loci, or chromatin state. This emphasises the value of assaytipe

sequence fragments around the SNP, as was done here. Another drawback was the cell line used,;
Huh7 cells were initially used due to their reliable performance in reporter assays, the fadtghat t
genes of interest at the locuBCARICFDPITMBVI170AandLDHD) are expressed in liver céfis

and the similar pattern of ENCODE regulatory signals such as open chromatin obsémesshb
endothelial and hepatoma cellslowever, HUVECs may be a preferred model due to their vascular
nature. HUVECs are difficult to transfétt®, and tests with different trasfection methods could

not achieve sufficient transfection efficiency of the reporter vector, so this was not possiktieef~ur
work would carry out the reporter assays using these cells: one possibility would be the production

of a viral expression veato

It would be ideal to test all of the candidate SNPs with the reporter assay, but the time required t
clone each SNP made this impractical for this study. Therefore rs4888378 was prioritised due to its

effects on protein binding.

Another limitation of hisreporter assay was thahe SV40 promoter was used, rather than those at
the gene locusTissue expression data implicated the g&®@ARAs the gene possibly causing the
association. However, at the time of performing the cloning, this was not kn@s/many genes are
present at the locus, a single promoter could not be chosen, and the SV40 promoter present in the
pGL3promoter vector was used, a known strong promoter that should provoke high levels of
expression and allofor comparison. Future work @uld carry out the reporter assay with the

BCARpromoter (see chaptes for discussion of putativBCARpromoters).

To investigate the regulatory effects of SNPs iimarivocontext and look at regions much larger
that the fragments used in luciferase, furth&ork will use chromosome conformation capture,

allowing examination of interactions between regulatory regions over long distances.
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6 Circular chromosome conformation capture for investigation of the
CFDPBCARATMEM170Aocus

6.1 Introduction

As discussed i@hapters 3, 4 and 5, regulation of gene expression is often not as simple as a
regulatory element affecting the gene it is closest to. The regulatory SNP rs4888378, which is
intronic in the geneCFDP/linstead appears to regulate the nearby g&©@ARI1Akhough gene
expression is often thought of as occurring proximal to genes, it is becoming increasingly evident
that longrange interactions play an important role in the regulatory landsé&pklany promoters

and enhancers are now known to engage in loagge interaction&’, physically looping to their
target gene&® Such interactions can also occur between different chromosotrass{ rather than

cis interactions¥°,

These longange interactions are of particular importance in the context of GWAS studies. Most
lead variants for cardiovascular GWAS (and other complex diseases) occur within intronic or
intergenic regions, and thus are likely to be exerting their effect through distal regulatory
elementg'® Cetain GWAS hits are even found in gene deserts: large genomic regions (sometimes
defined as larger than 500 ) with no annotated genes. The most wielown cardiovascular
example is that of the 9p21 locus, which has the strongest known association with CAD and
M|107.108.291 yet is over 40 kb away from the nearest proteoding genesGDKN2BNnd CDKN2A
involved in cell cycle control). Longnge interactions are likely to liee primary mode by which

GWAS hits in such regions affect cardiovascular traits.

Understanding more about the basis of this regulation at cardiovascular and other loci is a crucial
objective in understanding the genetic basis to CHD and other diseasakidjpurpose, a number

of methods have been developed in recent years to test4@mge interactions between DNA. The
basis of these is Chromosome Conformation Capture (3C), a method that captures the arrangement
of chromosomes in living cells, allogiinteractions between loci to be detectéd In these

methods, formaldehyde is used to crossHDKA to proteins, “fixing” the current chromosomal
interactions. Crosslinking occurs as a nucleophilic group on an amino acid or 88\farbas a

covalent bond with formaldehyde, forming a methylol adduct, which is converted to a Schiff base
and finally a methylene bridg®. In 3C, he fixed DNA is cut into fragments along the whole genome
using restriction enzymes. These fragments, still linked at interaction sites with formaldehyde, are

ligated together, with ligation occurring preferentially between fragments brougbtpnoximity by
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these physical interaction&igures5). In this way an excess of ligation junctions are formed
between loci that interacin viva P across the laion junctionsand sequening of the

amplification productan identify ligated sequences and quantify the number of junctions.

Figure55: Principle of 3C(a) Formaldehyde is used to crosslink DNA to proteins, linking infagaegions.
(b/c) DNA is cut into fragments with a restriction enzyr).Matching sticky ends ligate in a proximity
mediated manner, joining interacting fragmengs) PCR and sequencing identifies the unknown linked
sequence.

Many random ligations magiso occur between restriction enzyme cut sites, So some interactions
are likely to be detected between any two loci, with more expected the closer the two sites are in
the genome. However, when ligations are detected more than would be expected for random

interactions, it can be concluded that the two sites interactivo.

6.1.1 3C technologies

Chromosome conformation capture (3C) is a “emesusone” approach: genetic loci are selectad
priori and the assay tests whether pairs of loci interact more than would be expected by &fance
Related methods include Circular Chromosome Conformation Capturé*(4@jboncopy
chromosome conformation capture (5&) chromatin interaction analysis by pairedd tag
sequencing (ChHRET¥®, and HiC, a genomavide method that uses biotin labelling to pull down

ligated fragment&®.

In contrast to 3C, 4C is a “omersusall” method: the sequence of the site of interest (“bait”) is
needed, but interactions with any other site of interest (“prey”) can be captiifeBor this to work,
ligated DNA has crosslinks removed and is digested again with a second restriction enzyme. An

additional ligation step asses seltircularisation of these shorter fragments, producing small circles

of DNA containing the junction between the bait and prey. Inverse PCR to amplify the circular DNA

uses PCR primers directed outwards from the bait sequence, amplifying a sedtienunknown
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sequence. Nexgieneration sequencing allows the unknown sequence to be identified and mapped
to the genome. This allows unbiased searching for loci that interact with a sequence of interest,

without a prioriexpectations.

5C is a multiplex “altersusall” protocol that combines 3C with ligation mediated amplification
(LMA) to detect interactions on a large scale. A 3C library is created, and LMA carried out with
primers that bind to the 3’ end of predicted restriction graents. Only primers annealed next to
each other can be ligated. The primers also contain universal tails, allowinestaigeamplification
of ligated primers to create a 5C library, which can be analysed usingamiags or next

generation sequencingf2%"

Hi-C is more higithroughput than the previous method#éfter the restriction digest stage of 3C,
biotin-labelled nucleotides are annealed to the overhangs at ligation sites, and the resdiltiig b
ends ligated. Biotin putiown is used to isolate ligated fragments, and the library mapped to the
genomeé®®, Chromatin interaction analysis by pairedd tag sequencing (CRRPET) combines 3C

and chromatin immunoprecipitation to screearfinteractions occurring via a proposed protein of
interest. Crosslinked chromatin is digested and then pulled down using an antibody against the
protein. Linker sequences are ligated to the ends of DNA, allowing them to ligate, and the ingeracti

fragments are sequenced and mapped to the gendthé®

6.1.2 4C to analyse th€ FDP-BCARITMEM170Aocus

In investigation of th&€ FDP-BCARITMEM170Aocus, previous chapters idéfied rs4888378 as a
potential functional variant, anBCARAs the gene likely to be the gene causing the phenotypic
change. It is clear that at this locus, regulatory elements may not act only on the genes they are
closest to, making it a good targetrfohromosome conformation capture to define the lerange

regulatory network at this locus.

The specific chromosome capture method to be used depends on the research question. One
regulatory scenario here, fitting with the hypothesis that rs4888378 efl8Ci/ARtegulation, is that
the regulatory SNP is located within an enhanedrichinteracts with the promoter to modulate its
expression. 3C could be used to test this hypothesis, but for unbiased detection of intera¢@ass,
considered the preferredtrategy to assess individual €€ Using 4C allows searching for any

regions that interact with these loci without making assumptions before testing. As few spegific loc
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are being studied, multiplex methods such as 5C would not be suitable. Therefore, in this chapter a

4C protocol was developed for analysis of Bl@ARpromoter and the regulatory SNP rs4888378.

Although the design and optimisation steps produced a strateganalyse the regulatory SNP and
BCARpromoter and produced four 4C libraries, challenges with the-sgexteration sequencing
precluded any sequences from being obtained. Experiments are ongoing to obtain sequencing data
from the 4C libraries, and thexperimental design of this 4C protocol is discussed here, with the

results presented from individual 4C steps.
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6.2 Protocol and results
6.2.1 Choice of loci

The two primary areas of interest for 4C were rs4888378 an@@&Rpromoter. Before selecting

the restiction enzymes for the protocol, tHBCARpromoter location had to be characterised.

The gene is shown to have multiple transcripts on databases such as UCSC Genome Browser and
Ensembf?’3% raising the question of what the true and commoelypressed transcripts are.

Kumbrink and Kirsch demonstrate the presence of B&ARMIMRNAS expressed in normal tissues

with alternative first exon®™. These alternative exons encode only three different starting amino
acids, AsfHisLeu and SevalPro. The two transcripts are referred to REARIL andBCARAL’
(Figure56a), and they coincide with the two areas of strong H3K4me3 signal (histone signals
associated with promoters), and with CpG islarilgre56b). These two promoters were therefore

chosen as the true promoters for investigation with 4C.

Figure56: Presence of two promoters for thBCARZDene.(a) There are alternative first exons fBICAR With
distinct promoters (figure from Kumbrink ef3). (b) The location of these two promoters maps to two
regions of promotetassociated histone marks and CpG islands as shown on UCSC Genomée Browsler
multiple transcripts are shown on the genome browser, these can be considered to be the important
promoters.

6.2.2 Choice of cells

As discussed in previous chapters, endothelial or smooth muscle cells are likely to be more relevant

to the plaque phenotype, so HUVECs were considered as suitable cells for analysis of chromosome
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conformation. However, the 4C protocol requires a large number of cells (10 million cells are
suggested by van de Werk&€hand Stadhouder$®). As HUVECSs can only grow to a limited passage
number beforedifferentiation or senescené®, culturing large numbers of HUVECs was inefficient
for protocol optimisation. Therefore, HEK293 cells were used for initial development of the protocol
as they can easily be cultured dklicto large numbers, providing sufficient chromatin to optimise

subsequent stages of the 4C protocol.

6.2.3 Choice of restriction enzymes

The principle of 3C techniques is based on the digestion of crosslinked chromatin with a restriction
enzyme, ligation to jim interacting sequences, and PCR to detect ligation junctleigsines5).

Original 3C studies used this method of a single digest and ligatiofi®steqr 4C, circular DNA is
required for amplification using inverse PCR. Due to the complexity of interactiong the digest

step often forms aggregates of many fragments joined together. Ligation and removal of crosslinks
causes these to linlogether and form large circles of DNA, which are often too largenplify

using PCRF{gure57). For this reason, a secondary digest is necessaddoThe large circles are
trimmed with a different restriction enzyme (often a more frequent cutter) to create short
fragments. A second ligation circularises these fragments, due to proximity, and the small DNA

circles are then suitable for amplificatio

Figure57: Overview of 4C protocolmageadaptedfrom Van de Werken et #. Chromatin crosslinking joins
many strands of DNA together, leaving large DNA aggregates on digestion, which bergeniENA circles on
ligation and removal of crosslinks. Trimming the circles with another restriction enzyme alloeredtien of
smaller DNA circles. These can be amplified more easily by PCR and the ligation junctions asiatysesiu
generation gquencing.
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To design a 4C experiment, suitable primary and secondary restriction enzymes must be chosen. The

two main considerations for enzyme choice are:

1. The ability of the enzymes to digest the DNA in the required conditions. This is primarily a
concernfor the first digestion, where the restriction enzyme must digest crosslinked
chromatin in the presence of reactiénhibiting SDS. (Discussedil.6)

2. The locaibn of the enzymes’ restriction sites in the locus. As discussed below, the restriction
sites for the primary enzyme must cut to create a fragment around the point of interest of
suitable size to capture interactions. The restriction sites for the secgndatriction
enzyme must cut so that a DNA circle is formed that is large enough to bellayate

sequenced easily, but not too large as to not amplify with PCR. (Discuss2din)

Many published 4C techniques use a primary restriction enzyme that cuts at a 6 bp-sitet€18),

and a secondary restriction enzyme that cuts at a 4 bp sitelftier”)3°%. As there are four DNA

bases, the chance of a specific 6 bp sequence congira @ random point in the genome is roughly

(Vaf = 1/4096; i.e. every 4096 base pairs on average. The secondary restriction enzyme is usually a 4
cutter, which cuts on average every 256 ({/bases. The resulting smaller fragments are more likely

to ligate to form suitablecircular DNA

The base composition of the genome is of course not truly random; for example, C and G bases are
present at higher frequency in G{ch areas such as CpG islands. For this reason, it is ideal to choose

restriction enzymeshat have cutting sites with a balanced GC/AT content to avoid bias.

In some cases a@ltter can be used as the primary restriction enzyme. This produces a 16 times
smaller initial fragment size, on average, and makes it less likely that the fragmentiatee locus

of interest will be large enough. Nevertheless, for 4C assays where few loci are being studied, loci
can be examined individually to see if a primary restriction enzyme will produce a suitably sized
fragment. In general, the smaller fragmempi®duced with 4cutters increase resolution of the

assay; that is, an interaction between two genetic sequences can be narrowed down to a smaller
area, because the fragments containing them are smaller. A disadvantage is the@a$tr4

enzymes tend tdhe much more expensive per unit tharctters, and hundreds of units are

required for the initial digestion step.
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6.2.3.1 Locus digestion strategy

Restriction enzyme choice is dependent upon the location of the restriction sites at the loci of
interest. The prirary restriction enzyme must cut to create a DNA fragment large enough to be
involved in crosslinked interactions. Van de Werken et al and Splinter et al recommend that
viewpoint fragments are at least 500 bp, “a size arbitrarily considered large enofrglytently be
subject to crossdinking°23% These viewpoints should also not be tacge (here chosen as 10 kb),

in order to maintain an acceptable resolution for the assay. As viewpoint fragments increase in size
the number of possible interactions with regions distinct from the loci of interest increases,
decreasing the confidence amy interactions that are found. For longer sequences likeBlBAR1

promoters, it is also necessary to ensure that it does not get cut by the primary restriction enzyme

The size of the secondary fragment is also important. As mentioned above, the fragmust be

small enough so that, on sadircularisation with its interacting fragment, it forms a DNA circle small
enough to be amplified by PCR. 1 kb was chosen as the maximum ideal secondary fragment size. The
larger the circular DNA formed with the @macting fragment is, the less well it is likely to amplify,

introducing possible size bias into the PCR reaction.

The minimum size should be large enough so that it can physically circularise easily. The sequence
with which it is ligated adds to the sipéthe circle. As shown Higure58, the primers for inverse

PCR face outwards from the secondary fragment. These have long overhangs containing the lllumina
adaptersequences, used later for negéneration sequencing. The secondary fragment should
therefore be larger than about 200 bp to prevent the primers hybridising their ends to each other.

To maximise the ability of the fragments to ligate, both the primarysewbndary restriction

enzymes should create sticky ends rather than blunt ends.
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Figure58: Primary and secondary fragments designed around a locus of intetestus of interestnarked by
0. The larger primary fragment musbntain the locus of interest. At the first ligation step, proximity
mediated ligation will causi to ligate with other primary fragments with which it is crosslinked. The
secondary digest will cut the fragment at theeenmarked points. The secondamagment will be sequenced
following the arrow, allowing the identification of the sequence on the other side of the pringatjoln
junction. This interacting sequence can then be located in the genlote. that the locus of interest does not
need to becovered by the secondary fragment. At this point the fragment serves as an identifier of the
primary fragment, for which only a short segment of its sequence is needed.

With the above requirements in mind, rs4888378 and the B@AR promoters were examing to
design a suitable digestion strategy. PotentigiuBter primary restriction enzymes were chosen
based on those recommended by previous studies as being able to work in the presence of SDS
(6.2.6 and those containing a relative balance of AT/GC, giving a shortigidil| BamH] Bgllland
EcoRI

It is also desirable that enzyme action is not blocked by CpG methylation, as this would deaease th
possibilityof fragment interactions being detected in certain regions such as CpG islands, introducing
bias into the results. It was noted that despite its recommendation in some stugtieRIs blocked

by some CpG methylation, and thus would not be an ideal pyimestriction enzyme.

All the corresponding restriction sites were mapped to @eDP-BCARITMEM170Aocus using
UCSC Genome Brow&é(Figure59). Using these, for each location of interess4888378, and the
promoters BCAR1 and BCARY’ —the ability of each enzyme to create a primary restriction

enzyme with the above parameters was assessed.
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Figure59: Viewpoint fragments created for the two BCAR1 promoters witkctter restriction enzymes
Createdusing UCSC Genome Brow$eEcoRandBamHican be seen to create viewpoint fragments of
suitable sizes for the two promatg, and various-¢utter enzymes to create smaller secondary fragments.

These enzymes were then tested on crosslinked DNA. As detaBezi GhneitherBamHInor EcoRl
were able to sufficiently digest chromatin in the presence of SDS, which is required for the first
digestion. As no-8utter enzymes were suitable here, a second approach at designing a suitable
digestion strategy was attempted, usingdtters as tke primary restriction enzymépnl| Csp6l
(CviQ) andNlalllrestriction sites were mapped to the locus and the suitability of each to create

viewpoint fragments was again assessed.

DpnllandCsp6lwere selected as the two primary restriction enzymes, as these were able to
produce viewpoint fragments of suitable siz€&ggure60). For each viewpoint, restrictiagites for
the remaining 4cutters were examined to see if a suitable secondary fragment could be obtained. If

it was possible, this digest combination was taken forward.
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Figure6Q: Viewpoint fragments created wh 4-cutter restriction enzymesFigureadapted from UCSC
Genome Browsét’. Dpnlland Csp6kreate viewpoint fragments aroun@/b) the two promotersand (c) the
SNP, an®pnl| Csp6andNlalllcreate secondary fragments.

Sx viewpoint/secondary fragment combinations could be desig(edure60). Two were designed

for each location of interest, to allow for failure of a viewpoint due ¢@ipdigestion or failure to

design suitable PCR primers. To analyse these viewpoints, four digestion strategies were required,
using two primary restriction enzymes and two subsequent secondary enzymegf-egaaoe6l).

Digestion testing therefore proceeded with these enzymes.

Figure6l: Digest strategy for designed viewpoint€rosslinked cells witle digested with eitheiDpnllor
Csp6IThese cells will be split into two and digested with each of the appropriate secondary enzymes.
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6.2.4 Formaldehyde crosslinking

Previous 4C studies use different methods of crosslinking living cells with formaldehyde. When using
adherent cells, as all the cellader study here are, formaldehyde can either be added directly to
adherent cell¥, or the cells trypsinised and formaldehyde added to the cell suspeiisith

Crosslinking cells in suspension may allow formaldehyde to access the chromatin mof&*ctsdy
disadvantage is the possibility of the trypsinisation process affecting chromatin structure ielthe c

and producing an inaccurate representation of interactions in #lerwcleus. However, as

numerous published 3C studies have successfully used this a apfifd&th?® this was used here.

The percentage of formaldehyde algaried between publishestudies?3395307 with final

formaldehyde percentage in crosslinking solutions generally ranging #2%a. Crosslinking was
therefore tested at final concentrations of 1 and 2%. Both correioins resulted in a high

molecular weight band of DNA when visualised on a gel, so crosslinking was deemed to be suitably
successful for both (data not shown). As stronger crosslinking has been shown tdixdver

chromatin, impeding its digestion withe primary restriction enzyni®’, 1% was chosen as the

formaldehyde concentration.

It is also important to consider thegage at which cells are crosslinked. 4C analyses the state of the
chromatin at the point in time when crosslinking occurs; cells that are actively dividing aredikely
be actively expressing different genes to those that have stopped growing. Theitef@e decided
that cells would always be crosslinked at a confluence of 90%, where cells had not yet reached

confluence and stopped growing, but a large number of cells could still be harvested from each flask

6.2.5 Celllysis

Two different types of lysis bwffs are required for the 4C protocol. The first must break the
cytoplasmic membrane to release intact nuclei. Published studies use varying preparations of
cytoplasmic lysis buffer, but all require a salt, protease inhibitors and aamicdetergent. The

detergent foundto be suitable here was Igepal

The efficiency of lysis can be assessed with majtgén pyronin, which stains cytoplasm pink and
nuclei blue. A small sample of cells is stained and viewed under a microscope to clieek for

presence ofsolated nucleiKigure62).
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Figure62 Example oHEK293\uclei stained with methylgreen pyronin after lysis of cytoplasmic
membrane.After lysis of the cytoplasmic membrane, only nuclei (strained purple) are visible.

Initial lysis was tested for various timepoints, and with and without douncing of the solutiorawith
plastic microcentrifuge pestle. Douncing was deemed to be necessampid the of cell clumps
during lysis, and 15 minutes of lysis was chosen as the optimum period before checking lysis

efficiency.

In order to release the fixed chromatin, the nuclei must then be lysed using an ionic detergent.
Published studies usediumdodecyl sulphat¢SDS) at this poi#ff-2°33°> However, SDS strongly
denatures proteins, and therefore its presence in solution inhibits the action of réstrienzymes,
and was a major obstacle in the 4C proto€oR(6). As it is crucial that the proteins remain
crosslinked to the chromatin during digestion and ligatthe DNA cannot be purified to remove
the SDS. Instead, a ndonic detergent such as Tritor200 is usually added to quendhet SD%?®3,
Previous 4C studies use SDS at a concentration of%:396° The concentration of SDS is a
balance between having enough to sufficiently permeabtligenuclei, and little enough to allow
the restriction digest reaction to process. Lower concentrations of SDS ((8%) were also trialled

here, but none were found to aid restriction enzyme action.

6.2.6 Restriction enzyme testing

The action of a number girimary restriction enzymes was tested on crosslinked DNA. Previously
published 4C studies suggested that theuster enzymedEcoRIHindllland BamH#°23%are
effective on crosslinked DNA and in the presence of SD8tdd restriction enzymes cut on average

every 4096 bp. The peak DNA size for digested crosslinked DNA is likely to be higher, as even the
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most effective enzymes have up only 70% digestion on averae As the actual distance between
restriction sites varies widely, the digestion protliscexpected to run as a large smear rather than a
band Figure63). A substantially higheweight smear would indicate considerably incomplete

digestion.

Figure63. Simulated expected band sizes for crosslinked DNA, digested DNA wihd4-cutter restriction
enzymes, and ligated DNAmear weights are expected to very with enzyme digestion efficiency.

As shown irFigure64, the 6cutter restriction enzymes were tested but oniyndlllwas able to
achieve some digestion of crosslinked chromatin. This result fits in with the fact that many 3C
relatedstudies uséHindll| finding it to digest best in the presence of %239 Unfortunately,
while this proved the principle that digestion would work in the expemtal conditions (implying
no fundamental problem with conditionsiindlllwas not a suitable primary restriction enzyme for

any of the designed viewpdin
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Figure64: Crosslinked DNA with and without digéon with restriction enzymesUndigested DNA run on the
gel as a highwveight band, as expected. Little digestion is seen with toatéer enzymes, with the possible
exceptian of Hindllf however, the peak is still well above 5 kb. Theuter enzymeDpnllwas run as a
comparison, which produces a smear of DNA around roughly 1 kb.

Attempts to improve the digestion reaction in the presence of SDS included increasing #ie initi
volume of restriction enzyme, adding 2200 units of additional restriction enzyme every 4 hours of
digestion, varying the amount of TritorI2X0 used to quench the reaction between 1L 8%,

varying quenching time between 10 minutes and 1 hour, anckasing the digestion shaking speed
to 900 RPM (as recommended by Splinter &°aind van de Werken et®P). When it was

determined that the necessary@utter enzymes could not be used to digest the crosslinked
chromatin, viewpoint design was reconsidered, usirgyters as theprimary enzyme, which had
been used successfully in other 3C experim&htBpnlland Csp6lwere found to be the best

choices for creating suitable viewpoint fragmeris?(3.]). Digestion of crosslinked chromatin in the

presence of SDS was founda® successful witbpnlland Csp6(Figure65).
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Figure65: Crosslinked DNA with and without digestion with the restriction enzynigignlland Csp6l DNA
without added enzyme is undigested and present as a-Wwigiight band. (More DNA was present in tBsp6l
sample, explaining the thicker ban@pnllappears to have higher digestion efficiency tiZsp6l

6.2.6.1 First ligation reaction

After crosslinked chromatin is cut into fragments with the primary restriction enzyme, the sticky
ends are ligated in order to join interacting fragments. This involves inactivation of the primary
restriction enzyme. Botbpnlland Csp6hare sensitive to dat-inactivation, so heating to 65°C was
used to stop digestion before ligation. In contrast to digestion, ligation must be carried owt at lo
DNA concentrations. This increases the chance that ligation will occur between fragments that are
physically craslinked together, rather than those that are in close proximity due to chance. Ligation

was therefore carried out in a 7 ml total volume.

The ligation reaction generally produces large aggregates of ligated fragrreniseb5) which are
seen on the gel as a higteight band. Using 100 units of T4 ligase, the tested ligation reactions

successfully produced this band as expectedyre66). As some studies use BSA in the ligation
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step, ligation was tested with and without the addition of 40 pl 10 mg/ml BSA. Little difference was

seen between samples with and without B&Ag(re66).

Figure66: Ligated DNA after digestion witbpnlland Csp6lAfter crosslinked DNA was digested with the
primary enzymes and ligatedvitas purified by ethanol precipitation and 1 pl run on a gel. Each sample was
ligated with and without BSA (+ and All ligated samples ran as higeight bands, expected for large
aggregates of crosslinked DNA. Samples were run alongside 250 g refgeanogic DNA which also runs as
a highweight band.

After ligation, crosslinks are reversed before the secondary restriction digest. This is dondifxy hea
the reactions to 65°C for 6 hours in the presence of proteinase K. At this point, there are no
crosslinks and DNA can be purified, which is done by phenol/chloroform extraction and ethanol

precipitation.

6.2.6.2 Secondary restriction enzymes

As the secondary restriction digest was carried out on purified DNA in standard digestion conditions
no special conditios had to be tested. Secondary restriction enzymes were thus chosen on their
ability to produce a secondary fragment of suitable length, dependent on the location of their
restriction sites at the locus, and ability to create sticky ends. The secondameiatso cannot cut

at the primary restriction site (as is the case for enzymes suBlaadiland Dpnl). As discussed in

6.2.3.] the three enzymes used weBpnl| Nlallland Csp6l
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The chosen enzymes were found to successfully digest ligatedNDdNAdigested DNA more

effectively thanDpnlland Csp6(Figure67), but dl smear sizes here were considered acceptable.

Figure67: Ligated DNA digested with the secondary restriction enzynfdssecondary restriction enzymes
digested ligated DNA to a lowereight smear, witiNlalllshowing the gregest digestion efficiency. Samples
run next to ligated DNA for comparison of DNA fragment sizes.

6.2.6.3 Secondary ligation and DNA purification

As with the first ligation reaction, secondary ligation is carried out in diluted conditions tarfavo
intra-molecularligations between ligated fragments. Ligated fragments are here expected to largely
circularise, producing varying fragments that do not differ largely from those seen in the second
digestion Figure68). After phenotchloroform extraction and ethanol precipitation, DNA was

purified using the QIAquick gel purification kit, used for direct cleanup from enzymatic reactions.

173



Figure68: DNA prodie of the second ligation steplhe DNA smears are not expected to be greatly different
in size to those in the second digestion, as most fragmentsiselflarise.

6.2.7 4GPCR

6.2.7.1 PCR primer design

The aim of the PCR reaction is first to amplify up circl&N# from the genomic locations of

interest, and secondly to identify the sequences contained in these circles usingarexation
sequencing. The PCR reaction will therefore ultimately be carried out with primers linked todllumin
sequencing adaptershiese become incorporated into the PCR product, and allow sequencing using

[llumina technology.

Only one primer is used for sequencing; this is the ‘read’ primer, while the other primer is ‘non
read’. The primers are positioned close to the edge of thersday fragment. The sequencing
reaction reads from the read primer into the unknown sequence of the ligated fragment, allowing it

to be identified and its location in the genome determin&(ire69).

One of the principal questions in primer design is that of the location of the read primer. R€ent 4
studies suggest it should be designed directly on the primary restriction site, so that the semuenci
result is compoad entirely of unknown interacting sequence, rather than uninformative sequence
from the secondary fragme#f£3°3 However, since the pubhtions of these studies, sequencing

technology has improved and sequence reads are substantially longer (150 bp reads were used

174



here), allowing for capture of sufficient informative sequence even if the primer binds further back

from the restriction site

Primers were designed to be no further than 30 bp from the restriction site; an informative
sequence read of over 100 bp is sufficient for alignment of the sequence to the genome. This
strategy of primer positioning allowed improved primer design, agioéisig primers to an exact site
considerably increases the chances of poor primers, due to potential mispriming, inappropriate
melting temperatures (Tm) or secondary structure. The-read primer was designed to be up to

100 bp away from the secondamatriction site. As this is not used for sequencing, the only concern

was an unnecessary increase in size of the PCR product.

Figure69: Primer design and positionThe inverse PCR primers are designed to face outwards from the
secondary fragment, close to the primary and secondary restriction sites. Both primers are degigned
Illumina sequencing adapter overhangs. The read primer binds close to the primary restrictiordsite a
incorporates the reading sequence adapter haihen the amplified DNA circles are sequenced, the
sequence read progresses through the primary restriction site into the unknown interacting fragment.

As many primers often have to be trialled, testing was initially carried out with primers witheut th

attached adapter sequence. Successful primers were then designed with the adapter sequences.

Primers were designed using the primer design tool Primer3®Jafiowing the production of

primers with the best conditions; i.e. no mispriming to elsewhere ingiga@ome, balanced GC

content, similar Tms and low se&ldmplementarity. Each of the six secondary fragments f6a2n3.1
were used to design primers for inverse PE&the primers here face outwards rather than inwards,
each sequence was rearranged before inserting into Primer3Plus so that it resembles more typical

PCR desigririgure70).
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Figure70: Sequence reaangement before primer desigrthe sequence of the secondary fragment is taken
and rearranged into a form suitable for conventional primer design before being used in PrimeT3iel &)

bp adjoining the primary restriction site and the 130 bp adjoining the secondary restriction sitevappex
over and connected with a 100 bp stretch ehdcleotides, which serve as the placeholder for the unknown
ligated fragment in the DNA circle. Primarg then designed to amplify this stretch of Ns. The available
sequence for primer design by the secondary restriction site is longer because this primer b&lusstd to
produce a sequencing read, so does not need to be as close to the restriation sit

No suitable primers could be designed for one of B@ARIL promoter viewpoints (BCARICsp6|
shown inFigure60). This left primers for five viewpointserall For each, two read primers or two

non-read primers were designed, to allow testing of two primer pairs each.

Multiple sets of primers were subsequently designed, as initial sets produced substantial non

specific binding in control genomic DNA templa&®2.(7.9. More stringent mispriming thresholds

were used, and the final set of primers can be se€Feaible32.

Table32: Primer names and propertieS.wo pairs of primers were tested for each secondary fragment, where
the sequence was amendable to primer design.

. . . . Read/non Secondary
Viewpoint Primer name Site read frag_ment Sequence Length Tm
side

BCARLL 11_Dpnll R Nlalll Read Dpnll Read Left CATTGTGCCGACATCTGC 18 59.6
Dpnll 11_Dpnll R Nlalll Non Nlalll Non Right CCCCTTTCCCTCTAGATT! 20 58.2
11_Dpnll R Nlalll Non2 Nlalll Non Right GAGCTGTGGTGGTGATG/ 20 585
BCARA' 11p_CspélL Dpnll Read Csp6l  Read Right AAGATGTCCGTGCCTGTG 18 58.1
Cspélleft  11p Csp6lL Dpnll Read2  Csp6l  Read Right CAAGATGTCCGTGCCTGT 18 58.1
Side) 115 Csp6lL Dpnll Non Dpnll Non Left ACCTAGGCCTTTTTCTGTCG 20 585
BCAR1' 11p_Csp6IR Dpnll Read Csp6l  Read Left GTGGCTCCTTATCTCCCT 20 58.2
Cspélright  11p Csp6IR Dpnll Read2  Csp6l  Read Left GGGAAGTGGCTCCTTATC 20 57.8
side) 11p_Csp6!R Dpnll Non Dpnll Non Right TTCCCTATAGGACGGAGT 20 57.2
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SNPDpnll R Csp6lRead Dpnll  Read Left CACAAAAACACCTGGTCTCC 20 58

SNFDpnll SNPDpnIl R Csp6lRead2  Dpnll Read Left ACAAAAACACCTGGTCTCCA 10 58
SNPDpnll R_Csp6_Non Csp6l Non Right AGAAACTGCCCTTCCAGTCT 20 58
SNPCsp6I L Nlalll Read Csp6l Read Right GGGACCCAAGTTTAAACA 20 579
SNFCsp6l  SNPCsp6lL Nlalll Read2 ~ Csp6l  Read Right GGACCCAAGTTTAAACAA 21  56.7
SNPCsp6l L_Nlalll Non Nlalll Non Left TAGTCACCCTGGCTGAAC 20 56.6

As all sequencing reactions are loaded onto the same flow cell, different 4C reactions can only be
distinguished by the sequence itself. The sequence of the read primer can be used to distinguish
between viewpoints. However, if reactions in different conditieresg. using crosslinked DNA from
different cells-are to be sequenced on the same flow cdifferent barcodes are needed on the
sequencing primers. To allow for potential sequencing of reactions from HEK293 and HUVEC cells,
adapterlinked read primers were ordered with a 2 bp barcode (GA or TC) between the primer and

adapter.

6.2.7.2 PCR reaction

Numerous parameters were tested in the optimisation ofRCR, including thermocycling extension

temperature, amount of template DNA, volume of primer, and type of polymerase.

NEB’s Phusion Higfidelity DNA polymerase, AcquaScience’s Acqua polymerase, emeldRo
Expand Long Template PCR System were trialled. Expand Long Template was used as it was found to
produce the best amplification (data not shown). It also amplifies large cifoiakvell, decreasing

possible size bias in amplification.

Multiple negatve controls were used for the PCR reaction. Aemoplate control was used to check
for the presence of primer dimer, which is a particular concern in the case of the long atiakéer
primers. Genomic DNA should als®used as a negative control. &e primers point outwards

from the secondary viewpoint, no amplification would be expected with a genomic DNA template.

Assuming satisfactory primer design, any that occurs would be due tspexific binding.

For initial primers, many bands were proddogith control genomic DNA, indicating mispriming to
the genome (although online database tools such as UCGSIZPCR’ did not indicate any
templates in the genome to be present). Subsequent sets were designed wligr iImgspriming

thresholds.
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Figure71. Example of PCR results on 4C DNA and genomic DNA (coitngbjification has occurred with
genomic DNA, indicating mispriming.

After suitable primers had been verified, the initial primessre designed with linked Illumina
sequence adapters. As these adapters are overhangs that do not bind the template, PCR conditions

were calculated on the basis of the Tm from the initial primers.

Primers for four of the secondary fragments were foundrapéify the 4C DNA successfuliyiqure
72), and largetscale PCR reactions were then used to amplify large amounts of DNA to create the
final 4C libraries. As shownkigure72, the amplification product is generally a smear of DNA below

1000 bp, with a stronger band where the secondary fragment hdigated to itself.
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Figure72 PCR amplification using final primers on 4C DNA and genomic DNA cdstnole amplification is
seen with genomic DNA, but amounts are lower than that seen witbM&. Both pairs of primers were tested
for each secondary fragemt, and themore efficient primer pair taken forward to create the final 4C libraries.
TheBCAR4L' Csp6IL) primers could not achieve successful amplification and were not taken forward.

6.2.8 Verification of 4C PCR product

The size and quantity 6fFCRamplified DNA was measured using the Agilent 2100 BioAnalyser in
order to calculate DNA concentration. This allowed an estimation of the relative amounts of
different circular DNA sizeBigure73). This data showed DNA to be present at a range of sizes, an

effect largely masked by the large peak that representsligglfion and recircularisation of the DNA
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fragment. Thignethod does not prove that this DNA witlifin sequenceable clusters an Illumina

sequencing platform.

Figure73: Amplified 4C DNA size and abundance for the four successfullylified viewpoints at the locus.
The peaks at 43 and 103 represent marker DNA, with the fdgt iD the middle. For each sample, a peak of
DNA of a certain size is seen, which represents thecselilarised fragment, expected to occur much more
often than other ligations. The remaining DNA at lower abundance represents ligations with otmeeita.

[s] represents time for analysis and is proportional to fragment length. [FU] represents relaiivéaaize.

The NEBNext Library Quant Kit for [llumina was used to assay the presence specifically of
sequenceable DNA molecules. This is a gPCR kdguhatifies DNA containing the correct Illumina
adapter sequences. The 4C libraries were diluted to 1:1000, 1:10,000 and 1:100,000. The gPCR
reaction was carried out on these samples, DNA standards from 0.01 to 10 pM and NTCs. All samples
were measured inriplicate Figure74). The DNA standards were used to create a standard curve by
plotting concentration vs Ct (threshold cycle; the cycle number at which fluorescersses the
fluorescence threshold), from which the concentration of samples could be deternfigpa€75).

Undiluted library concentrations were found to be:

BCAR-1 DpnlV Nlalll 408 nM
BCAR4L’ Csp&IDpnll 405 nM
SNPFDpnl¥ Csp6l 393 nM
SNPCsp6iINIalll 343 nM
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Figure74: gPCR amgication plot for 4C librariesEach sample was run at three dilutiofes; ‘b’ and ‘c’ mark
the 1:1000,1:10,000 and 1:100,000 dilutions respectivéiyzan be seen that there is substantial amplification
for each of the samples, indicating the presence of sequencé&aiife The green line represents the
fluorescence threshold from which Ct values are catedl.

Figure75: qPCR standard curv&he four DNA standard were plotted on a graph of concentration vs Ct, from
which the Ct values of each sample were used to calculate their concentrations. The points deegmaph
hereall refer to the smallest 1:100,000 dilutions; others were of too high a concentration to fit cstahdard

curve.
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6.2.9 Sequencing of PCR libraries

Once the presence of DNA with the correct adapters has been verified, the 4C libraries can be
sequenced using ligh-throughput sequencing platform such as the lllumina HiSeq 2000. Libraries
were sequenced on the MiSeq desktop sequencer to obtain initial results, with the intention of

moving to the HiSeq if the number of reads produced was insufficient.

Preparationof the 4C libraries for sequencing involved consideration of possible sequencing
problems. Sequence reads can be disrupted if an identical nucleotide is present in all reads at the
same position. With the four read primers that were used, this situasqrossible; therefore, a PhiX

bacteriophage DNA control was added at 20% to increase nucleotide diversity.

However, the MiSeq reaction generated no clusters for DNA sequencing in multiple runs. PhiX
control DNA was increased to 50% but this still produsdlusters. This result was unexpected, as
control DNA should still cluster even if there were problems with the 4C library. Due to time
constraints and no logical explanation for the lack of clusters, this experiment was stopped for the

purpose of thishesis.
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6.3 Discussion

As more is understood about the mechanism of loagge interactions in genetic regulation,
chromosome conformation capture methods are likely to be used increasingly in understanding the
regulation landscape. In this chapter t6& DP-BCARITMEM170Aocus was used to create a 4C
protocol with suitable viewpoints, digestion strategies andTR methods. Final 4C libraries were

produced and can be sequenced if further optimisation can be performed.

A number of obstacles hindered the 4fogess. As the technique is relatively new, with as yet no
single established protocol, there are many ways to carry out the assay and obtaining end results is
not necessarily straightforward. Here the ngydneration sequencing assay was repeatedly unable

to generate clusters with the four 4C libraries, despite verificabiosequenceable DNA using qPCR.

The nature of the 4C assay places restrictions on protocol design, as suitable restriction enzymes
have to be chosen based on the location of restriction sites at the locus, limiting the number of
suitable enzymes or even making a locus unsuitable foyaisalThis difficulty is compounded by
need for a secondary digestion step with secondary restriction enzymes, the restriction sites for
which must also be located to give appropriatelged digestion products and suitable sites for
primer design. The pmary digestion step itself also presents problems in the development of the
assay, because SB8rucial for the assay as it permeabilises cell nuéhepedes the action of
restriction enzymes, making the majority of enzymes unusable for the assay andngq

optimisation of the digestion protocol for the remaining candidates.

These requirements are a disadvantage of lgiogsised methods like 4C. Under multiplex methods
such as HC, where a specific sequence is not being targeted, one digestion stredegoe used

with whichever enzyme performs best under assay conditions. (For example, Mifsu#®3015

6.3.1 What results do we expect?
In this chapter, sequencing was rsatccessful for the prepared 4C libraries, meaning that the
sequence reads could not be mapped to the genome. This is the step that should provide

information about interactions with the loci under study.

After obtaining successful sequencing results, seging reads would have to be processed in order
to generate interaction profiles. As all samples are sequenced on the same flow cell, sequence reads
first have to be binned according to the reading primers. All primers are specific to their secondar

viewpoint, so this allows reads to be binned according to the relevant 4C library being assayed. If
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libraries from experiments in multiple cell types are being run on the same flow cell, the 2 bp

barcode sequence in the read primer is used to differentiatelsfeom these different experiments.

Reads are then trimmed to remove the primer sequence and sequence before the restriction site, as
these will prevent the read from aligning to the reference sequence. Reads are then mapped to the
genome and this data owerted into a format suitable for visualisation on UCSC GenomeBroswer,
such as the bedGraph format. Quality controls methods should be carried out: the ratio of mapped
reads in cis (same chromosome) vs in trans (a different chromosome) is indicatieeqoility of

the experiment; a low ratio indicates many random ligations, perhaps due to low crosslinking
efficiency. A large peak is expected at the viewpoint itself where the fragment hasrsalérised

rather than ligating to interacting fragmentsftér removing these reads, the sequence read density

should indicate the strength of interactions between any location and the viewpoint fragment.

Figure76andFigure77 show results we might expect from sequencing of the 4C libraries under the
hypothesis that rs4888378 is present in an enhancer that interacts directly withrdmeto of the
BCARJpromoters. A large peak of sequencing reads is expected in close proximity to the viewpoint
itself, as interaction frequencies generally decrease rapidly as genomic distance intre&seatks

of denser sequence reads above this baseline indicate specific looping intera€tgung76a shows
expected results if rs4888378 is present in an enhancer that interacts with both of the identified
BCARpromoters. Alternatively, it may be the case that the enhancer interacts with only one of the
promoters; carrying out thassay in multiple cell types might provide information about whether

the promoters are differentially active in different tissue types.

If the hypothesis that rs4888378 interacts directly with B@ARpromoters is incorrect,

sequencing results would lexpected to show no clear peaks at these loci for the relevant
viewpoints. Instead, they may suggest alternative models for the regulatory landscape at the locus;
for example, they may show other enhancers with whichBI@AR promoter interacts, or indide

that rs4888378 exerts its effect through interactions with other enhancers.
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Figure76: Theoretical results for mapping of sequence reads from the rs4888378 4C librdtiesheight of
the curve represents sequencing read depth at locations across the (agirglicates a scenario in which
rs4888378 is present in an enhancer which physically interacts with both 8GA&R promoters;(b) indicates
results if the enhanceanteracts with only one promoter.

Figure77. Theoretical results for mapping of sequence reads froB@ARpromoter library. The height of

the curve represents sequencing read depth at locations across the locus. The filjcaemtheoretical
interactions with theBCAR4L promoter: in additional to interacting with an enhancer containing rs4888378,
the promoters may interacts with other enhancers either within the locus or located more distally.

If 4C results could be used to successfully identify regions interacting with both the rs4888378 and
the BCARpromoters, further work could investigate how genetic variants affect interaction and

subsequently regulation.

For example, a result showing tha¥888378 interacts with thBCARpromoters could be followed

up with allelespecific chromosome conformation capture to test whether the variant actually
disrupts interaction, as carried out in Visser ét‘akC assays would be carried ostng cell lines or
tissues of known genotype for rs4888378 and the results compared to see whether interaction
peaks different between genotypes. This assay would be improved with the use of genome editing

via dustered regularlyinterspaced short palindmic repeat{ CRISPR¥to change only the base at
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the location of the SNP (see chaped). This would ensure that differences in interaction were not

due to other variants at the locus.

4C sequencing results might also be expected to reveal the presence of insulatorC&IRé
BCARI'MEM170Aocus. Insulators are genetic boundary elementd thhibit enhancespromoter
interactions. They may do so by blocking the action of the enhancer on the promoter, if situated
between the twd™3, or by preventing the spread of condensed chromatin wkitdnces

expressiof. Insulator sequences in vertebrates are bound by the transcriptional repressor CCCTC
binding factor (CTCH), and the insulator activity is thought to work primarily through regulation of
the 3D chromatin structure through loop formation, mediated by G*QRsulator sequences at the
locus studied with 4C, defined as CEEOFRched elements, are shown Figure78. It can be seen

that in four of six of the cell typemssayed, no insulators are present between the promoters and
rs4888378, indicating that these are not prevented from interacitingvo. It is also of interest that
the presence of insulators varies between cell types, highlighting the value of caytiag in

different cell types to assess how interaction profiles may vary.

In this chapter HEK293 cells were used for the optimisation of the 4C protocol, with a view to
carrying out the final protocol on HUVEC cells. Further work would use additidnalesbnd

tissues; it may be particularly valuable to assay vascular smooth muscle cells in addition to
endothelial cellsuch asHUVECS, as these are the two main components of the blood vessel wall.
Enhancers, such as those potentially interacting WithBCARpromoters,maybe tissuespecifié®’,

in which case assays in different cell lines might be expected to show different interactionsgprofile
providing information about in what tissue and which stage of atherosclerosis genetictsamater

study are having an effect.

Figure78: Insuators at the locus under studyisualised on UCSC Genome Brow<elnsulators are defined
at CTClenriched elements.
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7 Cding variationat the CFDP-BCARATMEM170Aocus

7.1 Introduction

The majority of GWAS hits for clinically relevant traits are located ircoding regions of the
genomé?, induding the lead SNP at tf@FDP-BCARITMEM170Aocus and the variants in strong
LD. Variation in these intronic or intergenic regions with a functional effect is likely to bat@gul
having an effect on gene expression. Variation in preteiding regpns is also of importance to
cardiovascular disease, as many cardiovascular conditions are caused by a base change in an exon
that alters protein structure. Familial hypercholesterolaemia (FH), for example, is largely cgused b
point mutations or minor isertions/deletions in the gendsDLRAPOBand PCSK&. These

mutations code protein alterations that inhibit uptake and degradation of LDL through the LDL
receptorpathway, raising circulating LDL levels and causing early cardiovascular disease.
Hypertrophic cardiomyopathy is also due to base changes in coding regions, largely mutations in
genes coding for proteins of the cardiac sarcomere, causing thickening mifytheardium and

increasing risk of sudden cardiac de&th

These diseases are causedasingle mutation with a large effect, and are inherited in a Mendelian
pattern. Characterisation of such Mendelian diseases does not explain a large proportion of
inherited variation for most traits, as the Mendelian mutations are rare, but finding dhiants can
provide new biological insights about the genes and phenotypes they are involved in. For example,
the discovery of FH variants increased understanding of theéd@iptor pathway and about the

effects of LDL cholesterol on ‘Mi

Common variants in thEFDP-BCARITMEM170Aocus would not be expected to have large
effects, as selection against strongly damaging mutations keeps thefratewever, variants
affecting protein sequence can still be used to understand the role of the gene in certain

phenotypes.

Studying proteircoding variants is made easier by the fact that they can have a predictable and
measurable effect on phenotype. At the protein sequencellgvean be easily determined whether
a variant will either cause no change, alter an amino acid, alter many amino acids by changing the
reading frame, or introduce a premature stop codon which truncates the protein. It is also clear

which gene a variardffects, in contrast to those in negoding regions.
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The proportion of coding variants causing a phenotypic change is larger than for thosedadiog
regions. The majority of rare missense mutations are predicted to be deletéfipasd of all

common variation, missense variants are the type most likely to affect phenBtype

In this chapterthe CFDP-BCARITMEM170Aocus was examined for coding variants to determine
whether such variants exist, and if they may result inesbablephenotypic alterationsThe cohorts
used for phenotypic association analysis were IMPROVE andB&lghenotypes studiedere
carotid IMT and carotid plaqu&hevariables are similawith plaque being a binary variabfierived
from the commoncarotidIMT variableAs discussed in.3.5 these variables are calculated in
different ways.Sudying the IMT variable involves looking at the relationship betweerSiNE and
continuous IMT, and is vulnerable to the effects of extreme values, phaitpie looks at either
presence or absence of discrete plaques defined at a certain thredboédto the differences in
genotypelMT associations seen in chapter 4, analygere also carried out in a sestratified

manner.

It should be noted that in chapter 3, none of the variants in strong LD with the lead SNP were found
to be in coding regions. Nevertheless, it is possible tthexte isa variant causing an effetitat was

not in LD with a variant on the Metabochip, especially considering the sparse coeéthigeregion.

Itis also possible that such a variant is in fact in strong LD, but was not present in the 106&en

panel with which LD values were calculated.

Thereforethe region was scanned for coding varigntich could then be tested for LD with the
known IMT signalt was also considered that there was the possibility of other signals being
presert, which could requiréarger GWAS studidsr detection. The analysis was therefore carried
out to investigate the possible presence of any common coding variants associated with the

phenotypes of interest.

Exome Variant Server was herged, a browser using data from the NHLBI GO Exome Sequencing
Project (ESP) to show rare and common variants in all coding regions in the genome. It was used to
identify any proteircoding variants in the nine genes at the locus, and further associatidysasa

carried out to investigate the results.

188



7.2 Results
7.2.1 Identification ofaSNP iBBCAR1

The nine genes within 200kb of the lead SNP were examined here, as in chapter 3 and in Gertow and
colleagues’ original stud¥?. Data for all variants was filtered to leave only those causing a
nonsynonymous change or located in a splice site. These wendittezed to remove all variants

with a MAF under 5%: as the lead SNP is very common (MAF 48% in Europeans), a causal SNP
strong LD would also be expected to be common. If a SNP is not in strong LD with the lead SNP but
were to be tested for its effean phenotypes, a common SNP would be required to obtain sufficient

numbers of individuals to perform the analysis.

After filtering, one SNP remained: rs1035538@AR1The SNP has a MAF of 32% in Europeans, and
causes a serine/proline amino acid chamag@osition 76 of the BCAR1 proteiitnis amino acid

change is present in the prolirrech domainof the protein(Figure79). As described in chaptér4,
BCARL1 is an adapter protein with roles in cell migration and movement. Phosphorylation of its
substrate domain is critical for many of its roles in signalling cascades, big lesown about the

proline-rich region containing the amino acid change coded by rs1035539.

In Europeans, the major allele of the SNP is A, encoding the serine residue at this positionerHowev
sequence alignment with various other species shows te&lte at this location to be proline,

encoded by the G allel€&igure80). Moreover, in African populations, G is the major allEigire

81). This suggests that G is the ancestral allele, with A arising in humans and spreading further in
groups that had already left Africa. The G allele and corresponding proline residue wiléthus

referred to here as the wiltlype.

The structure of the proline and serine amino acids are showiginre82 and Figure83. Proline is a
non-polar aliphatic amino acid whose alphaino group is attached directly to the side chain,
forming a nitrogercontaining ring. This cyclic structure means that it does not fit in matieof

main chain conformations adopted by other amino acids. It often forms tight turns in proteins, and
introduces kinks when found in alpha helices. It has roles in molecular recognition: for exaraple, th
small protein domains WWa domain containing twoanserved tryptophan residuesnd SH3SRC
homology 3)found in many different proteins, recognise and bind to prekinataining peptides as
part of signalling cascad® However, it is otherwise nereactive and rarely found in binding

sites’?3, Serine is a small polar uncharged amino acid. Like proline, it is also found within tight turns
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in the protein, but is more reactive, being able to form hydrogen bonds with many polar substrates.

Serine is often phosphorylated by serine/threonine kindses

Figure79: Praein domain structure of BCARThe proline to serine amino acid change codedsip)35539 is
shown in pink in the prolineich domain of the protein.

Figure80: Amino acid sequencelignment at rs1035539 locatiorin most species (especially those related
closely to humans), proline is present at this koma coded for by the A allele of rs1035539 (minor allele in
Europeans). Figure adaptédm UCSC Genome Browsgér

Figure81: Allele frequencies of rs1035539 in populations of 1000 Genomes PRaBepulations are African
(AFR), American (AMR), East Asian (EAS), European (EUR) and So{8A3xidhe major allele is G in the
African population, but A in each other population. Figinoen Ensembirelease 83f°
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Figure82 Structure of proline(P) Proline is a Figure83: Structure of seringS) Serine is a small polar
non-polar aliphatic amino acid. It is the only aminauncharged amino acid. Its hydroxybup can form

acid with a secodary amine, and the only amino hydrogen bonds with polar substrates.

acid with a cyclic structure, in which the alpha

amino group is attached directly to the side chain.

7.2.2 Cohort characteristics

The characteristics of the IMPROVE and PLIC cohorts used for genotyping in teisatieap
described in chaptet.2.

7.2.3 Genotyping of rs1035539 in IMPROVE

The SNP rs1035539 was not present in the 1000 Genomes Pilot 1 panel, and therefore could not be
used for LD calculations with Metabochip SNPs using ctdgle at the time of analysis. The SNP

was therefore genotyped in IMPROVE to calculate LD with the lead SNP and assess phenotypic

associations.

3232 samples in the IMPROVE cohort were genotyped using an LGC KASP genotyping assay. The call
rate was 89.2%. €spite several attempts to optimise the assay, AA and AG samples could not be

made to cluster with complete separation on the fluorescence plot, meaning certain samples could

not be called with confidencd-{gure84). The minor allele frequency in IMPROVE was 30.5%, and

the genotype frequencies were not out of Hardy]v EP <u]o]>€0]@4a, p=0.84).
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Figure84: Example of KAS&llelic discrimination amplificatiorplot. Amplification of fluorescent labelled
oligos allows separation of samples in to genotype clusters. Imperfect amplification in this &asseg ¢
incomplete clustering of genotypes, so some samples could not be ca@dgented by black crosses).

7.2.3.1 LD analysis of rs1035539
Pairwise LD between rs1035539 and the lead SNP rs4888378 was generated using PLINK?Pairwise r
was 0.005, and D’ 0.088, indicating no significant LD between the two. It therefore appears that any

effect of rs1035539 would not explain the association of the lead SNP with IMT.

With updated 1000 Genomes panels, LD data for rs1035539 later became available. This revealed
that two SNPs were irf p 0.8 with rs103553%ne intronic iBCARANd one upstrem. Any
phenotypic associations with rs1035539 could be caused by any one of these SNPs, but the SNP

altering protein structure was considered most likely to have an effect.

192



7.2.3.2 rs1035539 is not associated with IMT

LD analysis revealed that the original assimisbetween the lead SNP rs4888378 could not be
explained by any functional effect of rs1035539. Association analysis therefore tested the ypssibili
of an independent association signal. In IMPR@AB35539 was not found to be associated with
IMT varables, either overall in the carotid tree or in individual segmefigble33). This was also

true under dominant and recessive moddiseach case, a nesignificant trend was observed for

lower IMT with each G allel@dble33, example irFigure85).

Figure85: Mean IMT across carotid tree by rs1035539 genotyfes.with IMT variables in individual segments,
there was no significant association wikh v} 8 C %0-0.802,4 = 0.39 but a trend was present for lower IMT
with each G allele.

Table33: IMT phenotypes i rs1035539 genotype in IFROVEAIl phenotypes are mean across the segment.
Phenotype values by genotype are mean (standard error). P values calculated by linear regressitam o
age, sex and MDS coordinates, andttegsformed before analysis.

Association witt
Genotype

_genotype
AA AG GG t A op p
Whole carotid tree 0.895 (0.005) 0.885 (0.006) 0.881 (0.012) -0.00D 0.39
Commoncarotid 0.747 (0.003) 0.744 (0.004) 0.733 (0.008) -0.00D 0.29
Bifurcation 1.155 (0.00) 1.133(0.011) 1.129(0.023) -0.0031 0.39

Commor-carotid (cm
closest to bifurcation)

Internal carotid artery 0.878 (0.009) 0.870(0.010) 0.876 (0.022) -0.0002 0.95

0.803 (0.004) 0.795 (0.004) 0.791 (0.009) -0.0016  0.44

7.2.3.3 rs1035539 is associated with presence of plaque

rs103553%howed a trend towards an association with plaque in IMPR®@NEthe minor G allele
being associated with lower presence of pladlagistic regression: OR = 0.89; p=0.054, adjusted for
age, sexiad MDS coordinates). Graphical presentation of this ¢$aggested a possible dominant

effect of the G allel¢Figure86), so this model was tested, indicatiagsignificanfssociation with
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the G alkkle (OR = 0.81, p =086).However, it was noted that this sthiypothesis carried an
increased chance of type | error and the initial hypothesis of an additive relationship was not

confirmed.No significant effecivas seen under a recessive modedifle34).

Figure86: Prevalence of carotid plaque by rs1035539 genotypdVIPROVERPresence of plaque is lower
when aG alleles present (p = 0.036Numbers withplaque shown on columns.

Table34: rs1035539 ismssociated with presencef carotid plague in IMPROVResults from logistic
regression model.

Plague (adjustedage, sex and MDS)
Genetic model OR (95% CI) p
Additive 0.86(0.791.00)  0.054
Dominant 0.81(0.720.99)  0.036*
Recessive 0.87 (0.691.19) 0.463

7.2.3.4 rs1035539 is not associated with disease traits and CVD risk factors
rs1035539vas not found to be significantly associated with combined vascular events, nor with
cardiac, cerebrevascular or peripheral events in IMPROVE. It was also not associated with total

cholesterol, LDkholesterol, DL-cholesterol or triglyceridesTable35).

Itis likely that there was insufficient power to detect an effect of genotype on evEoiser
calculations showhat under the study conditions, 80% power coulddmhieved to detect a
genotype relative risk of 1.35 or greater on combined vascular events. The association with plague

gives a relative risk of 1.08 per A allele on plaque; a risk ratio of 1.22 of plaque on even&gives
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expected relative risk of 1.3% genotype on events, below the calculated threshold. Fewer cases for

the individual event variables means there is less power to detect associations with these variables

Table35: rs1035539 isiot associated with vascular events lipid levels in IMPROVResults from logistic
regressiormodel, adjusted for age, sex and MDS coordinates.

Vascular event OR (95% CI) p

All combined 1.13(0.90, 1.4 0.31
Cardiac 1.26(0.95, 1.67 0.11
Cerebrevascular 0.90 (0.61, 1.3p 0.58
Peripheral 1.02 (0.53, 1.94 0.97
Lipidrisk factors Beta (95% CI) p

Total cholesterol 0.008 (0.049, 0.0y 0.78
LDL -0.014 ¢0.07, 0.0% 0.60
HDL 0.016 ¢0.002,0.03  0.09
Triglycerides -0.008 (0.07, 0.06 0.82

7.2.3.5 Sexstratified: rs1035539’'association with plaque is only present in men

In light of the sex differences seen in chapter 4, association analysealsesplit by sex.

Stratifying association into men and women revealed that the significant associatiom Gfallele
with plaque under a dominant modelyas present only in men. Again, plague was lower when the
G allele was present (logistic regression: OR = 0.77; p=0.039, adjusted &ordaly!DS coordinates).
A trend in the same direction appeared present in women buteéhgas no statistically significant

effect (Figure87,Table36).
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Figure87. Prevalence of carotid plaque by rs1035539 gemmyn men and women in IMPROVE) In men,
prevalence of plague is lower with the G allele (p = 0.Q89No significant relatiaship is seen in women (p =
0.37).Numbers withplaque shown on columns.

Table36: rs1035539 ismssociated with presencef carotid plaque in men in IMPROVREesults from logistic
regression model.

Men (adjusted for age and  Women (adjusted for age and

MDS) MDS)
G-allele model OR (95% CI) p OR (95% CI) p
Additive 0.83 (0.691) 0.054 0.93(0.791.09) 0.37
Dominant 0.77 (0.60.99) 0.039* 0.9 (0.731.11) 0.32
Recessive 0.85 (0.571.3) 0.44 0.95 (0.671.35) 0.77

7.2.3.6 Sexstratified: rs1035539 associated with IMT?

As withnon-stratified IMT variables, significant associations were largely not present between

rs1035539 genotype and IMT variables in men and women. The same trend for lower INFev@th

allele appeared present, and to be stronger in men (Eigure88). One variable, IMT at the

bifurcation, showed significance for genotygedd <<} ] S]}v Jv §Z A% § ]J€EE S]}tv ]v

0.0118 p = 0.028), althougthis did not remain significant after correction for multiple testing.
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Figure88: Mean IMT across cata tree by rs1035539 gestype in (&) men and (b) womerThere was no
signifcant association with genotype, but IMT valuesiagappeared lower with each G allele, an effect more
pronounced in men.
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Table37: IMT phenotypes by rs1035539 genotypelMPROVE, stratified by se&ll phenotypes are mean acrasge segment. Phenotype values by genotype are mean
(standard error). P values calculated by linear regression; adjusted for age and MDS coordiddtggsiransformed before analysis.
*Denotes statistical significance.

Men Womer
Associationwith Association with
Genotype Genotype
genotype genotype

AA AC GC t A P AA AC GC t A P

Whole carotid tree 0.950(0.008) 0.940(0.009) 0.903 (0.018) -0.0054 0.12 0.844 (0.006) 0.832 (0.006) 0.864 (0.017) 0.0011 0.70

Commor-carotid 0.770(0.005  0.778(0.007  0.753 (0.01¢  0.000: 0.94 0.725(0.00¢  0.712 (0.00¢ 0.716 (0.00¢ -0.003¢ 0.1z

Bifurcation 1.247 (0.01¢ 1.205 (0.017 1.146 (0.03: -0.011¢ 0.02¢* | 1.069 (0.01: 1.063 (0.01¢ 1.113(0.03: 0.004¢ 0.3t
Commor-carctid (cm

0.826 (0.007) 0.827 (0.007) 0.806 (0.014) 0.0001 0.99 0.78)(0.005) 0.764 (0.005) 0.779 (0.012) -0.0028 0.29
closest to bifurcation)

Internal carotid artery 0.957 (0.014) 0.951 (0.016) 0.905 (0.031) -0.0057 0.32 0.803 (0.011) 0.793 (0.011) 0.851 (0.031) 0.0044 0.39




7.2.4 Genotyping of rs1035539 in PLIC

The relationship between rs1035539 and carotid plaque suggested this SNP, or a SNP in LD, may also
be having an effect on atherosclerosis in the carotid artery. This prompted additional studySiXiEhe

in a general population, rather than higisk, cohort. It was genotyped in the PLIC cohort in order to

assess whether the same relationship was seen.

7.2.4.1 PLIC genotyping results

After multiple attempts to genotype PLIC with different assays (s&&), rs1035539 was genotyped

by KBioscience using their KASP allelic discrimination assay. Genotyping was completed wiétea call r
of 82.0%. The minor allele frequency v&4% and the genotype frequencies were not out of Hardy

t Jv EP <u]o]?€2)qByp=-9.15).

7.2.4.2 rs1035539 is nominally associated with @@T

The relationship between rs1035539 and IMT was also examined in PLIC. The variable available in the
cohort was CAMT. IMT values here appeared higher in heterozygotes than in those of AA genotype,
although was lowest in the GG groufiqure89), as seen with plaque. Overdlig G allele was

associated with lowelMT ~t -8.008; p = 0.038adjusted for age and sex).

Figure89: Baseline COMT by rs1035539 genotype in PLIMT in those of GG genotype is lower than those with
AA or AG genotype (pG=038).

7.2.4.3 rs1035539 is not associated with carotid plaque
Unlike in IMPROVE, rs1035539 was not associated with presence of carotid pIRl@€-h=2.31; p
= 0.33. However, the same trend was seen as in IMPROVE: prevalence of\whjloever with each

G allele (although here with an apparent recessive effect of the G allele, which was not sigmfreant
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0.13) Figure90). The percentage of subjects with plagueswauch lower than that seen in IMPROVE,

which was expected as the PLIC subjects are not high risk.

Figure90: Prevalence of carotid plaquiey rs1035539 genotype in PLID significant association between
genotype and plague wasbserved, but the same trend was seen as in IMPROVE, with a lower percentage plaque
with the GG genotype.

7.2.4.4 rs1035539 not associated with cardiometabolic parameters

The relationship between rs105339 and numerous cardiometabolic parameters was tested.iA®LI

in IMPROVE, no significant association fwaad between these and the SNRaple38).
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Table38: rs1035539 is not associated with caodnetabolic factors in PLIQResults from linear or logistic

regression, adjusted for age and gendéalues by genotype are mean (standard deviation).

AA

AG

GG

p

Systolic blood pressure

131.02 (0.59) 132.26 (0.58)

131.22 (1.28) 0.31

(mmHg)

BMI (kg/cm2) 26.41 (0.15) 26.67 (0.15) 26.53(0.31) 0.44
Waist/hip 0.87 (0.002) 0.869 (0.002) 0.87 (0.005) 0.92
Total cholesterol (mmol/l) 5.80(0.04) 5.70(0.04) 5.73(0.07) 0.18
HDL-C (mmol/l) 1.43(0.01) 1.43(0.01) 1.46 (0.03) 0.65
Triglycerides levelgmmol/l) 1.25(0.03) 1.23(0.02) 1.15(0.05) 0.22
LDLC (mmol/l) 3.79(0.03) 3.71(0.03) 3.74(0.07) 0.17
Glucose levels (mmol/l) 5.22 (0.03) 5.18(0.03) 5.1 (0.07) 0.23
apoB (mg/dL) 115.1 (1.0)  112.9 (0.9) 111.7 (2.0) 0.13
apoA| (mg/dL) 149.8 (0.9)  148.4(0.9) 151.2 (1.9) 0.34
RemnantC (mmol/l) 0.57 (0.01) 0.57(0.01) 0.53(0.02) 0.22
Diabetes (n, %) 21 (3.8%) 23 (3.8%) 5 (3.6%) 0.74
Dyslipidaemia (n, yes) 318 (70%) 332 (67%) 80 (70%) 0.12
Hypertension (n, yes) 133 (29%) 167 (34%) 32 (28%) 0.26

7.2.4.5 Sexstratified: rs1035539 not associated with IMT

Stratifying PLIC by sex did not change the appearance of the relationship between rs1035539 genotype
and IMT Figure91). IMT appeared highest in heterozygotes, although lowest for GG genotypes.
However, no significant associations were detected between genotype andtIMY.@0Z; p = 0.36

and t AD.002 p =0.09for men and women respectively

Figure91: CCIMT by rs1035539 gatype in (2) men and (b) womerDbserved IMT by genotype appears similar
between groups, althougho significant association is present.
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7.2.4.6 Sexstratified: rs1035539 associated with plaque in memder a recessive model

Stratifying the PLIC cohort by sex revealed differences in genotypic association between thevisexes
an association again seen in men, but only under certain genetic médgis€92). No significant
association was seen in wome# £ 0.02 p = 0.99). In men, the G allele was associated with lower
plague under a recessivaodel (2= 4.51 p = 0.034)althoughthe overall trend vas not significant (p

= 0.096).

Figure92 Prevalence of carotid plaque by rs1035539 genotype in (a) men and (b) women inlRIohén,
prevalence of plague is lower for GG genotypes than other ggestyp = 0.03). No such association is seen in
women (p = 0.99).

7.3 Discussion

While earlier chapters explored the possibility for regulatory variants aCliBP-BCARITMEM170A
locus to affect IMT, this chapter focused on the possibility of functional causal exonic varitorgs at
locus. Investigation of exome sequencing data identified one common variant at the locus thad altere
a protein sequence, present BCARIthe gene hat had previously been implicated in the IMT

phenotype in chapters 3 and 4.

Genotypingof the SNP in IMPROVE did not show an association with IMIT,ddditshow an
association with carotid plague under a dominant model of the G allele. This findinigl $feotreated
with caution, bearing in mind that carrying out more tests under differantiels increassthe chance
of type I error. Nevertheless, the association is interesting considering that the phenotypeas gmi
that tested in Gertow et al's original study. Treésultmay give more confidence to the thedtat

BCARIs the causal gene involved iIMT. This effect appeared to be present only in men, in contrast to
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the results seen with rs4888378 in chapter 4. Genotyping in the PLIC cohort supported the finding of
the SNP’s effect on plague and IMT, althoughsgecific effects could not be vegd.

7.3.1 Identification of SNP rs1035539

Nonsynonymous SNPs are present less frequently per base than synonymousawditog SNPs,

because their increased likelihood of affecting the phenotype results in greater selection

pressuré!®324 Therefore, few missense variants at @EDP-BCAR-TMEM170Aocus were expected

to be found using Exome Variant Server (EVS), and those that were found would be more likely to have

a phenotypic effect than other types, making them good candidates for study.

SNPs conferring a large advantageous or disadgeous effect are not present as frequently as those
with smaller effects, as selection is here likely to drive the SNP towards homozygosity in the
populatior?'®32L Many rare missense and splice base changes were found in the EVS data, some of
which may have phenotypic effects, but for rare variants there are fiekviduals with rare genotype,
and thus they do not lend themselves to association testing. Future work may benefit from examining
the effect of these rare variants on phenotype, lintreased power to detect rare variants would be
required.Using larger@horts would be one way to increase power in this wagjfferent approach
would be the use of a burden tesh which information about multiple genetic variantsaifunctional

unit (such as a gene or locus) is collapsed into a singlesgene. This increases the risk of detecting a
true effect, butmaytakethe assumption that all rare variants in a set are cads#® Alternatively,

burden tests can be carried out using only those that are predictde® damaging usingioinformatic

tools, or by weighting variants according to iheredicted functional effeét’.

Therefore, results were filtered only to include common SNPs disrupting protein function, lealying on
rs1035539 ilBCARIThis variant seemed particularly interesting for further silayBCARDad been
implicated as the gene poteiatly causing the IMT effect at the locus. It encodes a proline to serine
change in a prolingich domain of the protein (discussedirB.6, and thus was of incesed interest

as a candidate for further analysis.

Later updates of EVS data indicated two new SNPs with MAF > 5% in Europé@Bsin CTRB2
(coding for alanine to threoningndrs11743564in CHST@arginine to glycine)Neither werein LD
with the lead SNP rs4888378. Using the online Protein Variation Effect Analyser (PRBWEAN)
predict the functional consequences of these SNPs showed the changes to both be predicted as

neutral. Further work would examine these SNPs to assess their paitefftcts.
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7.3.2 Genotyping of rs1035539 in PLIC and IMPROVE

A limitation of the analysis of this SNP was the unsatisfactory KASP genotyping assay for rs1035539,
which genotyped with call rates of only 89% in IMPROVE and 82% in PLIC. This reduced the sample siz
and thus power for association analysis, and introduced potential bias where samples could have been
incorrectly called (AA and AG genotypes in particular clustered closely together). However rtests fo
HardyWeinberg equilibrium did not indicate an exseor scarcity of heterozygotes. The difference

between the cohorts may have been a result of differing DNA quality of samples, supported byt the fac

that call rate differed markedly in PLIC between individual DNA plates.

Other genotyping methods were tiden order to improve the genotyping rate. A TagMan allelic
discrimination assay was tested, but failed in development, possibly due to the presence of a rare

variant 2 bp awayr§14354366%

After 1000 Genomes Phase | data became available, two SNP#wedeto be in strong LD with
rs1035539. One SNR1164519Xintronic inBCAR), had a suitably higlf value of 0.95 to use as a

proxy. TagMan and subsequently KASP assays were therefore also ordered for this SNP, but neither
produced genotype cluster$he assay was therefore ultimately carried out by LGC with their KASP

rs1035539 assay, producing the 82% call rate.

7.3.3 BCARZIetrogene

The failure of multiple assays around the rs1035539 SNP prompted investigation of this genomic regio
to understand the obstcles to genotyping variants here. Using the BHAGT Alignment Tool (BLAY)

to align the locus to matching sequences in the genome revealed two areas of high similarity on
chromosome 15. These are part of two retroposed genes (retrogenes): repetitive DNA fragments
inserted into chromosomes after b reverse transcribed from RNA molecules. The fragments are
non-autonomous, unlike retrotransposons, as they do not encode reverse transcriptase, and do not
have proteincoding ability. They are therefore a subset of pseudogenes (DNA sequences similar to

genes without any function).

Aligning the sequence of and surrounding the two retrogenes t@BiARlocusshowedthe area of
homology to cover the exon containing rs1035539, and two intronic regions, including the proxy
rs11645191Kigure93). At the relative position of the two SNPs, the corresponding bases in the

retrogenes are monallelic

The presence of these homologous regions means that the probes used ikdRBRIMan can

misprime to these regions, amplifying the wrong sequence and resulting in a failure to produce
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accurate genotyping clusters, explaining the poor genotyping results seen in this chapter. Tinegrese
of the retrogenes also has implications &equencing of the region aRCARYfene: PCR or

sequencing primers would need to avoid the repeated regions to bind to the region with specificity.

Figure93: Alignment of the twoBCARZetrogenes over tha(BCARbene.Regionof homology encompass the
exon containing rs1035539 and some intronic sequence. Image from UCSC Genome'Browser

Retrogenes can contain information about the evolutionary history of a seqé®@nbrethe two retro
BCARZ®enes, the base equivalent to rs1035339 is G, the ‘minor’ allele. This substantiates the theory

that the minor allele is the ancestral all€[&2.7).

7.3.4 LD analysis of rs1035539

Genotyping of th@CARtoding SNP in IMPROVE revealed it not to be in LD witbddeSNP

rs4888378. This was the expected outcome, as there was no previous evidence that the SNPs were in
LD. However, in light of this lack of LD, the subsequent discovery of the coding SNP’s assdttiation w
carotid plaque was more noteworthy. As tlissociation is genetically independent of that seen with

the lead SNP, at least two distinct areas of functional variation at the locus are associatearatith c

IMT phenotypes.

7.3.5 rs103553%hows associationwith plaque and IMT

After the lead and coding\#s were found not to be in LD, there wasanprioriexpectation that
rs1035539 would be assoogat with IMFrelated phenotypes. However, an association was found
between rs1035539 and carotid plaque under a dominant model in IMPROVE. If this assoaratien

validated it indicates the presence of a separate association signal at the locus.

This raises the issue of the functional variation causing the change in plaque. Unlike the rgdedator
SNP, rs1035539 is in strong LD with only two SNPs, one intr@@ARANd one in an intergenic
region. Variants in weaker LD were also intronicitgrgenic. As a missense change that alters protein
structure is more likely to change the phenotypeit seemed probable that rs1035339 was the
functional variant. This was later investigated in chapter 8 by assaying the effect of the aidino ac

substitution on protein function.
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If this amino acid substitution in tHRCARprotein is indeed affecting carotid plaque, the similarity in
phenotypes suggests the earlier regulatory variation captured by rs4888378 may be acting on the same
gene, through regul@n of expression rather than changing the protein. This reinforces the previous

evidence foBCARAs the functional gene seen in chapters 3 and 4.

While rs1035538howed arassociated with presence of plaque in IMPRONier a dominant model

no associdbn with IMT was found, although a trend in the same direction for that of plaque was seen
in each segment of the carotid tree. Conversely, replication in PLIC showed the SNP to be associated
nominally with IMT but not plaquéhese findings should be take&vith caution as they are the ressit

of multiple tests on differing phenotypes.

These discrepancids results maye a result partly of powePLIC contains fewer subjects overall, a

lower percentage of subjects with plaque (as it is a levigk cohor}, and a lower percentage of
successfully genotyped samples. This reduces power to detect an association with plaque. For,example
there appears to be a lower prevalence of plaque in those of GG genotype, but with fewer individuals

in this group, this wasot statistically significantFigure90). The poorer genotyping rate of rs1035539

in PLIC makes results in this cohort legsist

Power calculations were subsequbncarried out, taking into account the number of subjects thad
been successfully genotyped and phenotypEdese revealed that to detect the effect size seen in
IMPROVE with plague under the dominant model of the G allele (under which the significant
association was seen), IMPROVE is powered to 94.7%, above the typical desired threshold of 80%.
However, to detect the same effect size, PLIC is only powered to 28r9¥aproved genotyping assay

and larger number of subjects would be required to repéidhe associations with plaque.

Apart from sample size and power, other differences between the cohorts may have contributed to the
different results. In IMPROVE, presence of plague was defined as maximum IMT of greater than 1.5
mm across the whole carakitree’®, whereas in PLIGQ,was defned as IMT greater than 1.3 mm

and/or presence of focal plaque as defineditiygitudinal projection caliper thicknegseaterthan 1.3

mm?°3 The cutoff for the definition of plaque may affect its value as a variable.

As plague was a viable calculated from max IMT, it was unexpected that the SNP was associated with
plague in IMPROVE but not the variable upon which it is calculated, max IMT across the carotid tree.
This may be due to the IMT variable distributions; all are +ileived with the majority of values

above the mean. Legansformed variables were used for analysis, making the regression results
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reliable, but the SNP may be better associated with IMT at the lower ranges (around the plaque cut

off) than the higher ranges thatiso affect linear regression analyses.

7.3.6  Why was an association seen betweesil03553%nd plaque?

The association result§ validated raise the question of how the SNBuld becausing the effect on
plague. In contrast to the regulatory SNP analiysishapters 4 and 5, the nature of rs1035539 (a

missense SNP altering protein structure) provides a clearer pathway to investigating the change.

As discussed in chapter 1, BCARL is an adaptor protein with roles in cell migration, adhesion and
proliferation. As a scaffolding molecule, it binds numerous other proteins, many at its substrate
binding and SH3 domailt$ The prolinerich domain, in which rs1035539 codes a proline to serine
change, may also be of importance. Such preliok protein regions are common and often play a role
in binding, often in complexes of multiple peans®! (suchas those observed with the BCARL1 protein).
These generally produce multiple weak binding sites, atigvapid modulation of bindin§2 The
presence of an amino acid change in the prclilmh domain might therefore affect the binding action

of the protein, particularly if the original amino acid is proline.

The serine residue is associated with greater prevalence of plaqueolsife that this residue
disrupts the prolinerich region such that protein assembly is disrupted, affecting pathways
downstream. As BCAR1 is involved in PDGF stimulation of VSMC migftatieramino acid change

may alter this migration in such a way that formation of plaque is increased.

The SNP was ondygnificantly associated with plaque in IMPROVE under a dominant model of the G
allele, with the G allele conferring lower risk of plagE&(re86). This suggest:e copy of the wild

type protein is sufficient to largely restore the “healthy” or loisk function of the gene.

7.3.7 rs1035539 not associated with cardiometabolic parameters or disease

Despite its association with plaque and IMT, rs1035539 was not assowidiiecascular events.
Considering the modest decrease in plaque odds (19% decrease with the G allele), detecting an
association with event rate through the gene would not necessarily be expected, even if it were

present.

rs1035539 was also not associateithwcardiometabolic risk factors. If the effect on plaque was caused
through an effect on a risk factor such as LDL cholesterol, we would expect to detect it. Holvever, t
lead SNP at the locus, rs4888378, was earlier associated with digideimdent of sule risk factors

(chapter4.2.5. If the coding SNP is having an effect through the same gene, it may also be through a
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pathway independent of these variables, such as the effect on cell remodelling in migration sdggeste

in7.3.6

7.3.8 Sexspecific association with plague

In chapter4 itwas seen that th€ FDP-BCARITMEM170Aocus’s lead SNP rs4888378 was associated
with IMT and vascular events only in women. In light of these differences produced by stratifying by
sex, the relationships of rs1035539 with IMT and plaque were also mdali§ sex. Association with
plague in IMPROVE and PLIC was here present in men but not wdmeertlve cohorts were

stratified, but his association was true for memly under different genetic models in each cohab

requires validation.

The associatias with plaque were seen only under dominant or recessive models of the G allele,
despite a trend for lower plaque with the G allele being present in each case. It may be theatase th
greater numbers of subjects are needed to detect associations with owmigdence, and therefore
determine whether associations are truly sgpecific, and whether the association is under a

dominant or recessive model.

If it is indeed the case that rs1035539 is associated with plaque irboterot women the

relationship $ surprising considering the association between rs48888378 and IMT was present only in
women. It is possible that the SNPs affect different genes: the coding SNP rs103E838RANd the
regulatory rs4888378 on a different gene at the locus. Effecth®mphenotype would therefore not

be expected to be similar. However, the eQTL data implicA@AR1n the association with

rs4888378, and the fact that both SNPs are involved with very similar phenotypes (both of which
plausibly involving the BCAR1 prioiemeans it is most likely that each involve this gene.

The difference may be due to the nature of the SNPs: a variant altering a protein and a varrarg alte
expression might cause different downstream effects. For example, the preséa harmful potein
may have a different effect to a smaller amount of the wjlde, and these problems may be
compensated by different systems. Further work will examine the consequences of changing the

BCAR1 protein, and may provide some explanation as to the $esedites in association.

7.3.9 Conclusions and further work

In this chapter, the€CFDP-BCARITMEM170Aocus was examined with the aim of evaluating effects of
coding variation on IMT phenotypes. One common coding SNP was present at the locus, altering an
aminoacid in the BCARL protein, and this was found to be associated with carotid plaque in two

cohorts.
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These findings further liNRCARWith the IMT phenotypes shown to be associated with the locus.
Further work will look directly at the effect of the codi8f§iP’s amino acid change on the protein and

cell function.

209



8 Protein studies of BCAR1

8.1 Introduction

The previous chapter reported the investigation of nonsynonymous coding variants that might affect
carotid IMT at theCFDP-BCARITMEM170Aocus. One common SNP, rs1035539, was found in the

geneBCARANd genotyping revealed it to be associated with plaque and IMT in two cohorts.

In this chapter, the reason for this association was investigated by assaying the SNP’s effédRdn BC
and otherproteins, and cell function, with the aim of further understanding the role of BCARL1 in
atherosclerosis and intimmedial thickening. Finding out how changing BCARL disrupts cell signalling
pathways or cell function may help to explain how genetic vasianthe locus, particularly the coding

SNP rs1035539, lead to changes in IMT.

As discussed in chaptérd, BCAR1, also known as pl130cas, is an adaptor protein that acts as a docking
protein for a number of proteindgurel?). Its involvement in cell adhesion, migration and

remodelling make it a potentially important protein for initiation and growth of atherosclerotigy#a
Tyrosine phosphorylation of BCARL is key to its activation of downstream procasdeakes place

primarily at 15 YxxP (Tyrosiex-Proline) repeats within the substrate domakigure79).

The SNP rs1035588des a proline to serine change hretprolinerich domain of the proteinKigure

79). In contrast to other domains such as the SH3 and substrate domains, the pradtimegion is not

well characteried and no studies have yet characterised any known function. However, along with the
rest of the protein, it is wil-conserved between speci¥§ suggesting that alterations to an existing

proline residue here may disrupt proteiarfction.

In this chapter, sitalirected mutagenesis was performed on a BCAR1 expression plasmid to cause the
base change coded for by rs1035539, changing proline at position 76 of the protein to a seriee. Thes
plasmids were expressed in COS cells to tigags how the amino acid change affects levels and
phosphorylation of BCAR1 and interacting proteins, localisation of the protein and cell movement. In
order to carry out assays in a blood vessel primary cell line, an adenoviral expression vechmnwvas t
created to express wiltype and mutant BCAR1 in HUVECSs. Protein levels were again assayed, as was

the ability of cells to migrate through a membrane.
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8.2 Results

8.2.1 pEGFRC2/BCARL1 plasmid

The BCARL1 gene had previously been cloned into the pE&Fector aEcoRland BamHlIrestriction
sites to create a plasmid encoding a GB@ARL1 fusion protei#t (Figure94). This plasmid was

provided by the Catdvascular Biology and Medicine group (CVB).

Figure94: Map of pEGFPERCARL1 plasmidhe plasmid was used as the wiyjghe BCAR1 expression vector,
and was used for sitdirected mutagenesis to create the mutant vectbhe BCR1 gene had previously been
cloned into the plasmid. The position of the base change equivalent to rs1035539, changing arobdedq
serine, is marked by “BB”. Figure created using Snapgéfe

8.2.2 Site-directed mutagenesis

Sitedirected mutagenesis was performed to change C to T at the base conaigg to the position of
rs1035539, coding for serine instead of proline at position 76 of the protein. Mutagenesis usad Agil

Technologies’ QuikChange Lightning mutagenesis kit. After transformation into OneShot TOP10
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Chemically Competent cells, inctioa, colony picking and plasmid purificatiGuccessful
mutagenesis with no other introduced base changes was observed in one of four cultures grown. The C

at the appropriate position in thBCARYene was successfully changed to &igyre95).

Further sequencing across the gene confirmed that no additional bases had been modified. Cultures of
transformed bacteria were therefore grown and maxep plasmid purification carried ot purify

sufficient stocks of the mutant plasmid.

Figure95: Sequence of the pEGHHTAR plasmid at the location of rs1035539 in the (a)iginal and (b)
mutated plasmid.The C base was successfully mutated toti mo otherintroduced changes, altering proline to
serine in the protein sequence.

8.2.3 Assays in COS and HEK293 cells

Four plasmids were expressed in cells for BCAR1 assays:

1. pEGFRC2 basic GFP vector withoBiICARInserted. The vector was used as a negative control
andfor normalisation of transfection efficiency.

2. pEGFRC2/BCAR1(WTPEGFRC2 vector with wildype BCAR1/GFP fusion protein (proline at
position 76).

3. pEG-RC2/BCAR1(MpPEGFRC2/BCARWith mutation coding serine at position 76,
corresponding to the amino atisubstitution caused by the SNP rs1035539.

4. pEGFRC2/BCAR1(15REGFRC2/BCARtoding for an “unphosphorylatable” version of the
BCAR1 gene. 15 key tyrosine residues in the substrate domain are mutated to phenylalanine

and can no longer be phosphorylatét
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The four plasmids are referred to in this chapter as “GFP”, “tyjjd”, “mutant” and “15F”

respectively.

8.2.3.1 Signalling assays

To investigate any differences between wijghe and mutant BCARL in total protein volume and
protein phosplorylation, the four assay plasmids were transfected into COS. (@\drigin, carrying
SV40) cells . Cells were incubated for 48 hamdthen treated with serurdfree medium or one of
three compounds to stimulate vascular pathways. Epidermal growthifags used to stimulate cell
growth and proliferation pathways, manganese chloride to stimulate integrin affinity (BCAR1
phosphorylation is integridependent®?), and nilotinib, a tyrosin&inase inhibitor affectinggcrAbl,

upstream of BCARL.

Cell treatment had a significant effect on BCAR1 phosphorylation oveair€96;, ANOVA: F = 6.4, p
=0.004), with nilotinib resultingri greater phosphorylatiothan that seen in any of the other
treatments(Tukey HSD; p values 0.008 to 0.01). However, there was no significant difference overall
between wildtype and mutant BCAR1 (F = 0.31, p = 0.58). A trend for plasratchent interadion
appeared present: for example, phosphorylation appeared higher with mutant thartypi&lBCAR

when treated with nilotinib, but this difference was not significant (p = 0.62).
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Figure96. Phosphorylated BCARL1 by witdpe and mutant BCAR1 and cell treatmei@OS cells were

transfected with wildtype and mutant BCAR1 plasmids and incubated for 48 hours. After overnight incubation in
medium with 0.5% FBS, cells were treated with seftee medium (“SFM”) containing either notty added, 2

ng/ml epdermal growth factor (“EGF”), 5 mManganese chloride (“Mn£) or 10 uM Nilotinib for 5, 5, 10 and
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20 minutes respectively, then lysed. Proteins were detected via western blot. Data are averagdgdmm
independent experiments, anshow mearSEData is presented as phosphorylated BCAR1 at tyrosine 410 as a
ratio of total BCAR1.

8.2.3.2 Protein localisation

As the pEGFPC2 vectors express BCARL1 in the form of a GFP fusion protein, detection of GFP signal
could be used to locate the wiipe and mutant forms of the protein within different cellular
compartments. Human embryonic kidney 293 (HEK293) cells were transfected with the pEGFPC2
expression vectors and fixed with formaldehyde 48 hours later. GFP signal was recorded under a

fluorescen confocal microscope.

GFP signal was not present in all cells, showing that transfection was not 100% efficient. Cells
transfected with the control GFP vector had the GFP protein distributed evenly throughout the cells.
Wild-type and mutant BCAR1 was agutlated in points within the cytoplasm, and particularly at the
cell membrane. No noticeable difference in localisation was observed betweetyywddind mutant

BCAR1Higure97).

Figure97: Location of GFP and GIBBIZARL1 proteins in COS cells.

COS cells were transfected with GFP,-tyifst BCAR1 and mutant BCAR1 plasmids. 48 hours later, cells were
fixed with formaldehyde and emitted GBRjnal recorded under a fluorescent confocal microscope. Green signal
shows GFP or GIHCARL1 protein; blue signal represents DAPI (staining cell nutheaggs are representative

of 2 replicates.

(a) pPEGFRC2: GFP control protein is distributed evenlgotighout cells.

(b/c) Wild-type and mutant BCAR1 are accumulated at points within the cells, particularly at the cell membrane.
No clear difference is visible between wijghe and mutant BCAR1.

8.2.3.3 Wound healing assay

Wound healing assays were performed oanisfected COS cells to assess difference in cell movement

between wildtype and mutant BCARL. Cells were transfected with the four plasmids, and grown in a
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96-well tissue culture plate. Uniform cdliee areas were created by scratching the cell surfead!.

confluence was monitored to observe the rate of cell movement to close the wound.

As shown irFigure98, confluence after 62 hours (the last point at which atbgches had not yet
closed) was higher in cells with wilgbe BCARL1 than mutanttgst: t =3.4163 p = 1.3 x 1f). The
overall speed of closure was higher in cells with agilte BCAR1 than mutant BCARL, but this was only

of borderline statistical sigficance (#test of regression coefficients: t = 1.93, p = 0.059).

Figure98: COS cell confluence by expression in scratched cell layers.

Confluent layers of cells were grown in a\éll tissue culture plate. Uniform rectangul“wounds” of celifree

areas were creating by scratching each well with the Essen Bioscience WoundMaker, and cellsrwere the
incubated in standard culture conditions while being monitored byltloeicyte. Photos were taken attdur

intervals ancconfluence measured. Data was analysed from 12 hours after scratch, where cell confluence
stabilised after wounding. Confluence is here presented as multiple of starting percentage. esaltsrage of

24 replicates per plasmid.

Cells with wiletype BCR1 (WT) had higher confluence at the end of measurement than those with mutant
BCAR1 (M) (p = 1.3 x3)0Speed of closure was higher for WT than M cells, but this was of borderline statistical
significancdp = 0.059)
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8.2.4 Assaysin HUVECs
8.2.4.1 Transfection oHUVECs

After signalling and wound healing assays had been carried out, HUVECs were selected for further
assays due to their suitability as a model for blood vessel phenotypes. Multiple methods were used t
test efficacy of transfection into these cells, iafhare known to be difficult to transfeét. The GFP

and WT plasmids were used for testing. As all the gasaynids express GFP or a BCGRRP fusion
protein, effectiveness of transfection can easily be checked by detection of GFP signal. Transfectio
with these plasmids was tested using the lipid reagents Lipofectamine 3000 andH®IFEIC, and

electroporaton using the Amaxa Nucleofector I.

As shown irFigure99, only electroporation achieved any transfection success, with about 15% of cells
electroporated with the conbl GFP plasmid producing-8 signal. However, as seerli@pter

5.2.1.7 the GFP fusion plasmid was far more difficult to deliver to cells, with less thancEhsof
producing signal. Lysis of cells and blotting for BCAR1 showed a small amount oivigitBCAR1
(GFPfusion protein) in these electroporated ce{lkigure100), but efficiency was not high enough to

use this method for assays.
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Figure99: GFP signal shows transfection efficiency of pEGFPC2 (“GFP”) and-pRERFARWT (“WT")

plasmidsinto HUVECS.

(a/b) Transfection usingipofectamine 3000 was not successful: no cells produced GFP signal with either GFP or
WT plasmid.

(c/d) Transfection using jetPHUVEC also resulted in no cells producing GFP signal.

(eff) Electroporation was successful with ~15% efficiency using thepl@siRid. However, efficiency with the WT
plasmid was much lower, with <1% cells producing GFP signal.
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Figure100 BCARL protein present in cells transfected using the three trial methods: Lipofectamine 3000,
jetPEtHUVEC and ettroporation. Endogenous BCARL is similar between cellsfiéield BCARL1 is visible as a
higherweight protein. None is visible in cells transfected with Lipofectamine or @#tBEEC, where transfection
was not successful.

Cells transfected with the GEBntrol plasmid showed no GFeised BCAR1, as only the GFP protein is expressed
by the plasmid. A small amount of GieBed BCARL is present in cells electroporated with the WT plasmid,
where a small number of cells successfully expressed the plaGARH was used as a loading control.

8.2.4.2 Genotyping HUVECSs for assays

After transfection tests showed that HUVECSs could not be adequately transfected with BCAR1
expression vectors, genotyping of HUVECS for the rs1035539 variant was considered. As rs1035539 is a
common variant with 32% MAF, the majority of HUVEC donors would be expected to have AA and GG
genotypes, and their cells could be selected for use in protein assays to express thgevibd

mutant form of BCARL1.

This would require cells to come from iadiual donors, and several donors for each genotype would
need to be tested to account for other genetic differences between donors: unlike with expression
vectors expressed in cells from the same lot, the background genetic profile of individual donors
differs. Individualdonor HUVECs were provided from the Queen Maaydiovascular Gemics and

Stratified Medicine grougor culture, genotyping and use in protein assays.

Chapter7.3.3outlined the difficulty of genotyping the rs1035539 polymorphism due to two retrogenes
on chromosome 15, which have high similatiiythe sequence around the SNHqure93).
Sequencing primers were therefore designed to amplify the sequence encompassing rs1035539 only.

As shown irFigurel01, a 4 bp break in the sequence similarity to the retrogenes is present upstream
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of the SNP. One primer was designed on this 4 bp sequence, with the other just outside the region of
similarity fFigurel01). This allowed amplification and sequencing of the see specific to

chromosome 16.

Figurel0L Location of rs103553PCR andequencing primersThe left primer is positioned over the gho
sequence of nossimilarity to the retrogenes, while the right primer is specific to this locus. This allows specific
amplification of the SNP.

This sequencing method was successful in genotyping genomic DNA samples of known genotype.
However, genotypinpr rs1035539 was ultimately not used for selection of cells for protein assays.
Primary HUVEQumbers that were obtained from the Queen Mary Cardiovascular Genomics and
Stratified Medicine grougvere too low in number to acquireufficient cells for asya without

considerably exceeding passage 5; HUVECs have a limited lifespan before they differentiate or enter

senescenc®’, and passage 5 was here considered toHgerhaximum reliable passage number.

8.2.4.3 Production of BCAR1 adenovirus

As successful transfection of HUVEC cells with the pE@HBZAR1 vectors could not be performed,

an adenoviral vector was produced to infect HUVECs withtydkel or mutant vector for usen assays.
Invitrogen’s Gateway cloning system was used to produce the expression clones. The BCAR1 vector
had previously been cloned into the Gateway pESTRentry vectof®, and this pENTBRC/BCAR1

vector was provided by the Cardimaular Biology and Medicine group.

8.2.4.3.1 Site-directed mutagenesis

Sitedirected mutagenesis was carried out on the pEGRHBCAR1 plasmid to change the base
corresponding to rs1035539, changing Proline 76 to Serine,82.R(Figure1l02). Mutagenesis was
successful, with the C base mutated to T, and no other changes introduced into the sedtignoe (

103).
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Figure102 Map of pPENTR3BCARL1 plasmidrhe plasmid wagsed as the wildype entry vector for production
of adenovirus, and basis for sitirected mutagenesit create the mutant vector. The BCARhgdad

previously beertloned intothe plasmid.The position of the base change equivalent to rs1035539, changing a
coded proline to serine, is marked by “P769ture created in Snapgeie

Figurel03 Sequence of the pENTIRC/BCARL plasmid at the location of rs1035%8&r site-directed
mutagenesisThe C base was successfully mutated to T with no other introduced changes, altering proline to
serine in the protein seqence. Picture from Snapgetié
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The Gateway LR Recombination reaction was carried out to insert théyywddand mutanBCAR1

genes into thgpAd/CMVV5-DEST destination vector, creating the expression veBlarified

expression vector was used to infect HEK293 cells to allow production of virus particles, which were
then purified using the Adenopure virus purification kit. Purified virus solutiome dialysed to

replace elution buffer with a TE buffer containing glycerol, which is suitable fotéomgstorage. Viral
titre in these solutions was then measured and calculated using the QuickTiter Adenovirus
Quantitation Kit. Final wiklype and mutamnviral titres were 4.3 10'°and 5.2 x1L0*° VP/ml

respectively.

8.2.4.4 Signalling assays

After successful production of BCAR1 adenovirus, the effect of BCARL1 type on protein levels and
phosphorylation was tested by infecting HUVECs with control;twple and nutant viruses. Cells were
incubated for 48 h after infection. They were then stimulated with 25 ng/ml VEGF for timepoints from

5-60 minutes, lysed and blotted for proteins.

8.2.4.5 Total BCARL1 does not differ between witgpe and mutant

The effect of expression vector and VEGF stimulation on total BCARtamgpared using a twavay
ANOVAKigurel04). There was a sigitant effect of expression vector on total BCARL1 levels (F = 63.8,
p= 8.0 x 16, but individually this was not seen between wijghe andmutant, or uninfected and

control (each p = 0.99; Tukey HSD pust test). There was also a significant effecVBIGF treatment
time on total BCARL (F = 7.4, p = 9.1 ®;W0ith BCAR1 increasing with VEGF treatment time.
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Figurel04: Effect of expression vector and VEGF treatment on total BCAR1.

HUVEs were left uninfected, or infected with control virus, wiyjge and mutant BCARL1 virus (‘Ul’, ‘GFP’, ‘WT’ and ‘M’). Cells were incubated for 48 h, thetestimula
with 25 ng/ml VEGF for 0 (no stimulation) to 60 minutes. Cells were then lysed and tiottethl BCAR1.

Figure shows data from two to three independent experiments (Ul and control data from two expes)mamisented as total B®R1 in relative units (mean-+$EM)
normalised to total GAPDH. Representative blot is inset.

(a) BCARIncreasewith VEGF treatment imgANOVA: F = 7.7, p = 6.4 @110

(b) BCARL1 levels were ~8x higher in cells with-tyjp¢ and mutant BCAR1 expression vectors than those with captrob.9 x 1€ and 7.1 x 182 Tukey HSD pos$toc
test). BCAR1 levels betwedVT and mutant were not different (p = 0.99)



8.2.4.6 Phosphorylated BCAR1

As phosphorylation of BCARL is integral to its role as an adapter protein, cell lysates werefbiotted
phosphorylated BCARL1. Antibodies were used to probe for plurgfation at tyrosine410 and
tyrosine249. These two tyrosines are located in two of the YxxP motifs in the BCAR1 substrate
domain, and their phosphorylation is thought to be important for recruitment of proteins to trigger

downstream signalling everi.

Tyrosine410 phosphorylation as affected by expression vector (F = 18.8, p= 1.1% 40d VEGF
treatment time (F = 8.6, p= 5.5 x®0but again there was no different between the two BCAR1
vectors Figurel05). Tyr249 phosphorylation showed the same pattern with expression vector (F =

7.7, p = 4.3 x 1§) but not VEGF treatment time (F = 1.1, p = 0.BR)ufe106).

8.2.4.7 Phosphorylated paxillin

Phosphorylation of paxillin was tested, a focal adhesion protein involved that forms a complex with
BCARY! Levels of paxillin phpbkorylation were not affected by expression vector (F = 0.84, p =
0.48), but were affected by VEGF treatment time @2, p = 1.2 x ¥, with higher

phosphorylation at 20 and 40 minutes than with no treatmédfig(rel107).
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Figurel05: Effect of expression vector and VEGF treatment on phosphorylated BCAR1 (tyrosine 410).

HUVEs were left uninfected, or infected with control virus, wiyjge and mutant BCARL1 virus (‘Ul’, ‘GFP’, “‘WT’ and ‘M’). Celianeeibated for 48 h, then stimulated
with 25 ng/ml VEGF for 0 (no stimulation) to 60 minutes. Cells were then lysed and blotted fongiytesied BCAR1(Y410).

Figure shows data from three to four independent experiments (Ul and control data from tkpeeirents), presented as total BCARL1 in relative units (meg®EM)
normalised to total GAPDIRepresentative blot is inset.

(a) Phosphorylated®dCARIncreases with VEGF tte@ent time (ANOVA: F = 8.6, p= 5.5 ¥)10

(b) Phosphorylate3CARL leveisashigher in cells with wildype and mutant BCARtan those with control (p = 1.5 x #@nd 6.5 x 16; Tukey HSD posioc test).Levels
between WT and mutant were not different (p = 0.99)



Figurel06. Effect of expressiowector and VEGF treatment guhosphorylated BCAR1 (tyrosine 249).

HUVEs were left uninfected, or infected with control virus, wiyjge and mutant BCARL1 virus (‘Ul’, ‘GFP’, ‘WT’ and ‘M’). Cells were incubated for 48 h, thetestimula
with 25 ng/ml VEGfer 0 (no stimulation) to 60 minutes. Cells were then lysed and blotted for phosphorylated BCAR1(Y24

Figure shows data from two to three independent experiments (Ul and control data from two expes)mamisented as total B®R1 in relative units (meari- SEM)
normalised to total GAPDIRepresentative blot is inset.

(a) Phosphorylated®8CARincreases with VEGF ttegent time (ANOVA: F = 7.7, p = 4.3 10

(b) Phosphorylated®3CAR1 levelgashigher in cells with wildype and mutant BCARMan thosewith control (p = 2.5 x 1®and 8.5 x 16, Tukey HSD posioc test).Levels
between WT and mutant were not different (p =09



Figurel07: Effect of expression vector and VEGF treatment on phosphorylgaxillin.

HUVECs were left uninfected, or infected with control virus,-tyibeg and mutant BCARL1 virus (‘Ul’, ‘GFP’, ‘WT’ and ‘M’). Cells were incubated for 48 h, thetestimula
with 25 ng/ml VEGF for 0 (no stimulation) to 60 minutes. Cells tem lysed and blotted for phosphorylated paxilRepresentative blot is inset.

Figure shows data from three to four independent experiments (Ul and control data from three egp&jnpresented as tot8CARL1 in relative units (mean $EM)
normalised to total GAPDH.

(a) Phosphorylated paxillin increagdgvith VEGF treatment time (ANOVA: F =6.2, p = 1.243.10

(b) Phosphorylated paxillin did not differ between expression vector (ANOVA: F = 0.84, p = 0.48).



8.2.4.8 Well migration assays

After protein leve$ and phosphorylation had been shown not to differ between Wifie and

mutant BCAR1, well migration assays were used to assess the effect of protein type on cell
movement. HUVEC migration through a porous membrane was measured, using cells transfected
with wild-type and mutant BCAR1, and GFP control virus. Cells were infected with each of the three
viruses or no virus (uninfected), trypsinised and seeded into cell culture inserts with a porous
membrane. Control wells contained medium with 10% serum vghiteulated wells contained

medium, 10% serum and 25 ng/ml VEGF.

There was a significant overall positive effect on VEGF stimulation on cell mové&ingemé{08;

two-way ANOVA; F = 26.0, p = 3.3 ®)1But only a nearsignificant effect of expression vector (F =

2.9, p = 0.069). Cells with mutant BCAR1 migrated more slowly than uninfected cells (p = 0.04, Tukey
HSD poshoc test), whereas those with willgpe B@AR1 did not (p = 0.64). Neither group showed a
significant difference compared to GFP control (p = 0.97 and p = 0.19 faypéldnd mutant

respectively). Cells with mutant BCAR1 appeared to migrate more slowly than those withpeild

BCAR1, althougits difference was not significant (p = 0.73).
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Figure108 Average migrated cell number per expression vector for stimulated and unstimulated cells.
HUVECs were infected with no virus, GFP control virus, antéyw#énd mutant BCAR1 virus (‘UI', ‘GFP’, ‘WT’
and ‘M’). 48 h later, wells were filled with medium with and without 25 ng/ml VEGF (‘control’ BGFV
respectively) and cells seeded into well inserts containing a porous membrane. After 4 houabafiamg

cells on the membranes were fixed, stained and counted at 200x magnification to obtain the nurnbats o
that had migrated through the membrane.

Bars represent mean number of cells of four independent experiments.

Cellswith mutant BCARIMigrate more bwly than uninfected cells (p = 0.04), but cells with wiljde BCAR1

do not (p = 0.64).

Error bars represent SEM.
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8.3 Discussion

In this chapter, a proline/serine change at position 76 of the BCARL1 protein was assayed for its
effects on protein function. lEapter 7 showed that this change, coded for by the SNP rs1035539, is
associated with carotid plaque, so assays here looked at effects on signalling and protein fianction

understand how the SNP atige protein may be affecting plaque.

Assays in COS cdlowed a potential difference in speed of cell migration, and HUVECs were then
chosen for more detailed assays. In these cells, no differences between total BCAR1 and
phosphorylation of BCAR1 and paxillin were found. However, a difference between cationigr

was suggested between cells with wilghbe and mutant BCARL1: cells with mutant BCAR1 migrated

more slowly than uninfected cells, while wilgbe and control cells did not.

8.3.1 Cell choice for expression assays

COS cells were selected for initial assaythay were known to be receptive to transfection. These
cells are also responsive to epidermal growth fatfprvhich is known to modulate proliferation

and migration of endothelial and smooth muscle 8" HEK293 cells used for protein

localisation did not need to be responsive to growth factors and provided a human cell line in which

to visualise the proteins.

However, a primary cell line suitable for the plaque phenotype was desired for furtisays.
Plaque as measured in the IMPROVE and PLIC cohorts is a derivative variable-oiédlisna
thickness. rs1035539 may therefore be associated with changes in the intima (endothalium)
media (smooth muscle) layer. Endothelial cells were used betesmooth muscle cells will also be

used for further assays.

8.3.2 Signalling and wound healing assays (COS)

Initial signalling assays in COS cells suggested some differences in BCAR1 phosphorylation between
wild-type and mutant, but this varied with cell treaent and was not statistically significant. It was

clear that stimulation of cells had effects on pathways including BCAR1, and stimulation with growth

factors was later used for assays on HUVECs.

A scratch assay was used to look at cell closure becal@AR1’'s known role in cell motility. Cells
with wild-type BCAR1 were shown to exhibit faster wound closure than those with mutant BCARL1.

This was a preliminary experiment on cells that were an imperfect model, and would require more
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repeats to draw robustonclusions from the results. However, it suggested that it would be sensible

to examine cell movement in HUVECs.

8.3.3 Protein localisation (HEK293)

Fluorescent microscopy to visualise subcellular localisation oftypkland mutant BCAR1 did not
show a notieable difference between the two. In each case the protein was largely clustered at
points within the cytoplasm and at the plasma membrane, supporting known data about its
subcellular location (see Human Protein Attf§sBCARL1 is known to localise to the cytoplasm; here
phosphorylation stimulates its movement to the plasma membté&hevhere it regulates

cytoskeleton remodelling and cell adhesi$hHowever, the limitation should be noted that as a
GFPsion protein, the BCARL1 seen in the assays may not behave exactly as endogenous BCAR1

does.

A large difference in subcellular localisation between aylte and mutant BCAR1 was not
expected, due to the importance of the protein: any significant diffeesrfsetween the forms
would be expected to have a large downstream effect, impeding the variant from becoming

common in humans.

8.3.4 HUVECSs: methods for assays

Genotyping HUVECS for rs1035539 was considered as a method of comparitypevddd mutant
BCARL. T® method was ultimately not used for assays, as too few sihgher HUVECs were

available. Genotyping may be a method worth considering for future work, but the MAF of the
variant determines its feasibility. As rs1035539 has a MAF of 32%, cells waxpemted to be
homozygous for the rare allele in only 10% of cases. As numerous differences in the rest of the
genome exist between donors, multiple donors for each genotype would be required for assays to
account for these differences. Even multiple daarould not separate out the effects of SNPs in

LD; however, it was seen in chapter 7 that SNPs in LD with rs1035539 are few and less likely than th

coding SNP to have a functional effect.

As with many primary cells, HUVECs are known to be difficutinsfect®*2% Here two lipid
reagents and electroporation were trialled as a method of transfecting HUVECS for signalling and

migration assays, but no method could achieve sidfit transfection for assays.

After other methods proved unsuitable for assays with HUVECS, adenoviral vectors were created to

infect them. This method was not chosen initially as the production process is long and commonly
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does not result in a successfuitus; however, the infection efficiency with adenoviral vector was
much higher than with transfection or electroporation. As adenoviruses do not integrate into the

genome, they do not disrupt genomic DNA, allowing efficient transient expression ofs/ector

8.3.5 HUVEC signalling assays

Production of the BCAR1 adenoviruses allowed infection of HUVECSs for signalling assays. In these
cells, total BCAR1 was found to be much higher intypd and mutant cells than in uninfected and
control cells Figurel04), as expected: expression vectors expressing BCARL1 in addition to
endogenous production greatly increase the total. No difference was seen in total BCAR1 between
wild-type and mutant, which was again anticipated, as the amino acid change is unlikely to affect

total protein produced.

Phosphorylated BCARL1 on tyrosine residues 410 and 249 was measured. These two tyrosine residues
make up two of the YxxP repeats in the substideenain whose phosphorylation is important for
downstream signalling®, and are often used for BCAR1 phosphorylation assays. Phosphorylation
was higher in cells transfected with wifgbe or mutant BCAR1 vectors than those that weren’t
(Figurel05, Figurel06), due to the greater availability of the protein for phosphorylation. Here a
difference in phosphorylatio between wildtype and mutant BCAR1 might indicate a reason for the
difference in plaque phenotypes, as phosphorylation of the protein is key in establishing its
downstream effect¥t. However, no difference was seen between phosphorylation of these two
forms of the protein, indicating the effect is occurring through a differeathad. The altered

amino acid, proline at position 76, is not close in the primary sequence to these two tyrosine
residues, nor is it in the substrate domain in which these residues are located, so would not

necessarily be expected to alter their phospHatipn.

The change in the amino acid structure may have effects downstream in signalling pathways through
another mechanism. Phosphorylation of paxillin was here tested as it is a focal adhesion prdtein tha
interacts with BCAR4. However, again there was no significant difference between-typld and

mutant BCARIHgurel07), and expression of either BCAR1 did not increase phosphorylation above

endogenous amounts.

8.3.6 Well migration assays (HUVEC)

To investigate overall effect on cell functicather than individual proteins, well migration assays

were used to measure the effect of the BCAR1 variant on cell movement. Stimulation of HUVECs
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with VEGF resulted in significantly greater numbers of migrated cells, highlighting the importance o

this nolecule in endothelial cell migratiét.

Cells with mutant BCAR1 migrated more slavin uninfected cells, whereas those with wiige
BCARL1 did not. Cells with mutant BCAR1 therefore appear to migrate more slowly than those with
wild-type BCAR1, which matches with the results seen in HEK293 cells earlier in the wound healing
assay. Howeer, this difference was not significant: to draw strong conclusions, further biological

replicates of this assay would have to be carried out.

If the difference in cell migration is indeed true, it raises the question of how the proline/serine
change izausing the effect. It has been shown in this chapter that the variant does not cause an
obvious change in phosphorylation in the substrbirding domain. However, the adaptor protein

role of BCAR1 might be important here. BCARL1 recruits and binds topreins Figurel?), and

as discussed in chapt@r3.6 prolinerich regons often play a role in binding. If the variant is

affecting binding of a protein or number of proteins to BCARL, it may have effects on downstream
proteins: further assays would test other proteins known to be affected by BCAR1 phosphorylation

and protén recruitment.

8.3.7 Conclusion

The proline/serine change in BCARL1 that corresponds to the SNP rs1035539 does not appear to
affect total amounts or phosphorylation of the protein, nor of the associated protein paxillin.
However, it may cause a change in speédell migration: to confirm this and to understand the
mechanism of how it may contribute to plaque formation and remodelling, further work should look

at other downstream proteins and their effects on phenotype.

8.3.8 Future work

Recent further work by the @diovascular Biology and Medicine Group has found an effect of wild
type and mutant BCAR1 on phosphorylation of-ld protein (CRKL), an adapter protein that binds
to the substrate domain of BCARL Further work will examine this relationship in greater depth

and look at how phosphorylation of CRKL may affect cell phenotypes such as migration.

As discused in8.3.1, BCAR1 may be having an effect in the ¢neloum or smooth muscle cells.
Immunohistochemistry assays coudd used for further research herd humanplaque tissue could
be obtained, the location of BCAR1 expression specifically within the plaque could be detected,

giving further information about the role of the protein in plaque formation.
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It would be desirable to assess the difference between-tyiie and mutant BCAR1 in the absence

of the endogenous protein, to increase power to detect differences between thetygpkland

mutant protein. An siRNA knockdown was tested here to knock down endogenous expression of
BCAR1, but successful knockdown dowt be obtained, so this method was not used for assays. If
knockdown could be successfully obtained, future work could carry out assays like those used here
to remove endogenous BCARL1 and increase the relative effect of the P76S amino acid change on

signalling and cell function.

Expressing vectors in cell lines to compare protein forms is a method with a degree of artificiality
that does not truly represent the situation in the genome. One alternative to this was the idea of
genotyping many primary cedamples, but as discussed, the other genomic differences between

samples introduce complications.

An alternative that circumvents the problems of genotyping and expression vectors is the use of
gene editing vialastered regularhyinterspaced short palindmic repeat{CRISPRY. Using CRISPR

on primary cell lines would allow selective editing of a single base such as that of rs1035539,
changing only the amino acid of interest and keepih@thler factors the same. As CRISPR
technology improves and can be conducted more routinely, it is likely to be of great value fdnprote

assays such as those involving BCARL1.
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9 Discussion

9.1 Overview

Studying the genetic basis of carotid intimmediathickness allows the discovery of loci involved in
the development of atherosclerosis. The hypothesis of this thesis was that genetic variants which
contribute to the formation and progression of atherosclerasia be investigated by studying the
surrogae variable intimamedia thickness, and thdly verifying the genetic associations with carotid
IMT and identifying a potential molecular mechanism from variant to disease, novel pathways

leading to atherosclerosis can be identified.

To test this, theCFDP-BCARITMEM170Aocus on chromosome 16, previously implicated in IMT
and CAD, was investigated in order to uncover the functional variation causing changes in IMT to
identify and the gene or genes involved. Analysis of eQTL data ide®Eia&kas the ger likely to

be involved in the phenotype. Functional analyses identified a variant likely to be causing the
observed association through gene regulation, and it was explored how this variant might be
mediating this effect. Additional genotyping and metaalysis suggested that the effect of the
functional variant on commogarotid IMT and vascular events was present ¢gohat least most
strongly)in women, suggesting there may be an interaction between BCAR1 pathways and sex

specific physiology, such dwtrelative amounts of sex hormones.

The complexity of genetic regulation at loci suciC&P-BCARITMEM170Ahows the necessity

of investigating longange genetic regulation when considering the effect of genetic loci on
phenotypic traits and diseas&he use of circular chromosome conformation capture to look for
longrange interactions was explored and a protocol developed to studZ#RP-BCARL
TMEM170Aocus, though ultimately final sequencing data could m®bbtained Examination of
sequencinglata prompted the investigation of a coding varianB@AR1whichshowed some
associations with carotid plaque or IMT in two cohorts, though these were under different models
and would require validatiarFurther work examined the effect of the variamt the protein itself,
particularly in pathways related to atherosclerosis. Results from protein assays suggested that the
risk allele may cause slower migration of cells, potentially affecting the remodelling of thearascul

wall during the process of athesclerosis.
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9.2 Regulation of gene expression at tfeFDP-BCARITMEM170Aocus

TheCFDP-BCARIMEM170Aocus formed the basis of study for much of this thesis. After
identification of risk loci by GWAS, the importance of functional characterisation éagnedy being
recognised so as to understand the biological mechanisms behind a locus’s asstiétiun a

small number of GWAS loci have been studied to successfully characterise the functional variation.
For example, Musunuru and colleagues studied a SNP associated withdl@iterol and M,

present at a genelense locus between two gen®SRCand CELSREXxperiments showed the
functional SNP to alter a binding site for the transcription factor C/EBP, resulting in S©fRd1
expression, and modulating hepatic VLDL secrétioAhou and colleagues studied a locus near the
geneHHIR identifying SNPs that lie in an enhancer upstreatdtéfPwhich modifies the gene’s
expression through chromatin looping. One S found to affect binding of the Sp3 transcription

factor, lowering gene expressiti

TheCFDP-BCARITMEM170Aocus, identified by Gertow and colleagues as being associated with
carotid IMT and CAD, was studied here in the same way, with the aim of identifying potentially novel

genes in the pathogenesis of atherosclerosis

Bioinformatics tools were used to find SNPs in LD with the lead SNP, and to annotate these for
regulatory marks that signify areas involved in gene expression. While genomic annotation projects
like ENCODE are making increasing amounts of informatiolalalesto assess variants for

regulatory potential, the lack of definitive tools to consolidate this information can leave
uncertainties in what weighting is given to information to rank variants. A degree of subjeciasty w
therefore required in compilig a shortlist of six candidate SNPs for functional analysis. Two newer
tools for variant ranking include GWAVA and CADD, which use machine learning methods to
prioritise norrcoding (or coding and necoding) variations with genomic and epigenomic
annotations'®**343 A more conclusive toolould need to bring together all relevant annotation

resources and be continuously updated.

The candidate SNPs were first tested for algecific protein binding using EMSASs, in which only
the lead SNP rs4888378 was identified as causing-ajpeleficprotein binding. Multiplex

competitor assays further probed this relationship using binding sequences of known transcription
factors, indicating that the protein binding was a member of the FOXA family, a subfamily of
hepatocyte nuclear factors involvediiggulation of metabolism and glucose homeostd$t&°

FOXA1 and FOXAZ2 are thought to bind enhancers with FOXA motifs and open compactedrchromati
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through DNA demethylation and H3K4 methylati@i* It is not immediately clear how FOXA
proteins might be involved in the phenotype considering the later implication of BCAR1, but it
should be noted that a risk locus near tBREARgene is associated withtyped § ¢ wcell
function in glucose metabolist?34¢ It would next be ideal to verify the identity of the binding
protein using a supershift EMSA assay,dstitable EMS#erified antibody that bound to control
bands could not be identified, leaving this transcriptioctda yet to be verifiegdand precluded the

use of ChlIP to veriiy vivobinding

After the effect of this SNP on DNotein interactions had been characterised, luciferase assays
were used to examine its effect on gene expression. The introductioninfjke $ase change allows
assessment of the effect of a SNP in isolation from other SNPs in LD, and these assays have
previously been used to find functional SNPs in cardiovascular phen&ffé<xpression was

found to vary according to the length of fragment around the SNP that was inserted into the
reporter vector, suggesting the possible effect of a binding repressor. When the sequence was
cropped to avoid predicted repressor binding elements, the proteciialele produced higher
expression than the risk G. This fits with the eQTL data, which showed bigitession 0BCARIn

the presence of the G allele, and suggests the SNP could be directly causing this effect. At die tim
analysiBCARDad not yet been implicated as the gene of interest, so the reporter vector contained
the SV40 promoter, as other published studies have used when assaying the effect of a SNP on
expressiof?’. Further work would clone thBCARpromoter into the reporter vector to assess the

effect directly on this promoter.

The effect of fragment length on expression highlights the importance of all the interacting sequenc
elements around the SNP. Anvitroassay like the luciferase reporteannot perfectly reflect the

true state of gene expression vivg especially as promoters may be interacting with distant
regulatory element¥”’. It is here that genomediting techniques such as CRISPR, discussed in

section9.4, may be usefuih measuring the true effect of a variant on gene expression.

In addition to other bioinformatics sources, eQTL data is also extremely valuable in the analysis of
loci likeCFDP-BCARITMEM170ARiskassociated variants that do not alter the coding regiba

gene are generally thought to exert their effects through regulation of expre¥&iamd gene
expression itself is useful for the study of regulatory variation as it is the fifstbstevhich

regulatory variants are likely to perturb molecular pathways. Gertow and colleagues found the lead

SNP to correlate wittMEM170ABCARANd LDHDOthe latter two with only nominal significance)
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using expression data from a biobank with releviisgues (aortic intimanedia, aortic adventitia

and carotid plaque).

Further analysis here used the gene expression dataset GTEX tat BNIRexpressiorrelationships

in artery tissues, anth this datasebnly theBCARAssociation was convincing, beipigesent in

more than one tissue and remaining after correction for multiple testing. The larger sample gizes an
small pvalues (p < 1#in tibial and aortic artery) make a convincing caseBiGARbeing the gene

upon which he functional variant is #@ing, although there have also been cases of enhancers acting

upon multiple gene¥®.

In another approach to examine the effect of variants on chromatin structure, tséng
Gilad/Pritchard eQTL browsedwo dsQTLs at the locus were found that affect local DNase
sensitivity. EMSAS on these two SNPs did not show any prdtigiding bands for the alleles of both
SNPs, indicating this effect may notdieectly through alteringhe bindingaffinity of transcription

factors.

To look further at the effect of the locus on IMT phenotypes, the additional cohort PLIC was
genotyped in order tatudyIMT and the relagd phenotype of IMT progression, which may provide
more information than a singtémepoint variable. IMT progressidras been shown to be a
predictor of stroké*, but recently published results from the PROME collaboration did not find

an association &ween IMT progression and vascular #8k

The association between the lead SNP and baseline was not replipatbdps due to a lack of

power brought about bymaller study size and inadequate assay call rate, or to the different
background characteristics of the IMPROVE and PLIC cdMtprogression was also not seen to
have a significant association, but stratification by sex showed that women withwles-icsk allele

had slower progression of IMTo investigate this possible effect of sex on IMT phenotypes, a-meta
analysis was carried out on commoarotid IMT in five cohorts, in which it was found that the effect
of the A allele on thinner IMT was sem women but not men. This effect of sex was also seen on

vascular events.

This raised the question of how difference between the sexes interacts with the effect of thetvarian
on IMT. Oestrogen was implicated as an involved molecule, because of tievealar risk
factors, only female hormonal status is known to be-sp&cifi¢*®, Oestrogen is one of the many

components of BCARL1 signalling pathways, with oestrogen treatment causing BCARL1 to transiently
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e} 18 A]J3Z } +SE}P v E % K @ hasa gotentia role in atherosclerosis.
Oestrogen is thought to have a protective role in regards to blood ffSjdsitit also increases

fibrinolytic potentiaf®’, which is a marker of lower CVD #8k

Prevbus studies have also directly looked at the effect of oestrogen on carotid IMT. Discrepancies
exist for the effect of oestrogen therapy on IMT, but this may be due to study heterogeneity. For
example, in a study in 2006 on two pasenopausal oestrogen #rapies, it was found that both
therapies were associated with increased progression ef\CIE®?, but a later study found longer
duration of oestrogen therapy to be associated with slower4dgressiof®®. Recent research
indicates that oestrogen replacement therapy does decrease the progression of IMT, but in a time

dependent manner, being true only when it is initiated within 6 years after menopzuse

It is also interesting to note that genetic variants in oestrogen receptors have been implic&¥@in
risk in men: a dinucleotide repeat polymorphism mER regulatory region is associated with
severity of CAD in mé™, with the longer repeat being associated with increased narrowing and
formation of plague. A male patient with a ndanctional ER protein caused bypremature stop

codon experienced early atherosclerosis despite low LDL &vels

TheCFDP-BCARIMEM170Aocus is a strog example of an association signal that spans a region
without a clear candidate gene. Many genes are present close to the lead SNP, and even so itis
known that regulatory elements can be far from their target gétlest is therefore important to

use methods to study lonange interactions important for genetic regulation. Circular chromosome
conformation capture (4C) was planned for this thesis because it allows loci to be studied without

bias to find out what regions they interact with.

The twoBCARDpromoters and the proposed functional SNP were chosen for analysis; one plausible
hypothesis is thiathe SNP is present in an enhancer which physically interacts with a promoter, with
the SNP disrupting the enhancer’s effect on gene expression, and having a subsequent effect on
atherosclerosis development. Although all the stages of 4C design and plexsgibwere

completed, sequencing results could unfortunately not be obtained within the time limitations of
this thesis, so data could not be produced regarding the-famg interactions of these genetic
locations. With the strategy, viewpoints and prirmatesigned for this locus and 4C libraries

prepared, the foundations are present for the method to be taken forward in future.
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9.3 Caoding variation at theCFDP-BCARITMEM170Aocus

A large section of this thesis focused on the regulatory aspects of geadgtitian in IMT, but

variants that lie in coding regions can also provide a great deal of information about the impact of
genes on a phenotype. These variants may affect the protein structure through substitution of
amino acids, frame shift or terminatiaf the protein, or through alteration of splice site. Variants
occur less frequently in coding regions than rumling region®*, and occur at a lower MAF on
averagé®, so the number of commorooding variants at a locus would be expected to be small.
Nevertheless, searching exome sequence data here showed a common BBRArs1035539,

which codes for a proline/serine change in the proliihh domain of the protein.

It was first necessaryptconsider whether the SNP was responsible for the association with IMT

found by Gertow and colleagues, siraea SNP altering protein structure, it is more likely to alter
phenotype than other SN, Its absence from the 1000 Genomes panels used for LD caloslat

meant it had to be genotyped in IMPROVE to calculate LD with the lead SNP, which showed there to

be no correlation between the twoqr 0.005).

However, the SNP was found to be associated with carotid plague under a dominant hadele
assocition, the suggestion of independent signal associated with a similar carotid phenotype backs
up the original association, and also indicates the possibility that disturba®@eAR affects

plague and IMT. This reinforces the hypothesis that the functicegulatorySNP is affectinBCAR1

Further research on this SNP involved genotyping in PLIC, where an é&ssediatIMT was

observed, but notwvith plaque.These results would require additional validation to confirm whether
an association is truly psent. If true, hese slightly different results may be influenced by different
phenotype definitions, and demonstrate one of the issues with IMT as a phenotype. As
measurements can be taken at multiple segments of the carotid tree, and presented inmtiffere

ways (such as average or maximum values), a large number of variables can be produced, causing
problems of multiple testing if using all for analysis. There is no one definitive variable, &lthoug
measures of commeparotid IMT are often used and havedn suggested to be of equal use to

measuring all the segmerits

A surprising result found for the coding SNP was that stratifying the two cohorts by sex showed the
observed associations to be present in men but not women, which was opposite to the relationship

seen with the regulatory lead SNP, seen only in womenhdsetfindings were true only under

239



different genetic models in men (additive and recessive), further genotyping and associationsanalysi
would be required to determine whether there is truly a smecific effect. Nevertheless, if the

effect seen is truet ihints at different mechanisms of effect of the regulatory and coding SNPs. To
alter a protein’s function and to alter its total expressioay result in discrete effects; protein

with a damaging effect may interact with molecular pathways in a diftenay to a different

amount of the wildtype protein.

To investigate how the SNP affects the protein itself, assays were carried out to look at th@kffect
the SNP on BCARL function. An expression vector was created for the “mutant” rs1035539 protein,
and wild-type and mutant vectors were transfected into COS and HEK293 cells. The same was done
to create viral expression vectors for infection of HUVECs. Assays were designed to examine
phosphorylation and cell behaviour, since phosphorylation is vitdiedunction of BCARL. No
difference was seen between witgpe and mutant proteins; however, a small difference was

observed in cell migration, with cells with the mutant (risk) form migrating more slowly.

How might the amino acid cause this change in atign? One theory is that the effect is mediated
through the adaptor role of BCAR1. Prolmeh domains in proteins often play a role in binding,
particularly in protein complexé¥. The proline/serine change may modulate recruitment of other
proteins. Mutations in pline-rich regions have been shown to affect binding; for example,
proline/glutamine mutations in the prolingch region of p22'>, a NADPH oxidase subunit, impair

binding of Nox enzymes and inhibit reactive oxygen produtifon

Further work by the UCL Cardiovascular Biology and Medicine group has suggested an effect on
phosphorylation of CRKL, an adapter protein that biedBCARX®. This is a promising route for
further study to investigate whether this is a true effeatdavhether it contributes to changes in
atherosclerosis and IMT. Further work would also look at the effect of the mutation in smooth
muscle cells in addition to endothelial cells, as these are also a principal component of plaque in
which BCARL1 plays deoits presence and phosphorylation status are important for the migratory

response in VSM&S,

9.4 Conclusions and future directions

Using several approaches to explore @EDP-BCARITMEM170Aocus, the likely gene through
which the association is acting has been identified, supported by evidence from regulatory and

coding studiesin vitrostudies have enabled a functional SNP to be proposed, which may exert its
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effect through differential binding of a FOXA protein and consequent differential expression of
BCARI1Meta-analysis revealed a fema#pecific association with commararotid IMT, suggesting
possible involvement of oestrogen, a kagdiator in BCAR1 pathways. A coding variant was found
to correlate with related IMphenotypes under certain inheritance models, but the results differed
between cohorts and require validatioRrotein studies on the corresponding witgpe and mutant

formsof the variantindicated differencein endothelial migration.

Results in this thesis point towar8CARAs the gene most likely taetinvolved in the IMT
phenotype.In addition to thiggene’s suitability as a candidate for atheroscleroslated
phenotypes, thesuggested presenagf an independent signal within ttlRCARToding region gives
more power to its proposal as the causal gefilee coding variant studied for its relationshifitw
plague appears to show interesting effects on migration intltadled assays. Validation of the
association and further research on the variant’s functional effectaderhonstrate whether there
is strongevidence foBCARAs the causal gene, and wher the mechanism is indeed through cell

migration.

However, certain consideratis should be taken into account when looking at other studies
studying these phenotype3heCFDP-BCARITMEM170Aocus did not ahieve genomavide
significance for associati with CADn the CARDIoGRAddnsortium, although significance on a
non-genomewide level was observed (OR = 1.03, p = 0!618s thea prioripremisewas to
examine this SNP only, this suggestisia association is present, but raises the question of why a

stronger association was not seen.

TheCARDIoGRAM consortium is a matelysis of 22 GWAS stud{gstal sample siz86,995); it is
possible that interstudy heterogeneity weakened thatrength of the association. It should also be
noted that the association tested in CARDIOGRAM is with CAD, the endpoint of the proposed effect
pathway of SNP affecting eQTL, which in turn affects the intermediate trait (IMT), which influences
risk of CADAt each stage power is lost to detect a true associaliba.rs4888378 locus did also not
come up as a genomeide significant hit in the CHARGE consort{total sample size 31,211)

looking at associations with INMf. Results may have been affected by thifferences in baseline
characteristics: subjects in CHARGE were taken from the general population and ranged-fi®@m 44
years old, whereas those in IMPROVE were of high cardiovascular ri§id- @ gears of agelhere
isalsothe possibility that a less sigmiéint association igresent that did noreach genomewide

significance. The locus studied in this thesis magrbexample of the winner’s curse, in which initial
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studies tend to overestimate the genetic effect size of a vaifart could be the case that the
BCARL1 protein indeedinvolved in atherosclerosi®lated pathways but that selection pressure
has not allowed variants withstrongeffect on phenotype to become commom this case, a

strong GWAS signal would not be easily detectable within the gene.

To establish whether this is the case, further mechanistic stuatiesld be carried out to determine

the effect of BCAR1 mutasibn proteins and cell function. For example, more work on-tyjeé and

mutant BCARL1 protein will be of particular interest, especially on downstream proteins such as CRKL.
Greater replicate nuimers for experiments such as the migration assay will allow increased

confidence in whether the variant truly affects these phenotypes. Further plans also involve
genotyping multiple samples of primary HUVECs and other cells for the coding variant,gallowin
selection of AA and GG homozygotes for use in assays. This presents a method of assaying variant
effect without disturbing cell behaviour with viral infection, but many samples of similar backgjroun

will be required for each assay to reduce the effecbibfer background genetic factors.

Further assays could aim to elucidate further the role of the BCAR1 protein in atherosclerosis and
vascular tissuesmmunohistochemistrgould be performed on human vascular tissue samples: this
could determine the locadn of the protein within vascular tissues, particularly whethés inore
prominent in endothelial or smooth muscle cells. It could be particularly interesting to compare
protein quantity and location between samples with and without the presence olglag addition

to comparing male and female samples, and those of different rs1035539 genotype.

Exploration of effects on BCAR1 pathways should also focus on the possible involvement of
oestrogen. Protein assays could examine the effect of oestrogen treatment on the behaviour of cells
with wild-type and mutant protein, and if there is a differencéhather the oestrogen receptor itself

is involved in this process. Cells from both male and female donors should be used and compared.
This is particularly valuable in light of recent studies, which have shown that transcriptional
differences exist betweemale and female endothelial cells. One study found migration and
proliferation were higher in female celt§ while another showed female HUVECHligplaya

stronger transcriptional response to shear sti€&s

The strong linkage disequilibrium at the locus presented several limitations for the conclusive

identification of the functional variat. Blocks of LD in the genome present obstacles in association
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studies, as variants in complete LD will show identical correlations with traits. The large ndmber o
SNPs in strong LD with the lead SNP aCRBP-BCARITMEM170Aocus made this signal

unusually challenging in the selection of candidate regulatory SNPs. Where loci aceweséd by
genotyping arrays, genotype imputation can be carried out to predict genotypes that have not been
directly assayetf®. Imputation uses genotyped variants ancbkm haplotype patterns to predict

the most likely genotypes at untyped variants, allowingfim@pping of the signal. Denser

genotyping of the locus may allow imputation to refine the signal at this locus. It has already been
shown here that at least twaodlependent signals associated with carotid plague and IMT exist.
Others may exist, which would be expected to afle@AR 1perhaps through promoter or other
enhancer activity. Genotyping cohorts of ethnic groups other than Europeans should be carried out
to take advantage of different patterns of LD, producing different association signals surrounding
functional variants. African populations would be of particular value due to their shorter hamotypi
block€?. LD patterns in caral Europeans and Yoruban Africans at part of @iDP-BCARL
TMEM170Aocus are shown ifigurel09, where it can be seen that haplotype blocks are less

extensive irthe Yoruban population.
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Figurel09 LD structure at theCFDP-BCARATMEM170Aocusin central Europeans (CEU, above) and
Yoruban Africans (YRIRata from HapMa, visualised on UCSC Genome BrottédrD at the locus can be
seen to be less extensive in the Yoruban population than the European populatidngritase populations
particularly valuable for finenapping of association signals.

Functional assays on the regulatory effects of SNPs at the locus suggested that a FOXA protein was
binding to rs4888378, affecting the action of an enhancer and theréfopacting on expression of

a gene, proposed to BBCARITo test this hypothesis, the proteins in the FOXA family could be
knocked down using siRNA, and the impacB&@ARExpression, or on protein binding via EMSA,
observed. Alternatively, a plasmid caimingFOXAcould be overexpressed and the same outcomes

measured.

As discussed during this thesis, the selection of relevant cells is important for experimentsalising

culture. For example, here HUVECs were used to study vascular phenotypes. Havwseruewy i
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becoming more feasible to use alternative methods of obtaining suitable cells, such as induced
pluripotent stem cells (iPSG%) Using retroviral expression of pluripoteragsociated transcription
factors, such as the O8&(4 and Sox families, Nanog and Lin28, human somatic calls can be
reprogrammed to beame pluripotent, providing the possibility to generate any type of cell in the

body.

In additional to providing a source of pluripotent stem cells without using human embryonic stem
cells, which require destruction of human embyi5siPSCs are particularly useful as they can be
gererated from cells of a particular genotype. They could therefore be used to provide genotype
matched cells of different types. For example, the signalling and wound healing assays in chapter 8
could be carried out in various vascular cells with the sametype, to remove the possibility of
background genetic variation affecting resul®SCs have been used to generate human vascular
smooth muscle cells and endothelial for functional assays and disease mafetihigPSCs would

also allow for the generation of subjespecific cell lines; for example, assays could be carried out

on cells generated from groups of patients with particul&ityh or low IMT measures.

Functional assays like EMSA and luciferaperter assaysre valuable for detecting allefgpecific
effects in isolation from SNPs in LD, but they camake into account interactions with the rest of
the genome or chromatin ate. To study these interactions work on chromosome conformation
capture should be continued, using teEDP-BCARI MEM170Aocus and other regions of

interest, such as the IMT/plaque loci identified by the CHARGE consortium.

To directly assay the effeof proposed functional SNPs, genome editing techniquesidmeilused.
Designer zinc finger nucleag@Ns)® and transcription activatolike effector nuteases
(TALENS$Y® are two methods that have lem used for targeted genome editing, but particular
promise is shown bthe clustered regularlyinterspaced short palindromic repeat€RISPR)

systent!?, which, compared to previous systerisaffordableandrelatively easy to engineer.

The CRISPR/Cas9 genome editing system (CRISPR combined witasSRt&R& nuclease 9) is

based on a prokaryotic immune system protecting against foreign genetic elements, in which CRISPR
elements recognis and cut offending DNA sequeng@sGenome editing using CRISPR uses a guide
RNA that binds to the sequence at the locus being targeted. Upon binding, the Cas9 nuclease cuts
the DNA strands, and ndmmologous end joining occurs, resulting in deletion of the target

sequence. Alternatively, a DNA template can be introduced, containing sequences homologous to
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the region surrounding the target site. After cutting of the doubleanded DNA, homologous

recombinationcan occuyinserting the target sequence into the gaf(Figure110).

FigurellQ CRIBR for targeted genome editindh guide RNA is generated that is complementary to the
target genomic sequence. This RNA guides the Cas9 enzRigPfssocated nuclease 9p the target
sequence. Cas9 cuts both strands of the DNA sequence on either side of the target sequence. iifayends
join by norhomologous end joining (NHEJ), resulting in a deletion of the target sequence. Alternatevely, if
DNA template with flanking homologous sequences has been introduced, this template will be insterted
the gap with homologous recombination (HR).

To directly assay the effect of proposed functional SNPs, the CRISPR system could be used to edit
only the SNP of interest in the genome. This would allow cells to be assayed without using artificial
expression vectors or otherwise modify the cells’ natural $tat€RISPR techniques ard si#w,

but have already been used to study the effects of SNPs and cell culture systems in a similar method
to that proposed. Claussnitzer et al examined the obdgitsed FTOocus, using modelling methods

to propose a causal SNP, and testing its efiegbroteinbinding and expression using EMSA and
luciferase reporter assa$/s. They then used CRISPR to validate this SNP in preadipocytes, finding it
to affectiRX3andIRX5expression with a downstream effect on mitochondrial thermogenesis. Such

a method would be useful in analis of both regulatory and coding SNPs such as those studied here,
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preventing the need for transfection and infection protocols that may itself modify cell behaviour.
For example, the assay proposed above involving selection of cells with AA and GGaadlig
genotypes, could instead usERISPR to directly edit the SNP of interest to produce the mutant

protein, eliminating the need to control for background factors.

Genome editing could also be carried out to knock out enhancer regions such as thegatop
enhancer at the site of rs4888378. ExpressioBOARANd other nearby genes could then be
measured in order to evaluate the importance of the enhancer in gene expression. Similar methods
have previously been used with success; for example, Candexafieagues used CRISPR to
investigate an enhancer for the geB€L11Acontaining variation associated with foetal

haemoglobin levels. Deletion of the enhancer was found to greatly reB@tel 1&xpression, and

more finely targeted higithroughput mutag@esis revealed critical features of the enhariéer

Editing of enhancers to examine expression could be expanded by using a mictoamalyse

gene expression on a global Ie¥&lto assess whether this has effects on gene expression other

pathways.

The methods above can be carried out in cell culture, but further work could use animal models to
examine the effect of enhancelisruption on a larger scale. For example, Sur and colleagues
examined a putativé1YCenhancercontaining a SNP strongly associated with colorectal cancer
mortality. They deleted the enhancer in mice using-Cye recombination and found a resultant

reducion inMYCexpression and a marked resistance to intestinal tumourigetiésis

BCARL1 is invadd in numerous processes in the body. In drug developnueagswith many roles

are more likely to have offairget effects, a major problem in the development proééss-uture

therapeutic agents to target BCAR1 with aim of reducing atherosclerosis are therefore likely to be
unviable. However, if fther work could identify downstream proteins affected by the amino acid

change and involved in atherosclerosis, these molecules could potentially be targets for redfiction o
risk. This study has shown how the use of multiple complementary tools can teaskntify

novel pathways for complex diseases such as atherosclerosis from GWAS findings. Future use of such
analyses on a larger scale is likely to help to realise the potential of genetic associatiomdity ide

novel therapeutic targets.
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