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Abstract

Abstract

Recent genome-wide studies have identified nowldssociated with cardiovascular
diseases, but the mechanisms mediating these asosiare unknown.

Investigation of intermediate phenotypes can idgtiie pathways involved and
potential targets for therapeutic intervention.ist$tudy investigated the relationship

with intermediate phenotypes at risk loci on chreorae 9p21 and 2g24.

Chromosome 9p21 polymorphisms are associated witimary artery disease and
congenital intracranial aneurysms. In the presamdy risk variants were not
associated with traditional risk factors, inflamorgtmediators, carotid artery intima-
media thickness, echocardiographic measures oiacasttucture and function, or
congenital heart defects. There was no evidencemf number variation using
MLPA.

To identify genes involved in mediating diseasecepsibility this study examined the
association of chromosome 9p21 variants with perglblood expression in healthy
subjects of three neighbouring genes: two cyclipethelent kinase inhibitors,
CDKN2AandCDKN2B and a non-coding RNA of unknown functidkiNRIL Novel
methodology combining allelic expression data fromitiple transcribed markers
was more powerful than total expression analysisrmappingcis-acting effects.
Multiple loci were independently associated witlpession of each gene, suggesting
that several sites may modulate disease suscéptililisease-associated variants
were all associated with allelic expressiorAdIRIL, while association with the other
two genes was only detectable for some risk vagiaNariants had an inverse effect
on ANRILandCDKN2Bexpression, supporting a role of antisense trgstgmn in
CDKN2Bregulation. This study suggests that modulatioANRIL expression
mediates susceptibility to several important humliseases.

Chromosome 2g24 polymorphisms were associatedhyjilrtension in a study
involving an Amish populatiorin vitro experiments suggested that influences on
STK39expression might mediate these effects. In thegnt study allelic expression
analysis confirmed that reported SNPs were assutiaith STK39expressionn

vivo, but were not associated with blood pressurelange British cohort.
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Chapter 1: Introduction

1 Introduction

1.1 Genetics of coronary artery disease

Coronary artery disease (CAD) is the leading cadiskath and morbidity worldwide
and is rapidly increasing in incidence in nationsergoing industrial developmeérft
Understanding the genetic basis of CAD will inceeasr knowledge of the
pathophysiological processes involved, with thenate clinical goals of improving
risk-stratification of individuals and offering neMtargets for therapeutic and

preventative interventiofls

1.1.1 Evidence for genetic susceptibility to CAD

CAD is a complex phenotype which arises from therarction of genetic and
environmental risk factors including smoking, hyjgedemia, hypertension, obesity,
and diabeté's However, evidence from a range of epidemioldgibadies has
consistently identified a family history of CAD as independent risk factor for
disease. The 1994 report from the longitudinal @gle Twin Study included 21,004
individuals, of whom 2,810 had fatal CRDAmong male twin pairs in which the
first twin had died of CAD before the age of 5% tielative risk of fatal CAD in the
second twin was 8.1 (95% ClI 2.7 — 24.5) for monaotyggy(i.e. genetically identical)
twins and 3.8 (95% CI 1.4 — 10.5) for dizygotictt&i Among female twin pairs in
which the first twin had died of CAD before the aijé5, the relative risk of fatal
CAD in the second twin was 15.0 (95% CI 7.1 — 3109 monozygotic twins and 2.6
(95% CI1 1.0 — 7.1) for dizygotic twins. These désindicate a significant genetic
contribution to the risk of CAD death. A 2002 aysad of the same cohort, which
included 4,007 CAD deaths and a follow-up time pfto 36 years, used more
sophisticated statistical modelling approacheotwlude that the heritability of fatal
CAD events was 57% for males and 38% for femaled tlaat the genetic risk of
CAD death persisted even into old &gé similar analysis among 7,955 Danish twin
pairs including 2,476 CAD deaths was broadly codant with this data, reporting a
heritability of fatal CAD events of 53% for malesca58% for femalée's

Although genetic factors are clearly associateth WIAD risk, twin and family
genetic studies selecting for populations with paure-onset CAD tend to over-
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estimate the risk applicable to a more general ladipn with atherosclerosis. Studies
in the offspring of the original Framingham Heaii®, participants have shown that
a family history of cardiovascular disease remaisggnificant independent predictor
of disease after multivariable adjustment for otieasured risk factdts. In these
studies, the relative risk associated with paremtaibling cardiovascular disease was
between 1.45 and 2.0. A similar estimate was piexviby the INTERHEART genetic
case-control study This included 15,152 cases with Ml and 14,826tmis from 52
countries in populations derived from every inhatbicontinent, and identified nine
modifiable risk factors (smoking, dyslipidemia, leyfension, diabetes, abdominal
obesity, psychosocial factors, daily consumptiofrait and vegetables, regular
alcohol consumption, and regular physical activibgt were all significantly related
to the risk of myocardial infarction (MI). A famyihistory of CAD also showed an
independent association with Ml, conferring a tietatisk of 1.45 (95% CI 1.31 —
1.60) after adjustment for the nine other riskdestdescribed above. The population
attributable risk associated with a family histofyCAD was 9.8%, but when family
history was added to the information from the otiiek factors, the overall

population attributable risk rose from 90.4% toyo®1.4%, suggesting that most of
the associated risk burden can be accounted foughrother risk factors. Many of
these risk factors, such as hypertension and higpksterolaemia, are themselves
under a similarly moderate degree of genetic cbatnd investigations have been
unable to find evidence for single ‘major geneghmappreciable population

frequency exerting individual large effetts

Some studies have examined the heritability of gtsive phenotypes related to
atherosclerotic disease, such as carotid artemaamedia thickness (CIMT) and
arterial calcificatio™*® These phenotypes have also been shown to haseaatial
heritabilities, in the order of 30-60%, which prdes further evidence that genetic
factors are important in conferring susceptibitdyatherosclerosis and its

consequences.

1.1.2 Genetic architecture of CAD susceptibility

Although CAD susceptibility does appear to havelastantial genetic component,
identifying the genetic elements involved in caisats complicated by its

multifactorial nature, involving a complex interplbetween multiple genetic loci and
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multiple environmental modifiers. Many genes hbeen implicated in conferring
CAD susceptibility®, but even with the newly-discovered loci from metcgenome-
wide association (GWA) studies that are discussetetail below, there remains a
substantial ‘missing heritability'— that is, theétion of the heritability of CAD that is
accounted for by confirmed loci to date is muchdowhan the total calculated
heritability of the conditioh > Furthermore, the exact architecture of that
component, in terms of the number of genetic effead the size of each, remains
uncertain at present. Population genetic theagdipts that common alleles are likely
to have small biological effects, while large etteare confined to rare alleles (as
illustrated in Figure 1.1). As discussed belowpall number of Mendelian (single
gene) disorders with high penetrance have beemynézd for CAD. Although such
mutations confer very markedly increased risksaféected individuals, they are rare
and their individual contribution to the populatibarden of disease is modest. There
has been considerable debate about the nature gktietic effects conferring most
of the susceptibility to CAD and other complex dises at the population level. The
‘common disease common variant’ (CDCV) hypothesjsias that common
polymorphisms each with relatively low penetranaethe major contributors to
genetic susceptibility, whereas the ‘common diseasevariant’ (CDRV) hypothesis
argues that many individually rare variants, eddrelatively high penetrance, are the
major contributor®. Common variants tend to be evolutionarily angibnt it has
been argued that since CAD is a late onset dissabeés unlikely to have influenced
reproductive fitness, CAD risk variants may notééeen subject to negative
selection pressure and may therefore persist witttively high population
frequencie¥.
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Figure 1.1. Effect size and allele frequency in paations.

Both population genetic theory and empirical evidesuggest that the frequency of an allele willyvar

in the opposite direction to the size of its biatad effect (blue curve). Three general classes of
detectable variants (red boxes) can be distingdistiéferent approaches are needed to detect member
of the different classes. Figure reproduced fromr@ngton and Keavné

Rare variants with large effects Combination of
giving rise to Mendelian forms high allele frequency and
of disease large effect: none yet found

and none likely to exist

Low-frequency, intermediate
penetrance variants detectable
by resequencing of cases

Size of genetic effect on risk

Uncommon variants with small effects Common alleles with
Difficult to detect generally modest effects
Minimal population importance (OR<1.5) detected by GWA studies

0.0005 (.005 .05 8.5

Allele frequency

Recent findings of multiple common variants assedavith CAD and other complex
diseases in GWA studies lend support the CDCV Hg®is, with common risk
alleles associated with 20-30% increases in CAKMS. Perhaps the best support
for the CDRV hypothesis with respect to CAD conmresif studies investigating
mutations in th&®CSK9gene. PCSK9regulates the availability of LDL receptors on
the cell surface; activating mutations reduce tinalmer of receptors and give rise to
autosomal dominant hypercholesterolaéfiahilst nonsense mutations present in
2.6% of African Americans increase the number oéptors, resulting in a 28%
reduction in plasma LDL and 88% reduction in CABKII. The effects on risk
associated with the low frequency intermediate franee variants iPCSKO9are

much larger than those associated with the commaaants identified in GWA

studies, but the variants are much less prevatettial population.
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Far from being an academic debate, the degreeithw@AD susceptibility is
determined by common low penetrance variants @sgsed by the CDCV
hypothesis) and low frequency intermediate pene&raariants (as proposed by the
CDRYV hypothesis) is important since different expental strategies are required

for the identification of each. Common variantsyrba detected in association
studies involving genotyping of polymorphisms thghaut the genome in very large
numbers of cases and controls, exploiting thetfeattassociations can be detected for
polymorphisms that are in linkage disequilibriunD{Lwith the functionally-

important variantS. However, because of their low frequency andviilially small
contribution to overall genetic susceptibility, garariants may not be detectable by
association studies based on the use of linkedhpmighic markers, even in very

large studies. These rare variants are usualtpdesed by extensive resequencing of
carefully selected candidate genes in relativelydanumbers of carefully selected

case® although other methods for screening for suchotffhave been proposéd

It is likely that multiple common and rare variantsvarying effects together account
for the overall heritability of CAD that has beebnserved at population levels,
meaning that an integrated approach will be reduinadentify the majority of the
variants and pathways involved in conferring diseassceptibility. Recent studies
have largely focused on the identification of conmmariants, not least because this
was technologically feasible with the developméniltra high-throughput
genotyping platforms at a time when next generagenuencing technologies were
not widely availabl& 3! Traditional Sanger sequencing was too slow @st\cto
permit large-scale screening of very large numbégene¥, but recent
technological innovations that have dramaticaltyéased the speed and cost
effectiveness of genome sequencing will enablesgyatic genome-wide evaluation

of rare variants in the near futdte

The discussion below will focus on the approactsesiuo try and identify genetic
loci conferring susceptibility to CAD to date, anighlight the major findings from
such studies. Before doing this, however, a nurobarsights from population
genetic studies which laid the foundations forftaenework which has ultimately
resulted in the recently published GWA studies, whath are important for the

subsequent work presented in this thesis, willdveewed.
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1.1.3 Concepts and tools in population genetics

1.1.3.1 Single nucleotide polymorphisms and the human haplotype map

In 1990 the ambitious Human Genome Project setaosquence the entire human
genome, and a draft of the complete sequence \pasted in 2003* %> The large-
scale sequencing studies conducted to achievestablished that much of the
sequence variation among individuals was accouoteoly common variants such as
single nucleotide polymorphisms (SNPs¥® *’ although the frequency and
importance of copy number variants (CNVs) had rearbfully appreciated at that
time®® 3% SNPs are due to a single base difference betalmemosomes at a
particular site, as illustrated in Figure 1.2. fehare estimated to be at least 10
million SNPs in the human genome with minor alkeégjuencies of at least 1% — that
is, on average, one SNP roughly every 300 Bas@&oponents of the CDCV
hypothesis argued that common variants with moeléstts were likely to contribute
to many common diseases, and models demonstratethéhstatistical power to
detect disease associations was greater for papuladsed association testing than
family based linkage studi®s It was therefore argued that common genetianési
in the human genome should be identified to entige use as markers for

association testif§ *

The genome sequence characterised by the Humanr@dnmject provided the
reference framework necessary for the identificeaind accurate cataloguing of
human polymorphisms. A systematic discovery pnogna for SNPs was
implemented by The SNP Consortium, a public-priyetenership, which was
formed in 1999. The consortium released 1.4 nmlENPs into the public domain by
2001, and there are presently more than 7 milliiR$in public databas®&d”. This
constitutes a fairly complete picture of human canrBNP variation. However,
simple knowledge of the SNPs did not make the thsissessing variation across the
genome possible, since no platform exists thatdctyyde 7 million SNPs in each of a
large number of cases and controls in a cost-@éffeatanner. It was therefore
necessary to additionally determine the relatigmsbietween the SNPs that had been
discovered, in order to establish which SNPs gademdant or substantially
overlapping information about genetic variatiordifferent regions of the genome,
and establish a minimal set of SNPs that couldebsibly typed in case-control
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studies while retaining relatively full informatiorSuch data was provided by the
collaborative International Haplotype Map (HapM&pdject, formed in 2002, which
aimed to obtain detailed genomewide informatiorpatierns of common genetic

variation in multiple world populations, that coud used for association studfe$>
46

Figure 1.2. SNPs, haplotypes and tag SNPs.

A, SNPs. Shown is a short stretch of DNA from faersions of the same chromosome region in
different people. Most of the DNA sequence is itttin these chromosomes, but three bases are
shown where variation occurs. Each SNP has twailgesalleles; the first SNP in panel A has the
alleles C and T. B, Haplotypes. A haplotype is map@f a particular combination of alleles at ngarb
SNPs. Shown here are the observed genotypes NS that extend across 6,000 bases of DNA.
Only the variable bases are shown, including theetlsNPs that are shown in panel A. For this region
most of the chromosomes in a population survey dutrto have haplotypes 1-4. C, Tag SNPs.
Genotyping just the three tag SNPs out of the 2B$SiN sufficient to identify these four haplotypes
uniquely. For instance, if a particular chromosdrae the pattern A-T—C at these three tag SNPs, this
pattern matches the pattern determined for hapdotypNote that many chromosomes carry the
common haplotypes in the population. Figure repcediurom The International HapMap Projéct

SNP SHNP SEMNP
A SNPs

v v v
Chromosome! AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
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HapMap characterised 270 individuals from four gapgically diverse populations:
30 mother-father-adult child trios of the Yorubapke in Ibadan Nigeria (YRI); 30
trios of northern and western European ancestiygiin Utah USA (CEU); 45
unrelated Han Chinese individuals in Beijing Ch{@&iB); 45 unrelated Japanese
individuals in Tokyo Japan (JPT) — with CHB and J#®pulations pooled to form an
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Asian analysis pan&t * This allowed genetic diversity between theseldvaide
populations to be captured and compared in deRdiase | of the HapMap project
published in 2005 genotyped approximately 1.3 onllSNPE’, and Phase Il which
was published in October 2007 characterised odem8lion SNP&®. An online
database provides free access to this*dahe HapMap data has been instrumental
in the development of methods for the design amdyais of GWA studies. The
fundamental concepts of LD and haplotype struotdreh underpin the HapMap
project and the design of GWA studies are revieleddw.

1.1.3.2 Linkage disequilibrium and haplotype diversity

Most SNPs arose from single historical mutationmnés,eand are therefore associated
with nearby variants that were present on the aratehiromosome on which the
mutation occurref. These variants which are inherited together simgle
chromosome are known as a haplotype, as illustiatEdyure 1.2. The co-
inheritance of these alleles produces statistesbeations between these alleles in a
population, which is known as linkage disequililbnigLD). SNPs which are more
strongly associated with each other are referre$tioaving higher LD. For the
purposes of association mapping, LD is most usefatasured by the correlation
coefficient £ which varies between 0 in the case of two SNPsselyznotypes have
no predictive value for each other, and 1 in theeaaf two SNPs that are perfect
proxies for each other (and therefore one of wigaledundant for the purposes of

association studies).

The association between such alleles can be desiupt new mutations or
recombination events occurring during meiosis, Whircgeneral is more likely to
occur the greater the distance is between the lieles (as illustrated in Figure 1.3).
On average, therefore, LD between SNPs tends tease the further apart they are.
However, recombination events do not occur withaédpequency throughout the
genome, but tend to occur repeatedly around cerammbination ‘hotspot& *°

The overall result is that the human genome igirad in ‘LD blocks’, each of

which contains alleles in high LD with one anotheith adjacent blocks separated by
recombination hotspots resulting in lower LD betweéferent blocks. The situation

is more complex than this simple model implies sipopulation history influences
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the number, size and frequency of such blocks mdmpopulations. However, the
practical value of LD blocks is that genotypingyoértain SNPs in a region is
sufficient to predict information about the othétf&s nearby, thus the common
variation can be captured by genotyping a limitathher of ‘tag’ SNP¥"*! as
illustrated in Figure 1.2.

Figure 1.3. Changes in haplotype structure and LD &tween alleles over
generations.

Consider a new disease susceptibility allele Dragisn an ancestral chromosome (blue bar). In that
generation, all the markers in the region includimarkers M1 and M2 will be correlated with D.
Genetic recombination will break down the regioras$ociation over time, introducing new
haplotypes into the region. If the mosaic is ‘ceafwhich is the case with the human genome) fewer
markers are needed to tag each piece (‘haplotygk®lof the mosaic: thus, M1 and M2 are both still
good markers for D when the mosaic is coarse, biytMd2 is a good marker after further time has
elapsed and the mosaic is finer. However, the tiituds complicated by population history, since
founder populations and population bottlenecks cechaplotype diversity. Populations of African
ancestry therefore have a finer mosaic than Caacaipulations. Figure reproduced from Cunnington
and Keavney.

M1 M™M2D

“coarse” mosaic

BN [ fine” mosaic
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These associations between SNPs mean that are@ticupproach can be used for
performing association studies, since tag SNP msudan detect association between
a locus and disease irrespective of whether th&h#@ itself has a functional effdtt

2. The length of haplotype blocks varies, but tleamsize is estimated to be
approximately 22kb in populations of European oiaAsncestry, and 11kb in
populations of African ancestry (defining a happEyblock as a region over which
<5% of comparisons between SNP pairs showed ewedehisistorical

recombinatior’. Based on these data, it has been estimatetlitlygpowered
haplotype association studies could require u@®@O0 to 1,000,000 tag SNPs (in
non-African and African samples, respectively)haitgh these are upper limits since

LD between blocks permits fewer markers to be wsigtbut loss of power.

The HapMap project has characterised in greatldbtalocation and associations
between SNPs, providing novel data about the hgmpédblock structure in different
human populations. This enables tag SNPs to leetsel for genotyping studies, aids
in phasing of genotype data, and provides the piatdn infer missing genotypes,
which may improve the design and analysis of GWAlS®. Some authors have
criticised the HapMap approach of using indireseasment of SNPs markers for
GWA testing, arguing that assumptions may not llaractice, such that under
some circumstances this approach could fail toale@iEsociations with disease even
with infinite sample sizé& However, the associations and novel insightsigen

by even the first round of GWA studies are regafodhany as a testament to the

success of this appro&ch

Such studies have been made possible by the cart@pgights and collaborative
frameworks outlined above, but also by the techgiold advances that have enabled

such high-throughput genotyping to be reliably perfed.

1.1.3.3 Genotyping technologies

The theoretical advantages of GWA studies for detgcommon variants
influencing disease susceptibility had been recseghfor some tinf&, but the
limiting factor to achieving them in reality wasethvailability of high-throughput,

accurate, cost-effective genotyping platforms. arethods were investigated for

11
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suitability, but until recently none had proven &hle of the massive parallel
throughput required. Developments in high-density oligonucleotide mérays
succeeded in achieving these goals and have dema@ussuccess in identifying risk
loci in the first wave of genome-wide associatioalgises in complex diseases
including CAD. The Affymetrix GeneChip Human Mapgi500K Array
simultaneously types approximately 500,000 SNPsvaaglused in some of the first
reported GWA studies for CAD ** The Illumina human Hap300 array, which types
318,000 SNPs, was also used in early GWA studie€AD". In contrast to the
Affymetrix GeneChip 500K, the choice of SNPs wdeaed using an LD-based
selection strategy, in an attempt to capture themam amount of variation across
the genome with fewer SNPs. The details of theskrologies are beyond the scope
of this chapter, but have been recently reviewedtiif’. Newer products from
these major manufacturers type even greater nunob&NPs and tag up to 90% of
genome-wide SNPs in non-African populations and alkow assessment of other
forms of common genetic variation such as copy remuhriation (CNVY>, which is
discussed in more detail in 1.3.3.3.

1.1.4 Approaches to studying genetic susceptibility to CAD

A number of approaches have been used to assesddtienship between genetic
factors and CAD susceptibility. Many studies Idokdirect evidence of association
between genetic markers and presence of the CADgtyyee itself. The
methodologies used for this are described belowweaver, studies may also
investigate the association of genetic markers inigrmediate CAD phenotypes.
The main disadvantage of such an approach isrnteamediate phenotypes are
usually not perfect proxies for disease, and mastdbected with great care to avoid
creating spurious associations or missing truecassons. However, the advantages
of this approach are that intermediate phenotypesféen easier to ascertain, and
they may give important insights into the mechasismd pathways involved in
conferring susceptibility to disease. Pathwaysiified in this way may provide

targets for therapeutic modulation aimed at redyidisease risk.

12
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1.1.4.1 Mendelian disorders

A number of Mendelian disorders associated witlmarteire CAD have been
recognised, as summarised in Table 1.1. Suchdéspexplain only a very small
proportion of CAD cases, but knowledge of themmgartant for a number of
reasons. First, it allows the development of éffecstrategies for the detection,
treatment and prevention of disease in affectetvighghls and families, which is
particularly important as disease in these indialdwften presents at a young age and
follows an aggressive clinical course. Secondagegenes causing Mendelian forms
of CAD have also been implicated in the risk of tdendelian CAD in the general
population (highlighted in Table 1.1). Third, nbugsights into the
pathophysiological mechanisms of disease gainedigiirthe study of Mendelian
disorders may allow the identification of new biakeas or targets for therapeutic

intervention, as illustrated in the examples below.

Familial hypercholesterolemia (FH) is the commoméshdelian disorder conferring
CAD risk. It is an autosomal dominant conditiomsad by mutations in the low-
density lipoprotein receptoLDLR) gene, which disrupt the ability of the receptor t
bind LDL at the cell membrane. Cellular uptakd.BiL cholesterol is impaired,
resulting in increased circulating levels of LDLodésterol and stimulation of
intracellular cholesterol synthe¥is°. FH heterozygotes have elevated circulating
LDL cholesterol levels and develop tendon xanth@nedrneal arcus and premature
coronary artery disease often before the age gka@s. Affected homozygotes are
more severely affected, often with LDL cholesteabbve 8.5mmol/L, cutaneous
xanthomata, and coronary disease which may présémiv the age of 30 years.
Untreated, the risk of CAD in affected heterozygdig age 60 years is approximately
50-85% for men and 30-55% for won§&t Over 1000 mutations in théDLR gene
have been reported to be associated with the syrerd?oint mutations account for
91% of mutations and 9% are major rearrangerffentte heterozygote frequency of
familial forms of hypercholesterolemia is arounoh 500 in Western populations.

13



Table 1.1. Mendelian disorders involving CAD.

—

Disorder Inheritance Affected Consequences of gene mutation Prevalence & clinic@atures
genes
Familial Autosomal LDLR* LDLR encodes the cell membrane LDL receptor. More tharHeterozygote frequency 1/500. Heterozygotes
hypercholesterolemia dominant 1000 mutations have been reported in the LDLR gene, have elevated circulating LDL levels, tendon
(OMIM# 143890) which disrupt the ability of the LDL receptor tandiand | xanthomata, corneal arcus, and premature CAD.
endocytose LDI®? This results in accumulation of LDL | Homozygotes more severely affected with higher
cholesterol in the circulation. LDL levels, cutaneous xanthomata, and CAL
may present below the age of 30 years.
Familial defective Apo B| Autosomal APOB* APOBencodes apolipoprotein B-100, which is the protgin  Heterozygote frequency 1/1000. Elevated
(OMIM# 144010) dominant component of LDL. Apo B-100 is the major ligand fthe circulating LDL with phenotype very similar to
LDL receptor and mediates binding of LDL to theeptor. | FH, but slightly milder in some studies. Risk gf
10 mutations reported in APOB, which reduce thelinig premature CAD is lower than with FH, but
affinity of Apo B-100 to the LDL receptor, resulgrin remains substantially elevated.
impaired cellular uptake and processing of LDL.
Autosomal dominant | Autosomal PCSK% PCSK9encodes proprotein convertase subtilisin/kexiretypStudied in several pedigrees. Phenotype similar to
hypercholesterolemia 3| dominant 9. The exact function of this glycoprotein is nalw FH, but prevalence and variations in phenotype
(OMIM# 603776) understood, but several gain-of-function mutatisesm to not yet well defined.
be associated with a reduction in the number of LDL
receptors at the cell surface.
Autosomal recessive | Autosomal ARH ARHencodes LDL receptor adaptor protein 1 Rare. Raised circulating LDL levels with
hypercholesterolemia recessive (LDLRRAP1). This interacts with the cytoplasmic daim phenotype similar to FH.
(OMIM# 603813) of the LDL receptor and components of the clathrin
endocytic machinery. Mutations lead to defective
endocytosis of the LDL receptor.
Apolipoprotein A-l (Apo | Autosomal APOAZT APOA1lencodes Apo A-l, which is the major protein | Rare. Heterozygotes have low circulating HD
A-l) deficiency dominant constituent of HDL. It mediates the interactiorHidL with levels and some variants are associated with
(OMIM# 107680) cell surface receptors and other pathways. Mutatiead to| premature CAD risk ®*whilst others are ndt.
very low circulating HDL levels. Homozygotes with certain mutations may have
xanthomata or corneal opacities and early CAD.
Tangier disease Autosomal ABCAZTF ABCAlencodes ATP-binding cassette Al. This acts as a Rare. Affected homozygotes usually have
(OMIM# 205400) recessive cholesterol efflux pump, involved in cellular chsierol

homeostasis and HDL formation. Mutations lead pali
accumulation within cells, including macrophagehijol

pathognomonic enlarged orange tonsils. HD
levels very low, with increased CAD risk. Othe
features include: hepatosplenomegaly,

=

produces characteristic clinical and histologieatéires.

lymphadenopathy, thrombocytopenia, anaemja,




Gl disturbance, neuropathy, corneal opacities.
Heterozygotes have low HDL and increased CAD
risk without the other clinical featuréy.

Homocystinuria
(OMIM# 236200)

Autosomal
recessive

Cystathionine
B-synthase

Cystathioning3-synthase is an enzyme in the methionine

metabolism pathway. It catalyses conversion of
homocysteine and serine to cystathionine. Multipés of
function mutations have been reported, producig hi
circulating homocysteine levels. The mechanismditeato
CAD are incompletely defined.

Worldwide 1/300000, in Ireland 1/65080.
Affected homozygotes have ‘Marfanoid’ skeletal
abnormalities, developmental delay/mental
retardation, ectopia lentis, osteoporosis, and
thromboembolism. Untreated, 50% risk of
thromboembolic vascular events (including CAD)
by age 30 year¥

Autosomal dominant
coronary artery disease !
(OMIM# 610947)

Autosomal
P dominant

LRP6

LRP6&ncodes LDL receptor related protein 6, which is
related to the LDLR gene and acts as a co-recépthe
Whnt signalling pathway. Missense mutation assodiatih
reduced Whnt signalling, raised LDL, and prematufdC

Single Iranian pedigree. Elevated LDL,
premature CAD and metabolic syndrome
described in homozygotes and heterozygBtes.

Autosomal dominant
coronary artery disease
(OMIM# 608320)

Autosomal
] dominant

Uncertain
MEF2A

Genome-wide linkage analysis in a family with an
autosomal dominant pattern of premature CAD ideif
chromosome 15026 as a possible susceptibility |6tus
Sequencing revealed a 21bp deletion inMiieF2A gene at
this locus in affected individuals in that famibyt analysis

in other populations demonstrated that the 24B§-2A
deletion did not co-segregate with CAD, suggesiiig not
causative! OtherMEF2A mutations do not appear to be|a
common cause of CAD in Caucasians. The gene angd
mechanism remain to be elucidated.

Reported in isolated pedigrees. Premature CAD
and Ml.

Sitosterolemia
(OMIM# 210250)

Autosomal
recessive

ABCG5
ABCG8

ABCG5/8encode ATP-binding cassette G5/G8. These limitRare. Affected homozygotes have high plasn

intestinal absorption, and promote biliary excretiof non-
cholesterol sterols. Inactivating mutations leadith
levels of plasma sterols.

sterol levels, xanthomata, and premature CA

OMIM# = NCBI Online Mendelian Inheritance in Mareictifier. * genes for which variants have been siéwvbe contribute to lipid/cardiovascular phenetyin the
general population. FH = familial hypercholestenoiz.
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The term familial hypercholesterolemia is usuakgd specifically for the syndrome
associated with mutations in th®LR gene, but similar phenotypes are associated
with abnormalities of thdPOBandPCSK9genes. Detailed investigation of patients
with ‘FH’ phenotypes demonstrated that 79.1% were L DLR mutations, with
5.5% due teAPOBmutations, and 1.5% due to mutation®@®SKJ> Involvement
of other genes may account for some of the remgipioportion. The genes
identified through studies of FH and other raremiligdian disorders may also have
common variants that are associated with diseag®igeneral population, and thus
these rare conditions can identify candidate gémefsirther studies. For example,
commoner variants in bottDLR andPCSK9have been shown in recent studies to
contribute to population lipid levels and CAD systdeility. Furthermore, insights
from investigations of FH were important in the ei@pment of statins, now used

widely to reduce CAD risk at the population level.

Apo A-l is the major protein constituent of HDL. uthtions in theAPOAlgene

cause Apo A-l deficiency, which is an autosomal awnt disorder. Numerous
mutations in th&POAlgene have been reported, some of which lead toloer
circulating HDL levels and increased risk of attesterosi€® ®* " However, a
variant of Apo A-I (named Apo A-1 Milano) identifiein an Italian pedigree was
associated with reduced CAD risk in heterozygousera, despite reduced HDL
levels and raised triglycerid®s'® "> The Apo A-I Milano protein differs from native
Apo A-1 by the substitution of cysteine for argigiat position 173, which changes its
properties and allows the formation of disulphioti«éd homodimers and
heterodimers with apoA-It. Recombinant Apo A-l Milano complexed with a
naturally occurring phospholipid has been manufacttio mimic the properties of
nascent HDL, and this has been shown to reduckpitieand macrophage content of
atherosclerotic plaques in animal models of atleossis’®° Furthermore, a
randomised double-blinded controlled trial in hunsabjects with acute coronary
syndromes showed a significant reduction in corpasiteroma volume measured
using intravascular ultrasoufld These investigations suggest that recombinant Ap
A-I Milano, or drugs mimicking the effect of the tation on lipoprotein trafficking,
could be useful for the stabilization, and poss#gn regression, of atheromatous
plaque in the wider population with CAD.

16



Chapter 1: Introduction

1.1.4.2 Candidate gene association studies

CAD has been the subject of large numbers of ‘adatdigene’ association studies —
there are several hundred such published studresntly in the Genetic Association
Database, an archive of association studies in hunmplex diseas&s These
studies investigate variation in genes that aeaadly thought to be involved in the
pathogenesis of the disease (based on experinmritedoretical grounds) by
comparing allele or haplotype frequencies betweses and control groups. A major
limitation of this approach has been that relayivfelv gene-polymorphism
associations have been consistently repli€atedany potential explanations for the
inconsistent results between different studies leaen proposed, which highlight the
problems inherent in studying the genetics of afgemdisease in which multiple
genetic and non-genetic factors operate. Thesedadifferences in genetic and
environmental factors between populations studrediuding genetic heterogeneity
(whereby causative variants differ between the fadjmuns), differing patterns of
linkage disequilibrium (whereby the causal variantot captured by the same marker
in a different population), or phenotypic heterogign(whereby the complex
‘phenotype’ defined as CAD may differ between pagiohs and be attributable to
different risk factordf. Methodological factors pertaining to study dedgve also
played a significant role, as many studies laclqadee statistical power to detect
associations (false negative results); whereashiers, the presence of confounding
factors between cases and control groups, or exeesgbgroup analyses, increases
the likelihood of false positive associatiGhsHowever, perhaps the most important
factors accounting for the apparently contradictessults of candidate gene studies
are the criteria widely used to define and intarfstatistical significance’ and the
presence of ‘publication bias’ favouring the repragtof positive associatioffs

Using a 5% threshold to define ‘significance’ aifige association would be
expected for 1 in 20 tests due to chance alonerefbre in view of the multiple tests
performed for different candidate genes in hundoddbifferent studies, a great
number of false positive associations are expedtdmvever, tha priori chance of
any particular gene of the 30,000 in the human genbeing associated with a
particular disease is likely to be small, evenwilig for the fact that plausible
candidates are selected for testing. This neelde tmnsidered in interpreting the

results of such studies, and reinforces the impogaf replicating results in
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adequately powered studies. The replication problm the field were highlighted in
a 2007 paper by Morgaet alwhich typed 85 variants in 70 genes previous|ynoal
to be associated with the risk of acute coronanglsyme, finding just one borderline
significant (P=0.03) association that was mostyikiie to chancé.

Detailed discussion of the hundreds of associaiodies and candidate genes that
have been investigated is not possible h&enerally, however, the relative risks
attributable to variants reported in associatianligts have been modest, in keeping
with the CDCV hypothesis. As individual studiesreveften too small to reliably
confirm or refute associations, meta-analyses baea used to provide an
assessment of composite effect, although the rggagaity between studies must be
considered when interpreting such data. The esfikeveral large-scale meta-
analyses are summarised in Table 1.2. Consideradadnole, candidate gene
association studies have identified multiple gemleeh may be connected with CAD,
but replication and elucidation of causative meddras remain to be established in

most cases.

Increasing availability of high-throughput genotygihas allowed larger populations
and larger numbers of polymorphisms to be scredr@tl, within the same gene and
in different genes. This offers the potential$ach studies to overcome many of the
shortcomings that have limited them in the pagstjqdarly with respect to
inadequate sample size and statistical power. Meryan inherent limitation of the
candidate gene approach is that it is restricteddonvestigation of pathways within
the sphere of prior, and incomplete, knowledgéefgathophysiology of CAD.
Alternative approaches with the potential to idgmiovel associations and
mechanisms are therefore extremely attractive caedsuch approach that has been

employed for CAD is the genome-wide linkage study.

1.1.4.3 Family based linkage studies

Linkage analysis involves the use of genetic arehplypic data collected from
families. Polymorphic markers (commonly microsétst or SNPs) at known
locations throughout the genome are genotyped tatidtecal evidence of co-

segregation of these markers with the CAD phenoityggamined in family
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Table 1.2. Candidate gene polymorphisms associatedgth CAD in large-scale meta-analyses (>5000 CAD sas).

Gene Variant (rs number) and risk allele Number of studies Number of CAD cases / Relative risk (95% CI) References
included controls
Cholesteryl ester transfer TaqlB (rs708272) —A allele 38 19035 / 32368 0.959260.99) per allele 101
protein CETP
1405V (rs5882) -G allele 18 10313/ 32244 0.949a1800) per allele 101
-629C>A (rs1800775) —A allele 17 11599 / 23185 q@91-1.00) per allele 101
Apolipoprotein E APOE €2 isoform carrier 17 21331/ 47467 0.80 (0.70-0.90) 102
&4 isoform carrier 17 21331/ 47467 1.06 (0.99-1.13) 102
¢4 | ¢4 homozygote 17 21331/ 47467 1.22 (1.08-1.38) 102
Angiotensin type 1 receptor +1166A/C (rs5186) —C allele 27 10180 /17129 111.84-1.23) per allele 103

(AGTR)

Factor V G1691A (rs6025) —A [Factor V Leiden] 60 708 / 26686 1.17 (1.08-1.28) per allele 104
Prothrombin (factor I1) G20210A - Aallele 40 186214462 1.31 (1.12-1.52) per allele 104
Plasminogen activator [-675]4G/5G — 4G allele 37 11763 / 13905 1.06 (11010) per allele 104

inhibitor (PAI-1)
ParaoxonasePON1) Q192R (rs662) -R allele 43 10106 / 11786 1.10741.16) per allele 105
Endothelial nitric oxide Glu298Asp —Asp/Asp homozygote 14 6036 / 6106 11313-1.51) 106
synthase¢NOS
Intron-4a —a/a homozygote 16 6212 /6737 1.343(1.05) 106
Apolipoprotein B APOB Spins/Del —DD homozygote 22 6007 / 5609 1.10541.35) 107
Methylene tetrahydrofolate ~ 677C>T (rs1801133) —TT homozygote 40 11162 / 12758 1.16 (1.05-1.28) 108

reductaseNITHFR)
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pedigrees using bio-statistical algoritffasEvidence of cosegregation (suggested by
a logarithm of the odds, or LOD score, greater BjAhsuggests that the marker is
near to a disease susceptibility locus. Fine nmappf the region can then be
performed by genotyping more markers in the regiointerest and repeating the
analysis, or gene maps can be consulted to suggasiy candidates for association

testing.

Genome-wide linkage studies have the advantagatizyses are undertaken
without the need for ang priori assumptions, and can therefore be regarded as
hypothesis generating and capable of identifyirtiyelg novel genetic associations
(in contrast to the candidate gene approach). Mewé¢he positional resolution and
power to detect a given effect is lower than faoasation studi€$, and extended
pedigrees of sufficient size can be difficult tdaib.

Several linkage studies have been performed i leofections of families with
CAD®* Linkage associations have been reported fomesbsomes 1, 2, 3, 13, 14,
16, 17 and X, but there was limited replicatioran§ particular region and very few
novel susceptibility genes have actually been ifledtusing this method. In the
most well known study a genome-wide linkage scanl® individuals from 296
families identified a susceptibility locus for Mi @hromosome 13q12-13, where the
ALOX5APgene encoding 5-lipoxygenase activating proteltA@® was identified".
Association between SNPs in this gene and MI weraahstrated in a case-control
study, and involvement of the locus was then repdid in an independent cohort.
The genetic findings have not, however, been ctargiy replicated in other studies,
some of which are substantially larger than theoliyesis-generating stutfy®>*°
Summary of the evidence to date suggests thaffiaet ef the haplotypes studied, if
it exists, is of a much smaller size than origipastimated. Based on the initial
genetic findings, a clinical trial was conductecei@mine the effect of FLAP
inhibition on levels of biomarkers associated wWithrisk in 191 patients who had
already suffered an MI and carried at-risk variantELAP*®®. The FLAP inhibitor
led to suppression of plasma levels of leukotriBdgmyeloperoxidase, and C-
reactive protein without any adverse events, suggethat larger-scale trials

powered to detect differences in CAD endpoints wWdd of interest.

20



Chapter 1: Introduction

1.1.4.4 Genome-wide association studies

Large scale GWA studies have some advantagesiokage studies and candidate
gene studies for the investigation of common vasi@onferring susceptibility to
complex diseases such as CAD. Like genome-wid@dja studies they investigate
association in a hypothesis-generating manner owitthe need foa priori
assumptions, and can therefore identify novel agsons. However, they have
greater statistical power to detect common varitras linkage studié®and do not
require extended pedigree collections, which caditieult to ascertain. GWA
studies still require careful attention to studgida to ensure that past failings are not
repeated — rigorous phenotyping, appropriate magcbi cases and controls, accurate
genotyping, adequate sample size, appropriate sindgchniques and significance
thresholds, and robust replication of findings @tef paramount important¥.

The large datasets that are generated from GWAestindve also proved challenging
with respect to bioinformatic and statistical aisédy The large number of association
tests performed provides the potential for falsgitpe@ results, and very stringent
thresholds have therefore been adopted to definenge-wide significance (typically
5x10%)% 19 Apalysis also requires strategies to confirnadptality, deal with
missing and imputed data, and consider multi-maekiects®. Another limitation
with sample sizes reported in the first generatibsuch studies is that the power to
detect associations is low for alleles with lowenaon allele frequency (MAF) or
weaker effects. Once an association between convariemts and phenotype has
been found, establishing the mechanism of the &ggmt may not be

straightforward. A recent theoretical paper sutggbthat some association signals
from GWA studies may be attributable to effectsmfitiple uncommon causal
variants distributed over a relatively wide regionywhich case the causal variants

and pathways responsible for the association maijffieult to identify"*.

The first novel association with CAD using a ‘geremide type approach’ was
published in 2002 by a Japanese gfoymlthough the fact that only gene-based
SNPs were typed and the relatively small numbénadtided SNPs mean that this
study is generally not considered to offer trulgrigme-wide’ coverage. Almost
93,000 gene-based SNPs were typed in 1,133 cadedMNvand 1,006 controls,
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which identified a susceptibility locus on chromoeo6p21. LD mapping and
analysis of haplotype structure showed signifiGasociation with a five-SNP
haplotype in the lymphotoxin-(LTA) gene, which encodes a member of the TNF
ligand family. This finding was subsequently reptied in two additional cohottd

13 The risk genotype was associated with increaspdession of cell-adhesion
molecules in coronary artery smooth muscle cellsclvmay facilitate neutrophil
recruitment in a pro-inflammatory mechanism leadimglaque rupture LTA
knockout mouse studies supported a role of the eatherogenesi&’. However,

the promising early results have not been succlysséplicated in most other large
studies. Clarket altested the SNPs defining the risk haplotypeTat in 6,928 cases
of Ml and 2712 controls from the ISIS genetic stiddyIn this large study and a
meta-analysis of other published data, they foumdwidence of association between
anyLTA SNP and Ml risk. Those results ruled out theaf$ize obtained in the
original study with a high degree of confidence andgested at most a marginal
association with disease riskTAwas not identified with genome-wide significance
in the association studies described below, whiekewgufficiently large to detect

effects of the magnitude suggested by the inifigh studies.

It was not until 2007, with the widespread avaliapbf microarray based
genotyping, that the first wave of a flood of GWidies looking at CAD and a range
of other complex diseases were published. The firalings of those studies of

relevance to phenotypes related to CAD are outleddw.
1.1.5 GWA studies of CAD-related phenotypes
1.1.5.1 CAD

Four GWA studies of CAD reported in 2007 demonsttatonclusive evidence for
association between common SNPs in the same ~¥@@kin on chromosome 9p21

and CAD riskR®?% The results of these studies are summarisedteTL.3.
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Table 1.3. CAD susceptibility loci replicated in mitiple GWA studies.

Study Phenotype Total SNPson  Locus/ SNP /risk allele Allele Frequency Relative risk (95% CI) P value
patients / array heterozygote / homozygote
controls
Controls  Cases
WTCCC®and CAD/MI  2,863/4,648 500,000 9p21/rs1333049/C 0.47 0.55 1.36 (1.27-1.46) per copy of risk allele 2.9x10"
Samarf*
6025.1 /rs6922269 / A 0.25 0.29 1.23 (1.1 #er copy of risk allele 2.9x10
2036.1/rs2943634 / C 0.34 0.30 1.21 (1.181p@r copy of risk allele 1.6x10
Helgadotti®  MI/CAD 4,587/12,767 305,000 9p21/ rs23832® / 0.492 0.548  1.25(1.18-1.31) per copy of risklal  2.0x10'°
9p21/rs10757278 1 G 0.453 0.517 1.28 (1.38)per copy of risk allele  1.2xTH
McPhersof? CAD 4,306 /20,119 100,000 9p21/rs10757274/G  .48D"  0.525* 1.18 (1.02-1.37) / 1.29 (1.09-1.52)*  x14*
9p21/rs2383206 / G 0.505*  0.541* 1.26 (1.096)/1.26 (1.07-1.48)* 7x10

*Data shown from ARIC cohort only.
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The Wellcome Trust Case-Control Consortium (WTCG@yy examined around
400,000 SNPs in 1,988 British Caucasians with alatdd history of MI or coronary
revascularisation before the age of 66 years, éi@#3ontrol®. Associations were
seen for SNPs across >100kb in the 9p21 regioh, tivé strongest association
demonstrated for rs1333049 (P=1.8%90 For this SNP the heterozygote odds ratio
was 1.47 (95% CI 1.27-1.70) and the homozygote aalits was 1.90 (95% CI 1.61-
2.24). ‘Moderate’ associations, defined as SNRE wiP-value greater than 5x10
but less than 1x19 were reported for six other loci. Replicatiortioé chromosome

9 locus was achieved in a subsequent paper by $Sataliwhich added data from a
cohort comprising 875 German Caucasians with Mbieethe age of 60 years and at
least one family member with premature CAD, andi4,6ontrols, which had been
genotyped using the same cHipAs shown in Table 1.3, two loci on chromosome 6
and chromosome 2 were also replicated in the Genolort. The combined analysis
identified four additional loci potentially assoid with CAD, one of which
(chromosome 1p13.3) has subsequently been sholagtrongly associated with
plasma LDL-cholester&!®. An analysis of 55 candidate genes previouslgntepl to
show association with CAD only confirmed associafior two SNPs tagging a

variant in the lipoprotein lipase gene in theseottsh

Helgadottiret al performed a similar study in 1,607 Icelandic pagewith MI (before
age 70 years in males and 75 years in females) a2@ controls, typed for around
300,000 genomewide SNPs using the lllumina Hap3@8t The strongest
association was found for three correlated SNRsarsame chromosome 9p21 region
that was identified in the WTCCC study, each withiaRies of approximately 1xf0
The association was replicated in four additior@aezcontrol cohorts. Combining
data from all groups, allele G of the SNP rs107%7&Towed the strongest
association with MI, with an odds ratio of 1.28 @& 1.22-1.35, P=1.2x1%) per
allele.

McPhersoret altyped 100,000 SNPs in 322 cases of premature GALBa2
controls, and replicated positive associationsfuréer 1,658 cases and 9,380
control€®. Two SNPs located within 20kb of each other | $ame region of

chromosome 9p21 were significantly associated @AD. These two SNPs were

24



Chapter 1: Introduction

validated in three additional independent coharith(varying inclusion parameters
for defining CAD).

The 9p21 region had not been previously implicatedAD susceptibility studies and
its identification by genome-wide association hights the ability of such studies to
discover novel risk loci. Furthermore, these stadihowed a remarkably consistent
association with CAD for the chromosome 9p21 reglion in multiple independent
populations using varying inclusion criteria, innked contrast to the replication
problems that had been observed in previous stodi€AD genetics. Further studies

investigating this region are discussed in detlib (section 1.2).

The only other loci replicated in separate studiese the chromosome 6g25.1 and
chromosome and 2g36.3 loci reported by Saratal Associated SNPs on
chromosome 6g25.1 are located in introns withingdee for
methylenetetrahydrofolate dehydrogenase (NADP+ nldgrat) 1-like protein
(MTHFD1L). This encodes the mitochondrial isozyai€C1-tetrahydrofolate
synthase which is involved in the synthesis of pesiand regeneration of methionine
from homocysteine. It has therefore been suggeksedTHFD1L activity may
influence plasma homocysteine levels, which aiiskafactor for CAD, although
preliminary analysis of the lead SNP at this loand homocysteine levels in 1,070
individuals did not show such an associattoriThe chromosome 2q36.3 locus
contains one pseudogene and the mechanism of sogiatson at this locus remains

unclear.

Subsequent GWA studies have identified multipletaatthl loci for CAD
susceptibility including thMRASgene on chromosome 3q2%,3heSLC22A3-
LPAL2-LPAgene cluster on chromosome 6§2@nd theSH2B3gene on
chromosome 12q24 However, individual GWA studies have been adezjya
powered to detect only high frequency alleles ogdeeffects and it is likely that

further loci will be identified through larger stied or combined meta-analy$&s'*’
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1.1.5.2 Plasma lipids

Recent GWA studies investigating plasma lipoproteincentrations as quantitative
traits have produced convincing associations ataber of loci, many of which have
been replicated in separate analy¥e%’ These have confirmed multiple loci
previously implicated in lipid metabolism and idiéetl a number of novel genetic

associations with HDL cholesterol, LDL cholesteaint triglyceride levels.

Newly identified associations with LDL cholestenatlude variants close to the
CELSR2-PSRC1-SORTdcus, which was identified in three independéndigs*®
120.121 N0 mechanistic connection is obvious for the teoes closest to the
association signaQELSR2andPSRC], but variants may influence the nearby
SORT1gene which is involved in lipoprotein lipase metidm. An allele on
chromosome 19p13.11 showed association with batleased LDL and triglycerides
in multiple studie§® *** This variant is close 6ILP2 andPBX4and in strong LD
with a neuronal proteoglycaCAN but with no obvious mechanism for its

association with plasma lipids.

Novel associations with HDL cholesterol includeeaus on chromosome 12¢g24.11
near to the neighbouringVK andMMAB genes, which encode enzymes involved in
cholesterol biosynthesis and degradation pathwesgsectively?’. A novel

association for both HDL and triglycerides was fddior a locus on chromosome
1942.13 within the first intron dBALNT2 a widely expressed glycosylotransferase

with no known role in lipid metabolishf" *2*

Replicated novel associations with triglycerideseveund for variants near to
MLX1PLandANGPTL3 both of which are known to be regulators of lipid
metabolism. The probable mechanism of a furtheo@ation with variants near to
the TRIB1gene on chromosome 8g24.13 remains ob&¢ut& 12

The first round of GWA studies have also providedfemation of variants at loci
previously implicated in lipid metabolism, includimpolipoproteinsAPOE APOB
andAPOADJ, cholesterol and cholesterol ester transpor&BCA1landCETP),
lipoprotein receptorsLDLR), and lipasesL(PL, LIPC andLIPG)*?.
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Willer et alexamined the association of alleles linked to lipietabolism with CAD

in a combined cohort of the WTCCC sample and ameded panel of British
individuals™’. All of the alleles associated with LDL metabolisvere more common
in CAD cases than controls, with modest odds raifds04 to 1.29 per allele; the
association was significant for eight of the 11 SNFhe CAD risk variant rs1333049
was not associated with lipid levels in the sameocohowever. These findings
suggest that the newly identified loci are potdritiegets for novel therapies affecting
lipoprotein levels and CAD risk.

1.1.5.3 Type Il diabetes mellitus

The first round of GWA studies provided similarlycgting insights into the genetic
associations of type Il diabetes, which is a megk factor for cardiovascular
disease. Inthe case of type Il diabetes, red¢adies have confirmed loci in genes for
which there was robust prior evidence of involveti{saoch as?PARG KCNJ11and
TCF7L2); substantiated evidence of a link for other poegly implicated genes (such
asIGF2BP2 HHEX-IDE andSLC30A$; and identified novel loci and potential
candidate genes previously unsuspected of involnéth&?*2’ The latter group
includes a locus on chromosome 6p22 in intron theCDKAL1gene, the
association with which has been robustly replicaemultiple studies (odds ratio for
heterozygotes 1.12 to 1.28)'%*?® The function of this gene is unknown, but it
shares protein domain homology with kinases inwbivebeta-cell metabolism.
Variants in the=TO gene which is associated with adiposity were aksmciated with

type Il diabete 124

Interestingly, the recent GWA studies have alsatified SNPs on chromosome 9p21
associated with an odds ratio of 1.20 for diabsisin some population§ 2
although this was not reported in other grd@ps*® Diabetes is a major risk factor
for CAD, associated with features such as vasandothelial dysfunction and
hyperlipidemia that are also important in ather@ges) raising the prospect of a
shared pathophysiological mechanism for the tweaties. However, the most
strongly associated SNP for type Il diabetes inréggon (rs10811661) lies beyond
the LD block that is strongly associated with CAgkr A large study simultaneously
comparing the diabetes variant rs10811661 and CNPsSvith CAD and diabetes
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phenotypes showed that they were independent bfa@aer, suggesting that the
underlying pathophysiological mechanism may nothieesame for the two
disease$®. This was confirmed by Helgadotét alwho in multiple large cohorts
examined the association between the CAD risk margl0757278 and diabetes risk
variant rs10811661 and a number of vascular pheestincluding abdominal aortic
aneurysm, intracranial aneurysm, peripheral altdis@ase, large artery
atherosclerotic or cardiogenic stroke, CAD, ancetiimliabete§®. The diabetes
variant did not show association with any of thie@al disease phenotypes.

A second SNP, rs564398 which is not in LD with &10661, was associated with
diabetes in a meta-analysis of 14,586 cases. liesisvithin the CAD associated
region described in the WTCCC study, and shows mabeeorrelation
(0.28<F<0.42) with SNPs in the core CAD haplotype rs564398 showed
association with CAD in the study by Broadbenal (P=4x10%), but once a marker
of the CAD risk haplotype was included in the statal model, this became non-
significant (P=0.08F°. There is therefore no evidence for an effeas664398 on
CAD risk independent of its association with trekrnaplotype at the present time.
However, insufficient numbers of people with andheut CAD that are concordant
and discordant for diabetes have been studiedrdo &mnable a possible effect of
rs564398 on both diabetes and CAD to be entirdgdraut.

1.1.5.4 Hypertension

In contrast to the phenotypes described abovdijrdtevave of GWA studies
investigating BP phenotypes failed to identify asations at the level of genome-
wide significance, despite documented heritabdityhis trait and similar sample
sizes to studies which have detected loci for ottimgased 2% 3113 potential
explanations cited for the lack of association whe¢ hypertension may have fewer
common risk alleles of sufficient effect size, aatis may be poorly tagged by the
typed SNPs, or the potential for misclassificatdmypertensive individuals within

the control groufs’.

A GWA study published in January 2009 by Wat@l analysed 79,447 SNPs in the

American Old Order Amish, a closed population dedee from a small number of
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common founders who emigrated from Switzerlandhengarly 1700s who have a
relatively homogeneous lifestyf& Their initial genome-wide screen of 542 subjects
from the Amish Family Diabetes Study, in which families were ascertained through
a proband with type 2 diabetes, identified a cluste&SNPs in th&&TK39(serine
threonine kinase 39) locus on chromosome 2g24t3xbge associated with BP
(P=8.9x1( to 9.1x10%) ***. Although the P-value did not reach the converaily
accepted threshold for genome-wide significaffcéhe inclusion of additional data
from an Amish and four non-Amish Caucasian cohledso a significant result
(P=1.6x10) in the combined dataset of 7,125 individuals e Téplication cohorts
included a further population of 2,842 individuttkem a case-control study of

diabetes and three smaller groups not selectedidbetes.

The STK39gene encodes the SPAK (Ste20-related prolinetasanch kinase)

protein which interacts with ion cotransportersalved in salt transport and osmotic
cell volume regulation, including the thiazide-séas and loop diuretic-sensitive
cotransporters involved in renal salt excretidr®*® TheSTK39gene contains 18
exons spanning approximately 300kb on chromosor2éd.2gSNPs associated with
BP by GWA studies were located within introns &h no coding or splice variants
identified by sequencifdf. Using transfection experiments with luciferasparter
constructs Wangt aldemonstrated that alleles of one SNP (rs359296833ted in a
conserved region of intron 2 altered expressiomefreporter construcis vitro.

This SNP was in LD with the SNPs identified by GWi#dies, suggesting a possible

functional mechanism for the observed association.

Despite these results, other large GWA studiesnagetdh-analyses involving up to
71,225 Caucasian individuals have failed to idgragsociation betwee®lTK39SNPs
and BP that satisfies genome-wide significancestiotel$® **° 1*° However, such
data do not exclude an effect of this locus on e the statistical threshold for
replicating an association differs from the thrédHor genome-wide ‘discovery’.
Differences in the actual SNPs genotyped, pattefh®, and phenotypic variation
between populations might contribute to the lacg@iome-wide significance in
these studies, compared to the GWAS by Wetre. One recent GWA study looked
specifically for evidence of correlation betweghK39SNPs and BP in 1,017 African
American subjects and provided some supportiveegnid for an associatittl

29



Chapter 1: Introduction

SNPs in thesTK39region did not reach genome-wide significance tbathumber of
significantly associated SNPs at a nominal P ttolelsbf P<0.05 was somewhat
higher than expected by chance alone (9/136 faoky®8P and 33/136 for diastolic
BP, compared to 7/136 expected by chance). Theiat®n of STK39SNPs with
BP remains to be confirmed at present and furtheliess are required to investigate
this.

Despite the disappointing results of the early Intgresion GWAs, subsequent GWA
studies and very large meta-analyses (the GlobgeBRnd CHARGE consortia)
have subsequently identify multiple loci convindyngssociated with BP
phenotype¥®?*2 In common with the findings for other phenotypéscussed
above, these studies confirmed previously implat@enes such &3YP17Ala gene
associated with a rare Mendelian form of hypermsas well as identifying novel
loci, such asJLK3 andULK4 for which the mechanisms of the association with B
are completely unknown. The small effect on BRhefindividual common variants
identified, which were in the order of LmmHg syst@nd 0.5mmHg diastolic per
copy of the risk allele, underscores the needdgd collaborative studies and may

account for the lack of association seen in thialremaller GWA studies.

1.2 The chromosome 9p21 susceptibility locus

1.2.1 Replication and further characterisation

The association of the chromosome 9p21 locus WiAD Gas been replicated in
multiple additional Caucasian case-control serigsraeta-analysés 143146
Association has also been reported for populatidregher ethnicities including
Japanesd” *® Koreart*® US Hispanit*’, Asian Indian¥°, and Chinesg***3
populations. Fine mapping and detailed charaetiois of the locus was performed
in a large case-control study of 4,251 CAD casels4a#43 controls from four
European populations by Broadbetal?°>. From an analysis of 62 SNPs in the
region they identified a region of strong LD contag 14 SNPs that form four
common haplotypes (cumulative frequency 89%), withassociation of the linked

SNPs at this locus a consequence of a perfectyang' haplotype spanning 53kb.
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The CAD association has shown little evidence oiegenvironment interactions,
with consistent findings in subgroups analyseddpy, @ender, smoking status,
hypertension, or diabeté& Similarly, there has been little difference fie tstrength
of association between populations ascertainetfforersus those with CAD but no
previous Ml, although the trend towards a stroragsociation with the non-M
phenotype suggests that the primary effect of g&L9ocus is not on plaque
rupturé® 24 1% This is in keeping with the findings from a nuenbof studies
suggesting that the risk allele is associated thighextent or progression of

atheroscleroste® *>°

The mechanisms through which the 9p21 locus inflaerfCAD susceptibility are not
known. Approaches to identifying pathways involweaausation include first,
consideration of the relationship with other cavdiscular intermediate phenotypes
which may provide mechanistic clues; and seconuisideration of effects on

expression of nearby candidate genes.

1.2.2 Relationship to other phenotypes

1.2.2.1 Intermediate phenotypes for CAD

McPhersoret alexamined the relationship between risk allelesteanitional
atherosclerosis risk factors in 2,872 cases witlb@ad 18,107 controls. They found
no association of the risk alleles with age, gendedy mass index, BP, smoking,
physical activity, fatty diet, or plasma levelsghficose, triglycerides, LDL
cholesterol, HDL cholesterol, CRP, intercellulahasion molecule-1, and vascular
cell adhesion molecule*Y This finding was subsequently extended by furthe
studies that, in addition to replication of the atge association with the previously
listed parameters, also found no association betwezchromosome 9p21 risk locus
and cardiovascular risk phenotypes including plakwels of lipoprotein(a),

albumin, fibrinogen, uric acid, and homocystéfie®® The lack of association with
traditional risk factors and intermediate pheno$yfue atherosclerosis suggests that
this locus may act via a novel mechanism. Thdigsussed in greater detail in
Chapter 6.
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1.2.2.2 Other vascular phenotypes

The relationship between risk SNPs for CAD and elieb has already been discussed
in detail. Helgadottiet alalso examined the association between the CAD risk
variant rs10757278 and a number of vascular pheestincluding abdominal aortic
aneurysm, intracranial aneurysm, peripheral aftdis@ase, and large artery
atherosclerotic or cardiogenic stroke The CAD risk variant was significantly
associated with abdominal aortic aneurysm (OR P31,.2x10"%) and intracranial
berry aneurysm (OR 1.29, P=2.5%)0but after excluding potentially confounding
cases of known CAD, it was not significantly asatei with peripheral arterial
disease, ischaemic stroke, or diabetes. Othey stadlies also reported no
association of 9p21 CAD variants with stroke 18k™® but subsequent studies have
now shown convincing association of these SNPs isithaemic stroke® °91%2 gnd

other markers of systemic atheroscler$dis

1.2.2.3 Non-vascular phenotypes

Interestingly, SNPs close to the CAD risk regioncbnomosome 9p21 have also been
identified in recent GWA studies as being assodiatith glioma®* 1>
naevi/melanon&® *®’ and basal cell carcinorttd As discussed below, the region
contains the recognised tumour suppressor gepEaN2AandCDKN2B providing a
plausible mechanistic association for the involvetha# these variants and genes in
cancer aetiology. In view of the known involvemehCDKN2AandCDKN2Bin

rare familial cancers, common variants in theseegdrad been previously
investigated in ‘candidate genes’ studies and waperted to be associated with a
range of different cancer phenotypes. These gtudileich are summarised in Table
1.4, shared many of the limitations common to otdzerdidate gene studies as
previously discussed. The sample sizes were sftall, most of the positive
findings were unreplicated, and significance thoédé were often unadjusted for
multiple testing with over-interpretation of bortiee results. The issue of reporting
bias favouring positive associations also need®toonsidered in interpreting the
results of these studies. The location of SNPsithee been associated with disease

phenotypes in the 9p21 region are illustrated gufe 1.4.
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Table 1.4. Candidate gene polymorphisms previoushssociated with disease in th€eDKN2A/ARF/CDKNZ2B region.

Study Disease Polymorphism Population Evidence ofaociation
Kumaret al Malignant melanoma rs3088440 2 SNPs inthe 5’UTRDKN2A typed in T allele of rs3088440 associated with melanoma (OR=
200716 229 patients with melanoma and 235 95%Cl 1.1-2.7, P=0.01).
controls.
Straumeet al Survival in malignant rs3088440 2 SNPs in the 5’UTR of CDKN2A typed in No association with methylation status, p16 expoessr
20027° melanoma 185 malignant melanoma cases. other clinicopathological variables. rs11515-C
associated with improved survival (P=0.03). Not
adjusted for multiple testing.
Sakanaetal  Clinical course of bladder rs11515 2 SNPs in the 5’UTR of CDKN2A typed in  No association with bladder cancer. rs11515 as®aktia
20027 cancer 1s3088440 309 patients with bladder cancer and 235  with tumour progression in 219 patients with suip&f
controls. bladder cancer (P=0.04) and tumour-specific sutviva
(P=0.02). Not adjusted for multiple testing.
Debniaket al Malignant melanoma rs3731249 3 CDKN2A SNPs typedirih cases and 1210 Risk (G) allele of rs3731249 associated with dis€aR
200572 controls. 2.5 (P=0.0003).
Debniaket al Breast cancer rs3731249 Single SNP typed in 4,868scand 3,000 Risk (G) allele present in 8/66 cases under 30syefaage,
200873 and controls. OR 3.8 (P=0.0002) and 168/3318 cases under 50, years
20077 OR 1.5 (P=0.002).
Chenet al Age of onset of rs11515 2 SNPs in CDKN2A and 1 in Aurora-A typed Aurora-A and rs3088440-T had a synergistic effecage-
20077° pancreatic cancer 1s3088440 in 148 patients with pancreatic cancer. associated risk for early diagnosis, with mediag atg
diagnosis 12.6 years earlier (OR=3.9, 95%Cl 1.9-7.8
P=0.0002).
Gaytheret al Invasive epithelial rs3731257 88 SNPs in cell cycle genes typed in01,50  Combined analysis showed rare allele for rs3731257
200776 ovarian cancer cases and 2,500 controls, then 5 most associated with disease, OR for homozygotes 0.79
significant SNPs typed in additional 2,000  (95%CI 0.65-0.95), P=0.008. Non-significant (P=0.37
cases and 3,200 controls. after adjustment for multiple testing.
Healyet al Acute lymphoblastic rs3731249 10 SNPs in 4 cell cycle genes typed in 240  Risk alleles at rs3731249 (P=0.008) and rs2069416
200777 leukaemia 1s2069416 patients with ALL and 277 controls. (P=0.02) associated with ALL.



Kanget al
2008

Melzeret al
20077

Driver et al
2008%°

Yanet al
20088

Zuchneret al
2008%

p14ARF promoter
methylation in
colorectal cancer

Reduced physical
functioning in elderly

Breast cancer

Histologic subtypes of
epithelial ovarian
cancer

Late onset Alzheimer
disease

rs3218012 21 SNPs close to p14ARF CpG island typed in  Risk haplotype associated with p14ARF promoter
1s2518723 188 cases of colorectal cancer and 300  methylation (OR=8.3, 95%CI 2.4-28.4, P=0.0007). Not
controls. adjusted for multiple testing.
rs2811712 25 CDKN2A/B SNPs typed in 3 elderly (agedIn screening cohort G alleles of rs2811712 and183@5
s3218005 65-80 years) cohorts (total n=3372). associated with better physical function. rs2811712
analysed in replication cohorts. Prevalence ofretye
limited physical function 15% in common homozygotes
7% in rare homozygotes (OR=1.48, 95%CI 1.17-1.88,
P=0.001)
rs3731239 240 SNPs in cell cycle genes typed in 2270  rs37371239 OR (CC/TT) = 0.90 (95%CI 0.79-1.03,
s3218005 cases and 2,280 controls. SNPs with P<0.1 P=0.013). rs3218005 OR (GG/AA) = 1.55 (95%Cl 1.02-
then typed in further 2,200 cases and 2,280 2.37, P=0.013). P-values unadjusted for multipi&rig.
controls.
rs11515 2 SNPs analysed in 205 patients with ovariarNo association with cancer. Subgroup analysis 18308
s3088440 cancer and 268 controls. associated with histologic subtype of tumour (P20.0
unadjusted for multiple testing).
rs11515 80 9p21 SNPs typed in 674 families with late  rs11515 and rs3731246 significant for family-based
1s3731246 onset Alzheimer disease. association after adjustment for multiple testing.




Figure 1.4. SNPs associated with disease in the ontosome 9p21.3 region.

Genes are illustrated in blue at the top, withwsroeepresenting the direction of transcription. SKyped in this study and SNPs associated wittouardiseases are
represented by black bars. Diseases in bold ase tith association data from genomewide assoniatiadies. The hatched box represents the cordaislotype for CAD
defined by Broadbert al*?°. Promoter regions for each gene are shown ashseboxes. DM = diabetes mellitus type 1I; BCCasél cell carcinoma.
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1.2.3 Candidate susceptibility genes in the 9p21re  gion
1.2.3.1 CDKN2A and CDKN2B

As shown in Figure 1.5, the chromosome 9p21 vasiassociated with CAD are
located in a block of high LD that contains theloydependent kinase inhibitor
genesxCDKN2AandCDKN2B These genes are well recognised as tumour-siggores

genes and are involved in regulation of cell cyalgging, senescence and
apoptosi&® 184

Figure 1.5. LD in the chromosome 9p21 region betwreCAD risk variants,
nearby genes, and microsatellite rs10583774.

The figure shows LD in the HapMap CEU populatictgated from the HapMap web$ite Black

numbers represent the chromosome 9 location (M=b@esgs). Shading indicates LD ranging from
D=1 in red to D’=0 in white.
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The CDKN2Agene generates alternative transcript variantdhdonze different first
exons spliced to a common second and third exol{NZA (pl16, INK4a), and
CDKN2A-ARF (p19, ARFJ?3 185 Although the proteins are encoded in alternative
reading frames and do not show amino acid homologth inhibit cell cycle
progression. The CDKN2A protein inactivates thelicydependent kinases CDK4/6
and thereby inhibits cellular proliferation by irang G1 cell-cycle arrest. The
CDKN2A-ARF protein binds to and inactivates the MRMrotein, resulting in p53
stabilisation and inhibition of proliferation. TI@DKN2B protein is structurally
similar to CDKN2A and acts through a similar medsan Although the three main
transcripts have separate promoters and may respdependently in certain

é86—188:

context recent evidence including discovery of a comroisracting regulatory

domain and co-ordinated repression by Polycombsgommplexes suggests that the

entire locus is co-ordinately regulat&d*®®

Deletions involvingCDKN2AandCDKN2Bhave been implicated in multiple
cancers®. Experimental evidence suggests that these gaseplay an important
role in ageing, cellular senescence and apopfdsisicreased age is the dominant
risk factor for atherosclerosis, and is associatigld structural and functional changes
in the vascular wall, and these genes have beemnstmbe widely expressed,
including in atherosclerotic tissti® *** Abnormal proliferation of leukocytes and
vascular smooth muscle cells are a hallmark ofratiederosi§™, but other evidence
also suggests that senescence and apoptosis amgantpn the atherosclerotic
proces$™ ¥4 FurthermoreCDKN2Bexpression may be induced by transforming
growth factor beta, which has been implicated enghthogenesis of
atherosclerosts® ** Taken as a whole, such data provide a plausiklhanism for
the involvement o€CDKN2AandCDKN2Bin atherosclerosis and CAD, although

whether expression would be up or down-regulateshéertain.

Helgadottiret al sequenced 93 early-onset Ml patients across er@ons;intron
boundaries and regulatory regionsGiDKN2AandCDKN2B", and McPhersoat al
sequenced the coding regions of these genes iff@fial individual®’. These
studies revealed no variants likely to accountlierobserved association with CAD

risk.
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1.2.3.2 ANRIL

The CAD core risk region overlaps with exons 1318NRIL**°, a newly annotated
gene that was first reported in April 2007 by inigstors examining a deletion in a
large melanoma-neural system tumour syndrome familyn this original report,
Pasmanet alused the dbEST database to identify several hwexpressed sequence
tags (ESTs) of an unidentified transcript in thgioa of the 403kb chromosome 9p21
deletion that they were investigating. Using riéale PCR of cDNA from normal
human testis with primers placed in the identi&8iTs followed by sequence
analysis of the PCR products, Pasnetrdl identified two alternatively-spliced
transcripts. The first was 3,834 bp long and afignt to reference genomic DNA
sequences showed that it contained 19 exons, wath/iatron junctions
corresponding to the consensus sequences of dooeptar splice sites and a
polyadenylation site in the last exon. A seconattgn transcript 2,659 bp in length
composed of the same first 12 exons and an alteenditexon 13 including an
additional polyadenylation site was also charasgéeli These transcripts overlapped
and were transcribed in the opposite directio@BKN2B (which is located entirely
within the first intron ofANRIL, as was illustrated in Figure 1.5 on page 36). &hes
novel transcripts did not possess an open readamgef and appeared to be
untranslated, and the gene was designaMIL for ‘antisense noncoding RNA in
thelNK4 locus’. This has recently been given the offigahe nameCDKN2B
antisense RNA’CDKN2BAS'®, but as the nam&NRILis used widely in the
literature and in common usage, that term will beduthroughout this thesis. At the
time this project was undertaken, only these twadcripts had been reported.
However, very recent work published in November®88s suggested that the
situation may be more complex with the existenceoltiple alternatively-spliced
transcripts reported in cell lines derived fronfefiént tissues’. Recent studies
pertaining to alternative transcripts are discusseatetail in Chapter 4 (section 4.6.8,
page 182), and a summary of all transcripts redddelate is also presented in
Chapter 4 (Figure 4.14 on page 159).

ANRIL produces a large non-coding RNA whose functiaimisnown. Other large
non-coding RNAs such agstandHOTAIRhave been reported to be involved in

regulation of gene expression through transcripiamd translational control
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mechanisms® **° Similar toXist, ANRIL contains a high number of repetitive
elements and encompasses binding sites for tratiscrifactors responsible for
transcriptional repression, suggesting that it metythrough similar mechanisffs
Transcriptional repression BYOTAIRIs mediated by recruitment of Polycomb
complexes, which have also been shown to influenpeession o€CDKN2Aand
CDKN2B. It is therefore possible thANRIL influences disease susceptibility
through similar mechanisms, and it has been shove expressed in tissues relevant
to CAD including heart, coronary smooth muscle cuéer endothelial cells, human
monocyte-derived macrophages, carotid endartergcsp@cimens, and abdominal

aortic aneurysm sampfés 1%

In view of its location, the CAD risk allele maytduy alteringANRIL expression or
function. SNPs in the core risk region for CAD ao# located within exons of
ANRIL, but map to intronic and downstream sequenceshwhay be involved in the
regulation ofANRIL expression. Several expressed sequence tags ithap tive risk
locus, but do not contain open reading frames egmmore than a few amino acids.
McPhersoret al sequenced the CAD risk region in two homozygobegife risk
allele and one homozygote for the reference alid&ntifying 35 sequence variants
that were specific to the risk allele, one of whi@hCAT repeat CNV) mapped to a
splice transcript oANRIL?’. CDKN2Bantisense transcription, mapping to the first
intron of ANRIL, has been shown to be associated with downregnlatiCDKN2B
expression in leukaemia cells and mouse embryadain sells, mediated icis and
transthrough heterochromatin formatfd This suggests thaiNRIL expression
may be involved in the regulation GDKN2Bexpression. A number of studies
published after this project began that have exaththe association of CAD risk

SNPs withANRIL expression are discussed in Chapter 4 (section,pége 179).

1.2.3.3 MTAP

This gene encodes methylthioadenosine phosphor(fléEAP), an enzyme that plays
a role in polyamine metabolism, which appears todrestitutively expressed in
human cells. Polyamines are essential for celvgr@and normal function, and
MTAP has been shown to have a role in inhibiting cadirgh under certain

conditionsin vitro®®. It was speculated that variants may influenesmpia levels of
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homocysteine which have been associated with CAK) although a recent study
reported no variation in homocysteine levels imtieh to genotype of the CAD risk
SNP rs10757274". The mechanism through whiiTAP might influence CAD

susceptibility is unclear at present.

1.2.4 Clinical implications

1.2.4.1 Risk prediction

The finding of new loci associated with CAD hasaaited great excitement in the
medical and scientific communities, but the wawimch these findings could
translate into tangible health benefits needs todpesidered. The use of SNP
markers for genetic testing to improve risk stradifion of individuals and the
promise of ‘personalised medicine’ has been amdafied prospect. However,
statistical significance is not the same as cliniekevance, and the magnitude of the
risk conferred by SNPs at the chromosome 9p21 Iscomdest for individuals, with
relative risks of ranging from 1.18-1.36 for hetgrgotes, and 1.26-1.72 for
homozygotes. Because the frequency of the rigkeslis high, the population
attributable risk associated with the chromoson®#l9pcus has been estimated to be
between 10 and 22%, which is significant from aljputrealth perspective, but it
should be remembered that the case-control coiviit$ have been used in studies
to date have been specifically collected to be égjeally loaded’, predominantly
including early onset cases and families in whoerehs an affected relative-pair.
The generalisability of results regarding the re&amagnitude of a genetic
contribution to risk in such selected cohorts ® éntire population at risk of CAD is

therefore questionable.

From a practical point of view, the contributionggnotype at associated SNPs to the
capacity to predict CAD in a representative poparaassessed for the ‘classical’
CAD risk factors is perhaps the most important tjaas Several studies have
investigated this. Talmuet altyped the chromosome 9p21 CAD risk SNP
rs10757274 in 2,742 men aged 50-64 years old whe fsee of CAD at baseline,

who experienced 270 CAD events over a 15-yearvolip period*’. The area under
the receiver operating characteristic (ROC) cuordhe ‘classical’ risk factors was

0.62 and did not increase significantly when rsI@73l genotype was included. 369
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men (13.5%) were reclassified into more accurate gategories (based on four
categories of 10-year CAD risk), which the authemgued might have clinical utility.
However, the analysis is biased by the fact thasthdy did not include family
history of CAD in the ‘classical’ risk model theged. Brautbaet alreported similar
findings in an analysis in 9,998 Caucasians, 1348hom developed incident CAD
over 14.6 years of follow-if*. Addition of rs10757274 genotype produced a
statistically significant, but not clinically meagful, change in the area under the
ROC curve from 0.782 to 0.786, and reclassified B2%adividuals in the
intermediate-low and intermediate-high risk catézgr Paynteet al performed a
similar analysis in 22,129 white females aged @defmedian age 52) years, who
experienced 715 cardiovascular events over 10 yédodiow-up®®. Addition of
genotype at rs10757274 to a model based on traditiesk factors, CRP and family
history of CAD did not improve risk prediction measd using the c-index. The
addition of genotype at rs10757274 also failedriprove the Net Reclassification

Improvement score.

Simulations performed by Talmud al suggested that if 10 additional SNP genotypes
of similar effect to rs10757274 could be identififie area under the ROC curve
could be increased to 0.76, a gain in predictiygcay which the authors judged to
be potentially useftf®. However, it was noted that the proportion ofiiitLials
segregating multiple independently associated SNBsy population would be low,
limiting the likely clinical utility of such SNPssapredictors even if discovered.
Moreover, the chromosome 9p21 locus is the strarapesmon genetic risk factor for
CAD that has been discovered so far, and it seetileely that additional common
loci will be discovered that confer a similar leeglrisk. A subsequent analysis
published in February 2010 by Paynté¢rl studied the predictive value of a genetic
risk score based on genotypes at 101 SNPs reportezlassociated with
cardiovascular disease phenotypes with P<add f <0.5 between included
markersj°®. In the same cohort as their previous study éreetic risk score did not
improve risk prediction or reclassification comghte classical risk factors. After
correction for other risk factors, the genetic igslore was not associated with
cardiovascular disease risk, whereas self-repdamady history remained
significantly associated. No studies have shovan tissting 9p21 genotypes leads to

improvements in measurable health outcomes, ahdwujh some private companies
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are already offering testing of chromosome 9p21 SféPprediction of
cardiovascular risk’, the current data do not support the use of sncparoach in

routine clinical practice.

1.2.4.2 Novel insights into pathophysiology

More important than the role of such markers fek prediction is the potential of
these genetic variants to provide novel insights pathways involved in the
pathophysiology of disease. This can enhancewmdamental understanding of the
biology and ultimately identify biomarkers for riskratification and novel targets for
treatment. Genetic studies that identified thatr@hship between FLAP and CAD
have already led to human trials evaluating theatfdf inhibitors of this pathway on
clinical parametef8®. The biological importance of such insights avemecessarily
related to the strength of the genotype-phenotggeaation since the strength of
association of a gene with a trait does not pretietpotential effect of a drug
designed to agonise/antagonise the product ofyébree. For example, common
variants in thtHMGCRgene involved in endogenous cholesterol synthesie only

a modest influence on plasma lipid lev&isyet statins which act by inhibiting the
HMGCR enzyme have very significant effects on LI2duction and hard clinical
endpoints such as reduction of death and cardiola@smorbidity®® Similarly,
common variants of th€CNJ11gene, which encodes the sulfonylurea receptoe hav
an odds ratio of 1.14 for diabetes in GWA stutfie$ut this gene has been the target
of successful diabetes therapies that are in wigesiclinical us€” %% Genes and
pathways involved in mediating disease associatiaang be identified by studying

the influence of risk variants on gene expressasmjiscussed below.

1.3 Assessing effects of risk loci on gene expressi on

1.3.1 Variation and regulation of gene expression

Phenotypic variation is a consequence of genetimam-genetic (environmental)
factors. DNA sequence variation may act by modtyeither the nature of a gene
product (its ‘quality’) or its expression levelss(iquantity’). Before the results of
recent GWA studies were available, most DNA vasahat had been convincingly

associated with human disease were in coding regiad their effects were mediated
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through alterations in protein structure. This wesdominantly a reflection of the

fact that such variants were easier to identifytthese that influence gene
expression; variants affecting amino acid sequeifftes have large phenotypic
effects, and since their location is predictaliie, ¢coding regions for many genes have
been systematically examirfétl Although these exonic polymorphisms are
important causes of Mendelian disease, they aikalyko account for most of the
heritability of complex diseases such as CAD. Tas been confirmed by the results
of multiple GWA studies reported since 2007, inevhihe SNPs associated with
disease are frequently located in non-coding reioft> with sequencing and
mapping studies failing to reveal exonic varianteéarby genes that could account

for the effects 20 212

Mutations in non-coding regions causing disease h@en well described for a
number of disorders, including some complex disga$e" but the regulatory
elements and their potential associations withadiseemain poorly characterised for
most genes®. A number of factors complicate the genetic stofigene

expressiofit™ “? multiple regulatory elements may influence expi@s of a gene;
the location of regulatory elements may be diffi¢alpredict (they may be within or
near to the gene, but may be hundreds of kilobasey or on different
chromosomes); the magnitude of phenotypic effeased by individual variants in
these elements may be small; effects may vary legtwissues; the influence of
regulatory elements on expression may vary depgratirother factors (such as
environmental or physiological conditions); and egsion profiles can be altered by
sample handling or immortalisation of cells in fbamation of cell lines. Of
particular relevance to expression studies invgltite chromosome 9p21 locus,
expression o€DKN2AandCDKN2Bin murine embryos has been shown to be
altered by the process of culturing cells, withttier changes as these cultured cells

approached senesceffle

1.3.2 Cis versus trans effects on expression

Studies of gene expression profiles using RNA namays have confirmed the
presence of significant inter-individual variatimngene expression levels in human
populations, and demonstrated that heritable gefattors are important
determinants of expression levél&* Genetic influences on expression levels may
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act incis ortrans*® ?® Cis-acting elements act on genes that are on the same
chromosome and affect transcript synthesis orIgialsi an allele-specific manner.
These include regulatory elements such as promatetr€nhancers which are usually
found close to the genes they regulate, althougi ey be hundreds of kilobases
away®. Transacting factors, such as transcription factors nateusually located
close to the genes whose expression they reguitiés (being located on a different
chromosome), and they affect the transcripts df ladieles of a gene. TheBans
acting factors are themselves often regulated bgragenetic or environmental

influences.

It has been estimated thas-acting variation accounts for 25-35% of geneticall
determined variation in gene expression betweeitheals’®>. However, estimates
derived from genome-wide studies of total exprassibich classifycis andtrans
acting effects based on the proximity of the vartarthe gene (typically definingjs
effects as those within 100kb of a g&rieare likely to be inaccurate since distance
cannot reliably distinguish effects that actisortrans Furthermore, physiological
feedback mechanisms which tightly regulate totaregsion levels of a gene can
prevent the detection ofs-acting effects in analyses measuring only totgkession
levels and underestimate the contribution of effecting incis’*>. Evidence of
commoncis-acting effects have been detected in around 20-@f08man genes in
large studie€® ?# although these are likely to be underestimatestdhe relative

insensitivity of the microarray platforms usedes$e studies to detect small effects.

Identification oftrans-acting variants influencing gene expression iatietly

difficult sincetrans-acting elements may be located on any chromosoh@@nome-
wide approaches to discovery are therefore requidce the risk variants for CAD
identified in recent GWA studies are not found iatare transcripts they do not
encode diffusiblérans-acting factors and are therefore likely to influerexpression
in cis. The different genetic variants that may influeexpression inis, and the
strategies used to detect and map such effectdjsamessed below.

44



Chapter 1: Introduction

1.3.3 Genetic variation influencing expression in cis

1.3.3.1 SNPs

SNPs associated withis-acting effects on gene expression have been widely
reported®. Most of these are located in upstream promeigions and exert their
effects through alteration of transcriptféh although the involvement of variants in
distant enhancers and other regulatory elementsalb@influence transcription has
been increasingly appreciafétd ! #*? variants have also been shown to heise
acting effects through other mechanisms includiteyation of mMRNA stabilit§*®
mRNA processing efficien&, mRNA splicing®, or via epigenetic changes such as
DNA methylatiorf*>. The non-coding SNPs associated with CAD in tiemosome
9p21 region may influence disease susceptibilitgaliy through such mechanisms,
or the association may be indirect, due to LD witier variants which have
functional effects. Studies investigating SNP agdgmns with expression of genes in

the chromosome 9p21 region are discussed in det@hapter 4.

1.3.3.2 Microsatellites and variable number tandem repeats

In addition to SNPs, other polymorphisms involviDA segments of various sizes
may havecis-acting influences on expression. Microsatelldad minisatellites are
repetitive sequences of 1-6 bp and 6-100 bp eleswwespectively that are present
throughout the human genome. These elements flaarine expression icis by
interfering with transcriptiofi®, altering DNA methylatioft’, changing chromatin
structuré®® or changing the affinity for transcription facttinding™® **° Increasing
microsatellite size has been associated with batteased and decreased gene
expression in different settings *** Changes in expression associated with
microsatellites can lead to human diseases suttfedsagile X syndronfé” and
Friedreich ataxi@®. Like CNVs, microsatellite alleles may also bgged by SNPs,
such that functional microsatellite effects coutd@unt for SNP associations with

disease.

Microsatellites influencing transcription may bedted in various positions relative
to the genes involved, but have been most frequesplorted in promoter regions.

Proximity to the 5’ end of transcripts and a higinsity of CpG islands have been
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shown to be predictive of regions with promoterdiimns*®. The arrangement of
genes in the chromosome 9p21 region is intereaB@PKN2A-ARFandANRIL are
transcribed in opposite directions, with just 3@8é pairs separating the transcription
start sites oARFandANRIL This region overlaps a CpG island, containsralver

of conserved elements, and has been shown to haneter activity for the ARF
transcript ofCDKN2A. However, bidirectional promoters have been desdrdie
other loci with similar gene arrangements andetéifiore seems possible that this
region also has promoter activity with respecAMRIL***. A microsatellite is located
close to this region, within the first intron GDKN2A-ARFand 5’ toANRIL, as

shown in Figure 1.6. This microsatellite doestmmte a specific ID, but is annotated
in the SNP database as an insertion/deletion patyniem, rs10583774. That
identifier will be used throughout this thesiss piroximity to the promoter region and
evidence of cross-species sequence conservatigesutat it is subject to selection
pressure and may have functionally important infzes on expression of these
genes. As shown in Figure 1if silico analysis using PROMO v3.0.2 softw&re*’
showed multiple transcription factor binding sikeshe region surrounding the
microsatellite, which provides further evidence iforolvement of this region in the
regulation of gene expression. Transcription faataivity may be variably disrupted
by the number of ‘TG’ repeats, which is known topadymorphic at this sifé. As
previously shown in Figure 1.5 (page 36), it immLD block with CAD risk variants
and variation at this microsatellite influencingpeassion could therefore contribute to

CAD susceptibility at this locus.
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Figure 1.6. Location and sequence conservation ofionosatellite rs10583774.

Panel A shows the location of rs10583774 relaiMe DKN2A-ARF ANRILand CpG islands. Panel B is a magnified view shgwioss-species sequence homology for the
repeat sequence within rs10583774. Figure repratifioen the UCSC Genome Bioinformatics Dataflase
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Figure 1.7. Human transcription factor binding sites around microsatellite rs10583774.

Microsatellite repeats and surrounding sequencenstaong the top. Coloured bars represent hunaarseription factor binding sites. The microsatelig located in a
region with a high density of transcription fackinding sites. Figure produced using PROMO v3.0fngare*.
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1.3.3.3 Insertion/deletion variants and CNVs

Large-scale pathological duplications and deletimage been known to occur in the
human genome for many years from cytogenetic obsiens, but the widespread
occurrence of CNVs within the human genome has baebnrecently appreciatétf.
Although the term CNV may be used to refer spedilfjcto deletions or duplications
involving stretches of DNA larger than PR smaller insertion/deletion (InDel)
variants could also influence expressiowris) and in this thesis the term CNV is used
to refer to copy number changes of any size. €pented mechanisms through
which CNVs may influence expression include altg@ene dosage, disrupting
coding sequences, or interrupting regulatory elégien Such structural variants
have been associated with a range of human diseaskesling complex phenotypes
such as schizophrefitdand autisrf*>. Common CNVs and SNPs may be in LD in
the human genom¥, such that SNP associations seen in GWA studielsl & the
result of the SNPs ‘tagging’ functional CNVs. Tpassibility of CNVs in the

chromosome 9p21 region is discussed in detail iap@ir 5.

1.3.4 Assessment of cis-acting effects on expression

1.3.4.1 In vitro approaches

Cis-acting regulatory factors have traditionally bémrestigated usin@ vitro
approache&$>. Transfection assays are often used to monitrénscriptional
activity of a synthetic reporter construct and assehether a candidate regulatory
polymorphism influences gene expression. Howethere are several limitations of
these techniques. First, appropriate selectidhefegulatory elements to be
incorporated into the construct is required, yesthare often poorly defined.
Empirical targeting of upstream flanking sequernsdsequently performed, but such
sequences may not capture the complete reguld&meats that are biologically-
active, and do not consider the effects of coviamaat other loci. Second vitro
transfection studies do not always model the sanan vivo accurately. The
prevailing environmental conditions atrdns-acting influence# vitro are likely to
be very different to thosea vivo, which may alter the overall effect of polymorphs
in regulatory regions. The problems with extrapiolaofin vitro data was

highlighted by Cirulliet al, who demonstrated that vitro assays failed to prediict
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vivo effects of regulatory polymorphisms in four gemedl documented through

reporter assays to have promoter polymorphismséntting expressiGrr.

1.3.4.2 In vivo approaches: total expression versus allelic expression

imbalance

The most commonly used approach for investigatis@cting influences on
expressionn vivo has been to compare total expression levels (wittidferentiating
the contributions from each of the two alleles)Amn individuals with different
genotypes at the putatiegs-acting locus. This approach treats total expoeskavels
as a quantitative trait that is modified by thegbwe cis-acting locus (expression
guantitative trait locus; eQTL). The proximitythie eQTL to its target gene is seen
as evidence for itsis-acting effect. However, this approach is not fpefor cis-
acting effects since total expression levels rétlee net effect of bothis andtrans
acting influences. The sensitivity to deteistacting effects is therefore reduced in

the presence of significant variationtrans-acting influences.

An alternative approach that is specific for mapmis-acting influences is to
compare the relative expression of each alleleiwdh individual. An unequal
amount of transcript arising from each allele inraividual who is heterozygous for
a transcribed polymorphism, termed allelic exp@ssnbalance (AEI), indicates the
presence ofis-acting influences on expressfoh Correlation between genotype and
guantitative allelic expression ratios can be testadentify SNPs associated with
cis-acting effects (allelic expression QTL, aeQTT)) While traditional analysis
using total expression levels assesses the influehpolymorphisms by comparing
expressiorbetweersamples, AEI analysis compares the expressiotsletalleles
within individual samples. This makes it much more robarans-acting influences
that affect both alleles, such as experimentabbdity and inter-individual variation
in other genetic/environmental factors, thereby im&sing the sensitivity for
detectingcis-acting effects. In contrast to threvitro methods discussed above,
alleles are studied in their native environmenhweéspect to the haplotype,

chromatin, and tissue context.
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Whereas eQTL analysis uses information from all imers of the population, a
limitation of aeQTL analysis is that AEI can onlg measured in individuals who are
heterozygous for a transcribed polymorphism. Aadlé polymorphism must
therefore be present at a reasonable minor alietgiéncy in the population to permit
sufficient numbers of informative individuals to teasibly studied. Sensitive
techniques for accurately determining the relagixpression of two alleles are also
required. AEI assessment may be possible usingnict SNPs in heteronuclear
RNA, but this is more challenging and in genera baly been shown to be
successful for highly expressed gefie$® AEI can result from epigenetic factors

such as DNA methylation.

For assessment of AEI to be a useful tool for tivestigation otis-acting genetic
regulation in complex disease it must be both comamad substantially influenced by
genetic polymorphisms. A number of surveys usiifigietnt methodologies have
confirmed that AEI is heritable and can be detefe®0-50% of human gerfés 2
256-239 T9 date, allelic expression analysis has praviglddence for sites @is-

acting regulation for a number of genes involved irange of human disea8&®

AEI analysis has been used to conftigacting loci previously identified as
eQTLS® and eQTLs have been used to validate loci shoABIG*, but the relative
power of the two approaches to identfg-acting loci has never been systematically
compared. Identifying the most efficient methodpldor mappingcis-acting

elements is important since this minimises the darmsige that is required to detect
variants with significant effects. This is parfaly relevant since tissue-specific
influences on expression may require the analysissues where large sample
collections may be difficult to establiffi Additionally, expression may be affected
by several polymorphisms simultaneously and ina@eg®wer may allow the

contributions of individual sites to be investighte

1.3.4.3 Simulations comparing the power of eQTL and aeQTL mapping

Simulations to explore the power of eQTL and ae@iklysis to detect the effects of
polymorphisms affecting expressiondis were conducted in collaboration with my

co-supervisor Dr Mauro Santibanez-Koref (Institotéluman Genetics, Newcastle
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upon Tyne). Simulations were based on one tramstrand oneis-acting
polymorphism, which were in linkage equilibrium ess$ otherwise specified. The
default MAF was set at 0.1 for the transcribed raadad 0.2 for theis-acting
polymorphism. For each parameter configuratio®Q0 replicates were analysed.

Representative results of these simulations apajisd in Figure 1.8.

Panel A shows the relationship between power afedtefize for a singleis-acting
polymorphism in the absence of otl@&tuences on transcription. The power of the
eQTL approach is higher than that of aeQTL analgsige it uses information from
all members of the population. The power of ae@malysis increases with
increasing LD between the transcribed arsgacting polymorphisms, and also as the
heterozygosity of the transcribed polymorphismeases. The latter reflects the fact
that allelic expression can only be measured iividdals who are heterozygous for a
transcribed polymorphism and suggests that the povag be increased by
combining information from several transcribed podyphisms. Such a strategy is
illustrated in Panel B, which shows the effect ombining data from multiple
transcribed polymorphisms, each with MAF of 0.ficreasing the number of
transcribed polymorphisms increases the numberdiiduals in which allelic
expression can be measured (assuming little LD dxtvthe transcribed SNPs) and

therefore increases the power of the aeQTL analysis

The above simulations only considered a singlacting effect influencing gene
expression, but a more realistic scenario woultblaso take into account the effects
of trans-acting variation. As previously discuss&ans effects such as response to
environmental stimuli, tissue specific factors, axgerimental variables act on both
alleles and can differ between individuals. Cormggaalleles within a sample should
minimise the effect adfrans-acting variation, thereby maximising the powedétect
cis-acting effects. A second set of simulations viesefore performed assuming that
expression of both alleles was additionally affddig atransacting factor, and that
cis andtrans effects act in an additive manner. In these satmuhs, total expression
for one individual was defined as the sum of thetgbutions from both

chromosomes (i.eg, +e,) and the ratice, /e, was only available for individuals

heterozygous for the transcribed allele. Astthasacting variance between

individuals increases, the power to detdstacting effects decreases substantially
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Figure 1.8. Comparison of the power of eQTL and aeQL mapping to detect a
cis acting polymorphism using simulated data.

Panel A investigates the effect of MAF at the traified locus and LD between the transcribed and
cis-acting locus. Panel B shows the effect of usingentban one transcribed marker, each with a
minor allele frequency of 0.1. Panel C considersféect acting intransand explores the effect of
increasing its variance across individuals. Efféze is the the log of the change in expression tha
allele 2 at thesis-acting locus produces compared to allele 1 (aine@fon p87).
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faster for eQTL than for aeQTL analysis. This segjg that allelic expression will
have greater power for mapping-acting effects in genes which are substantially

influenced bytrans-acting factors.

In the chromosome 9p21 region, many of the riskedl associated with disease have
MAF greater than 034?*and there is substantial LD between risk variants
transcribed SNPs, suggesting that aeQTL mappinglbaaypowerful method for
mappingcis-acting effects in this region even if there isatelely little trans-acting
variation between individuals. A numbertdns-acting factors have been previously
shown to influence expression at BBKN2ACDKN2Blocus®® suggesting that
aeQTL mapping may be more powerful then eQTL mappint the ability of both
approaches needs to be compared experimentally $ieextent ofis andtrans-
actingvariation, as well as the manner in which suchat$fenteract, is poorly

characterised.

1.3.4.4 AEI assessment using the Sequenom platform

AEI has been assessed using a range of differembhddogies, based on the use of
fluorescent dideoxy terminatdr§ restriction-fragment length polymorphistffs
microarray analysfé® %°® 2 real time PCE’, polymerase colonié¥, sequencing®
2’1 and real competitive PCR with MALDI-TOF mass spemetry on the Sequenom
platforn?’® 2" Assessment using the Sequenom methodology ysseasitive for
detection of AEI, allows accurate analysis fromresmall amounts of template, and
offers the potential for assay multiplexing. Caméints of variation of <10% from
three independent reverse transcription reactems,<3% for four PCR replicates

from the same reverse transcription product haea beportet

The methodology for the Sequenom technique desthlgebing and Cantor is
summarised in Figure 8. Essentially, total RNA from individuals hetergoys
for a transcribed SNP is reverse transcribed toADBIing random hexamers. PCR
is performed using the cDNA template to amplify thgion containing the SNP of
interest. Because the two alleles are amplifiethénsame reaction and differ in

sequence by only one base, the experimental conditind reaction kinetics are the
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Figure 1.9. Assessment of AEI using Sequenom (iPLEX
Figure adapted from Ding and Carftér
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Total RNA from heterozygote for
transcribed SNP is reverse
transcribed with random
hexamers. This produces cDNA
containing each allele.

cDNA is amplified using PCR
primers for the SNP of interest.

A single base extension reaction
containing mass-modified
nucleotides is performed to
produce two oligonucleotide
products with different molecular
weights.

These two products are detected
and quantified by MALDI-TOF
mass spectrometry. The relative
amounts of each allele are used to
guantify the amount of allelic
expression imbalance using the
allelic expression ratio (AER).
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same for each allele. Ideally, PCR primers shbeldesigned to be cDNA specific

(across exon boundaries) to prevent genomic DNAghamplified in the reaction.

The amplified PCR product is treated with shrimigahlhe phosphatase to remove
excess dNTPs. A base extension reaction is peefbusing a single primer that
binds adjacent to the SNP site and reaction mixatoimg mass-modified dNTPs.
The resulting oligonucleotide products for each SIfer by one base and have
different masses. The products are cleaned upregih to optimise mass
spectrometric analysis and then dispensed onteet®ECHIP prespotted with a
matrix of 3-hydropicolinic acid. The SpectroCHHBanalysed on the Sequenom
platform by matrix assisted laser desorption/icmnisetime of flight (MALDI-TOF)
mass spectrometry. Under high vacuum the matirxadiated with an ultraviolet
laser that vaporises and ionises the DNA/matrike bns are separated by their mass
to charge ratio, and the peak area of each alteldygt is proportional to the relative
amount of the allele that was present in the stigufiNA. The AEI ratio is calculated

by dividing the peak area of allele 1 by the pedaaf allele 2.

The same process is repeated using gDNA to actasteol for biases in the
detection method which could create an artefadtolélance in allelic expression.
Primers to amplify a portion of genomic DNA similarsize and sequence to the
cDNA amplicon are used, with all other steps bedmtical. The corrected allelic
expression ratio is the ratio in cDNA divided b ttatio in gDNA.

Detailed methodological issues relating to AEI asgeent and normalisation are

considered in Chapter 3.

1.3.4.5 Mapping genetic effects on expression

Mapping eQTLs using total expression may be peréatimy linear regression, in
which expression levels are compared between grolpslividuals who have zero,
one, or two copies of the putatigis-acting allele. Mapping aeQTLs is more
complex and requires genotypes to be phased. fing@pdes underlying this process

are outlined below.

56



Chapter 1: Introduction

Once the presence of AEI has been demonstratettatsecribed polymorphism,
providing evidence ofis-acting regulation of expression, the goal is entify the
causative polymorphisms responsible for (or attlpeedictive of) expression
differences. In this context, AEIl is characteris@d only by its presence or absence,
but also by which of the alleles is over-expressed by the extent of the differential
expression, quantified using the allelic expressaiio (AER). The principle behind
the analysis is to compare the observed AER valutbsthose that would be
predicted under different assumptions. The sintglase is when an association
between the transcribed marker itself and AER #&ysed, and predictions from two
models are compared. The first model assumestletit expression levels are
independent of which allele is present at the tabed locus, (i.e. there is no
association between AER and genotype), in whick gadividual AER values would
not deviate systematically from a 1:1 ratio. Theraative model is that one of the
alleles is preferentially overexpressed, in whiakeca systematic deviation from a 1:1
ratio would be expected. Any test that comparesiiean AER to a 1:1 ratio would
be suitable to assess association (such as g.t-test

A more complicated situation is when trying to assiiecis-acting effect of a
polymorphism that is not in the transcript. Instkituation two polymorphisms need
to be considered; the transcribed one and the paters-acting one. By
experimental design all individuals are heterozygatthe transcribed SNP. An
association between genotype atdlgeacting site and expression can be detected if
there are differences between AER in individuathwlifferent genotypes at thoes-
acting locus. As above, the first model assumasAER is independent of which
allele is present at th@s-acting locus, hence individual AER values would no
deviate from a specific ratio (1:1 if the transedbmarker has no effect). The second
model assumes that genotype at the candaiscting locus influences expression.

This concept is illustrated in
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Figure 1.10. The alleles at the transcribextkar are designated ‘M’ and ‘m’, and the
alleles at the putativeis-acting marker as ‘C’ and ‘c’. In this example th@nscribed
polymorphism has no effect and the ‘C’ allele a&dls-acting locus causes
overexpression of the transcript from the sameraosome. Alleles ‘MC’ and ‘mC’
will be expressed at the same level as each ahdroverexpressed compared to
‘Mc’ and ‘mc’ (which are both expressed at the sdoveer level). Since only relative
transcript levels at the transcribed polymorphissm@mpared, AEI will only be
detected in individuals who are heterozygous atigacting site (since genotypes
‘CC’ and ‘cc’ will have the sameis-acting effect on each allele of the transcribed
polymorphism and therefore the ratio is 1:1 fortbot these homozygotes). If the
cis-acting polymorphism influences expression, the AERdividuals who are
heterozygous for theis-acting polymorphism deviates from that seen in boygotes

at thecis-acting site, as shown in
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Figure 1.10. Since the ‘C’ allele causes overesgiom, the ‘MC/mc’ phased
genotype would cause relative overexpression ofMhallele, while the genotype
‘Mc/mC’ would cause the ‘m’ allele to be overexmed. Therefore to determine the
effect of the putativeis-acting polymorphism requires the phase betweengithe
acting and transcribed polymorphisms to be estich@te. the probability that
individuals who are heterozygous at both sites hlagegenotypes ‘MC/mc’ or
‘Mc/mC’). Estimating phase and effect can eitherdone simultaneously or as
separate steps. The analysis is performed asléntkod ratio test comparing the
likelihood of the observations occurring assumingeffect fromcis-acting
polymorphism with the probability of the observasooccurring assuming an effect
of the putativecis-acting polymorphism. It assumes that the variasicbe
observations is independent of the genotype, Heatdtios follow a log-normal
distribution, and that the mean AER effects obsgiare representative of the true
effects. The latter assumption means that the keasige has to be large enough to
accurately assess the effect of a given genotypiehwestricts the number of

genotypes that can be reliably analysed for a gbaanple size.
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Figure 1.10. Effect ofcis-acting SNPs on AER at the transcribed marker.

All individuals are heterozygous for the transcdlmarker (i.e.‘M/m’). The four phase-known
genotypes and the corresponding three phase-unkgemotypes are represented on the horizontal
axis. The vertical diamonds represent the distidlnubf log AERS for each genotype, with the
horizontal bar representing the me@is-acting differences will be seen only in those vidliials
heterozygous at thes-acting locus, hence the mean log AER is zero ésponding to an AER of 1:1)
in both ‘CC’ and ‘cc’ homozygous groups. Ttis-acting effect is seen as a deviation from the 1:1
ratio in ‘Cc’ heterozygotes, but the direction andgnitude |{;)of this effect can only be estimated
once the genotypes are phased (when it can belsateihe ‘C’ allele at theis-acting SNP causes
overexpression) . Figure adapted from Testraf>*
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1.4 Summary and overall project aims

Recent GWA studies have identified a novel, watllicated association between
SNPs at the chromosome 9p21 locus and CAD. Thé&anésm of the association of
SNPs at this locus with CAD is unknown, but elutiiigthe pathways involved may
provide valuable insights into the pathogenesiSAD and provide novel risk

biomarkers and therapeutic targets.

An association of these SNPs with other diseasgésr@rmediate phenotypes known
to be important in cardiovascular disease may teeigentify pathways involved in
causation, and define the influence of these SMRstlwer important cardiovascular

diseases besides CAD.

The chromosome 9p21 SNPs associated with CAD drm pootein-coding
sequence, but may act througk-acting influences on the expression of nearby
genes. Candidate genes in the region incANMRIL which produces a large non-
coding RNA of unknown function, the cell-cycle rémporsCDKN2AandCDKN2B
andMTAP, which encodes an enzyme involved in polyamineabmaism. Allelic and
total expression can be used to investigate theente of polymorphisms
influencing expression iais. An association between CAD risk SNPs and expess
of particular genes would suggest that the SNRs liegulatory elements that
influence gene expression, and that the genesaaipti in this way may play a role

in the causation of CAD.

This study aimed to investigate the associatiochodbmosome 9p21 polymorphisms
with intermediate phenotypes including traditio8&D risk factors and plasma
levels of inflammatory mediators, as well as withes cardiovascular phenotypes
including CIMT, LV structure/function, and congealiheart disease. The study also
aimed to investigate whether 9p21 SNPs are assdamth allelic and total
expression of nearby candidate genes, and detemtather other polymorphisms in

the region such as microsatellites and CNVs mitgut play a role.

A recent GWA study has reported an association &atv&NPs on chromosome 2924
and BP, but the findings need to be investigateatiaitional independent cohorts
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vitro functional studies suggested that the effect neagnbdiated by influences on
expression of the nearl8TK39gene, which encodes a protein that interacts mith
cotransporters involved in salt transport. Assiommof SNPs with allelic expression
of STK39could be used to confirm the effects on expressfdhis genen vivo.

This study aimed to investigate the associatiowéen reported risk SNPs for
hypertension at the 2g24 locus and BP in a largisBICaucasian cohort, and to use
allelic expression analysis to determine whethes¢hSNPs influenc®TK39

expressionn Vvivo.
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2 Materials and methods

This chapter outlines the general materials anceouddr biology methods used in the
following chapters. Assay details specific to fatar studies are highlighted in the

materials and methods sections of the relevantterap

2.1 Materials

2.1.1 Participants and samples

2.1.1.1 Northeast (NE) British Caucasian cohort

Anonymised DNA and RNA samples were available ®r healthy adults. Five
samples were excluded from analysis on the basigohsistencies between the
genotyping results obtained in the DNA and cDNA gkes, and five samples
subsequently found to be duplicates were also dredu Of the 177 included
samples, 152 were collected through a sub-studyeoPeople of the British Isles
study in 2007"* and 25 were control samples collected for a stodgstigating the
genetics of colon cancer (the CAPP stathy)50% were male and the median age

was 63 years (range 25-101, lower quartile 51, ugpartile 69).

The People of the British Isles study recruitedlthgaadults from different regions to
investigate genetic variation within the UK. Toddgible, at least three of their
grandparents had to be born within a 30-40 miléusadf one another, and ideally be
from a rural population. Of the samples used is $kudy, 7 were from Cumbiria, 1
from Lancashire, and the remainder from northeagldhd (Northumberland,

Tyneside or County Durham).

The CAPP study controls were collected in 2006atrols for a genetic study
investigating colon cancer and comprised four healthy adult staff membetbeat
Institute of Human Genetics, and 21 phenotypicaligffected adults who had

undergone screening for cystic fibrosis or haema@iatosis carrier status.

Informed consent was obtained from all participaamd the studies were approved by

the Newcastle and North Tyneside Local Researclt&E@ommittee.
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2.1.1.2 South African (SA) cohort

DNA and RNA samples were collected from 310 hea#ttiylt volunteers at a blood
donor clinic at the University of the Western Capape Town, South Africa.
Samples were anonymised, but limited demographe idaluding age, gender, and
self-reported ethnicity were collected. Informe@msent was obtained from all
participants and the study was approved by the éfgity of Cape Town Faculty of
Health Sciences Research Ethics Committee.

The self-reported ethnicity of the SA cohort waB0 Zape mixed-ancestry; 67
African black; 19 Indian; 10 white; 4 other/unknawi2% were male, with median

age 20 years (range 17-60, lower quartile 19, ugpartile 23).

2.1.1.3 MLH1 validation samples

For the purpose of training and optimisation of A&thniques, initial validation work
was carried out to assess AEI in stored RNA sampegyMLH1, as pilot studies
investigating AEI in this gene had been previoysyformed. This validation work
was performed using five heterozygous samples iolwRAEI had been previously
assessed: two healthy volunteers without imbalancethree patients known to have
imbalance oMLH1 expression who were recruited for the CAPP studformed
consent was obtained from all participants andstbdies were approved by the

Newcastle and North Tyneside Local Research Ehaamittee.

2.1.1.4 HTO cohort

DNA was available for this cohort comprising of 4®embers of 248 British
Caucasian families ascertained through hypertemqsideands and phenotyped for a

quantitative genetic study of cardiovascular risitérs from 1993-2001 1°¢ 27°

Sample ascertainment

A detailed description of this series and the dagenent strategy has been published
previously’®. Families were selected through a proband wiskermsal hypertension
whose systolic and diastolic BP were in the topd%he population distribution

(defined as daytime ambulatory BP >140/90mmHg;etutanic BP measurements
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>160/95mmHg; or treatment with at least two antédrypnsive medications).
Secondary hypertension was excluded using thersaggprotocol applied in the
hypertension clinic. Families were required tosiehof at least three siblings
(including the proband) clinically assessable f&iBDNA from a parent of the
sibship was available, or at least four siblingsafparental DNA was available.
Qualifying sibships could be in the generationhef proband, or the offspring. There
was no requirement for additional members of timeilfato be hypertensive, but
where additional members of the sibship were fawnthve hypertension (using the
same criteria), families were extended and the sgpoand offspring of hypertensive
members also collected. The majority (64%) ofitftviduals in the family
collection therefore have BP within the conventibnaccepted “normal range”, and
the family collection includes some extended fassilithough most are nuclear
families. The median family size was 5 people, Gif%amilies comprising between
4 and 6 genotyped and phenotyped members. 718&oliés were 2-generation and
29% were 3-generation. 84% of families had anszsd®e sibship in the generation
of the proband, while 16% of families consistecdgroband and their nuclear family
(spouse and children over 18 years) only. Inform@usent was obtained from all
participants and the study was approved by ther@e@kford Research Ethics
Committee and Newcastle and North Tyneside LocakRech Ethics Committee.

BP measurement

The BP measurement protocol has been previoustyile€’®. BP was measured
using ambulatory monitoring for a period of 24 reour all subjects willing to
undergo monitoring, using the A&D TM2421 monitdFhree readings were taken
with the patient in a relaxed seated position atstfart of the monitoring period.
Simultaneous auscultation was carried out by ad¢dbbserver, to confirm
satisfactory (within 5mmHg) agreement between tloaitor and auscultatory values;
if this criterion was not met, the cuff was repmsied until satisfactory agreement
was obtained. The three readings which had set@sfaagreement between the
monitor and the observer in the final cuff positeme referred to as “clinic readings”.
The monitor was programmed to record blood pressueey half-hour during the
daytime and every hour during the night, and anding was considered of

satisfactory technical quality if at least 20 demgiambulatory data points were

66



Chapter 2: Materials &methods

available for analysis. Patients also recordedithe they went to bed and rose in the
morning to enable individualised calculation of tdaytime” and “night-time”

periods. Mean values for systolic and diastolioblpressures for the clinic, daytime
and night-time periods were analysed for associatiibh genotypes.

Echocardiography and CIMT measurement

Echocardiography and CIMT measurement was perfoimadubset of individuals
between 1999 and 2001, as previously deschbe@arotid artery ultrasonography
was performed in 953 individuals by two sonographetith all measurements made
by a single observer. The right and left commaoti arteries were scanned using a
7.5 MHz linear array transducer (HP Sonos 5500)ragdsurements were made from
the far wall of the distal 10mm of the common cafrattery. Images were recorded
for later offline analysis using computerised edgéesction software with manual
editing. Mean and maximal CIMT measurements weréopmed at end-diastole on

each side, and the average reading from theseal@adated.

Trans-thoracic echocardiography was performed #hif@@ividuals according to a
standard protocol in which 2D imaging, M-mode inmggand Doppler studies were
performed. Left ventricular (LV) wall and cavityeasurements were performed by a
single observer from the standard M-mode imagasémiass (in grams) was

estimated from M-mode images as recommended b&nierican Society of
Echocardiography guidelin€4, using the formula described by Devereaf
Measurements of LV mass were corrected for bodiaseararea as described by Levy
etal in the Framingham heart study coRbtt Fractional shortening was calculated as
100(LVIDs+LVIDd)/LVIDd, and LV ejection fraction waestimated according to the
formula described by Teichholz ef®l The E/A ratio was calculated using standard

methodology from pulse-wave Doppler estimates afahvalve inflow velocity®"

Additional phenotyping

A full clinical history was taken, which includeke subject’s medical history and
lifestyle factors including consumption of alcolamid tobacco, and habitual physical
exercise. Anthropometric data including heightigheand waist and hip
circumferences were measured. Blood samples sreanalysed for other
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phenotypes relevant to cardiovascular diseaseg esimmercially-available assays.
These included: plasma levels of total cholesténtérleukin-6 (IL-6), tumour

necrosis factoa (TNF-a), C-reactive protein (CRPY, and leptif®,

2.1.1.5 Congenital heart disease cohort

The congenital heart disease cohort comprised 838pds with congenital heart
disease collected from two studies, the CHANGE s{@bngenital Hearts: A
National Gene/Environment study) and the FCH s{idgeman Congenital Heart
Disease studfj*.

The multi-centre CHANGE study included Caucasiatiep#s with tetralogy of Fallot
(TOF), or the related conditions pulmonary sten®8® and double outlet right
ventriclé®. Blood or saliva samples were obtained from pésiat centres in
Newcastle, Leeds, Bristol and Liverpool. Patiemity recognised causes for TOF
were excluded (including known chromosome 22qgl#&taei syndrome, other
malformation syndromes, known chromosomal abnotiesg)idevelopmental delay
and learning difficulties, and known maternal expego significant teratogens

during pregnancy). 444 TOF samples were availaislarialysis.

The FCH study included Caucasian patients withrdtivens of congenital heart
disease recruited at the Freeman Hospital in NetvecaBlood or saliva samples and
phenotypic information were obtained from all patee 444 non-TOF congenital

heart disease samples were available for analysis.

Informed consent was obtained from all patienttheir parents/guardians and the
studies were approved by the regional ethics cotaast

2.1.1.6 Cumbria control cohort

The Cumbria control cohort comprised 1,089 Caucasiamen of childbearing age
from the North Cumbria Community Genetics Proj&ECGP¥® for whom usable
DNA was available. Between 1996 and 2003 corddkamples were collected from
infants born consecutively at West Cumberland Hagpnd from 1999 to 2003

maternal blood samples were also colle®edDNA extracted from these maternal
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samples was used for the analysis. Informed cangas obtained from all

individuals and the studies were approved by the@ral ethics committee.

2.1.2 Labware

All experiments were performed using standard Isteticlease-free plasticware from
recognised laboratory suppliers. Barrier pipefie were used for all pre-PCR

preparation steps, which were performed in desaghl@minar-flow hoods.

2.2 Methods

2.2.1 DNA extraction and quantification

2.2.1.1 DNA sample collection and extraction

For the SA cohort, peripheral blood samples for Déalysis were collected in 5mL
EDTA tubes using standard venesection from veirteerantecubital fossa. Samples
were stored at -8C until extraction and were extracted within twontiss. DNA
was extracted from the SA cohort using a standhegl/chloroform methdd’ by
technicians at the Department of Molecular Biolagyl Human Genetics, University

of Stellenbosch, Cape Town.

For the NE British Caucasian cohort, peripherabdlsamples for DNA analysis had
been previously collected using the PAXgene BlodtARKit (PreAnalytiX,

Belgium). DNA was obtained fronpL of the eluate from the RNA extraction
performed without the DNase step, and amplifiedgisvhole genome amplification

(as described in section 2.2.1.4).

For the HTO, Cumbria, andLH1 samples, DNA from peripheral blood had been
previously collected and extracted using standaghpl/chloroform method¥. For
the Congenital heart disease samples, DNA froneefieripheral blood or saliva had
been previously collected and extracted using stahohethods: phenol/chloroform
method® for blood samples or the Oragene Self-Collectidrpkotocol (DNA
Genotek, Canada) for saliva samples.
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Stock DNA solutions were diluted to working aligsa@tf 20ngylL in 1XxTE buffer
(Fluka Analytical, Sigma-Aldrich, UK) and stored-a2t°C.

2.2.1.2 Quantification by Nanodrop

DNA concentration was quantified by absorbances@Z80nm using a NanoDrop
ND-3000 Spectrophotometer (NanoDrop Technologi€sAlin 1uL of solution.
Samples were mixed by vortexing or pipetting ptoomeasurement and two or three

measurement replicates were performed per sample.

2.2.1.3 Quantification by PicoGreen

DNA quantification was also performed using the Qitid PicoGreen dsDNA kit
(Invitrogen, USA) using the Thermo Fluoroskan Agdeln (ThermoFisher Scientific,
UK) following the manufacturer’s standard protocol.

2.2.1.4 Whole genome DNA amplification

For the northeast Caucasian samples, 4puL of 1itiflat of the extracted RNA/DNA
solution was amplified using GenomePlex CompletoWIiGenome Amplification
Kit (Sigma-Aldrich, UK) following the manufacturex'standard protocol.

2.2.1.5 Ampure DNA purification

Following WGA, DNA purification was performed usiddViPure magnetic beads
(Agencourt, Beckman Coulter, UK) following the méexturer’s standard protocol
and eluting the DNA in 40uL of TE buffer. AmplileDNA concentration was
guantified using optical densitometry, and workatigiuots were diluted to a
concentration of 20ng/uL in 1xTE buffer. All anfigid DNA was stored at -2G.

2.2.1.6 Electrophoresis and visualisation of DNA

Samples and no-template controls from PCR reacti@ne analysed using agarose
gel electrophoresis prior to Sequenom analysiglwralownstream applications to
confirm that the PCR reaction had been successtiibaclude product in the no-

template controls.
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2.5% agarose gels were made using 2.5g of SeaKeAghEose powder (Cambrex,
USA) in 100mL of 1XTAE, containingplL of 1000xGel Red per mL of gel. b of
Orange G loading dye (Sigma-Aldrich, UK) was adtte@uL of PCR product and
samples were loaded alongsigd-f GeneRuler 100bp DNA ladder (Fermentas,
Germany) for size determination of the productecEbphoresis was carried out
between electrodes 30cm apart for 30-40 minuted®®V in 1XTAE buffer. Gels
were visualised using a GeneGenius bioimaging sy$&/ngene, Synoptics Ltd,
UK) and photographed using GeneSnap image acqusbftware (Syngene,
Synoptics Ltd, UK).

2.2.2 RNA extraction and quantification

2.2.2.1 General RNA procedures

RNA work was performed in designated areas usinlicdéed equipment where
possible. External surfaces of equipment and wgrkurfaces were prepared using
RNase Away (Sigma-Aldrich, UK) prior to use, acdagito standard protocols.
Designated RNA-only pipettes and sterile RNase{fibevare were used for all RNA
work. Sterile nuclease-free water (Sigma-Aldridi) was used for all applications.

2.2.2.2 RNA sample collection

Peripheral blood samples for RNA analysis wereectdld in a 2.5mL PAXgene
Blood RNA tube using standard venesection from y@rthe antecubital fossa.
Samples were incubated at room temperature fon@u6s then stored at@ for up

to 72 hours before being frozen, initially at °2Cfor 24 hours and then at <@Dfor
long-term storage until extraction. RNA extractiwas performed within 3 months of

sample collection.

2.2.2.3 RNA extraction

PAXgene Blood RNA extraction and purification wasfprmed according to the
manufacturer’s standard protocol, with omissiothef DNase steps, such that the
eluted solution contained both RNA and DNA. Thesmitted DNA from the sample
to be used for genotyping. Nucleic acids wereeelum 80uL of elution buffer BR5

and stored in nuclease-free capped tubes &C-80
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2.2.2.4 DNase treatment

RNA samples were DNase treated using RQ1 RNaseBase (Promega, USA)

prior to reverse transcription following the marttaer’'s standard protocol.

2.2.2.5 Whole transcriptome amplification

Whole transcriptome amplification was performechgsQuantitect Whole
Transcriptome Kit (Qiagen, Germany) following thamafacturer’s standard

protocol.

2.2.2.6 RNA LabChips

RNA and cDNA fragment size and quality were tedtedselected samples using the
RNA 6000 Pico LabChip kit (Agilent, USA) for the Agnt 2100 bioanalyzer,
following the manufacturer’s standard protocol.

2.2.3 Reverse transcription

For AEI measurements, approximately@ of total RNA was reverse transcribed
using SuperScript Il First-Strand Synthesis SystenRT-PCR (Invitrogen, USA) or
Superscript VILO cDNA Synthesis Kit (Invitrogen, B¥following the

manufacturer’s standard protocol, and eluted l20

For teal-time PCR measurements, 500ng of total RMA reverse transcribed using
High capacity RNA-to-cDNA Master Mix (Applied Biostems, USA) following the

manufacturer’s standard protocol, and eluted inl2@DNA was stored at -8C.

2.2.4 Sequenom assays for genotyping and AEI analys is

2.2.4.1 Assay design

Genotyping was carried out using Sequenom iPLEXd@athnology using
multiplexed assays. Initial AEI analysis was parfed in uniplex using Sequenom
hME technology based on the method reported by BirtgCantdr’>. This
methodology was subsequently adapted to utilis&¥Gold technology and allow

multiplexing, as described below.
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Multiplex assays for Sequenom genotyping were aesigising Sequenom’s
RealSNPB®® and MassARRAY Assay Design v3.0 software (Sequend®A). This
designs primers, checks for compatibility betweamers in a multiplex, and
performs a BLAST search. PCR primers which pergrauboptimally were
redesigned into subsequent assay designs, withahsekection of alternative PCR or

extension primer sequences.

Primers for AEI analysis were designed manually @sidg Primer3 v.0.4.0
softwaré®® *°and genomic specificity was confirmed using BLASaghinst the

human reference sequence in the NCBI datdBase

A full list of the assay primers can be found inp&pdix 1. A 10 base non-
complementary tag was added to PCR primers for &eaqu analysis to increase their
mass so that they would not fall within the windofathe extension products during
MALDI-TOF analysis.

2.2.4.2 Primers

PCR and extension primers were supplied lyophil{déetabion, Germany) and were
resuspended in nuclease-free water (to a conciemtrait 10QuM for PCR primers

and 30QM for extension primers), aliquoted, and storeeR&fC.

2.24.3 PCR

PCR setup was performed in a designated pre-PCGRraegelaminar flow hood using
barrier pipette tips and designated pre-PCR pipetNA was added in a separate
laminar flow hood with DNA pipettes. PCR reactiamsre performed using Q or
15uL reaction volumes in 96-well plates (ThermoFis8erentific, UK) sealed with
adhesive lids or capped thin-walled PCR tubes (fb&isher Scientific, UK) using a
thermal cycler (BioRad DNA engine Tetrad 2, BioRA&A). HotStar Taq
polymerase (Qiagen, Germany), 10xPCR buffer (QigggBmM magnesium chloride
(Qiagen, Germany), and 25mM dNTP mix (New EnglamlBbs, USA) were used

for all reactions. Optimisation of annealing temgteres and PCR conditions was
performed for AEI assays using 50°@0temperature gradients. No-template controls

and duplicate samples were included for qualitytidn Agarose gel electrophoresis
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of PCR products was performed for all plates tdficonsuccessful PCR in sample
wells and exclude PCR product in the no-templatérots before proceeding to

further analysis.

PCR conditions for multiplex iPLEX genotyping

PCR was performed using 20ng of DNA template i®@llreaction volume. A
primer mix was prepared containingl5of each 10Q0M PCR primer solution in a
total volume of 1000L (final concentration of each primer 500nM). Ti@L
reaction mix for each sample containedd. huclease-free water, 1.@2b 10xPCR
buffer, 0.65uL 25mM magnesium chloride solution, Ojg025mM dNTP mix, 1L
primer mix, 0.2QlL HotStar Taq (5U4L), and JuL DNA in 1xTE buffer. PCR
conditions were 9& for 15min, then 35 cycles of (95 for 20sec, 5& for 30sec,
72°C for 1min), then 72 for 1min, then 2C hold.

PCR conditions for multiplex iPLEX AEI assays

PCR was performed for samples heterozygous atdhedribed SNP using 25ng of
cDNA template in a J0L reaction for rs3217992/rs1063192, and all&eaction for
rs3088440/rs10965215 and rs11515/rs564398 (to &6 products to be divided
into two separate plexes for Sequenom analysiprilder mix was prepared
containing L of each 10QM PCR primer solution in a total volume of 1QQ0
(final concentration of each primer 500nM). Thaat&on mix for each sample
contained 4.{dL nuclease-free water, 1.2b 10xPCR buffer, 0.65L 25mM
magnesium chloride solution, 0 2025mM dNTP mix, 2L primer mix, 0.2QL
HotStar Taq (5U4L), and JuL cDNA in elution buffer. PCR conditions for
rs3217992/rs1063192 were°@sfor 15min, then 45 cycles of (85 for 20sec, 5&
for 30sec, 72 for 1min), then 72 for 1min, then ZC hold. Conditions were the

same for the other assays except for a temperati@.6'C in the annealing step.

Estimation of allelic ratios in genomic DNA samplexterozygous for the transcribed
SNP was performed using the identical protocol \@Bhg of gDNA template in place
of the cDNA template.
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PCR conditions for uniplex iPLEX AEI assays

PCR was performed for samples heterozygous atdhedribed SNP using 25ng of
cDNA template in a Jj0L reaction volume. The reaction mix for each sample
contained 7.08L nuclease-free waterpl 10xPCR buffer, 0.4L 25mM magnesium
chloride, 0.3RL 25mM dNTP mix, 0.08L 25uM forward primer, 0.08L 25uM
reverse primer, 0.Q4 HotStar Taq (5UAL), and JuL cDNA in elution buffer. PCR
conditions for rs3217992 and rs1063192 weCH6r 15min, then 45 cycles of
(95°C for 20sec, 5& for 30sec, 7L for 1min), then 72 for 1min, then 2C hold.
Conditions were the same for the other assays efmea temperature of 586 in

the annealing step.

Estimation of allelic ratios in genomic DNA samplesterozygous for the transcribed
SNP was performed using the identical protocol \2bhg of gDNA template in place
of the cDNA template.

PCR conditions for uniplex hME AEI assays

PCR was performed for samples heterozygous atdhedribed SNP using 25ng of
cDNA template in a Jj0L reaction volume. The reaction mix for each sample
contained 3.AL nuclease-free waterul 10xPCR buffer, 0.8L 25mM magnesium
chloride solution, 0. 4L 20mM dNTP mix, 0.uL 5uM forward primer, O.fuL 5uM
reverse primer, OlL HotStar Taq (5U4L), and 3uL cDNA in elution buffer. PCR
conditions were & for 15min, then 45 cycles of (%2 for 20sec, 5°C for 30sec,
72°C for 1min), then 72 for 3min, then 2C hold.

Estimation of allelic ratios in genomic DNA samplexterozygous for the transcribed
SNP was performed using the identical protocol \Bhg of gDNA template in place
of the cDNA template.

2.2.4.4 SAP treatment

5uL of PCR product for each sample was transfaoed384-well plate. A SAP
reaction mix was prepared containing 1.53uL wd&&7uL 10xSAP buffer
(Sequenom), and 0.3puL SAP enzyme (1U/uL) for eaampte. 2uL of SAP reaction
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mix were added to each well using a Multimek 9@®mated pipettor (Beckman
Coulter, USA). The plate was sealed with an adfedsil and centrifuged briefly at
700rpm, and then incubated in a thermocycler (BtbBAA engine Tetrad 2,
BioRad, USA). SAP reaction conditions weré@G7or 40min, followed by 8% for
5min, followed by 4C hold.

2.2.4.5 Primer extension reaction

Extension reactions for iPLEX assays

For iPLEX extension reactions containing threeewdr extension primers, a reaction
mix was prepared containing 0ja010x iPLEX buffer, 0.2QL iPLEX termination
mix, 0.037%L of each 30QM extension primer solution, 0.04ll iPLEX enzyme,

and water to make the volume up {d-Zer sample.

Because larger mass products are detected leseefiy in the MALDI-TOF

detection system, a higher concentration of thgelamass extension primers was
needed for highly multiplexed reactions (more tfam extension primers). In this
case, extension primers were divided into four apipnately equal groups based on
their mass, and the volume of 300 extension primer solution added for each of the

four groups is shown in Table 2.1.

Table 2.1. iPLEX extension reaction mix for multipkxed reactions

Reagent Volume (pL) per sample
10x iPLEX buffer 0.20

iPLEX termination mix 0.20
Primer group 1 (300uM) 0.01875
Primer group 2 (300uM) 0.0249
Primer group 3 (300uM) 0.0312
Primer group 4 (300uM) 0.0375

iPLEX enzyme 0.041

Water To make volume up top2 per sample

2uL of the reaction mix was transferred to eacH ofahe 384-well plate containing
the product of the SAP reaction using a Multimeka@6mated 96-channel pipettor
(Beckman Coulter, USA). The plate was sealed anttadhesive lid, briefly
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centrifuged at 700rpm, and then incubated in atbeycler (BioRad DNA engine
Tetrad 2, BioRad, USA).

For iPLEX genotyping assays extension reaction itimms were 94C for 30sec, then
40 cycles of (92C for 5sec, followed by 5 cycles of (&2for 5sec, then by 8G for
5sec)), then 7°Z for 3min, then 2C hold.

For iPLEX AEI assays extension reaction conditimese 94C for 30sec, then 30
cycles of (94C for 5sec, followed by 5 cycles of (82 for 5sec, then by 8G for
5sec)), then 7Z for 3min, then ZC hold.

Extension reactions for h(ME assays

A reaction mix was prepared containing 1.jdiR8vater, 0.2QL ACG termination

mix, 0.054%L of 10QuM extension primer, and 0.0ftB ThermoSequenase enzyme
(32U/MuL). 2ul of the reaction mix was transferred tolea@ll of the 384-well plate
containing the product of the SAP reaction usimdudtimek 96 automated 96-
channel pipettor (Beckman Coulter, USA). The plass sealed with an adhesive lid,
briefly centrifuged at 700rpm, and then incubated thermocycler (BioRad DNA
engine Tetrad 2, BioRad, USA). Reaction conditisese 94C for 2min, followed

by 55 cycles of (9% for 5sec, then 52 for 5sec, then by 7€ for 5sec), followed

by 4°C hold.

2.2.4.6 Clean Resin step

Reaction products were desalted with Clean Reggy&om) prior to MALDI-TOF
analysis. For iPLEX reactions, 6mg of Clean R&gine added to each well of the
384-well reaction plate containing the productred &xtension reaction, using a
dimple plate. For hME reactions, 3mg of Clean Regre added to each well of the
384-well reaction plate containing the productred extension reaction, using a
dimple plate. Samples were diluted with16pul ofevatsing a Multimek 96
automated 96-channel pipettor (Beckman Coulter, JJSA
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2.2.4.7 Quantitative MALDI-TOF analysis

A Sequenom MassARRAY nanodispenser (Samsung, US&)used to dispense
15nL of reaction product onto a 384-element Sp&ithi® (Sequenom, USA) and
MassARRAY Typer version 3.4 software (Sequenom, Y®As used to perform
MALDI-TOF analysis, using the appropriate settifgsgenotyping or AEI assays as

specified in the manufacturer’s protocol.

2.2.4.8 Determining genotypes

Spectra and automated genotype calls were mameaigwed and automated calls
that appeared erroneous or ambiguous were excludea@nually reassigned. This
process was performed at the time of plate anafygiswas not influenced by results
of subsequent data analysis. Individual samplés v genotype call rates (<80%)
and SNP assays with poor quality spectra or clygtes were excluded.

2.2.4.9 Estimation of allelic expression ratios

Spectra were manually reviewed and poor qualitgtspavere excluded. Allelic
expression ratios were estimated as the ratidseohtea under the peak representing
allele 1 to that representing allele 2. Measurdmesmre performed in four replicates
for each sample. Results from amplification of@aic DNA were used as an

equimolar reference to normalise the cDNA values.

2.2.5 TagMan Genotyping

TagMan genotyping was performed using predesigraegMBn SNP Genotyping
Assays (Applied Biosystems, USA), using the AppBdsystems 7900HT Fast
System. PCR was performed using 20ng of DNA tetaptaa L reaction volume
in 384-well optical reaction plates. The reactmix for each sample contained gL5
Universal PCR Master Mix No AmpEraseUNG (Appliedb8ystems, USA), 0.126
40xAssay Mix (Applied Biosystems, USA), 1.345nuclease-free waterpul DNA
solution in 1x TE. PCR conditions were’@5for 10min, then 40 cycles of (32 for
15sec, followed by 6 for 1min). No-template controls and duplicatmptes were
included for quality control. Data were analyseathg the allelic discrimination

algorithms in SDS Software v2.3 (Applied BiosystetdSA) according to the
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manufacturer’s protocol. Automatic genotype caldse manually reviewed and

edited if necessary.

2.2.6 Quantitative real-time PCR

Quantitative real-time PCR reactions were perforamgidg TagMan gene expression
probes and reagents (Applied Biosystems, USA),gusia 7900HT Real-Time PCR
System (Applied Biosystems, USA). PCR was perfarmging 25ng of cDNA
template in a 15L reaction volume in 384-well optical reaction jgisit Reactions
were multiplexed to include a FAM-labelled targehg assay and VIC-labelled
control gene assay in the same reaction. Theiogattix for each sample contained
5.51uL nuclease-free water, {ib 2xTagMan Gene Expression Master Mix (Applied
Biosystems, USA), 0.78. 20x target gene primer/probe mix (Applied Biogyss,
USA), 0.751L 20x control gene primer/probe mix (Applied Biosyms, USA), and
0.5QuL cDNA. PCR conditions were 80 for 2min, then 9% for 10min, then 40
cycles of (95C for 15sec, followed by 6C for 1min). Target genes and all control
genes used for normalisation of the sample werlysedon the same plate, and no-
template controls were included on each plate.redkttions were performed using

four replicates. Specific assay details are gimeBhapter 4.

Relative total expression was analysed using thepasative cycle threshold (Ct)
method using SDS 2.3 and RQ Manager 1.2 softwgpel{éd Biosystems, USA). Ct
values for each target gene were normalised tonéen Ct value of the reference
genes, which is more reliable than normalisatioa single endogenous control
gené®’. Normalised Ct values (= mean target gene Ctevalthean reference genes
Ct value) were used for all analyses.

2.2.7 Microsatellite analysis

Microsatellites in genomic DNA were amplified by R@vith FAM-labelled primers,
and the size of the products was quantified usapyllary electrophoresis. PCR was
performed using 25ng of cDNA template in gullGeaction volume in 96-well
reaction plates. Custom PCR primers were used, tivet forward primer FAM-
labelled (Metabion, Germany). Primer sequenceslaoen in Appendix 1. The

reaction mix for each sample contained plO8uclease-free waterpl 10XxPCR
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buffer, 0.41L 25mM magnesium chloride, 0.2 25mM dNTP mix, 0.08L 25uM
forward primer solution, 0.8 25uM reverse primer solution, 0.Q4 HotStar Taq
(5U/uL), and L DNA in 1XTE. PCR conditions were %5 for 15min, then 35
cycles of (95C for 20sec, 6°C for 30sec, 7 for 1min), then 72 for 3min, then
4°C hold. Duplicate and no-template controls wendtided. A master mix was then
prepared containing 8/& of Hi-Di formamide (Applied Biosystems, USA) and
0.3uL of Genescan-500 ROX size standard (Applied Bitesys, USA) per sample.
8.8uL of the master mix was added to each well of a 8éwell semi-skirted,
straight-edge PCR plate (StarLab, Germany), arnddf the PCR product was
transferred to each well of this plate. The plates covered in foil to prevent photo-
degradation, before analysis by capillary electorphis on a 3130xI Genetic
Analyzer (Applied Biosystems, USA). Data were gaall using GeneMarker v1.8
software (SoftGenetics, USA).

Microsatellite genotypes were manually assigned bingle observer (MSC), with
selected spectra and genotype calls reviewed imdigpdly by another observer
(MSK). Examples of selected spectra patterns heid interpretation are shown in
Figure 2.1. The spectra estimate the productdfitee PCR amplicon, which
consisted of 55 bases before, and 79 bases &i¢emitrosatellite TG repeats. The
number of TG repeats in the microsatellite waseafoge calculated as: N = (amplicon

size — 134)/2 for each allele.

80



Chapter 2: Materials &methods

Figure 2.1. Examples of microsatellite analysis spe&a.

Spectra show the amplicon size along the X-axispak height on the Y-axis. The boxed numbers on
the X-axis represent the peak positions detectied) e GeneMarker autodetection algorithm. The
location of true peaks are highlighted with recbaus for each spectrum and the interpretation offieac
spectrum is shown in the top left of each panealait be seen that interpretation is complicatethby
presence of ‘slippage’ peaks, which are seen dsspefdower magnitude to the left of each true peak
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2.2.8 MLPA

Analysis for copy number variation was performeshgsustom SALSA MLPA
(Multiplex Ligation-dependent Probe Amplificatioahpalysis (MRC Holland). The
SALSA MLPA P200-A1 reference probemix (MRC Hollarfithe Netherlands) was
used to provide reference probes and control fraggneCustom MLPA probes were
designed manually and using the H-MAPD Human MLRébe Design softwafe™

294 using the default settings for probe design.nftiee H-MAPD output, probes
were manually reviewed and sorted for additionaigiecriteria not included in that
software: left primer oligo (LPO) hybridising seque including a maximum of two
G/C nucleotides in the five nucleotides at ther8] adjacent to the ligation site, and
for LPO and right primer oligo (RPO) hybridisatieequences including a maximum
of three G/C nucleotides directly adjacent to thenpr recognition sequence). Probe
lengths of 92-140 nucleotides at four nucleotidenvals were designed, with the first
nucleotide of the LPO hybridisation sequence Tiliershortest probes, G for probes
of intermediate length, and C for the longest psob®elected primers were checked
for specificity using NCBI BLASTN, and checked aggtithe human reference
sequence to exclude the presence of SNPs in thalsgiion sequence using the
Ensembl Genome Brow$ér Sequences of the MLPA probes are shown in Apgend
1. All custom MLPA probes were ordered from Intggd DNA Technologies
(Belgium), with probes longer than 60 nucleotidegeoed as Ultramers.

MLPA was performed using the MLPA DNA detection/gtiication protocol (MRC
Holland, www.mlpa.com), using 100ng of DNA templaté&ulL of 1IXTE. The
volume of the PCR reaction step was reduced .29 he exact protocol used is
shown in Appendix 1. Duplicate samples and no-tategcontrols were included.
Amplification products were analysed using capjllatectrophoresis using a 3130xI
Genetic Analyzer (Applied Biosystems). Data wearalgsed using GeneMarker v1.8
software (SoftGenetics), using custom panel terapladr the probesets used. The
SALSA MLPA P200-A1l reference probeset was usednfti@rnal normalisation of
each reaction. This contains reference probesgions not expected to demonstrate
CNV, and also contains control fragments includimg Q-fragments that indicates if
insufficient amounts of DNA have been used, andtffeagment that indicates if the

sample was not completely denatured. The P200eprake summarised in Table 2.2.
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An example of the spectrum obtained from MLPA as@&lyising the chromosome

9p21 custom assay is shown in Figure 2.2.

MLPA data for each sample were quality checkedh wespect to the Q-fragments,
D-fragments, and dispersion of the control probes, samples with poor quality

results were excluded from analysis or repeated.

Table 2.2. Probes in the SALSA MLPA P200-A1l referete probemix.

Length (bases) SALSA MLPA probe Chromosomal
position
64-70-76-82  Q-fragments: DNA quantity; only visilogh NA
<100ng sample DNA
172 Reference probe C01 7931
178 Reference probe C02 14922
184 D-fragment: low signal indicates incomplete 14932
denaturation.
190 Reference probe C03 20p13
196 Reference probe C04 13qg12
202 Reference probe C05 20p12
208 Chromosome X probe CX Xq26
214 Reference probe C06 10p13
220 Reference probe C0O7 12924
226 Reference probe C08 4925
232 Reference probe C09 18q11
238 Chromosome Y probe CY Yqll
244 Reference probe C10 5p15
250 Reference probe C11 17pl1
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Figure 2.2. Example of MLPA spectra for the custonthromosome 9p21 probeset obtained using GeneMarksoftware.

Spectrum shows the custom probes (M01-M13) an@®#8® control probes (C01-C11, CX, CY, and CD, aswhin Table 2.2). The X-axis represents amplisiae (in
nucleotides) and the Y-axis represents peak heighé 82nt Q-fragments are small, indicating argadée amount of DNA template, and the D-fragmeakd€D) is
large, indicating adequate sample denaturation.

Mike_MLPA_Sp21

a0 100 120 1400 160 180 2001 2201 24101 260
4,000 1
3,000 1
2,00

UV b

Y o &

e e ) e O coi| | |co| ||co4| | |cx| | |jco7| | |cos| [c1o
03| MOG| [MOE| 1] lcoz| |coz| |cos| |cos|  [cos| 11

mo1|  [mos]  [mog] a2




Chapter 2: Materials & Methods

2.2.9 Statistical analyses

2.2.9.1 General analyses

Normality testing and data transformation

Quantitative data were tested for normality usthmg Anderson-Darling test using
Minitab v15. Normally distributed data are presehts mean and standard deviation,
with data that deviate from a normal distributioegented as median, range, and
lower/upper quartiles. Quantitative traits thatieeed from a normal distribution

were transformed (most often using a log transfaionaito approximately normalise

the distribution prior to correcting for covariatmsperforming association analysis.

Adjustment for covariates and correlation analyses

Effects of covariates for quantitative phenotypeseiradjusted for using linear
models in Minitab v15 or R software. Covariatetestipd data were used for all
association analyses unless otherwise statedcofilations were performed using
Pearson’s correlation test in SigmaPlot v11.0 né#kerwise stated. Spearman’s
rank correlation test was used when outliers oradew from normality were likely

to influence the analysis.

Testing genotyping for Mendelian inheritance, D-sttistics, and correspondence
to Hardy-Weinberg proportions

Family-based genotyping data was checked for Mésml@heritance errors and
correspondence to HWE proportions using PEDSTAT Data from families with
Mendelian errors were reviewed and re-genotypeédéessary, and where Mendelian
errors persisted, families were excluded from asedy HWE checks were performed
in the total population and in the unrelated fourrdembers only to account for
deviations that may be due to family structuredi§ee and data files were prepared
as described on the PEDSTATS website. Genotypaitg flom unrelated individuals
was checked for correspondence to HWE proportisirggustandard formulae in

Excel or Haplovie®’®?%

The extent of deviation from HWE proportions wasneated for each SNP by

calculation of the deviation statistic (D-statifilc Excel according to the
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formulaD = H - 2p(1- p), whereH is the observed heterozygosity gnthe minor

allele frequency. Using this formula, negative &lues correspond to an excess of

homozygosity, and positive values to an excesetd#rbzygosity.

Significance thresholds for hypothesis testing andorrection for multiple-testing

Statistical significance was defined using an uremied significance threshold of
0.05 unless otherwise stated. Correction for pl@tiesting was performed using a
Bonferroni correctioft®, in which the corrected significance threshait) or n tests

is calculated asy’ = a/n.

Linkage disequilibrium, tag SNPs, and LD plots

LD plots and calculation of LD between SNPs wendquened using Haploview
v4.07°". The Tagger function in Haploview was used tessh minimal set of SNPs
that define a haplotype, parameters for which peei§ied in the relevant sections.
LD for pairs of SNPs are presented aand D’ values, following standard

conventioR®’ 2%

2.2.9.2 Genotype-phenotype association testing

Association testing using MERLIN

Family-based association analysis for quantitatiais was performed using
MERLIN v1.1.2 softwar&® which uses sparse inheritance trees for pedimabysis.
This performs rapid haplotyping, genotype erroedgbn and affected pair linkage
analyses and can handle more markers than othgreednalysis packages. The
association test implemented in MERLIN includesraagrated genotype inference
feature, which can improve power when some genstgpe missing. Pedigree, data
and map files were prepared as described on thelMERebsite”.

Association testing using UNPHASED

Case-control association analysis for discretéstvaas performed using UNPHASED
v3.10%% 3% This software implements maximum-likelihood irgiece on genotype
effects while allowing for missing data such asgimg genotypes. Association

testing for binary traits is performed using logisegression, which can be done
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using allele or genotype models. Pedigree, dadanzap files were prepared as for
MERLIN.

Estimation of maximum SNP contribution to overall phenotypic variance

For association analyses of quantitative traitsagproximate estimate of the
maximum plausible genetic effect (G) of a given SiPa particular trait based on
the upper 95% confidence interval was calculatédguse formula: G = (A +
(2*SEa))** ((SDgenotypd/(SDadj rai)”), Where A=absolute regression coefficient,

SE=standard error, SD=standard deviation.

2.2.9.3 AEIl analysis

AERs were analysed using an extension of the apprpablished previousiy’.

This has now been publish®4 but the principles are summarised below. After
normalisation to an equimolar control, AERs wergti@ansformed. Outliers from
each individual sample’s technical replicates wexeluded using Grubb’s test. In
order to assess the effect of a potentiaidyacting polymorphism on allelic
expression ascertained at a transcribed polymarphiso things need to be
estimated: first, the phase between the alleléstt polymorphic sites; and second,
the effect of the potentiais-acting marker on expression. The simplest meihoal
first estimate the phase and then, given that plessess the effect of the
polymorphism. This approach was used in the chemm@ 9p21 analysis, where
genotypes for each population were phased usingaperocedure from the R-
package gap (as deposited in the CRAN arcfflveDnce the phase has been
estimated it is possible to assess how likely theeoved allelic expression ratio is
given the phase relationships between transcribddeapressed polymorphisms
under different assumptions on the effect. Theatf§ize that best explains the
observed ratios is then selected, based on aHd@di maximisation procedure. To
establish significance, the effect estimate is carag with the likelihood obtained
assuming no effect of the putatigis-acting polymorphism. These likelihoods can be
compared using a likelihood ratio test, the restilvhich is summarised as the
significance P-value. These analyses were perfdusag R and MatLab software.
An alternative approach to AEI analysis is to deiee phase and effect
simultaneously, as described by Tearaf*®. This approach was used in ®EK39
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analysis in Chapter 7 using the statistical packageut was computationally too
challenging given the number of SNPs genotyped ¢anesponding number of
possible haplotypes) at the 9p21 locus. For a@lyaes the effect size is defined as
the logarithm of the ratio of (expression from tdiieomosome carrying allele 2 at the
cis-acting locus / expression from the chromosomeyiray allele 1 at theis-acting
locus), i.e. the log of the change of expressian #fiele 2 produces compared to

allele 1. By convention this was performed definailele 2 as the rare allele.

2.2.9.4 Quantitative real-time PCR analysis

The association between total expression, as medyrreal time PCR, and each of
the SNPs was assessed using linear regressioa wighransformed normalised
expression values on the genotype assuming no @maeenor interactions between
the effects of different SNPs. Analyses were pentx in R and SigmaPlot v11.0.

The effect size is defined as the slope of thealimegression anlaysis.
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3 Preliminary methodological studies for allelic

expression analysis

3.1 Introduction

With the recent identification of multiple non-tsammibed SNPs associated with
disease phenotypes in GWA studies, interest hasased in techniques for
investigatingcis-acting effects on expression. Previous AEI aredysave only
considered the effects measured at individual trémesd SNPs, but simulations
suggest that combining information from multiplertscribed SNPs in the same gene
may improve the power of this approach for mapiseacting effects. The
chromosome 9p21 region has been recently associdtted range of diseases by
GWA studieg™ 126:130.164. 167. 188 hq hearby genes in this region includ@gKN2A
CDKN2B ANRIL, andMTAP each have multiple exonic SNPs that could be tsed

investigate such an appro4th

Published studies have varied considerably in titz¢egjies used to normalise AER
values. Normalisation to an equimolar controleiguired to correct for any assay bias
that could potentially give artefactual results, daample, with the Sequenom
platform higher mass products tend to be deteetesiéfficiently than lower mass
products during MALDI-TOF mass spectrometry, anthwine hME technology for
which the technique was originally describ@dalleles with multi-base extension
tend to have smaller peaks than alleles with stbgkee extension. Appropriate
normalisation is important since such systemasaabiases could create artefactual
associations for variants in high LD with the tremised variant used to assess AEI.
The most common strategy for normalising AEI data been to correct for the allelic
ratio obtained in genomic DNA from heterozygousvialals, based on the
assumption that the alleles are present in a lid irmgenomic DNA. However,
reported approaches have included normalisatidinetonean genomic ratio of all
heterozygous individual® 7 normalisation to the mean of a subset of
individual$®®, normalisation to a single reference sarff51é®® and normalisation of
each individual's cDNA to the genomic DNA from tsame individuaf®. An

alternative method is to normalise using the AERamied from an experimentally
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prepared equimolar standard. This is done by mQIKINA in a 1:1 ratio from two
individuals who are homozygous for alternativelabieat the transcribed
polymorphism and using this mix as the templateMiBR assessment. The extent to
which different normalisation strategies influerdel analysis has not been studied.
The most commonly used method has been to norntaligeoled genomic DNA
ratios, which should reduce the variability of titmalisation factor, but could be
problematic in the presence of CNVs or varianthaamplicon sequence that
influence the cDNA AER of individual samples.

At the outset of this study, application notes pablished literature for AEI
assessment using Sequenom were only availablévferanalysis and not the newer
IPLEX technology. hME analysis involves a multiskaextension process for
detection of the higher mass allele, which tend®tluce the area of the higher mass
peak relative to that of the lower mass allele Wwhio/olves only single base
extension for detection. This occurs because smpes of the higher mass allele
only extend by a single base during the extensantion, as evidenced by the
presence of a ‘pausing peak’ in the spectrum (amge of which is shown in Figure
3.3 on page 100). This peak may interfere withsuemment of the lower mass allele
peak area, and results in reduced peak area digher mass allele and skewing of
AER. However, the newer iPLEX technology, whickialves single base extension
for each allele, would be expected to reduce siam$eb and may offer improved
accuracy and reduce reliance on accurate normalisaf further advantage of the
IPLEX technology is that reactions can be multiplgxnore easily, which is
advantageous where samples are limited. Howdwerge of iPLEX and
multiplexing for AEI analysis needs to be experitadiy validated.

Experimental factors such as RNA storage and degmadmay influence analyses
involving total gene expression, since total exgimslevels are normalised to
expression levels of different reference genesijtihas been shown that different
mRNAs may degrade at different rates AEI analysis would be expected be more
resistant to such influences since alleles whiéferdin sequence by only a single
nucleotide are compared within the same samplethleugxtent to which such factors
influence AEI assessment needs to be confirmedremeetally. Assumptions
involved in the AEI analysis such as linearity, matfity, and constant variances of
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AEI measurements also require experimental vabdatiFurthermore, whether

RNA/cDNA amplification alters AElI measurements & Rnown.

3.2 Aims

3.2.1 AEIl studies using MLH1

Preliminary AEI studies were performed using SNE/89977 in theMLH1 gene, for
which pilot studies of techniques for AEI assessnieial been previously performed

by other members of the group. The specific aifrth@se experiments were:

» To determine the reproducibility of the reverses@iption step.

* To investigate whether AEI could be reliably asaerd using stored RNA

samples from the NE Caucasian cohort.
* To compare AEI assessed using hME and iPLEX melbgas.

* To determine whether amplified cDNA could be usadXEI| analysis.

3.2.2 AEI studies in the chromosome 9p21 region

Methodological studies were also carried out foll A&sessment @DKN2A
CDKN2B ANRIL, andMTAP expression at the chromosome 9p21 locus. Thefgpec

aims of these experiments were:

* To determine whether expression of these genesl tauteliably detected in
peripheral blood and whether they displayed sugfitinter-individual

variability in AEI to allow mapping ofis-acting effects.
* To determine the amount of cDNA needed for AEI gseé of these genes.

* To assess whether AEI assays could be reliablyiphe®ed using the iPLEX
methodology.

* To demonstrate linearity, normality, and constartance of AEI estimates.

* To compare the influence of different normalisatmethods on mapping of

cis-acting effects using AEI.

* To investigate novel methodology using multiplentreribed SNPs per gene.
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3.3 Materials and methods

3.3.1 Participants and samples

Expression studies at the chromosome 9p21 loclisded two populations of healthy
adult volunteers: the 310 individuals of the SA@afand the 177 individuals from
the NE Caucasian cohort. Preliminary feasibilitg @ptimisation work involving
MLH2lexpression were performed using samples from &fflecases and unaffected
controls of the CAPP study. Details of these papoihs and the nucleic acid
preparation were presented in Chapter 2.

3.3.2 Selection of transcribed SNPs for allelic exp  ression analysis

Using the NCBI Entrez Gene databd8eranscribed transversion SNPs with
expected heterozygosity >0.2 in Caucasian populsaticere selected as suitable
candidates for assessment of allelic expressiariawts lacking population

frequency data were excluded. Insertion/deletimymorphisms were also excluded
since these would alter the size of the PCR propartuced for each allele, which
could bias the AEI estimate. The NCBland Ensembf databases were also used to
establish the location of transcribed SNPs witipeesto reported transcript variants

of each gene.

Transcribed polymorphisms ANRIL, which was not annotated in the databases at
the time of the design, were identified by compgutime reported mRNA sequente
with NCBI dbSNP using the BLAST tool. The expechtederozygosity oANRIL
exonic SNPs identified in this way was then chedkedbSNP.

Transcribed SNPs selected using these criteria:w&3688440 and rs11515 in exon 3
of CDKN2A rs3217992 and rs1063192 in exon ZaIKN2B rs10965215 and
rs564398 in exon 2 ANRIL The twoCDKN2ASNPs are also presentAiRF,

allowing the assessmenta@g-acting influences on both of these transcriptsother
SNP rs10738605 in exon 6 ANRIL also satisfied these criteria but was excluded
from initial AEI experiments because of extensikewging of the allelic ratio in

genomic DNA.
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3.3.3 Selection of mapping SNPs

3.3.3.1 SNPs associated with disease

SNPs previously reported to be associated witreds@henotypes were selected for
mapping effects on expressth 12> 160. 169173, 175-182, 312315\ A studies for CAD
showed association for multiple SNPs which werstiong LD in the chromosome
9p21 region. To reduce redundancy of genotypirtgehaure inclusion of the most
important SNPs, the ‘lead’ SNPs showing the strehgssociation with disease,
subsequent refinement SNPs, and SNPs reportedgadahe risk haplotype were
selected from GWA studies. All SNPs reported teehsignificant associations with
disease phenotypes in candidate gene studiesdasysly summarised in Table 1.4

on page 33) were included.

3.3.3.2 SNPs altering transcription factor binding sites within regulatory

regions

SNPs within previously reported regulatory elemesoish as th€DKN2A, ARFand
CDKN2Bpromoter§®®*®or a putativeANRIL promoter region (which was arbitrarily
defined as 1kb up and downstream of the transonsiart site for the purposes of
this study) were also selected. SNPs in thesemsgvere included if they were
reported more than once in NCBI dbSNP, had expdatéeetozygosity >5%, and the
alternative SNP alleles were predicted to alter &mtnanscription factor binding sites
using PROMO v.3.0.2 softw&f&' 24

3.3.3.3 Tag SNPs to capture common variation in the region

Additional tag SNPs required to capture commonatan in the core region of
interest (Chr9:21958155-22115505) based on HapM&p @ata were also selected
using HaploView 4.0 Tagger software using the felley parameters: minimum
minor allele frequency 0.01, pairwise taggirfthreshold >0.8. Transcribed or
functional SNPs already selected for genotypingeviierce included’ as tag SNPs in
Tagger to reduce redundancy of genotyping. Tagggrut SNPs were manually
checked for potential problems with Sequenom ggmoty(e.g. rs6475608 had
multiple deletions/repeats which would be probleomfatr Sequenom SNP analysis).

Tagging was then repeated with SNPs likely to lmblematic ‘force excluded’ from
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selection, to obtain a final panel of typable SMPgch adequately tagged the region.
The SNPs selected for genotyping and reasons ¢ardimg them are shown in the

genotyping results summary table in the next chafiable 4.2 on page 130).

3.3.4 Genotyping

Multiplex SNP genotyping was performed using Seguemethodology as described
in Chapter 2. The 56 SNPs were genotyped in #pasate reactions (W1-W5).

3.3.5 AEIl assays

PCR primers for the selected transcribed SNPs designed manually and using
Primer3 (v.0.4.0) softwaf&. For AEI analysis PCR primers were designed teeah
across exon boundaries, thus being specific for&RNd not binding to genomic
DNA. Primers for genomic DNA normalisation weresidmed to produce products as
similar as possible in size and sequence to thaxkiped by the cDNA specific
primers, to minimise differences in reaction kinetiCDKN2Aprimers span exons 3-
4 and include both transcribed SNPs (rs308844Qsiitb15) in the same amplicon.
ANRIL primers span exons 1-2 and include both transti@¢Ps (rs10965215 and
rs564398) in the same amplicon. RIDKN2B the distance of transcribed SNPs
from the exon boundary meant that amplicons woeldbre than 1kb in size, and
separate primer pairs for transcribed SNPs rs1(bahf rs3217992 were therefore
designed entirely within exon 2. TheSBKN2Bprimers were therefore not cDNA
specific, and analysis was performed using cDNANfidNase treated RNA.

Measurements were performed in four replicatesgusiimg of cDNA template.

3.3.6 Genomic DNA normalisation assays

Genomic DNA normalisation reactions I6DKN2Bused the same PCR primers as
used for cDNA, but fo€CDKN2AandANRIL (where primers were cDNA-specific)
separate assays designed to be as close as passizie and location to the cDNA
primers were used. Genomic normalisation sampése whecked both in uniplex

reactions and multiplex combinations when theseewssed for the AEI analysis.

The appropriateness of genomic normalisation ratmakslinearity of the AER

response were checked by mixing PCR products yingratios from individuals
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homozygous for the minor and major alleles at éxdR, and using these as template
for the allelic expression assays. To do this, @R performed from cDNA samples
homozygous for each transcribed SNP allele, ugangdsird uniplex AEI protocols

but with only 40 cycles. The concentration of B@R product from each
homozygous sample was quantified using PicoGreamommed in three replicates.
For each pair of alleles at each SNP, the proditbttwe highest concentration was
diluted with 1XTE to obtain the same concentraaisrthe less concentrated product.
Further cycles of PicoGreen measurement and dilwtere repeated until the
measured concentration of each sample was the sdofemes of product from each
allele pair were then mixed in known ratios (8:11,,4.:1, 1:4, 1:8), and for each
mixture serial dilutions were performed with 1xTatiuthe molarity with respect to
the DNA amplicons roughly equated to the molarftg@enomic DNA in a 20ngiL
solution. The resulting allele mixes were thenduse template for PCR and AEI

analysis following the standard protocol.

3.3.7 Statistical analyses

Allelic expression analysis was performed usingpfeephasing methodology
described in Chapter 2. A novel approach of comigiallelic ratios from the two
transcribed markers in each gene was used to setha number of informative
heterozygotes. This included AERs measured attoatiscribed SNPs in the analysis
of each gene. For individuals who were heterozgdgouboth transcribed SNPs,
information from both was included allowing for féifent variances at each
transcribed marker. The best fitting parametenewetermined using likelihood

maximisation algorithms.

3.4 Results

3.4.1 Preliminary feasibility and optimisation work using MLH1

3.4.1.1 Reproducibility of reverse transcription and effect of sample storage

To test the effect of reverse transcription (R Bat®ns on AER, the results of three
separate RT reactions performed simultaneously fresame RNA solution were

compared for two normal individuals. AER for eaample was assessed using four
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replicates. As shown in Figure 3.1, there wasulistntial difference in AER

estimates from separate RT reactions in the sadigdual.

To examine whether allelic expression analyses niighnfluenced by degradation of
stored RNA, paired samples were used to compare BERts between RT from
stored RNA (samples stored at °8(for 1-2 years) and RT performed at the time of
sample extraction and subsequently stored as cRANA2FC for 1-2 years). These
analyses were performed using samples from threenpgknown to have imbalance
in MLH1 expression. As shown in Figure 3.1, the magnitfd&El was similar for
analyses of each patient, confirming that the Rp sind sample storage do not

appear to substantially affect AEI analysis.

Figure 3.1. Effect of reverse transcription reactios on AER.

MLH1 AER is shown on the Y-axis. X-axis shows threeuwianeous RTs (RT1-RT3) from two
normal individuals (A and B) who were heterozygatithe transcribed SNP, and RTs from stored
RNA and stored cDNA for three patients with knovllel&t imbalance (C, D, and E). Mean AER for
each individual is represented by a different syinflvith standard error bars shown).
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Although AER measurements from stored RNA and gto2NA were comparable,

it was important to confirm that these AER estirsatere accurate and not both the
result of artefacts due to sample storage (whightroccur, for example, if one allele
was preferentially degraded to the same extenbih the stored RNA and stored
cDNA samples). AER estimates from stored RNA vibezefore compared with
AER values obtained from the same samples atiie @i their original extraction,
for five individuals with varying degrees of alleimbalance. As shown in Figure
3.2, AER values obtained from stored RNA samplewsenilar to values obtained
using ‘fresh’ RNA in experiments performed by deliént operator using the same

assay 1-2 years previously (r= 0.99, P=0.001).
Figure 3.2. Comparison of AER from stored RNA withAER obtained at the time

of RNA extraction for MLH1.

Correlation of AERs obtained at the time of RNAragtion (X-axis) and from stored RNA (Y-axis).
Regression line is shown as a solid line with ab&6% ClI.

AER from stored RNA
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It was not surprising that the linear RT step idtroed little variability into AER
estimates, and the data suggest that replicates &T stage are not required for
AER assessment. Allelic expression analysis coagppBNA sequences within
individuals that differ by just a single base, @nerefore should be relatively robust
to the effects of RNA/cDNA degradation which woblel expected to affect each
allele equally and not alter the ratio betweenlesdle This is in contrast to total
expression analyses where expression is compategdre different genes within a
sample (for normalisation) and between samples fidfarent individuals, both of
which may be subject to differential degradatidimese data were particularly
important since analyses in the NE Caucasian cetautd involve the use of stored
RNA and stored cDNA, whereas analyses in the SArtatould be performed using
newly collected RNA.

3.4.1.2 Comparison of AEI using hME and iPLEX

Five samples representing a mixture of balancedrabdlanced allelic expression
were analysed using each methodology. PCR wasrpeztl using standard protocols
in a 15uL reaction volume. For each reaction, 6fithe PCR product was used for
hME analysis, and 5uL for iPLEX analysis. Thigrehated variation due to the PCR
step and allowed the detection techniques to leeitijrcompared. The process was
repeated for both hME and iPLEX analysis using gandNA from the samples, to

allow appropriate correction of each assay to opeed.

Examples of spectra from the same genomic DNA P@Ruyzct analysed with hME
and iPLEX are shown in Figure 3.3, which clearlgwsh the pausing peak and
difference in ratio between the peak areas for hM&e overall G/A ratio for
genomic samples using hME was 1.56, compared ®f0r8PLEX on the same
samples. This illustrates the importance of appatg assay correction, as when the
allelic expression ratios were corrected for gerwbms the correlation between AER
for the two techniques was very high (r=0.99, P80%), as shown in Figure 3.4.
Since iIPLEX offers advantages in terms of accueay multiplexing, all subsequent

analyses were conducted using iPLEX.
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Figure 3.3. Comparison of spectra from the same gemic PCR product

analysed with hME and iPLEX showing difference in gak ratios.
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Figure 3.4. Comparison of AER using iPLEX and hME.

Each point represents an individual AER measuremetit standard errors shown. The linear
regression line is shown as a solid line.
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3.4.1.3 Effect of cDNA amplification on AER

Amplification of RNA/cDNA was investigated as a et of potentially increasing
the amount of cDNA available for analysis. Thisulkbbe advantageous both for the
present samples extracted from blood, and for éuvork using different tissues
(such as atheromatous plaque) where working froadlsamounts of extracted tissue
would be important.

Quantitect Whole Transcriptome Kit (Qiagen) prowda integrated system for
reverse transcription of RNA using random and olioprimers, ligation of cDNA,
and whole transcriptome amplification in an isothakreaction. This is reported to
produce uniform amplification across sequences natfligible sequence bias from
as little as 10ng of starting RN/R. The transcript profiles of five genes were

reported to be similar using amplified and unanngdiftDNA according to the
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promotional information from Qiagen, but examinataf their data did reveal
differences in the absolute expression levels batveanplified and unamplified
expression profiles. Because this is an amplibicgprocess, even a small percentage
difference in amplification efficiency between ttva alleles of a SNP could
significantly skew the AEI ratio and the effectvafiole transcriptome amplification

on AEI was therefore tested experimentally.

The effect of amplification on AER was tested uding samples which had a range
of allelic imbalance iMLH1. For each RNA sample, RT was performed twicegisin
the standard RT protocol, once with Quantitect @rtaomplification, and once with
Quantitect 8 hour amplification. Amplification Rias carried out using 20-40ng of
starting RNA, quantified using optical densitometiiyhis amount of starting RNA
was chosen because Quantitect amplification wasrteghto be reliable for amounts
of starting RNA between 10-300ng, and 10-50ng \wasatverage yield of total RNA
that had been previously achieved in our group fitager micro-dissection of
atheromatous plaque macrophages, which were paltgriieing considered for future
AEI investigations. AEI was assessed using thedstal four replicates from each
RT reaction. The mean proportional peak area®f3lallele (i.e. area of G allele
peak divided by the combined area of the G andéleapeaks) for each reaction is
shown in Figure 3.5. This showed that the amgitfan process substantially
distorted the relative allelic peak areas, with amglified allele tending to become
greatly over-represented and the other under-repteg in each amplification
reaction. In some cases this was so extreme tityacsingle allele was detectable in
the AEI analysis (which is the reason that the propnal area of the G allele rather
than the AEl ratio is represented in Figure 3.B¢airatios with a denominator of zero
cannot be shown). Interestingly, it was not alwidngsssame allele that was over-

represented following amplification.

Based on these data, the AER is significantly ettdry amplification using the
Quantitect kit from 10-40ng of starting RNA. Undifipd RNA/cDNA was

therefore used for all subsequent experiments.
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Figure 3.5. Effect of Quantitect cDNA amplificationon relative peak area of
MLH1 alleles.

The proportional area of the G allele is shownhlmnY-axis for five different samples (A-E) shown on
the X-axis, for standard RT (black circles), 2h #figation RT (inverted grey triangl&l), and 8h
amplification RT (grey triangld). Points represent mean values and standardserror
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3.4.2 Methodological considerations and optimisatio n for
chromosome 9 assays

3.4.2.1 Confirmation of gene expression in blood and presence of inter-
individual variation in AER

The first step was to confirm that the genes driggit were expressed in peripheral
blood. Using cDNA specific primers, agarose gettbphoresis revealed faint bands
for ANRIL CDKN2AandCDKN2B (after 45 cycles of PCR) suggesting relatively low
level expression comparedNbIr AP where very strong bands were seen.
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Preliminary investigation of AER in a small numloéisamples was performed to
determine whether there was variation in AER betwsaamples to allow expression
mapping using AER. Substantial variation was seeillelic expression of all
markers iNCDKN2A CDKN2B andANRIL, which was subsequently confirmed in
larger data sets (data shown in Chapter 4, pagearid134). HoweveMTAP
showed little inter-individual variation in AER aither transcribed marker, as shown
in Figure 3.6, suggesting that it would not belijk® be informative for mapping the
effects of common variation actingars in a study of this size. In light of this, no

further analysis oMTAP was performed.

Figure 3.6. Lack of inter-individual variation in AER for MTAP.

Y-axes show AER foMTAP transcribed SNPs rs15735 (A) and rs7023954 (Bjividual cDNA
samples are represented as circles, and genomicdaNWles as triangles. Points represent mean
AER and standard error bars. AER in cDNA show#kk lvariation between individuals and did not
substantially differ from the allelic ratio in gDNAuggesting little evidence ofs-acting effects on
expression.
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3.4.2.2 cDNA dilution series

A dilution series was repeated for the genes ef@dt on chromosome 9, since
differing expression levels of the genes in bloodld affect the amount of cDNA
that was needed for AEI experiments. A dilutionesewas performed for each gene
using 1pL of cDNA solution per reaction diluted kvivater from a starting
concentration of 50ngL to determine whether lower amounts of cDNA cologd

used for AEI measurements. Results of these dilston AER estimates are shown
in Figure 3.7.MTAP, which is most highly expressed in blood, had =tast AEI
ratios with narrow confidence intervals down to4léilution. HoweverCDKN2A
andANRILwhich are expressed at lower levels in blood wertereliably reproduced
below 1/4 dilutions. FoOANRIL, which had the lowest expression level in bloddRP
product was not reliably detected in all replicdielow 1/16 dilution. Based on the
dilution series, 1uL of cDNA solution (equivalent30ng of RNA) was used for AER
assessment of all samples. For genomic DNA nosaiadin, 1L of 50ng/uL gDNA

solution was used.

Figure 3.7. AER at varying cDNA dilutions.

Estimate of AER (Y-axis) at different cDNA dilutisr{X-axis) for three different assays (represented
by different symbols as shown in the legend). Bahow the mean AER estimate, with standard error
bars shown. Absent points or error bars indidaepresence of failed replicates, which occurrettién
more dilute samples.
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3.4.2.3 Effect of assay multiplexing on AER

The possibility of multiplexing AEI assays was istigated since this might allow the
expression of multiple SNPs to be tested in theessample, thereby reducing the
amount of cDNA needed for analyses. In this expent, PCR was performed for 20
samples using both tt@DKN2AandANRILPCR primers in the same reaction. Each
reaction was carried out in four replicates. Hogreduring RealSNP assay design
for genotyping purposes the expressed polymorphisnSDKN2AandANRIL had
been designed into different assays (rs3088440s965215 in W1; rs11515 and
rs564398 in W2) and assays for these SNPs wereongpatible for combined
analysis because some products were too similaiass for separate MALDI-TOF
peaks to be accurately distinguished. For thedesStihe PCR reaction volume was
increased to 15uL and the product was divided betvieo separate extension
reactions. The correlation of multiplexed AER withiplexed AER foANRIL SNPs
within individuals is shown in Figure 3.8. Thes®ues were strongly correlated
(r=0.81, P<0.0005) and these multiplex combinatiwwase therefore used in

subsequent AEI experiments.

Figure 3.8. Comparison of AER for ANRIL SNPs assessl in uniplex and
multiplex.

Points represent mean AER for each individual wtdndard error bars and regression line. Pearson
correlation coefficient is shown.

r=0.81
P<0.000

AER multiplex

AER uniplex
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3.4.2.4 Linearity and normality of AER estimates

The appropriateness of genomic normalisation ratraklinearity of the AER
response were checked by mixing PCR products frahviduals homozygous for the
minor and major alleles of each transcribed SN¥anying ratios (8:1, 4:1, 1:1, 1:4,
1:8) and using these as template for the allelpression assays. As shown in Figure
3.9, these experiments confirmed that allelic esgimn showed a linear response,
which is essential for the analysis procedure,thatinormalisation ratios obtained
using allelic expression assays on a 1:1 mixtura@lefes for each SNP correspond to
normalisation ratios obtained from genomic DNA (ats® Table 3.1, page 113). The
slope of the line was similar for the transcrib@PS in a particular gene, such that
AER values could be combined with no adjustmentiesxribed in the section below.
Despite the linearity of these measurements, thgesdf the lines was not exactly 1 in
all cases. This could represent a bias in theieffcy with which each allele was
amplified, or a bias in the dilution process ofthkperiment. An experimental
dilution bias would not influence the results oQdd. mapping experiments. If there
was an effect due to differences in amplificatiffirceency, this would not affect the
significance estimates for aeQTL mapping, but candldience the estimated
magnitude of theis-acting effect. The measured effect would tendrtderestimate
the true effect in each case, and so, if anythiegeffect sizes reported in this study
are conservative estimates of the magnitude dfrtleis-acting effects.

To assess the distribution of AER measurementshadk that the variance of AER
assessment was similar in samples with differegteabes of allelic imbalance, AER
assessment was performed using 20 replicates isawiples with different degrees

of AER at theANRIL transcribed SNP rs10965215. Log-transformed ABRes did
not deviate significantly from a normal distributi¢P>0.05 for the Anderson-Darling
test) and there was no significant difference a\tariance of these samples using the

equal variance test (P>0.05).
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Figure 3.9. Linear relationship between measured ahexpected allelic expression
ratios for alleles mixed in known ratios

Plots show the expected (X-axis) and measured (¥)}-&ER for alleles mixed in known ratios (8:1,
4:1,1:1, 1:4, 1:8) at transcribed SNPs, along withlinear regression line. (&DKN2Ars3088440.

(B) CDKN2Ars11515. (CCDKN2Brs3217992. (DLDKN2Brs1063192. (EANRILrs10965215. (F)
ANRILrs564398.
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3.4.3 Combining multiple transcribed markers for AE | analysis

AEI was assessed for each gene using two transc8hés located in the same exon.
AERs measured at the two transcribed SNPs in each gere highly correlated
(CDKN2Ar=0.68 P=1.7x18; CDKN2Br=0.80 P=1.7x1%* ANRILr=0.90 P=1.0x10
26, all genes combined r=0.96 P=351)) as shown in Figure 3.10. This was expected
since the two transcribed SNPs selected to asdeBsif\each gene are located in the
same exon and the same transcripts. Furthermae@ lamapping results were

highly correlated for the two transcribed SNPsanltegene, as shown in Figure 3.11,
suggesting that each transcribed SNP identifiedaimis-acting effects. This was
important since in the absence of complete LD bebtitbe SNPs, individual
transcribed SNPs could differentially representdfiects of different haplotypes
which may lead to differences in this-acting effects detected. Such effects, if
present, could potentially be lost in a combinedlygsis. The outlying points on
Figure 3.11 were mostly effect estimates that wertestatistically significant and
therefore represented point estimates which haaehidegrees of uncertainty rather
than evidence of true differencescis-acting effects detected at the different

transcribed markers.

In view of the correlations between AER and mappesults at the two transcribed
SNPs in each gene, the AERs from both transcribedtens were used for aeQTL
analysis. As expected based on the above dategshbts of aeQTL mapping using
two transcribed SNPs per gene were highly corrélatiéh the results obtained using
information from single transcribed SNPs, as showigure 3.12. This validates the

methodology used for the transcribed SNP analysis.

All subsequent analyses use this methodology uolieswise stated. The influence
of this approach on the number of informative hmtggotes at which allelic
expression could be assessed for each gene apdwiee to detect significant effects,

is presented in the following chapter (Table 4ayg138).
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Figure 3.10. Correlation between AER in individualsheterozygous for both
transcribed markers in a gene.

The X- and Y-axes show the allelic expression rg&BR) at the two transcribed SNPs in each gene.
Each point represents an individual who is hetegomg for both transcribed SNPs in that gene. Gircle
represenCDKN2A square$CDKN2B and triangle ANRIL
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Figure 3.11. Comparison of aeQTL mapping results fothe two transcribed
SNPs in each gene foEDKN2A, CDKN2B and ANRIL.

Points represent thes-acting effect for each of the 56 mapping SNPsaicheof the three genes
estimated at transcribed SNP one (X-axis) and ¢rived SNP two (Y-axis) for each gene. SNP effect
is the the log of the change in expression thateal at theis-acting locus produces compared to
allele 1 (as defined on p87).
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Figure 3.12. Comparison of aeQTL mapping results usg single versus multiple
transcribed SNPs per gene foCDKN2A, CDKN2B and ANRIL.

Points represent th@s-acting effect for each of the 56 mapping SNPsaicheof the three genes
estimated using a single transcribed SNP per gérai§) and two transcribed SNPs per gene (Y-axis)
in the SA population. SNP effect is the the loghaf change in expression that allele 2 atthacting
locus produces compared to allele 1 (as defineoi8ai).
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3.4.4 Investigation of normalisation methods

3.4.4.1 Normalisation factor quantification

Initially, a subset of Caucasian samples was usedtimate the gDNA normalisation
factor for each transcribed SNP. As shown in Feddifl3, the gDNA ratios for each
assay were highly reproducible for each individiaalindicated by the small standard
errors) and there was little inter-individual véuigay, particularly in comparison with
the variability observed between individuals in c®hatios (see Chapter 4 pages 133
and 134 for comparison with cDNA ratios). However,some assays the allelic
ratios measured in gDNA ratios did deviate fromZaratio, confirming that allelic
ratios in cDNA require correction for assay biasreusing iPLEX single-base
extension technology, which has less inherent dsisasythan the previous hME

technology.
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Figure 3.13. Allelic ratios for genomic control DNA

Y-axes show AER in the Caucasian gDNA normalisasiamples for the following transcribed SNPs:
(A) CDKN2Ars11515; (BICDKN2Ars3088440; (CEDKN2Brs3217992; (DLDKN2Brs1063192;
(E) ANRILrs564398; (FANRILrs10965215, (GMTAPrs15735, (HMTAP rs7023954. Each point
represents an individual, with standard error sasvn.
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For CDKN2AandANRIL AEI assays, the cDNA primers were designed toxoa-e
spanning to make them cDNA-specific, meaning thf&rnt primers were required
for the gDNA normalisation assays. Although thesee selected to produce similar
sized PCR products, the amplicon sequences pyrti#iéred from those in the
cDNA assays. Since the normalisation process wasgly intended to correct for
biases in the allele detection methodology (atékiel of the extension reaction and
MALDI-TOF), it was anticipated that sequences d#feces in the PCR amplicons
would make little difference to the allelic rati@specially since the AER compares
ratios between two SNP alleles in the same samgieli differ by only 1bp and are
likely to have similar PCR kinetics). To investigahis, the allelic ratios obtained in
gDNA were compared with those obtained using expenial equimolar mixes
(performed as previously described for the lingaagsessment experiments), which
are an exact sequence match for the cDNA assag.nditmalisation ratios obtained

using these two techniques were similar, as showrable 3.1.

Table 3.1. Allelic ratios in genomic DNA.

Gene SNP Allele 1 Method of Number of Mean Standard
/allele 2 assessment samples allelic ratio error
(A1/A2)
ANRIL rs10965215 G/A gDNA 1 10 0.99 0.013
gDNA 2 19 0.97 0.011
Allelic mix 1 1.02
rs564398 G/A gDNA 1 9 0.79 0.009
gDNA 2 11 0.81 0.004
Allelic mix 1 0.83
CDKN2A rs3088440 G/A gDNA 1 14 0.81 0.008
Allelic mix 1 0.82
rs11515 C/G gDNA 1 14 1.58 0.015
Allelic mix 1 1.36
CDKN2B  rs1063192 CIT gDNA 1 12 0.96 0.008
rs3217992 G/A gDNA 1 12 0.97 0.018
MTAP rs15735 C/A gDNA 1 12 0.97 0.020
rs7023954 AIG gDNA 1 12 0.99 0.003

*primers perfect control for cDNA sequence. P1 im@r pair 1, P2 = primer pair 2 (producing
genomic amplicons of differing sequence).
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As presented in the following chapter, AEI analysisANRIL showed substantial
effects for the transcribed SNPs, which can ocdthr mormalisation artefacts. An
additional gDNA primer pair foANRIL that produced a product of similar size but
different sequence showed no significant differeindée allelic ratio in gDNA
(P>0.05), as shown in Table 3.1, confirming therappateness of the gDNA
normalisation strategy. Biases attributable tausege differences in the gDNA
normalisation assay were likely to be less thampthtential biases that could be
introduced using an experimental 1:1 equimolar rmnd the gDNA normalisation

factor was therefore used for normalisation irsathsequent analyses.

For CDKN2Bthe same primers were used to measure the AEBNA@nd gDNA.
This had the advantage that AERs in genomic DNAevperfect experimental
controls for normalisation of the cDNA, but theativantage that gDNA remaining in
the RNA solution or gDNA contamination could potahy influence the results. To
exclude effects from DNA remaining in the RNA sadatafter DNase treatment,
control reactions were performed using the DNasatéxd RNA solution as template
for the PCR reaction. There was no amplificatiocontrols, demonstrating that

DNase treatment was adequate (as illustrated ur&ig.14).

Figure 3.14. Agarose gel electrophoresis showing amplification of DNA from
RNA solution after DNase treatment.

Gel shows the products of 45-cycle multip@@®KN2BAEI PCR, run alongside a DNA ladder with
100bp markers. Amplification is seen in genomic Dbktrols (gDNA) but not in the no-template
controls (NTC) or DNase treated RNA samples withreuerse transcription (DNase). This confirmed
that DNase treatment adequately removed genomic BiNAthat this would not bias the AEI assay.
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3.4.4.2 Comparison of allelic ratios in genomic DNA in the Caucasian and SA

cohorts

Genomic ratios were subsequently analysed in diViduals from the SA cohort to
exclude any effects of genomic copy number variantare sequence variants
influencing primer binding sites, and to allow argmarison of different normalisation
strategies of normalising each individual’s cDNAiado the ratio obtained in their
own genomic DNA, versus normalising all cDNA sansgie a mean genomic ratio.
As shown in Table 3.2, mean genomic allelic ratithe SA cohort showed small
magnitude but statistically significant differendesm the original estimates in the
Caucasian population for some assays. Howevese thegperiments were performed
several months after the original experiments amadythe cDNA samples and
estimating the normalisation ratios in the Caucastzhort. In the intervening period
the Sequenom MALDI-TOF analyser had been physicatlyed to a different
building and been serviced/repaired (including libcation), and improvements had
been made to the SpectroChips, advertised as inmgrpeak resolution and in
particular reducing salt adduct peaks, which cqalténtially influence assessment of
AER. Allelic ratios in gDNA were therefore repeditgsing the same samples
originally used for estimation of genomic ratiotie Caucasian cohort. As shown in
Table 3.2, the repeated measurements differed tihemoriginal estimates, but were
similar to the estimates obtained in the SA cohtrtherefore seemed likely that the
difference between the original Caucasian ratiastha SA ratios was due to assay
shift due to the changes in the Sequenom hardwea&pectroChips. When the SA
genomic samples were normalised to the repeatedaS&un genomic results, AER
did not differ between the populations, as showihahle 3.2. The mean gDNA ratio
was therefore used for normalisation of all sampkhough the absolute changes
resulting from these differences in conditions warall, these experiments highlight
the principle that samples that are to be compsinedld be analysed in exactly the
same way, and that genomic normalisation shoulgeb®rmed at the same time as
the samples. However, recalibration of the assatygua panel of genomic controls

can be used to correct for assay bias if unavogdelfthnges in conditions do occur.
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Table 3.2. Comparison of genomic ratios obtained & Sequenom modifications.

Gene SNP Allele 1 Measurement Mean gDNA  P-value for
/ allele 2 ratio comparison

between original

Caucasian AER

and adjusted SA

AER**

ANRIL rs10965215 G/A Original Caucasian 0.97
SA 0.96 0.70

Repeat Caucasian 0.96

rs564398 G/A Original Caucasian 0.81
SA 0.87* 0.10

Repeat Caucasian 0.85

CDKN2A  rs3088440 G/A Original Caucasian 0.88
SA 0.95* } 0.37

Repeat Caucasian 0.96

rs11515 C/G Original Caucasian 1.26
SA 1.29 0.42

Repeat Caucasian 1.27

CDKN2B rs1063192 cIT Original Caucasian 0.96
SA 1.03* 0.03

Repeat Caucasian 1.07

rs3217992 G/A Original Caucasian 0.98
SA 0.98 0.79

Repeat Caucasian 0.98

* P<0.05 for comparison between AER in original €asian measurement and SA measurement.
** Adjusted SA AER measurement obtained by norniadjgshe SA samples to the mean repeat
Caucasian AER (dividing SA AERs by the repeat Caiacemean AER). Groups compared using 2-
sample t-test or Mann-Whitney test if not normaligtributed.

3.4.4.3 Influence of normalisation factor on mapping of cis-acting effects

An analysis was performed to assess what effecti@rs in normalisation factor
estimates of the size that had been observed hathpping oftis-acting effects.
Results of SNP mapping were compared for data neaausing the original
Caucasian gDNA ratios, and data normalised usiagititorrected SA gDNA ratios

(i.e. without correction for assay shift), as dssed above and presented in Table 3.2.
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As shown in Figure 3.15, mapping results were lyigiokrelated using the different
normalisation factors (r=0.997, P=2x46). As expected, estimates of SNP effects
were most influenced for the transcribed SNPs tledras, but little difference was
seen for other SNPs, despite the strength of Liberregion, suggesting that the
methodology is robust to the effects of small vi#oizs in normalisation ratios. The
methodology of combining AERs from multiple traribed SNPs per gene will tend

to reduce errors associated with normalisation lprob.

Figure 3.15. Effect of different normalisation ratios on mapping ofcis-acting
effects for CDKN2A, CDKN2B and ANRIL.

Points represent SNP effects for the 56 mappingsSNach of the three genes. SNP effect is the the
log of the change in expression that allele 2 atikacting locus produces compared to allele 1 (as
defined on p87).
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3.4.4.4 Comparison of individual genomic versus pooled genomic

normalisation

The results of expression mapping using two differ@rmalisation strategies were
compared in the SA cohort: normalising to a megoufadion normalisation factor
versus normalising each individual’s cDNA to thewvn gDNA ratio. There was no
significant difference in the results obtained gdinese two normalisation strategies,
as shown in Figure 3.16. The mean gDNA ratio vasgfore used for normalisation

of all samples.
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Figure 3.16. Effect of individual normalisation ofallelic expression ratios.

Scatter plots show the estimates of effect sizeaf#) significance of association (B) for each ef 56
SNPs in the three genes tested. Each plot comffsreslues obtained using allelic expression satio
normalised to a combined normalisation factor (¥spxersus individual normalisation of each cDNA
ratio to the gDNA ratio from the same individual-é¥Xis). Pearson correlation coefficient and the P-
value for each association are shown. SNP effdabeishe log of the change in expression thatealel
at thecis-acting locus produces compared to allele 1 (aseefon p87).
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3.5 Discussion

Simulations suggest that combining data from migdtipanscribed SNPs would be
expected to increase the power of aeQTL analysisthis study provides important
data to support the feasibility of such an approathe study demonstrates that AER
measured at multiple transcribed markers in theesaamscript are closely correlated,
and moreover, that th@s-acting effects estimated using single or multipdascribed
SNPs per gene are also similar. This supportsaheity of combining multiple
markers. This methodology may allow wider applmabf the aeQTL approach for
genes which have several transcribed SNPs thatdikedually too rare to otherwise
provide sufficient numbers of informative individsa All four of the genes we
investigated had multiple transcribed variants gesging that this is not an

uncommon situation such that this approach isyikelbe of practical value.

MTAP showed little evidence of AEI in the pilot invegtions. Although this does
not exclude the presenceai-acting effects that could be mapped in a studyisf
power, it means that any such effects are likelyeg@f small magnitude. This gene is
also the furthest from the CAD risk locus and Haalleast supportive evidence for a
potential role in the pathogenesis of CAD and henhaas not investigated further in

this study.

The study demonstrates that AEI can be reliablgsssexl in RNA that has been stored
for longer than a year. Similar AEI results welgained with hME and iPLEX
methodologies and with multiplexed AEI reaction$eiong the potential to increase
the throughput and decrease the cost of AEI arsabysithe Sequenom platform. As
previously discussed, a number of different appreddave been used for
normalisation of AEI measuremeffts 3% The consistency of AEI measurements
in gDNA and finding that normalisation using a shmaimber of samples did not
substantially alter the results of aeQTL mappingpared to normalising each
sample individually to its own gDNA ratio suppotte approach of using gDNA as
an equimolar reference for normalisation. Thisgasgs that the gDNA ratio may not
need to be measured in every individual for theseeg, although the situation would
need to be investigated at other loci to excludemal effects of CNVs and

unannotated variants in primer-binding sequencatsabuld alter AEI measurements.
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A reasonable pragmatic approach might be to ingatgithe variance of gDNA AEI
ratios in a subset of individuals which could thenused for normalisation if there
was little variation in gDNA measurements, but witkasurement of additional/all
gDNA samples if there was significant inter-indivad variability. Confirmation of
the gDNA ratio in individuals which are outliers ftDNA AEI expression should
also be performed. Small differences in the noisatibn ratio did not substantially
alter the results of AElI mapping, which is liketylte particularly the case when
multiple transcribed markers are used. The approdmeasuring AEI in
experimental equimolar mixes provides a methodafioning the normalisation
ratio in cases of doubt. The same machine, reagentl analysis settings should be
used for cDNA and normalisation experiments, pedigr performed at a similar
time, to reduce the risk of biases due to assdiy shi

The results of AEI analysis in the chromosome 9@ 2flon presented in the following
chapter are based on combined transcribed maik&fsX methodology, and

normalisation to pooled gDNA ratios.
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Chapter 4: 9p21 expression mapping

4 Influence of chromosome 9p21 polymorphisms on

gene expression in cis

4.1 Abstract

SNPs on chromosome 9p21 are associated with CAdbetks and multiple cancers.
Most risk SNPs are not present in mature transgriatggesting that they influence
expression and act o1s. This study examined the association betweenN#&sSn

this region and peripheral blood expression ottinee nearest gen€DKN2A
CDKN2BandANRIL using total and allelic expression in two popwas of healthy
volunteers: 177 British Caucasians and 310 mixexkstny South Africans. Total
expression of the three genes was significantlyetated, suggesting that they are co-
regulated. SNP associations mapped by allelidatadlexpression were similar
(r=0.97, P=4.8x18°%, but the power to detect effects was greateafletic

expression. The proportion of expression variaitiéutable tacis-acting effects

was 8% forCDKN2A 5% forCDKN2B and 20% foANRIL SNP associations were
highly correlated in the two populations (r=0.94187). Multiple SNPs were
independently associated with expression of eank géer correction for multiple
testing, suggesting that several sites may moddiagase susceptibility. Individual
SNPs correlated with changes in expression updtdold for CDKN2A 1.3-fold for
CDKNZ2B and 2-fold forANRIL Risk SNPs for CAD, stroke, diabetes, and
melanoma were all associated with reduced allejicession oANRIL, while
association with the other two genes was only dade for some risk SNPs. SNPs
had an inverse effect iNRILandCDKN2Bexpression, supporting a role of
antisense transcription DKN2Bregulation. This study suggests that modulation o

ANRIL expression mediates susceptibility to several n@od human diseases.

4.2 Introduction

Recent GWA studies and candidate gene studiesdtewen that chromosome 9p21
variants are associated with a range of conditiaagreviously summarised in Figure
1.4 on page 35). Although candidate gene appreactigally focused on transcribed
variants, most of the SNPs associated with diseaGS&VA studies are located in non-

coding regions, suggesting that their effects ixedyl to be mediated by influences on
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gene expression. Since most do not appear in enaanscripts, and there are no
known or predicted microRNAs mapping to this re§fott®>*® these variants are
unlikely to produce diffusiblé&rans-acting factors and are therefore likely to inflaen
expression of nearby genescis. Genes in the region include the cyclin-dependent
kinase inhibitor&CDKN2AandCDKN2B the products of which are established
tumour suppressors that influence physiologicatesses that may be relevant for
CAD such as replicative senescence, apoptosisstanttcell self-renewdl’. The
region also contains the non-coding RIMARIL. The function ofANRILis

unknown, but other processed non-coding RNAs arelwed in the regulation of

gene expression through transcriptional and tréinska control mechanism®.

At the time this study was undertaken, no othedistiinvestigating the relationship
between risk variants and expression in the chromes9p21 region had been
published. TwdaANRILtranscript variants had been described, a shafidrnis
comprised of exons 1-13, and a longer isoform d¢oimg exons 1-12 spliced to exons
14-20'°. The AEI assay used to investigAdRIL expression in this study used
primers located in the first and second exonsgasribed in the previous chapter.
This was primarily selected because transcribedsSiBuitable allele frequency
were located in exon 2. Previous work had als@ssigd that antisense transcription
within the first intron ofANRIL downregulate€ DKN2Bexpression iis’®, hence

the assay spannid@NRIL exons 1-2 had the advantage that it would havaussible
mechanistic basis for effects mediated througbxgession. However, a number of
very recent studies suggest that the situationmeayore complicated with respect to
ANRIL alternative splicing and transcript-specific exgsien, as presented in the
discussion chapt&? **”:2%° Throughout this chapter, unless otherwise stated
‘ANRIL expression will be used to refer to expressiomsueed using the exon 1-2
assay. Preliminary work using assays locatedfferént ANRIL exons will be

presented separately.

As previously discussed, genetic effects on exppessn be investigated using total
expression levels (eQTL mapping) or allelic expi@ssevels (aeQTL mapping).
Simulations suggest that the power to detezacting effects will be greater for the
aeQTL approach in the presence of signifi¢gearts-acting influences. Expression of
CDKN2A/ARFandCDKN2Bhas been shown to be influenced by factors tleat ar
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likely to act intrans including age, chemotherapeutic agents, leveleaokcriptional
regulators, and DNA damage by ultraviolet or ionigradiation®®, suggesting that
analysis of allelic expression may be superioptaltexpression for mappirgs-

acting effects at this locus. However, the powdhe two approaches has never been
compared experimentallyCis-acting regulatory elements f&DKN2AandCDKN2B
have been identifiedh vitro using reporter assays 8" 189 319. 324t thein vivo

relevance of these elements also needs to be icmdfir

Caucasian populations have strong LD in the chrem@sOp21 region which limits
the ability to separate the effects of individubl® on expressidff. Populations of
African ancestry in general show less LD than Csiacepopulation& *2 and this
has been exploited to improve the fine-mappingiatfional polymorphisms
associated with quantitative traits at other f82i**3 Analysis of LD in the HapMap
YRI population suggested that such an approachbmayseful in the chromosome

9p21 region.

4.3 Aims

The aims of this chapter were:

* To map the variants associated WtPKN2A CDKN2BandANRIL
expression in the chromosome 9p21 region and detenwhether disease-

associated variants correlate with expressionasddlgenes.

* To investigate whether effects on gene expresaaidde mapped with

greater resolution using a population of Africacestry.

* To determine whether multiple loci are independeasisociated with

expression at the chromosome 9p21 region.

* To compare the power of total and allelic expras$ow mappingis-acting

effects.

* To investigate whethatis-acting effects differ between transcripts for
CDKNZ2A/ARFandANRIL isoforms.

* To investigate the influence of microsatellite 88774 on expression of
CDKN2A CDKN2BandANRIL expression.
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4.4 Materials and methods

4.4.1 Participants, samples, genotyping, mapping SN Ps, and AEI
methods

As described in the previous chapter. AEI assagre\werformed using iPLEX

methodology and were normalised to pooled gDNA @&t Microsatellite

genotyping was performed as described in Chapter 2.

4.4.2 Relative quantification of total gene express  ion using real-

time PCR
Real-time PCR reactions were performed using Tagiatihodology as described in
Chapter 2. Commercially available FAM-labelled TaaMassays (Applied
Biosystems) were used fGDKN2Aexons 2-3 (Hs00923894 m1) aANRIL exons
1-2 (Hs01390879_m1). A custom FAM-labelled assayg wsed for exon 2 of
CDKN2B Commercially available VIC-labelled TagMan assaere used for three
reference genes shown to be suitable for normalisaf expression in peripheral
blood®* %2 B2M (4326319E)GAPDH (4326317E), an#iPRT1(4326321E).
TagMan assays are validated by the manufactutteae close to 100% amplification
efficiency and assays were selected to quantifgémee transcripts as the allelic
expression assays. PCR was performed accordithg tmanufacturer’s protocol
using four replicates, 25ng cDNA template per rieactand the following multiplex
combinationsCDKN2AB2M, CDKN2BGAPDH, andANRILV/HPRT1

For transcript-specific analyses, a commerciallgilable FAM-labelled assay was
used for exon [l of ARF. Custom FAM-labelled assays were also used, with
primer/probesets located withEDKN2Aexon I, ANRILexon 13, and\NRIL exon
20. The VIC-labelled TagMan assays B#M andGAPDH (described above) were
used for reference of these assays, using thenxfimigpmultiplex combinations:
CDKN2AspecificB2M, ARFGAPDH, ANRILexon13B2M, and
ANRILexon20GAPDH Normalisation was performed using the referayerees
performed on the same plate as the target gernfes m€thodology was otherwise

unchanged.
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Relative total expression was analysed using thepeoative cycle threshold (Ct)
method. Ct values for each target gene were nasethato the average Ct value of the
reference gené¥. Standard errors and variances of measuremarasidtic and

total expression analyses in the SA populatiorsamavn in Table 4.1.

Table 4.1. Comparison of variances between total psession and allelic
expression measurements in the SA cohort.

Total expression Allelic expression
Variance Variance Transcribed Variance Variance
within between marker within between
samples samples samples samples
CDKN2A 0.057 0.434 rs3088440 0.016 0.111
rs11515 0.028 0.064
CDKNZ2B 0.038 0.478 rs1063192 0.043 0.044
rs3217992 0.018 0.039
ANRIL 0.590 0.697 rs10965215 0.073 0.106
rs564398 0.063 0.076

4.4.3 Statistical analyses

4.4.3.1 aeQTL and eQTL mapping

Allelic expression analysis was performed as dbedrin Chapters 2 and’4 The
association between total expression and eacleahtpping SNPs was assessed
using linear regression of the log transformed radized expression values on the
genotype. Plots illustrating the associations keetwgenotype and total expression
for selected SNPs are shown in Figure 4.1. Thexetf including age, sex, and
ethnicity as covariates, as well as excluding aagjyndividuals was investigated.
Self reported ethnicity was included as a categbxiariable (categorised as “Cape

mixed-ancestry”, “black African”, “white”, “Indian’and “other”).

Since total expression data was only availablelferSA cohort, unless otherwise
stated analyses directly comparing allelic and @taression data only included

allelic expression data from the SA cohort to mideeresults comparable.
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Figure 4.1. Effect of genotype on total expressioof ANRIL for selected SNPs.

Y-axis shows the normalised total expression vBBudNRIL X-axis shows genotype for SNPs with
cis-acting effects: (A) rs564398; (B) rs10965215) (s7865618. Linear regression lines are shown as
solid lines, with dotted lines indicating the 95%n&idence intervals
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4.4.3.2 Correction for multiple testing

For both total and allelic expression, multipletiteg was taken into account by

calculating the family wise error rate using a Bandni correction for the 56 SNPs
tested. Associations with family wise error rdéf8MER) below a threshold of 0.05
(corresponding to a nominal P-value of 8.9%168log P of 3.05, and —logFWER of

1.3) were considered significant.

4.4.3.3 Estimation of cis and trans effects

From the allelic and total expression data it soalossible to estimate the proportion
of total expression variance that is dueiteacting effects. This assumes thatand
trans-acting factors act in an additive manner, do nteract, are independent, and
that there is random mating, no segregation distofi.e. an equal probability of
each allele being passed on to offspring), andaites is not subject to imprinting.
Under these assumptions, expression from eacle &tlesignated as ande,) can be
decomposed into two components, one that is af@eific resulting frontis-acting
factors and one that is shared between both abeldseflectérans-acting

influences. Total expression is the sum of therdmutions from both chromosomes

(.e. g +e,). The ratioe, /e, andcis andtrans effects on expression are assumed to

be the same for maternal and paternal alleleseiptipulation. Based on these
assumptions, calculations to estimate the propodfdotal expression variance that

was due tais-acting effects were derived by Dr Mauro Santibakeref as follows:

The variance due teis acting effects\V/(c), can therefore be estimated as

2
V(c)= 2(n1— )Zeﬁl G;—:j , wherer, is the allelic expression ratio for individual

i=1

and the proportion of the total variance dueismacting effects can be estimated as

ZAV(C) hereV (e, ) is the estimated total variance, i.e.

Vie)

\7(er):ni1 n (e, —& )? with & :%Zn:en and e, represent the total expression
L= i=1

level for individuali as determined by real time PCR.
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4.5 Results

4.5.1 Genotyping results

Information on the selected SNPs and genotyping aie summarised in Table 4.2.

A higher proportion of SNPs in the NE Caucasianocbshowed significant

deviations from HWE at the P<0.05 threshold (12%380) and the P<0.01 threshold
(2/53, 4%) than would be expected by chance altjsng the same assays in the SA
cohort, only 1/56 SNPs (1.7%) deviated from HWHEhatP<0.05 threshold. This
issue and its further investigation are dealt witdetail in Chapter 5.

4.5.2 Variability of CDKN2A, CDKN2B and ANRIL expression

4.5.2.1 Inter-individual variation in expression

Total expression levels showed substantial intdividual variation for each of the
three genes, up to 13.9-fold IGDKN2A 36.1-fold forCDKN2B and 25.5-fold for
ANRIL Plots of the normalised total expression Ctealare shown in Figure 4.2.
Allelic expression ratios at individual transcribe@rkers also showed considerable
inter-individual variation, up to 5.6-fold f&@DKN2A 2.4-fold forCDKN2B and 6.8-
fold for ANRIL Plots of the allelic expression ratios at eaahgcribed SNP in the
SA and Caucasian cohorts are shown in Figure Ad3-aure 4.4. Systematic
overexpression of one allele was observed at lpatts¢ribed SNPs IANRIL (D’'=1,
r’=0.14 between these SNPs in the SA cohort), suiggeiatcis-acting influences

on expression were attributable to the transcrib®s themselves, or to elements in
strong LD with them. The transcribed markers mdther genes did not show
consistent overexpression of one allele, but tbeegsed variability of the expression
ratios compared to the gDNA samples indicated teegnce o€is-acting effects
attributable to loci that were not in strong LD hvihe transcribed markers.

Standard errors fokNRIL were higher than for the other two genes in bloghatlelic
and total expression assays, which is likely talbe to the fact that peripheral blood
expression oANRILwas lower than foEDKN2AandCDKN2B
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Table 4.2. Summary of included SNPs.

C ian cohort SA cohort

SNP ID Chr position Gene info Functional info Selection reason % Genotyped MAF | Heterozygosity Alleles HW P-value % Genotyped MAF | Heterozygosity Alleles HW P-value
157023954 21806758 MTAP MTAP gene 96.0 0.44 050 GA 1.00 94.8 0.34 042 GA 033
rs15735 21852271 MTAP MTAP gene 100.0 0.25 0.44 AC 0.06 98.7 041 0.40 AC 0.003
rs1134871 21852897 MTAP MTAP gene 98.9 0.23 0.40 TA 0.20 100.0 043 043 AT 0.04
rs3731257 21956221 Ovarian ca Phenotypic association 97.7 0.32 0.39 GA 023 99.4 0.21 0.35 GA 041
53088440 21958159 CDKN2A transcribed gfi&"nmé g?:dcéee?lgca CDKN2A Transcribed 100.0 0.07 0.13 GA 100 100.0 021 0.33 GA 0.87
rs11515 21958199 CDKN2A transcribed /;Z:cerlgna?ircséf adder . CDKN2A transcribed 98.9 0.11 0.19 cG 1.00 100.0 0.14 0.24 c6 0.64
rs3731249 21960916 Breast ca, melanoma, ALL Phenotypic association 98.3 0.02 0.04 cT 1.00 99.7 0.01 0.02 cT 1.00
rs3731239 21964218 CAD, breast ca Phenotypic association 95.5 0.35 0.44 T.C 073 100.0 0.15 0.26 T.C 1.00
rs3814960 21965017 CDKN2A promoter Promoter F 98.7 0.38 0.44 CT 0.23
rs36228834 21965319 CDKN2A promoter Promoter 98.3 0.02 0.04 TA 1.00 99.7 0.01 0.02 TA 1.00
rs7036656 21980457 Tag 96.6 025 040 TC 0.56 100.0 023 036 TC 0.87
rs2811711 21983964 ANRIL promoter Promoter 98.3 0.16 0.28 T.C 1.00 99.4 0.09 0.16 T.C 0.67
rs1801022 21984347 ANRIL promoter Promoter 97.7 0.00 0.00 cC 1.00 99.7 0.00 0.00 cC 1.00
rs2518723 21985882 CDKN2ARRF promoter Colorectal ca Phenotypic association 92.1 043 041 cT 0.05 994 045 0.50 CT 097
rs3218022 21987723 CDKN2AARF promoter Promoter 97.7 0.00 0.01 T.C 1.00 99.7 0.03 0.06 T.C 1.00
rs3218020 21987872 CDKN2AARF promoter Promoter 100.0 042 042 GA 0.08 99.7 0.25 040 GA 0.29
rs2811712 21988035 CDKN2A®RF promoter Frailty, breast ca Phenotypic association 97.2 0.06 0.12 AG 1.00 99.7 0.22 0.37 AG 0.11
rs3218018 21988139 CDKN2ARRF promoter Diabetes Phenotypic association 9.3 0.04 0.09 T.G 1.00 99.7 0.08 0.15 TG 1.00
rs3218012 21988660 CDKN2AARF promoter Colorectal ca Phenotypic association 97.7 050 045 GA 0.18 99.7 046 053 GA 033
rs3218009 21988757 CDKN2AARF promoter CAD Phenotypic association 96.0 0.13 0.22 GC 1.00 100.0 0.03 0.06 G:C 0.08
rs3218005 21990247 Breast ca Phenotypic association 96.6 0.04 0.08 T:C 1.00 99.4 0.21 0.36 T.C 0.18
rs3217992 21993223 CDKN2B transcribed CAD CDKN2B transcribed 98.3 046 041 GA 0.02 100.0 0.24 0.36 GA 1.00
rs1063192 21993367 CDKN2B transcribed Glioma CDKN2B transcribed 98.9 042 0.40 T:C 0.02 100.0 0.18 0.28 T.C 0.70
rs3217986 21995330 CDKN2B transcribed CDKN2B transcribed 96.6 0.08 0.14 AC 055 100.0 0.08 0.14 AC 0.64
rs2069418 21999698 CDKN2B promoter Promoter 97.7 0.44 043 CG 0.15 98.7 0.18 0.30 CG 1.00
15495490 22000412 RDINK4IARE Promoter 95.5 0.11 0.19 T:C 0.69 100.0 0.03 0.05 T.C 1.00
157044859 22008781 CAD, stroke Phenotypic association 98.9 048 0.44 AT 0.14 100.0 0.30 043 AT 097
15496892 22014351 CAD, stroke Phenotypic association 100.0 0.40 042 GA 0.14 100.0 0.30 045 GA 035
1615552 22016077 Tag 955 041 039 AG 0.02 99.7 017 029 AG 1.00
rs10965215 22019445 ANRIL transcribed ANRIL transcribed 100.0 0.46 0.40 AG 0.01 100.0 042 050 GA 0.71




rs564398 22019547 ANRIL transcribed Diabetes, CAD, stroke ANRIL transcribed 97.7 0.38 0.39 AG 0.02 100.0 0.17 0.28 AG 0.99
rs7865618 22021005 CAD, stroke Phenotypic association 98.9 041 0.39 AG 0.02 100.0 0.18 0.27 AG 022
rs17694493 22031998 Tag 96.6 0.09 0.18 [ofe] 0.50 100.0 0.10 0.18 CG 1.00
rs10738605 22039130 ANRIL transcribed ANRIL transcribed 98.9 045 041 GC 0.02 99.4 045 050 GC 1.00
rs11790231 22043591 Tag 96.6 0.12 021 GA 0.96 100.0 0.06 0.1 GA 0.64
152184061 22051562 Tag 93.2 038 041 AC 0.10 99.7 040 049 AC 091
rs1011970 22052134 Melanoma Tag 83.6 0.16 028 GT 0.96 974 028 042 GT 045
rs10811650 22057593 Tag 955 047 037 CG 0.001 100.0 029 0.41 CG 1.00
rs16905599 22059144 Tag F 91.9 0.19 029 GA 051
rs10116277 22071397 CAD, stroke Phenotypic association 100.0 049 0.36 T.G 0.0002 100.0 0.26 0.37 T.G 063
rs10965227 2207179 Tag 96.0 022 035 AG 1.00 100.0 0.09 0.15 AG 0.20
rs1547705 22072375 Tag 96.0 0.12 0.19 AC 0.75 99.7 0.1 0.19 AC 0.95
rs10965228 22072380 Tag 96.6 0.12 021 AG 0.96 100.0 003 0.06 AG 1.00
rs1333040 22073404 CAD, stroke Phenotypic association 100.0 0.36 0.37 T.C 0.02 99.4 041 048 T.C 094
rs7857345 22077473 Tag 93.2 027 039 cT 1.00 100.0 0.14 021 cT 0.02
rs10757274 22086055 CAD Phenotypic association 100.0 049 040 GA 0.01 100.0 0.38 045 AG 050
1510125231 22092128 Tag 94.9 002 003 GA 1.00 100.0 0.01 002 GA 1.00
152383206 22105026 CAD, stroke Phenotypic association 100.0 047 0.40 GA 0.01 100.0 048 051 GA 0.81
152383207 22105959 CAD, stroke Phenotypic association 90.4 042 0.44 GA 033 100.0 0.23 0.32 GA 0.15
rs1333045 22109195 CAD Tag 96.6 048 042 cT 0.05 99.7 049 051 TC 097
1510757278 22114477 CAD, stroke Phenotypic association 99.4 050 042 AA 0.05 100.0 0.36 041 AG 0.05
rs1333049 22115503 CAD Phenotypic association 100.0 050 043 CG 0.08 100.0 0.38 045 G:C 041
rs2891169 22121825 Diabetes Phenotypic association F 99.4 048 049 GA 092
rs2383208 22122076 Diabetes Phenotypic association 93.2 0.18 0.29 AG 0.84 99.4 0.24 0.35 AG 040
rs10811661 22124094 Diabetes Phenotypic association 100.0 0.17 0.28 T:C 0.84 99.7 0.11 0.19 T.C 0.61
rs10757283 22124172 Diabetes Phenotypic association 97.7 047 042 cT 0.06 99.7 0.49 0.49 cT 0.76

F = SNP removed from analysis in this cohort aoggre available for <80% of individuals. CAD = casoy artery disease; MAF = minor allele frequertdyy = Hardy-

Weinberg.
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Figure 4.2. Total expression values in the SA cohor

Y-axes show normalised total expression Ct valakstive to reference genes for: (BPKN2A (B)
CDKNZ2B (C) ANRIL Each point represents an individual, with staddaror bars shown.
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Figure 4.3. Allelic expression ratios at transcribd SNPs in the SA cohort.

Y-axes show AER for the following transcribed SNs: CDKN2Ars11515; (BXCDKN2A
rs3088440; (CLDKN2Brs3217992; (DCDKN2Brs1063192; (EANRILrs564398; (FANRIL
rs10965215. Each point represents an individuah standard error bars shown. Black circles
represent cDNA measurements and blue circles genDiNA measurements.
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Figure 4.4. Allelic expression ratios at transcribd SNPs in the Caucasian cohort.

Y-axes shows AER for the following transcribed SN2 CDKN2Ars11515; (BYCDKN2A
rs3088440; (CLDKN2Brs3217992; (DCDKN2Brs1063192; (EANRILrs564398; (FANRIL
rs10965215. Each point represents an individuah standard error bars shown. Black circles
represent cDNA measurements and blue circles reprgenomic DNA measurements.
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4.5.2.2 Proportion of variance attributable to cis and trans effects

The proportion of the variance in total expresslwat can be attributed tos-acting
effects for each transcribed SNP in the three gemssestimated, as shown in Table
4.3.

Table 4.3. Proportion of variance in total expressin attributable to cis-acting

effects estimated at each transcribed SNP.

Gene Transcribed Proportion of variance in total expression
SNP attributable to cis-acting effects

CDKN2A rs3088440 8%
rs11515 4%

CDKN2A rs3217992 5%
rs1063192 5%
ANRIL rs10965215 20%
rs564398 19%

These data demonstrate that most of the varianergression of these genes
observed between different individuals in the papah is due tarans-acting effects.
The proportion attributable to cis-acting effecssvhigher foANRIL than for
CDKN2AandCDKNZ2B

4.5.2.3 Correlation of CDKN2A, CDKN2B and ANRIL expression

Total expression levels @DKN2A CDKN2BandANRIL showed a modest but
statistically significant correlation (r=0.24 t80, all P<4x10), as shown in Figure
4.5. The finding of a very significant correlatibatween expression of these genes
suggests that their expression is co-regulatehyontrans-acting factors.
However, the observation that the degree of cdroglavas only modest suggests that

other influences on expression differ between #meeg.
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Figure 4.5. Correlations between total expressiorelels of CDKN2A, CDKN2B
and ANRIL.

Scatter plots show correlations between total esgioa levels for: (ACDKN2AandCDKN2B (B)
CDKN2AandANRIL; (C) CDKN2BandANRIL Expression values on the X- and Y-axes are stasvn
delta Ct values for the target gene relative tathinee internal control genes. Circles represent
individual samples and the crosses represent duttiers excluded from correlation analyses. Linear
regression lines are shown as solid lines, withedidines indicating the 95% confidence intervals.
Pearson correlation coefficient (r) and the P-vétuwesach association are shown in the top leéawth
plot.
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4.5.3 Allelic expression versus total expressionf  or mapping cis-
acting effects

As previously presented in Chapter 3, AERs measairéae two transcribed SNPs in

each gene were highly correlated (r=0.96, P=3%)L0AEI analysis was therefore

performed using AERs from both transcribed markeeach gene. This approach

increased the number of informative heterozygategdch gene and the power to

detect significant effects compared to the conwertl single marker approach, as

shown in Table 4.4.

Unlike allelic expression ratios, total expressitata may be influenced by covariates
that influence expression trans Total expression values were therefore corrected
for covariates (age, sex, and ethnicity) and onglyndividuals were excluded. These
corrections did not significantly alter the resufghe eQTL analysis, as shown in

Figure 4.6. All subsequent analyses are presersied the covariate-corrected eQTL

data.

Cis-acting effects assessed by eQTL and aeQTL mappeng compared, as shown

in Figure 4.7. There was a strong correlation lbothhe effect size (r=0.87,
P=4.7x10"Y) and significance of association (r=0.97, P=4.8X)1at each mapping
SNP between the two techniques, confirming that #re indeed measuring the same
effects as expected. However, the associations mere significant for allelic
expression than for total expression analysiscatdig that allelic expression had
greater power for detectirgis-acting effects. As shown by the simulations pméese

in Chapter 1, the power of the AEI approach to cetis-acting effects is expected to
be greater than that of the total expression agproathe presence of substantial
trans-acting influences on expression, since allelicregpion analysis is more robust
to the effects ofrans-acting variance. The finding of greater powerhvitie aeQTL
approach is therefore consistent with the estimhigsis-acting effects account for
only between 4 and 20% of the overall inter-indiativariance in expression of these
genes.
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Table 4.4. Increase in number of informative heterpygotes and associated SNPs
using two transcribed SNPs per gene.

Transcribed SNP Number (%) of Number (%) of Number (%) of Number (%) of
informative informative mapping SNPs mapping SNPs
heterozygotes heterozygotes significantly significantly
in Caucasian in SA cohort associated with associated with
cohort AER at AER at
(n=310) transcribed transcribed
(=177 SNP(s) in SNP(s) in SA
Caucasian cohort* cohort*
(n=53 SNPs) (n=56 SNPs)
CDKN2A rs3088440 23 (12%) 103 (33%) 5 (9%) 2 (4%)
CDKN2A rs11515 33 (18%) 75 (24%) 0 (0%) 9 (16%)
CDKN2A markers 54 (29%) 159 (51%) 3 (6%) 11 (20%)
combined
CDKNZ2B rs3217992 71 (38%) 112 (36%) 0 (0%) 4 (7%)
CDKNZ2B rs1063192 70 (37%) 87 (28%) 0 (0%) 2 (4%)
CDKN2B markers 90 (48%) 164 (53%) 5 (9%) 5 (9%)
combined
ANRIL rs10965215 70 (37%) 155 (50%) 25 (47%) 27 (48%)
ANRIL rs564398 67 (36%) 85 (28%) 23 (43%) 22 (39%)
ANRIL markers 80 (43%) 187 (61%) 30 (57%) 31 (55%)
combined

* Multiple testing was taken into account by caétirlg the FWER using a Bonferroni correction for
the 56 SNPs tested. Associations with FWER usitigesshold of 0.05 (that corresponds to a nominal
P value of 8.9x16 or —logoP of 3.05) were considered significant. SNPs vetslthan eight
informative heterozygotes were excluded.
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Figure 4.6. Effect of adjustment for covariates anautliers on total expression
mapping.

Scatter plots depict the estimates of effect sideafid significance of association (B) for eachiaf
56 SNPs obtained using unadjusted total expressilues (X-axis) versus values adjusted for
covariates (age, sex, ethnicity) and with outliemmoved (Y-axis). Pearson correlation coefficight (
and the P-value for each association are showmeitap left of each plot. SNP effect is the thedbg
the change in expression that allele 2 atcibacting locus produces compared to allele 1 (aineef
on p87).
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Figure 4.7. Significance of associations and effesize estimates using total and
allelic expression.

Scatter plots depict the P-values (A) and estimatesfect size (B) obtained for each SNP for hikee
genes by eQTL (X-axis) and aeQTL (Y-axis) mappBagr charts show the comparison of the
significance of association f@DKN2A(C), CDKN2B (D), andANRIL exons1-2 (E); and the effect
size estimates fAEDKN2A(F), CDKN2B(G), andANRILexons1-2 (H). The Y-axes on the bar charts
show the 56 SNPs ordered by chromosome locatiost(tatbmeric at the top). Grey bars to the left
represent total expression and black bars to ¢ represent allelic expression. SNP effect igllee
log of the change in expression that allele 2 atitacting locus produces compared to allele 1 (as
defined on p87).
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4.5.4 Comparison of cis-acting effects between populations

As shown in Figure 4.8, LD was lower in the SA cdhiban the Caucasian cohort in
the region, as expected for a population of Afriaacestry. The MAF in the SA
population was higher for 33 of the 53 SNPs typeldth populations, which

increases the proportion of informative heterozggdor allelic expression analysis.

Results of aeQTL mapping were compared betwee8Ahand British Caucasian
samples. These were highly correlated betweetwithg@opulations, both for the
significance of the detected association (r=0.94,07% and the estimated magnitude
of the effect on expression for each SNP (r=0.82x20°%), as shown in Figure 4.9.
These data suggest that theacting effects on expression for each mapping SNP

were similar in the two populations despite théedénce sin LD between them.
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Figure 4.8. LD in the SA and Caucasian cohorts.

Figures show linkage disequilibrium between theS58s in each population: (A) D’ in Caucasian coh@]} D’ in SA cohort; (C) Tin Caucasian cohort; (Df in SA
cohort. Colouring in (A) and (B) represents D’ veduD’=1, LOD<2 (blue); D'=1, LOD>2 (red); D’'<1, LI®»>2 (shades of pink); D'<1, LOD<2 (white). ShadingC) and
(D) represents’values: =1 (black); 0< <1 (shades of grey)?z0 (white).
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Figure 4.9. SNP effects in the SA and Caucasian cmtfts.

Scatter plots show the correlation between aeQsult® obtained in the SA (Y-axis) and Caucasian
cohorts (X-axis) for: (A) significance of assocmtiwith expression (-log P value) for all three ggn
(B) effect size at each SNP for all three gene}gftect size at each SNP fGBDKN2Aonly; (D)

effect size at each SNP fGDKN2Bonly; (E) effect size at each SNP faNRIL only. Linear
regression line for the association is shown adid kne with the 95% confidence intervals shoven a
dotted lines. SNP effect is the the log of the geaim expression that allele 2 at #ig-acting locus

produces compared to allele 1 (as defined on p87).
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4.5.5 AEI analysis in the combined population

In view of the similarity of the effects in the tweohorts, the data were combined in
subsequent analyses, increasing the power to desestting effects of smaller
magnitude and enabling adjustment for the effecisdividual SNPs. The
significance of association and effect estimatestioh SNP in the combined cohort
are shown in Table 4.5. Associations with a FWRRghold of 0.05 (corresponding
to a nominal P-value of 8.9xTPwere regarded as significant, and nominal P-&lue
are reported in the text. The maximum changel@li@expression associated with
any SNP was 1.4-fold faDKN2A 1.33-fold forCDKN2B and 1.97-fold foANRIL

The significance of associations for individual SN#e summarised graphically in
Figure 4.10. A greater number of SNPs in the closyme 9p21 region were
significantly associated with expressionAMRIL than withCDKN2Aor CDKNB.
Furthermore, the significance of the SNP associatiwas much greater f&NRIL

than forCDKN2Aor CDKN2B All risk variants for CAD were highly associated
with reduced ANRIL expression, but associationdwitpression of the other two
genes were not consistently seen. Variants agedamth diabetes, glioma and
melanoma in GWA studies were also all significamibgociated witANRIL
expression, but not consistently with expressiothefother two genes. The effects of
SNPs associated with gene regulatioritro and particular diseases are discussed in
greater detail in the following sections.
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Table 4.5. Effect size and significance of assodw@t for all SNPs.

Data shown are for aeQTL mapping in the combingaufation.Effects are reported as fold changes in expregsiondividuals who are homozygous for the mindelal
relative to individuals who are homozygous for thajor allele (calculated from allelic expressiotiedasing two transcribed SNPs per gene). Associdtioeach SNP is
presented as the —Igd>-value and the —lggof the FWER using a Bonferroni correction for 5&SNPs tested. Associations that were signifioaimg a FWER threshold
of 0.05 (corresponding to —lgfp of 3.05, or —-logFWER of 1.3) were regarded as significant. Sigaifit associations for each gene are shaded grey.

SNP Promoter Reported phenotypic Risk Minor CDKN2A CDKN2A CDKN2A CDKN2B CDKN2B CDKN2B ANRIL ANRIL ANRIL
associations allele allele effect -log1P - effect -log1P -logiFWER | effect (fold -log1P -log1FWER
(fold lognFWER | (fold change) change)
change)
rs7023954 A 0.989 0.2 0 1.000 0 0 0.949 0.5 0
rs15735 C 1.026 0.5 0 1.003 0.1 0 1.040 0.3 0
rs1134871 A 0.997 0 0 1.038 2 0.3 1.057 0.5 0
rs3731257 Ovarian ca G A 0.883 3.8 21 1.011 04 0 0.596 2441 224
rs3088440 Melanoma, pancreatic A 0.919 3.8 21 1.050 1.8 041 0.828 21 04
ca, ovarian ca, bladder
ca
rs11515 Alzheimer’s, bladder ca, C G 1.084 4.7 3.0 0.880 8.7 7.0 0.968 0.2 0
pancreatic ca
rs3731249 Breast ca, melanoma, T T 1.404 75 5.8 0.752 41 24 0.899 0.1 0
ALL
rs3731239 CAD, breast ca A C 0.947 1 0 0.997 0.1 0 1.652 252 235
rs3814960 CDKN2A T 0.898 37 2.0 0.988 04 0 1.039 0.3 0
rs36228834 CDKN2A A 1.404 75 5.8 0.752 41 24 0.899 0.1 0
rs7036656 C 1.119 8.7 7.0 0.931 49 32 1.217 3.1 14
rs2811711 ANRIL C 1.197 4.2 25 0.965 1.1 0 1.099 0.7 0
rs1801022 ANRIL C NA NA NA NA NA NA NA NA NA
rs2518723 CDKN2A/A | Colorectal ca promoter C T 1.119 6.1 44 0.971 2 0.3 1.669 51.5 49.8
RF methylation
rs3218022 CDKN2A/A c 1.045 0.2 0 0.985 0.1 0 0.995 0 0
RF




rs3218020 gEKN2A/A A 0.989 0.2 0 1.008 0.3 0 0.587 38.2 36.5
rs2811712 gIIZ:)KNZA/A Frailty, breast ca G 1.079 29 1.2 0.938 3.1 14 1.155 1.5 0
rs3218018 (RB,EKN2A/A Diabetes G 1.108 4 23 0.805 14.5 12.8 1.097 0.4 0
rs3218012 CDKN2A/A | Colorectal ca promoter A 0.919 3.8 21 1.026 1.8 0.1 0.605 53.1 514
RF methylation

rs3218009 (RB,EKN2A/A CAD c 1.059 0.4 0 0.990 0.2 0 1.659 7.7 6.0
rs3218005 Breast ca, frailty c 1.087 3.2 1.5 0.940 27 1.0 1.163 1.5 0
rs3217992 CAD A 0.990 0.1 0 1.009 0.4 0 0.579 39.7 38.0
rs1063192 Glioma C 1.036 0.5 0 0.976 14 0 1.829 61.3 59.6
rs3217986 C 0.914 22 0.5 1.049 1.1 0 0.605 8.3 6.6
rs2069418 CDKN2B G 1.031 05 0 0.976 14 0 1.852 72 70.3
rs495490 RDINK4/ARF C 1.131 1.1 0 0.955 1.2 0 1.970 128 111
rs7044859 CAD, stroke T 1.089 36 1.9 0.945 6.4 47 1.797 61.7 60.0
rs496892 CAD, stroke A 1.102 45 28 0.952 47 3.0 1.775 63.3 61.6
rs615552 G 1.028 04 0 0.980 1 0 1.857 80 783
rs10965215 A 0.936 21 0.4 1.014 0.7 0 0.599 76.6 749
rs564398 Diabetes, CAD, stroke G 1.034 05 0 0.978 1.2 0 1.865 81.3 796
rs7865618 CAD, stroke G 1.035 0.5 0 0.979 1.1 0 1.870 78.2 76.5
rs17694493 G 1.103 33 1.8 0.862 10.2 8.5 1.234 1.9 0.2
rs10738605 C 1.116 5.6 39 0.968 24 0.7 1.689 575 55.8
rs11790231 A 1.006 0 0 0.980 04 0 0.618 7.1 54
rs2184061 c 1.021 0.4 0 1.010 0.4 0 1.697 53.2 515
rs1011970 Melanoma T 0.995 0.1 0 0.953 25 038 0.802 38 2.1
rs10811650 G 0.988 0.2 0 1.000 0 0 0.629 31.7 30.0




rs16905599 A 0.907 3.6 1.9 1.028 0.7 0 0.684 8.1 6.4
rs10116277 CAD, stroke T G 0.979 0.4 0 0.984 0.7 1.573 219 20.2
rs10965227 G 0.966 05 0 0.949 22 05 1.008 0 0

rs1547705 C 1.031 0.4 0 0.999 0 0 0.734 3.6 1.9
rs10965228 G 1.104 0.8 0 0.958 1.2 0 1.504 6 43
rs1333040 CAD, stroke T C 0.963 1 0 1.012 04 0 1.406 12.1 104
rs7857345 T 0.935 1.3 0 1.016 05 0 1.779 25 233
rs10757274 CAD G G 1.039 1 0 0.975 1.2 0 0.685 145 12.8
rs10125231 A 1.101 0.3 0 0.961 0.3 0 1.280 0.7 0

rs2383206 CAD, stroke G A 0.968 0.9 0 1.007 0.2 0 1.456 15 133
rs2383207 CAD, stroke G A 0.946 1.5 0 0.982 0.7 0 1.468 14 123
rs1333045 CAD C C 1.037 1 0 0.981 0.8 0 0.700 128 111
rs10757278 CAD, stroke G G 1.039 0.9 0 0.986 05 0 0.700 1.7 10.0
rs1333049 CAD C C 1.023 05 0 0.996 0.1 0 0.704 121 104
152891169 Diabetes G A 1.042 1 0 0.977 038 0 1.059 05 0

rs2383208 Diabetes G G 1.081 1.9 0.2 0.989 0.3 0 1.239 34 1.7
rs10811661 Diabetes T C 1.182 4 23 0.957 1.8 0.1 1.339 46 29
rs10757283 Diabetes T T 1.010 0.2 0 1.002 0.1 0 1.024 0.2 0
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Figure 4.10. Significance of association with expssion for SNPs in the combined
population.

The Y-axis represents the —log P value for indigldBNPs (shown in chromosomal order along the X-
axis) for:CDKN2A(A); CDKN2B(B); ANRIL (C). The horizontal black line on each graph reengés

the significance threshold after adjustment fortipld testing (FWER=0.05 corresponding to -
log;0P=3.05). The relative location of genes and promeisments is represented at the t6PKN2A
andCDKN2AARF promoters yellowANRIL promoter blueCDKN2Bpromoter orange;

CDKN2AARF regulatory domain red). Letters along the @otrepresent associations from GWA
studies (C=CAD, D=diabetes, M=melanoma, G=glionra) #he black bar at the bottom represents the
core risk haplotype for CAD defined by Broadbenal **°.
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4.5.6 Adjusting for the effects of individual SNPs

As shown in Figure 4.10, multiple SNPs were assediavithcis-acting influences on
expression o€DKN2A CDKN2BandANRIL This could be the result of multiple
independent loci influencing expression of eachegént could also be a reflection of
strong LD in the region since associations mightbserved for ‘non-functional’
SNPs (that do not directly influence expressionijcwiare in LD with other
‘functional’ polymorphisms. Adjusting for the effieof individual SNPs was used to
assess whether multiple SNPs were independenttglated with expression of the
three genes, as shown in Figure 4.11. For each gfepwise adjustments were made
for the effect of the SNP which showed the mostifitant association with
expression, until independent effects could no éorip detected. Associations
remained significant after adjusting for the topFSfdr CDKN2AandCDKN2B and
the top two SNPs foANRIL

These results indicate that even after adjustinghi® effects of the most significant
marker, some of the remaining SNPs still showedia@nt association witANRIL
expression. This could be explained by the presehmore than one functional
polymorphism affecting expression, but could aksitect the presence of a functional
polymorphism that is in LD with both markers. Hoxe examination of the allelic
expression patterns provides additional supporthfepresence of multiple sites
affecting expression. For example, Figure 4.12xshite allelic expression ratios
observed at the transcribed SNP rs564398NRIL, grouped according to the
genotype at rs10965215. These two SNPs are ingsttb (D’=0.98), hence the
absence of individuals homozygous for the A alsles10965215 that are
heterozygous at rs564398. The G allele of thestndlped SNP (rs564398) was
overexpressed (G/A AER values greater than 1), kemeverexpression was
stronger (P=1%" using the Mann-Whitney test) for individuals thare also
heterozygous at the second polymorphism (rs109652MAis pattern is not
consistent with allelic expression being determibga single biallelic polymorphism
acting incis and suggests that there is more than one funt¢fpaigmorphism or that

this polymorphism is multiallelic.
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Figure 4.11. Effect of sequential adjustment for mst highly associated SNPs.

The Y-axis represents the —log P value for indigldsNPs (shown in chromosomal order along the X)axh) Unadjusted. (B) Adjusted for the most highksociated

SNP for each gen€€DKN2Ars7036656(CDKN2Brs3218018ANRILrs564398). (C) Adjusted for the two most highlg@sated SNPs for each gef@DKN2Ars7036656
and rs36228834;DKN2Brs3218018 and rs3814960NRILrs564398 and rs10965215). Values in the top kdghter are the number of significantly associatd®Safter
each round of adjustment, following correction fiaultiple testing. The remaining SNP showing asgariavith ANRIL expression was rs495490. The horizontal blaak lin
on each graph represents the significance threstitddadjustment for multiple testing (FWER=0.@sresponding to -logP=3.05).
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Figure 4.12. Effect of genotype at rs10965215 onelic expression ratio of
transcribed ANRIL SNP rs564398.

Diamonds represent the allelic expression raticéarh individual, all of whom are heterozygous for
the transcribed SNP rs564398. The first column shiodividuals who are homozygous for
rs10965215 (mean ratio 1.57), and the second coklraws individuals who are heterozygous for
rs10965215 (mean ratio 2.00). The third column shthe expression ratio obtained from genomic
DNA in individuals who are heterozygous for thengeribed SNP rs564398, where the two alleles are
present in a 1:1 ratio (mean ratio 1.00).
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The direction otis-acting effects on expression was compared betgepas for

SNPs showing significant associations with expoessif each gene, as shown in
Table 4.6 SNP effects fo€CDKN2AandANRIL were in the same direction for all 10
SNPs, meaning that alleles associated with oveesspn oCDKN2Awere also
associated with overexpressionARIL. By contrast, for all 8 SNPs that were
significantly associated with allelic expressiorbothCDKN2AandCDKN2B the

alleles associated witBDKN2Aoverexpression were associated ViiDKN2B
underexpression. Similarly for all 3 SNPs sigrahdy associated with allelic
expression of bot€DKN2BandANRIL, alleles associated with overexpression of
CDKN2Bwere associated withNRIL underexpression. The total expression analysis

had insufficient power for similar analyses to leefprmed.

Table 4.6. Correlation of SNP effects between genbg aeQTL mapping.

The table shows the SNP effect between genes fBis$hat show significant association (using
FWER threshold of 0.05) with expression of bothegerGene pairs are shown along the top. SNP
effects in the same direction means that a SNBsiscéated with overexpression or underexpression of
both genes, whereas SNP effects in the opposietatin means that a SNP associated with
underexpression of one gene is associated withregpezssion of the other gene.

CDKNZ2A-ANRI L CDKN2B-ANRIL  CDKNZ2A-CDKNZ2B

SNP effects 10 0 0

same direction

SNP effects 0 3 8
opposite
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4.5.7 In vivo effects of putative regulatory elements identified in
vitro

Whether SNPs within regulatory regions previoudbmnitified byin vitro reporter

assays were associated wetk-acting effects on expressiamvivowas also

investigated (full data contained in Table 4.5).

CDKN2Aexpression was significantly correlated with SN#Ps promoter and the
ARF transcript promotéf® 187 319,320
(RDN*¥ARFY that has been shown to regulate expressi@D#N2A, ARFand

CDKN2Bin vitro®®,

and with SNPs close to the regulatory domain

CDKN2Bexpression was also significantly correlated v@atPs in theCDKN2Aand
ARF promoter regions, suggesting that these elemefit®nce expression of both
genes.CDKN2Bexpression was not significantly correlated with single SNP
typed in its promoter (rs2069418) prior to adjustiméut this became significant
after adjustment for the most significant SNP i@AlRF promoter (rs3218018).

ANRIL expression was strongly associated with SNPsal@DKN2Bpromoter
(P=10"%), ARF promoter (P up to1%) and RO“¥RF domain (P=18%, as well as
with SNPs adjacent to tt@DKN2Apromoter (rs3731239, P=19).

These data confirnm vivo the function of the regulatory elements identifigdn
vitro transfection studies, and provide further evidehe¢ sharedis-acting elements
influence expression @DKN2A CDKN2BandANRIL

4.5.8 Effects of disease associated SNPs on express ion

The study also examined the correlation of allekipression o€DKN2A CDKN2B
andANRILwith SNPs reported to confer disease suscepyilfflill data contained in
Table 4.5).

45.8.1 CAD and stroke

SNPs within the core risk haplotype region for CAwere associated withNRIL
expression (P up to ), but none were associated WEDKN2Aor CDKN2B
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expression. CAD risk alleles were all associatét veducedANRIL expression, up
to 1.9-fold, suggesting that expressiorAdRIL, rather thatCDKN2Aor CDKN2B
might mediate atherosclerosis susceptibility. Heosveother CAD risk variants
located telomeric to the core risk haplotype regooh as rs7044859 and rs496892
showed substantially larger effects and strongev@ations withANRIL expression
(P<10°° for each SNP), and were also significantly assediaithCDKN2Aand
CDKN2Bexpression (P<Ibfor each SNP). The CAD risk alleles at these SNPs
correlated with reduced expressionPANRILandCDKN2A but increase@€DKN2B
expression. Associations for these SNPs remaiigedisant after adjusting for the
effect of the lead CAD SNPs within the core rislplogype region (rs10757274,
rs2383206, rs10757278 and rs1333649put SNPs within the core risk haplotype
were no longer significantly associated WKNRIL expression after adjusting for the
effect of SNPs at the distal locus (rs10965215raB84398). This suggests that the
core CAD risk haplotype does not account for alih&f observed association with

ANRIL expression in peripheral blood.

Based on evolutionary conservation and effectdRIL transcription, rs1333045
within the core risk haplotype has been previotgijlighted as a potential
functional variant responsible for conferring sysdslity to CAD at the 9p21
locus®. In our analysis rs1333045 was associated ANRIL expression (P=1),
but not withCDKN2Aor CDKN2Bexpression. Its effects were similar to those of
other SNPs in the core risk haplotype for CAD. eAfadjusting for the effect of
rs1333045, 32 SNPs remained significantly assatiatth ANRIL expression,
suggesting that the effect attributed to such wésiavas not due to LD with
rs1333045.

4.5.8.2 Diabetes

The lead chromosome 9p21 SNPs associated withtdalreGWA studies are

located in a separate LD block to the CAD risk aats?> *® and the phenotypic
effects of CAD and diabetes variants have been shiowe independelif. Diabetes
risk alleles in this region (rs10811661-T and rsZ88-A) were associated with
under-expression &NRIL, but were not associated wilDKN2Aor CDKN2B
expression in our Caucasian population. Howemeisé SNPs showed no association
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with expression oANRILin the SA population, despite greater power tectet

effects in this cohort.

A separate locus for diabetes susceptibility indhemosome 9p21 region in
Caucasians is located within the region associatgdCAD risk. The rs564398-T
risk allele at this locus is associated with diadéf, CAD*?° and strok&®. This SNP
had the strongest association WNRIL expression of all the SNPs we tested (P=10
8, but was not significantly associated WeBDKN2Aor CDKN2Bexpression. The
rs564398-T risk allele was associated WAHRIL underexpression, and the
association remained significant after adjustingtiie effect of rs10811661, the lead
diabetes SNP. However, the association with rs1681 was no longer significant

after adjustment for rs564398.

4.5.8.3 Cancers and frailty

GWA studies have recently identified chromosomel9BRIPs correlated with

&+ 1% and malignant melanortfd The glioma risk allele

susceptibility for gliom
rs1063192-C was highly correlated with increa8&tRIL expression (P=1%), while
the melanoma risk variant rs1011970-T correlatetl vaduced expression ANRIL

Neither was associated Wi@DKN2A or CDKN2Bexpression.

Multiple candidate gene association studies haperted associations between SNPs
in this region and susceptibility to a variety edehses. These have mostly involved
cancer phenotypes because the cell-cycle regul@dkiN2AandCDKN2Bare
recognised to be involved in predisposition toaertancers. Such association
studies have implicated 9p21 SNPs as being potigritimolved in the development

S’lt73, 174, 18? ﬁ76' 18]’. and

or therapeutic response to pancretic¢'* brea ovaria
bladdet’ carcinoma, as well as acute lymphoblastic leukaEmand melanonmta®
170.172 - Al of the SNPs associated with these phenotgpesved a significant
correlation with allelic expression of one or moféhe genes we examined, as
summarised in Table 4.5. A SNP (rs2811712) that reported to be associated with
severely limited physical function in older pedpfavas significantly associated with

CDKN2Bexpression, but not withANRIL expression.
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4.5.9 Preliminary investigation of expression of ex ons involved in
other transcripts

4.5.9.1 Exon-specific AEI analysis

This study explored whether AEI could be used t@#tigate transcript-specific
expression and mapping af-acting effects foCDKN2AandANRIL

Multiple transcript variants are now annotated@@KN2A", two of which are
known to produce the functionally-important proee@DKN2A and CDKN2A-ARF.
These transcripts and the location of SNPs witkroelygosity greater than 0.2 that
are suitable for AEI assessment are illustratdeigare 4.13. Several transcript-
specific assays were investigated; the primer lonatare illustrated in Figure 4.13
and the PCR product sizes are shown in Table A limitation of the AEI approach
for investigation of expression of particular examghat it requires a transcribed SNP
of reasonable heterozygosity within the amplicdhere were no such SNPs within
ARF exon P, meaning that transcript-specific amplicons wessighed to include a
primer in exon B and a primer downstream of the transcribed SNRgam 3. As
shown in Table 4.7, PCR products could not be bbtidetected for these long
products as initially designe@ DKN2Aspecific-1 andARFspecific-1), despite using
45 cycles and extensive attempts to optimise the Béhditions (adjusting
temperatures, magnesium concentrations, and adiswution). The assays were
therefore redesigned to give the shortest transspecific products possiblARF~
specific-2,CDKN2Aspecific-2 andCDKN2Aspecific-3). After optimisation, PCR
product was detectable for some samples by aggedsdectrophoresis, but was still
not reliably detectable from many samples for treger ampliconsARFspecific-2
andCDKN2Aspecific-2). In contrast, the shorter productstii®e CDKN2Aspecific-

3 andCDKN2A&ARFassays were reliably detected for most samples.
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Figure 4.13.CDKNZ2A transcripts and transcribed SNPs.

Panel A shows the JDKN2Atranscript variants annotated in Ensembl 01/0%/16th the
chromosome 9 reference sequence loction showneoX-tixis. Panel B shows the two protein-coding
transcripts. SNPs suitable for AEI analysis angstilated as black bars with the SNP ID in bold abov
Black arrows indicate the location of PCR primeirpéor AEI assays.

| o L EEEC——, U |
< COKN2A-007
A processed transcript

< COKN2A-009
nonsense mediated decay

F—

< COKNZ2A-005

processed transcript
18
< CDKN2A-201

protein coding

b0
< COKNZA-008
processed transcript

(W |
< CDKN2A-011
processed transcript

=]
< COKN2A-010
retained intron

n
< CDKN2A-006
processed transcript

21,96 Mb 21.97 Mb 21.98 Mb 21.98 Mb 21.98 Mb 21.99 Mb 22.00 Mb

B rs3088440 rs11515 rs3814960

> <+ CDKN2A-specific-1
> <« CDKN2A-specific-2
—» <4 CDKN2A-specific-3

CDKN2A | |” : : I

-»> 4 CDKN2A&ARF
- <« ARF-specific-1
—-> <« ARF-specific-2
| | |
ARE [ I |
Exon 3 Exon 2 Exonl a Exon 1
—_e—

transcription

157



Chapter 4: 9p21 expression mapping

Table 4.7. Transcript-specific AEIl assays foCDKN2A and ANRIL.

Primer pairs Expected product Optimised Comment
size annealing
temperatur
e (C)
CDKN2A-specific-1 861 - PCR product not reliablytefsed.
CDKN2A-specific-2 479 58.4 PCR product not reliatistected.
CDKN2A-specific-3 73 61.8 Satisfactory PCR on agargel.
CDKN2A&ARF 150 58.4 Satisfactory PCR on agarose gel
ARF-specific-1 635 - PCR product not reliably déelc
ARF-specific-2 407 66.8 PCR product not reliablyedéed.
ANRILexons1-2 150 58.4 Satisfactory PCR on agagate
ANRILexons6-19 154, 161, 290, 354, - Expected PCR products not detected in 2
490, 624, 2058 tests.
ANRILexons6-13 167, 303, 378, 571 55.5 167 bp @RI products faintly
detected in 2 tests.
ANRILexons2-6 314 64.6 314 bp product detected tiesgs.
MTAP4-ANRIL2 290 - PCR product not detected in &se
ANRILexons6-6 49 56.0 Satisfactory PCR on agar@ede g

A recent report suggested t#EtIRIL has more splice variants than the two that were

originally described by Pasmaettal’®> TheANRIL transcripts annotated in the
NCBI and Ensembl databases (as of 01/03/10) anershoFigure 4.1% ' with the

two original isoforms highlighted in red (both ohigh contain exons 1-2, in which

the primers for the AEI assay used in the studipsnted above were located). The

transcripts reported to date broadly fall into tgroups; a short form ending with

exon 13, and a long form ending with exoff®28° However, this may be related to

the methodology used to investigate alternativesicepts by Folkerseet al, which

only used primers located in exon 13 and exadfi’20
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Figure 4.14. ANRIL transcripts.

Panel A shows reported transcripts with transcriddéPs indicated as black bars (rs10965215 and 8886 exon 2 and rs10738605 in exon 6). The trgstsadescribed
in the original report by Pasmaettal*® in human testis are shown in red. Panel B shoeoitations of primers used in expression studies.
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Some recent reports suggested that short and langctipts may be differentially
expresseti® ?°° and the study therefore aimed to investigateikacting effects in
assays involving differePANRIL exons. Transcribed SNPs with heterozygosity
greater than 0.2 which may be suitable for AEI gsialwere located in exon 2 and
exon 6. AEI assays were designed to investiggteession of the ‘long transcript’
(with primers in exon 6 and exon 19) and the ‘straniscript’ (with primers in exon 6
and exon 13), as summarised in Table 4.7 and F@are Another assay was
designed with primers in exon 2 and exon 6 aimingssess the correlation between
AER measured at rs10965215/rs564398 (in exon 2y 38605 (in exon 6) in the
same transcript. AMTAP-ANRILfusion transcript has also been repattednd a
further assay was designed to determine whetheession of this transcript could be
detected in blood and mapped using AEI (using psmeMTAP exon 4 andANRIL

exon 2).

No evidence was detected for & AP-ANRILproduct on gel electrophoresis.
Products of the expected size were also not detéotehe ‘ANRILexons6-19’ assay.
Some faint bands of other sizes were seen at loyeéeatures during temperature
gradient optimisations, but these were not consisgietween different tests and were
likely to represent non-specific primer bindingCR products at some of the
expected sizes were seen for the other assaysmamarised in Table 4.7. These
assays require replication in larger numbers ofda@snusing the optimised reaction
conditions shown in the Table 4.7. If these aspay®rm reliably in larger numbers

of samples then they may be utilised for aeQTL nrappf different transcripts.

It was noted for both the DKN2AandANRIL assays discussed above that assays
involving longer PCR products were not reliablyet#¢d in most samples, whereas
the shorter amplicons showed less variability betwsamples. One explanation
considered for the failure of assays involving lengroducts was that RNA/cCDNA
integrity might be insufficient to allow the idefitiation of complete longer
transcripts, especially since the samples had steeed for a considerable time and
been through several freeze-thaw cycles. RNA guafid cDNA size were therefore
checked for a selection of samples using the RN@0@Rico LabChip kit (Agilent)

for the Agilent 2100 bioanalyzer.
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As shown in Figure 4.15, this confirmed high RNAatity with a 28S:18S ratio
greater than two. However, cDNA fragments werepneinantly between 25 and
500 bases in length, which is likely to accounttfer failure of assays with products
above that size. On review of the study methddgas noted that the High capacity
RNA-to-cDNA Master Mix (Applied Biosystems) that sased for reverse
transcription of the samples in the above analigseptimised for cDNA targets less
than 1000 bases in length. Other RT systems wegsiigated to see whether longer
cDNA could be obtained, including the SuperScripFirst-Strand Synthesis System
for RT-PCR (Invitrogen) which is advertised as piting detection of RNA targets
more than 12kb in siZ&. As shown in Figure 4.15, cDNA fragment size was
substantially greater with the different systenuggesting that analysis of the longer
assays was not possible in these samples.

The two assays using previously untested transti@é¢Ps which had shown reliable
performance on agarose gel electrophoresis wetedtés AEI analysis: ‘CDKN2A-
specific-3’ (using transcribed SNP rs3814960) afldRILexons6-6’ (using
transcribed SNP rs10738605). The ‘ANRILexons6s$ay worked well in both
gDNA and cDNA. The ‘CDKN2A-specific-3’ assay workeavell in gDNA and some
cDNA samples, but had a higher measurement vatiabild proportion of failed
replicates in cDNA samples than other AEI assayss may be accounted for by low
expression levels of this transcript variant inipleeral blood, suggesting that higher

starting amounts of cDNA should be used for analysing this assay.
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Figure 4.15. Assessment of RNA integrity and cDNAze.

Images show the output of obtained with the AgihB0 bioanalyzer for RNA samples and cDNA
samples reverse transcribed with different RT systey-axis represents fluorescence. X-axis on the
RNA figures represents time in seconds, and orEi¢A figures represents cDNA fragment size in
nucleotides. The 18S and 28S ribosomal RNA peak$ahelled on the RNA samples.
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4.5.9.2 Exon-specific total expression analysis

Exon-specific expression was also investigatedguamalysis of total expression
levels in the SA cohort. This was simpler sinaar¢twas no requirement for
amplicons to include a transcribed polymorphism duedefore large products were
not necessary. A suitable cDNA-specific prededilgaesay was available fARF
(Applied Biosystems assay ID Hs00924091 m1), bufaraCDKN2Aor ANRIL

For CDKN2A the assay previously reported by kiual was testetf>, but replicates
did not perform consistently. On investigatiortled assay design, the difference
between primers and probe annealing temperaturegreater than recommended for
such assays and a new custom assay was therefigeetEwith primers and probes
located within exond. ForANRIL, custom assays were designed within exon 13 for
the ‘short’ transcript and within exon 20 for therg’ transcript (as shown in Figure
4.14, page 159). These assays were multiplexédB&imM andGAPDH reference

genes respectively.

Transcript-specific total expression levelsGiDKN2AandARF were highly

correlated with each other (r=0.63, P=7%3)0and with expression assessed using the
combinedCDKN2A-ARFassay (using2M andGAPDH as reference genes), as
shown in Figure 4.16. Furthermore, SNP effectCibKN2AandARF mapped by
eQTL analysis were also correlated (r=0.47, P=BP0#s shown in Figure 4.17.

This suggests that the loci influencing expresanaris are similar for these

transcripts. Associations for few individual SNiReets achieved statistical
significance, reflecting the relatively low powdrtbis analysis compared to the

combined AEI analysis.
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Figure 4.16. Correlations between total expressioevels of CDKN2A, ARF and
CDKNZ2A/ARF.

Axes show expression Ct values normaliseB2M/GAPDH Each point represents an individual. The
regression line is shown in solid black, with ddt@5% confidence intervals. Pearson correlation

values are shown.
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Figure 4.17. SNP effects estimated using eQTL analg with assays specific for
CDKN2A, ARF and CDKN2A/ARF.

Axes showcis-acting effect for the 56 mapping SNPs, each otWli represented as a point. The
regression line is shown in solid black, with ddt85% confidence intervals. Pearson correlation
values are shown, but results were similar usingaBpan’s rank correlation. SNP effect is the tlge lo
of the change in expression that allele 2 attk@cting locus produces compared to allele 1 (as
defined on p87)
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Preliminary investigation of transcript-specificoegssion oANRIL was also
performed. As shown in Figure 4.18, transcriptesipetotal expression oANRIL

exon 13 and exon 20 showed a weak but significamelation. Total expression at
exon 13 was weakly correlated with total expressibexons 1-2 as used previously,
but there was no significant correlation betweepression at exon 20 and exons 1-2.
Interestingly, SNP effects for exon 13 and exom2pped by eQTL analysis were
positively correlated, but both showed a significaggative correlation with SNP
effects measured at exons 1-2, as shown in Figa& 4rhese data suggest that
expression of the exon 13 and exon 20 transcripts@regulated and influenced by
the sameis-acting effects. However, tlogs-acting influences on expression of the
exons 1-2 transcript act in the opposite directiamsl the overall expression levels of
this transcript relate poorly to expression of dtiger two transcripts studied.
Expression levels at exon 13 and exon 20 were hifjla@ at the exons 1-2 when
identical reference genes were used for normadisatvhich suggests that the exon
13 and exon 20 assays do not reflect the levellseofwo originally reported

transcript variants (as shown in red in Figure %.bdth of which contain exons 1-2
meaning that expression measured at this ‘sumnssdyavould be expected to be
higher than that of the individual transcript vat& The significance afis-acting
effects on expression was substantially less ®©etQTL analysis using the exon 13
and exon 20 assays, with associations achievimgfisignce for only a single SNP.
This could mean that the transcripts assessed tis#sg assays have less influence of
cis-acting effects, or it could result from poor psaon of the measurements and
‘background noise’ of the assay. These resultetbee require additional
investigation with the same and independent assaysnust be regarded as

preliminary at present.
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Figure 4.18. Correlations between total expressioevels of differentANRIL
transcripts.

Axes show expression Ct values normaliseB2M/GAPDH The regression line is shown in solid
black, with dotted 95% confidence intervals. Pearsarrelation values are shown.
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Figure 4.19. SNP effects estimated using eQTL analyg for different ANRIL
transcripts.

Axes showcis-acting effect for the 56 mapping SNPs. The redgoedine is shown in solid black, with
dotted 95% confidence intervals. Pearson correlatidues are shown, but results were similar using
Spearman’s rank correlation. SNP effect is thddgeof the change in expression that allele 2 at th
cis-acting locus produces compared to allele 1 (aiseléfon p87).
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45.10 Microsatellite rs10583774 effects on express ion

A comparison of microsatellite analyses using WGRAand native gDNA showed
that spectra were more difficult to interpret in WGNA for some samples as the
pattern of the ‘slippage’ peaks was not as preldietas it was in native genomic
DNA, as illustrated in Figure 4.20. In unamplifiBtNA, the true peak was highest,
with smaller ‘slippage’ peaks at two-nucleotideenvials of progressively decreasing
size. In amplified DNA, there was less differemtsize between the true peak and
nearest ‘slippage’ peak which made spectra mofieulif to interpret for individuals
who were heterozygous for similarly sized allelésalyses were therefore
performed using unamplified genomic DNA for all miduals in both cohorts. The
distribution of the microsatellite alleles was damin the SA and British Caucasian
cohorts as shown in Figure 4.21.

Figure 4.20. Example of microsatellite spectra fronunamplified DNA and WGA
DNA from the same sample.

Amplicon size (X-axis) and product yield (Y-axiggeashown for the same sample with and without
WGA. Numbers on the X-axis represent the peakestienates obtained using GeneMarker
autodetection software. In unamplified DNA the tpeak (giving the greatest size product) had the
greatest peak height. However, in WGA DNA the ‘sige’ peak height exceeded the height of the
true peak, which complicated the genotyping intetigtion. In the example below, the native DNA
suggests a 178/178 homozygote genotype but therpattthe WGA sample could be consistent with
a 176/178 heterozygote genotype. The explanatidrirderpretation of the spectra patterns is
explained in Chapter 2.
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Figure 4.21. Relative frequency of microsatellite310583774 alleles in the SA and
Caucasian cohorts.
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Microsatellite size (number of TG repeats)

Total microsatellite length (allele 1 + allele ®psved a weak but significant
correlation with total expression GDKN2AandCDKN2B with increasing number

of TG repeats associated with reduced expressgosh@wn in Table 4.8). There was
a trend in the same direction fANRIL exons1-2 expression which did not achieve
significance. To investigate potent@s$-acting effects, an analysis including only
individuals with at least one copy of the commoradistie (20 TG repeats) was
performed. This approach allowed this-acting effect associated with the other
allele in each individual to be estimated, butpbever of the analysis is less because

a smaller number of individuals are included. Aswn in Table 4.8 and

Figure 4.22, there was a borderline significanbesdion with expression gfNRIL

exons 1-2, with a trend towards a negative coiceldor all genes that was consistent
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with the results of the previous combined totalnosatellite allele length. All of
these analyses were performed with exclusion afglesoutlying individual with a

particularly low number of TG microsatellite repeéds highlighted in Figure 4.22).

Table 4.8. Correlation of total expression levels th number of microsatellite

TG repeats.
CDKN2A | CDKN2B ANRIL
Correlation between TE and total number of TG répea -0.12 -0.14 -0.08
(P=0.04) (P=0.02) (P=0.14)
Correlation between TE and number of TG repeatseat -0.08 -0.05 -0.19
Z:Itzlrgative allele in individuals with 1 copy ofteommon| (p=q 38) (P=0.63) (P=0.05)

Shaded cells represent statistically significamtedations. TE = total expression.

Figure 4.22. Effect of number of microsatellite rs0583774 TG repeats at the
alternative allele in individuals who have the comman (20 TG repeats) allele on
total expression ofANRIL exons1-2 in the SA cohort.

Each point represents an individual. Regressiandimd correlation coefficients are shown after
exclusion of a single outlier (shown as a cross).

r=-0.19 P=0.052 (Pearson’s)

r=-0.19 P=0.047 (Spearman’s)
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Phasing the microsatellites was difficult becatmelarge number of alleles created a
large degree of uncertainty around the phase. eftwer thecis-acting influence of
microsatellite size was investigated in individuatso had at least one copy of the
commonest allele using the approach described abithebsolute log-transformed
AER values at each transcribed SNP (adjusted toetfect of the transcribed SNP).
This analysis was performed for each transcribetm&ker separately, and could
only be performed for individuals who had one copthe common microsatellite
alleleandwho were heterozygous at the transcribed SNPemip AEI
measurement). The number of informative samplestherefore low and no
significant correlation was seen between numbeniofosatellite repeats and AER at
any of the transcribed markers@DKN2A CDKN2BandANRIL using this approach.

The above analyses assume a linear relationshigbatmicrosatellite length and
cis-acting effect on expression, but previdnsitro studies have suggested that the
relationship between microsatellite length and eggion is not linear in all ca$és
Using a regression analysis for total expressidh wmiultiple alleles as categorical
variables (which allows each allele to have an peahelent effect) showed a

significant association between microsatellite ggp® and expression &iNRIL
exonsl-2 (P=0.0047), but "6DKN2Aor CDKN2B This suggests that the genotype
at rs10583774 is associated WitNRIL exons1-2 expression, but that the relationship

may not be linearly proportional to the number & fiepeats at this locus.

4.6 Discussion

This is the most detailed study to dateigfacting influences on expression at the
chromosome 9p21 locus. It has shown that mulsjés in the 9p21 region
independently influencEDKN2A CDKN2BandANRIL expression. SNPs
associated with diseases including CAD, diabetaes,cancers are all highly
associated with expressionARNRILexon 1-2, suggesting that modulationAMRIL
expression may mediate disease susceptibility. stindy also reports novel
methodology for allelic expression analysis thidvaéd data from multiple

transcribed polymorphisms to be combined and tfexisf of particular SNPs to be
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adjusted for. The study has demonstrated thaafipsoach has greater power than

total expression analysis for mappitig-acting effects.

4.6.1 Relationships between CDKN2A, CDKN2B and ANRIL
expression

Total expression levels @@DKN2A CDKN2BandANRILexons 1-2, which reflect

the combined influence afs andtrans-acting factors, were positively correlated.

This corroborates other recent dafa’* 3%

and suggests that expression of these
genes is co-regulated.ransacting influences account for the majority of the
observed variance in expression of these gene948¢); and the correlation in total
expression levels is likely to reflect co-regulatimf the genes throughans-acting
factors. In addition, the allelic expression asaydemonstrated that expression is
also influenced by shareaik-acting elements in the region. Despite the pasiti
correlation in total expression levetss-acting effects associated with individual SNP
alleles may act in opposite directions; the eftdahdividual SNPs ot DKN2B
expression were opposite to effects on expresdi@bDiKN2AandANRILexons 1-2
(which were concordant) in this study. Althougb-acting effects account for only a
small proportion of the overall variance in expresf these genes, this does not
diminish the potential biological significance bgtis-acting effects. ANRIL

overlaps and is transcribed in antisense with &P DKN2B. It is modestly
conserved across sped®and its function is not known, but recent work has
demonstrated that antisense transcription f@IDKN2Bdownregulate € DKN2B
expression iris through heterochromatin formatf@h This is consistent with our
observation of an inverse effect of SNPsANRIL exons 1-2 an@DKN2B

expression. By contrastDKN2AandANRIL exons 1-2 showed positive correlations
for both allelic and total expression in our stu@G@OKN2AandANRIL do not

overlap, but are transcribed divergently from traiption start sites separated by just
300 base pairs. Although tAéNRIL promoter is currently not characterised, it may
share promoter elements witiDKN2Aand the resulting co-regulation could account
for the positive correlation in expression we okiedrfor these genes, similar to that
described at other sité4 In this context, inhibition cEDKN2Bexpression by
ANRILwould enable a level of crosstalk betw&€HDKN2AandCDKN2Bexpression,
which would be consistent with the invergs-acting effect of SNPs o6DKN2Aand

CDKN2Bthat was observed. The observation thecting genetic effects played a
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greater role in expression ANRIL compared t€€DKN2AandCDKN2B (20%
compared to less than 8% and 5% respectively) makegood candidate for genetic

causation mediated through influences on expression

A recent mouse study demonstrated that deleti@en#éikb non-coding region
orthologous to the human CAD core risk region reslin severely reduced
expression o€dkn2aandCdkn2bin heart tissue, indicating the presence of distan
acting regulatory functions in the CAD risk intelR7& Allele-specific analyses
demonstrated that these effects were mediatexlskacting mechanisms. Although
sequence conservation ANRILis not seen in this orthologous region, this may b
due to high rates of sequence evolution withowt tffunctional activity that has

been proposed for long non-coding RN&s

4.6.2 aeQTL mapping of cis-acting effects

The study compared total expression and allelicesgion for the investigation of
cis-acting influences on expression. For aeQTL mappinovel adaptation of
previously reported methodoldG§was developed to combine multiple transcribed
SNPs per gene, which increased the number of irgovenindividuals and the power
for detectingris-acting effects. This approach was demonstratea) ia/o
transcribed polymorphisms per gene, but the metlbggmffers the potential for the
inclusion of multiple additional transcribed varign The results obtained by eQTL
and aeQTL mapping were similar, consistent withviongs work suggesting that the
two approaches identify the samis-acting locf®® However, the present study
demonstrated that aeQTL analysis had substangjedigter power than the eQTL
approach. Adjusting farans-acting covariates including age, sex and ethniaitye
eQTL analysis did not substantially alter the ressuAn influence of age cGDNK2A
has been report&d, but there was little variability in the age o&tBA cohort (90%
of whom were between the ages of 18 and 30 yeadis}.fact that allelic expression
is a more efficient way to identifgis-acting influences on expression has implications
for future studies investigating the effects of SNIA expression at other loci, for
example for the hundreds of non-coding SNPs cdeeélaith different diseases by
recent GWA studies.
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Allelic expression quantifies the relative conttibus of each allele to the mRNA
pool irrespective of the absolute mMRNA levels, #dratefore provides information
about transcriptional effects and polymorphismsimithe transcript influencing
RNA degradation iris. By contrast, total expression analyses that tifyaabsolute
MRNA levels are also sensitive to post-transcrilaegulatory effects, such as
MRNA degradation by microRNAs. In extreme casgist{post-transcriptional
regulation could keep total MRNA levels constarddpective of the contributions of
each allele to the total mMRNA pool. The fact tiat results of eQTL and aeQTL
mapping were so similar in this study suggeststtiaeffect of regulation at the post-
transcriptional level is limited, although regutatiof CDKN2Aexpression by a
microRNA has been describ®d In general, although allelic expression is austb
method for mapping sites influencing expressioaighinvestigation of total
expression and other intermediate phenotypes siphotein levels or protein activity
will provide complementary information that contrtbs to fully understanding the
phenotypic effects afis-acting polymorphisms. It would be desirable ttedmine
whether the significant associations with mRNA egsion observed f@DKN2A

andCDKN2Bare confirmed at the protein level.

4.6.3 Trans-ethnic expression mapping

Although it had been hoped that trans-ethnic fireping could be used to refine the
associations with expression, the results of ae@@pping were in fact very similar
in the SA and Caucasian populations. This repbioah a separate cohort strongly
supports the validity of the findings and enablembmbined analysis of the two
cohorts to be performed. This approach of podiiatp from ethnically-divergent
populations has been previously shown to incrdas@ower to detect influences on
expression that are shared across popul&fi®di The principal difference
identified between the two populations was for3NPs associated with type Il
diabetes. The lead diabetes SNP rs10811661 wesdated withANRIL
underexpression in the Caucasian cohort, but nibterSA population, despite greater
power to detect effects in that cohort. This meflect differences in LD between the
populations, but suggests that if rs10811661 is#usal variant influencing diabetes
susceptibility the effects are unlikely to be méelbthrough influences ohANRIL
expression. Alternatively, if modulation ANRIL expression is the mechanism
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through which the association of rs10811661 wittbdies is mediated, as suggested
by the association in Caucasian populations, rsll®®1 itself is unlikely to be the
‘functional’ variant causing the effect (but isdii to be in LD with the functional
variant in the Caucasian but not the SA populatidgtudies to determine whether
this SNP is associated with diabetes in populatadrsfrican origin would be of

interest.

4.6.4 Consideration of ‘causal’ variants

The power of the analyses to detect differencexpression enabled the effects of
individual SNPs to be adjusted for. Using thisrapph demonstrated that
expression, and therefore probably disease preslispg was independently
influenced by multiple sites and that the obsem#elcts cannot be explained by a
single polymorphic site. From this analysis thes&nce of rare variants with large
effects cannot be excluded, but previous resequogrstudies in this region did not
find rare variants associated with disease pheesty° It is uncertain whether the
individual SNPs for which associations were founelthe actual ‘causal’ variants
responsible for the effects on expression, orafaksociation simply reflects LD
between these SNPs and the causative polymorphidittsough fine mapping
studies often purport to identify causal variairighe context of complex diseases
identifying pathways involved in disease predisposimay be more important. This
is of particular interest for these genes wher@tian in expression is mostly due to
trans effects which may be substantially influenced by4genetic factors, raising the
prospect that it may be amenable to therapeutiautatidn. The putative causal
variants rs10757278 and rs1333045 previously aatsutwith alteredANRIL
expressioff® **were significantly associated with redudedRIL exons 1-2
expressionn vivoin this analysis, but their effects were relatywelodest compared
to other SNPs in the region and adjustment foeffext of these SNPs accounted for
only a small proportion of the effect observedtaeo SNPs. The maximum changes
in expression associated with individual SNPs vgaitestantial, up to 2-fold for
ANRILexons 1-2, but effects of much smaller magnitudesvalso detected; the
minimum significant effect was associated with jaigt.05-fold change in expression.
Although the associations of SNPs with expresdiam were observed were

statistically highly significant, it is uncertainhat impact such effects on expression
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have on disease risk. However, even small difie@srin gene expression due to
genetic factors that are present throughout arwvichaal’'s lifetime could contribute to
differences in common late-onset phenotypes su€&s and diabetes, and the
effects may be even greater in tissues relatedsease.

Genotype at microsatellite rs10583774 appears @sbeciated with expression of
CDKN2A CDKN2BandANRILexons 1-2. Such an association may be ‘indirect’,
resulting from LD between the microsatellite andestvariants which have true
functional effects on expression. Alternativetyisipossible that the number of
microsatellite TG repeats has a direct functionfilence on expression, as has been
reported for other microsatellit@s vitro®® 2** The location of this microsatellite
within a promoter region likely to influence baiDKN2AandANRIL expression
supports the notion that it could have direct fioral effects, perhaps through
affecting transcription factor binding similar toat described for other
microsatellite§®. However, it is interesting that an increasingiber of TG repeats
was associated with reduced expression of all the@es, includin@ DKN2Bwhich

is transcribed in the opposite directionANRIL (i.e. the microsatellite is located at its
3’-end and not in a promoter region for this genefese effects could potentially be
mediated through changes in chromatin structurelwp or downregulate
expression of the whole locus, similar to the efatescribed for other
microsatellite§®. A recent 2010 paper has shown that methylatiasheoCpG island

in this region abolishes binding of the chromatisulator protein CTCF and reduces
expression 0EDKN2A CDKN2BandANRIL?. The association between
microsatellite genotype ameNRIL expression was stronger using a categorical rather
than a linear model. Non-linear relationships lestwrepeat elements and expression
have been reported for other microsatellites, whiely be due to steric effects such
as the proximity and interaction of transcripti@ctbrs within three-dimensional
space of the helical DNA structdfé If rs10583774 has direct influences on
expression, genotyping this microsatellite may tdthe predictive value of SNPs at
this locus. The functional role could be investigghusing transfection experiments
with reporter constructs. It is possible that msatellites may be the functional
elements responsible for SNP associations detetteither loci in GWA studies, and
these elements should not be overlooked.
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4.6.5 Confirmation of regulatory elements  in vivo

This study examineth vivo expression in primary cells rather than in transied

cell lines. Although cell lines have been extealiwsed to investigatgs-acting
influences on expressitii 3! patterns of expression may be altered in immisgl
cells, particularly for genes such as these trehasociated with senescence and cell-
cycle regulatioff’. Furthermore, widely used cell lines are paucial®r
monoclonal®® **?and since a significant proportion of human gendsbit random
patterns of monoallelic expression within singlengs of cell line¥? cis-acting
effects in these cells are unlikely to be represtére of polyclonal cell populationia
vivo. Previous studies have delineated the promotet®trer elements regulating
CDKN2A/ARFandCDKN2Bexpression using reporter assays®’ 189:319.320 g ch
studies are valuable to identify causative polyrhanms, but since they examine the
effects on expression outside of the normal haptghromatin and cellular context
their findings require confirmation big vivo studie$® 23 This analysis confirmed
that polymorphisms in upstream regulatory eleme@stified byin vitro assays were
significantly associated wittis-acting effects on expressianvivo, but also
demonstrated that other loci located up and dowastirwere associated with effects
on expression of similar or even larger magnitutieese data highlight the
complexity and multiplicity of sites influencing poession in the region. The assays
used to investigatE DKN2Aexpression also included tA&RF transcript variant.

This gave the potential to detect sites influen@rgression of both transcripts, and
effects of SNPs in both tt@DKN2AandARF promoter regions were detected in the
study, although differential effects of loci on midual transcripts cannot be
distinguished using this approach.

4.6.6 Tissue-specific considerations

All of the SNPs in the region associated with déseim GWA studies were associated
with influences orANRIL exons 1-2 expression, suggesting that modulafi@gN&RIL
expression may mediate susceptibility to these ptypes. SNPs in the CAD core
risk haplotype regiol?® that are most strongly associated with CAD in G¥tédies
were associated with reduced expreseibANRIL exons 1-2, but other SNPs
associated with CAD which lie outside of the cas& haplotype region showed
independent and stronger associations with undezegimnof ANRIL exons 1-2.
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This may reflect differences in the relative impaoite of particular sites in the tissues
responsible for the association with CAD. Indebd,patterns of association
observed in peripheral blood in healthy individualgy differ from those in primary
disease tissues. Similarly, differences in thatiet contribution of each SNP to
modulation of expression in the tissues cruciakifierpathogenesis of the different
conditions could explain why particular diseasesassociated with different subsets
of SNPs that influencANRIL expression. Recent work also suggestsANRIL has
multiple transcripts, which may be differentiallypeessed between tisstgs>*
Confirmation of the findings of the present studyissues relevant to each disease
and for differenfANRIL transcripts would therefore be desirable, althdiegltCAD
and other complex diseases the exact cell popuktesponsible for mediating
disease susceptibility are not certain and mayhecessible. Although tissue
specificity ofcis-acting influences is well documented, variatioigmacting effects
is primarily explained by genetic variation, witlete-specific expression for most
transcribed SNPs being the same in different tssfi¢he same individual which
express the gene of inter&&t Analysis of expression in blood is thereforeljkto
give biologically relevant information despite tiaet that this may not be the tissue

in which influences on expression actually medtsease susceptibility.

4.6.7 Other studies of chromosome 9p21 expression

Previous genome-wide expression analyses usingatiearys and immortalised cell
lines did not identify association @KN2AandCDKN2Bexpression with markers
in this region, although they did not exam&ERIL expressioff” 3! However,
several recent studies have specifically examihedélationship between CAD risk
variants and total expression levels of transciipthe chromosome 9p21 region.
These studies are described below, and the losatibthe primers used relative to

the annotatedNRIL transcripts are illustrated in Figure 4.14 (pa§8)1

The first study investigating the association betw€AD risk variants and 9p21 gene
expression was published by létialin April 2009°%. This study measured total
expression levels EDKN2A CDKN2AARF, CDKN2B MTAP andANRILin
peripheral blood T-cells from 170 healthy subjecig TagMan assays, and
analysed the association with three CAD risk SNBE)757278, rs518394 and
rs564398). The risk allele of rs10757278 whicloeated within the CAD core risk
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region defined by Broadbeat al?®, was significantly associated with reduced
expression o€EDKN2A CDKN2AARF, CDKN2BandANRIL. This supports the
finding of the present study that CAD risk variaate associated with reducadlRIL
expression. However, rs10757278 and other SNBwinore CAD risk region were
not associated with expression@DKN2Aor CDKN2Bin the present study, which
conflicts with the findings of Liwet al, but is supported by the findings of other larger
studies as described below. lgtialfound no association with expression for the
other two CAD risk variants studied, despite theamg in moderate LD with
rs10757278 (D’=0.66 with rs10757278 for both). sTisi surprising since rs564398
was strongly associated with a 1.9-fold reductioallelic expression AANRILin the
present study, which was larger and more signifiti@en the effect associated with
rs10757278. The assay used by ¢iualto measurédNRIL expression spanned
exons 4-5 whereas the assay used in the presdgtsgianned exons 1-2. Recent data
suggests thaaNRIL may have multiple transcripts and it is possihb the different
assays used in the studies capture different trignsthat are differentially regulated.
This could potentially account for the lack of asation betweeANRIL expression
and rs564398 genotype and that was observed bgtlal

Liu et alalso found no correlation of risk variants asseclavith diabetes
(rs10811661), frailty (rs2811712), and melanomal(s45) with expression of any of
the genes studied. However, significant associatwith allelic expression were
found for these variants in the present study: 831661 withCDKN2AandANRIL;
rs2811712 wittCDKN2B rs11515 wittCDKN2AandCDKN2B The effects and
significance of associations for these variantsevgenaller than those detected
between rs10757278 aBdNRIL expression, and the fact that the present study wa
able to detect such effects that were not detdwtddu et alis likely to reflect the
greater power of the present study due to the lax@®ple size and increased

sensitivity of the aeQTL mapping approach.

Jarinoveet alinvestigated the functional effects of four consersequences within
the CAD risk region usingn vitro reporter gene expression in primary aortic smooth
muscle cell®’. One of the conserved sequences demonstratedeatheactivity, and
the CAD risk allele rs1333045-C in this sequencs agsociated with higher
expression compared to the T allele. The study tent on to examine the
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association of this putative functional SNP wittat@xpression oEDKN2A

CDKN2B MTAP, andANRIL in peripheral blood from 120 healthy individu&fs In
keeping with the results of the present study d&aet alfound no significant
association between rs1333045 genotype and expnesfCDKN2AandCDKN2B

but did find a significant association wiNRIL expression. Primers located in
different exons were used to investigate effectexpression of the ‘long’ and ‘short’
ANRIL transcripts described by Pasmanal'®. Primer pairs were located in exons 1
and 5 (transcript EU741058), within exon 13 (tramtdQ485454/EU741058), and
in exons 15 and17 (transcript DQ455453). The CAR allele was associated with
increased expression of the ‘short’ transcripts 4B&154/EU741058 and EU741058)
but reduced expression of the ‘long’ transcript @3®Q453), suggesting that these
ANRILtranscripts are differentially regulated. TARRIL assay spanning exons 1-2
used in the present study is expected to captutetbe ‘long’ and ‘short’ transcript
variants, and the finding that CAD risk variantduee expression measuredAMRIL
exons 1-2 is consistent with the findings of Jaraet al if the ‘long’ isoform is
expressed at higher levels in peripheral blood tharishort’ isoform. Exon-specific
total expression assays performed in the presedy stid indeed demonstrate higher
expression of the exon 20 assay (specific for litnay” transcript), compared to the
exon 13 assay (specific for the ‘short’ transcripthhough expression measured with
these assays was not significantly associatedraitB33045 genotype. Jarinostal
also performed whole-genome expression analysigjusicroarrays in subsets of
healthy subjects who were homozygous for the nigkraon-risk allele. These
analyses suggested that pathways associated Wiftralé@eration and vascular
endothelial growth factor signalling were upregethin individuals who were
homozygous for the risk allele, suggesting thatisieallele may act by modifying

expression of cell cycle regulatory genes.

A study by Folkerseet alalso used investigated the association between a
chromosome 9p21 CAD risk variant (rs2891168) andleslgenome total expression
data from microarrays’. Association with microarray expression was asedyin

five separate datasets comprising: 57 CEU lymplsbbid cell lines; 87 CEU and 89
YRI lymphoblastoid cell lines; 117 carotid endagietomy specimens; 88 mammary
artery medial samples; and 89 aorta medial samessignificant associations with

expression inranswere found in these datasets, and there was alswidence of a
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cis-acting effect on expression of the neighbouringegaincludingCDKN2A
CDKN2BandANRIL However, the power of the association analysis lvnited
due to the small numbers studied, low expressiegideofANRIL, and relative
insensitivity of the microarray platform. Thesetfars are likely to account for the
lack of association observed by Folkerséal, which contrasts with the findings of

the present study and the other published studies.

A recent study by Holdet al published in January 2010 investigated the asgogia
of CAD risk variants with total expression of chrosome 9p21 genes in peripheral
blood mononuclear cells from 1,098 patients withyiey degrees of CAD assessed
by coronary angiography. In keeping with results of the present study CAD
variants were not consistently associated WIDKN2Aor CDKN2Bexpression, but
were associated withNRIL expression. The study investigated expressiamnef
‘long’ and two ‘short’ ANRIL transcripts using different primer pairs located i
ANRILexons 1 and 5 (transcript EU741058), exons 4 aftchBscript
DQ455454/DQ455453), and exons 18 and 19 (trando@pt55453). The CAD risk
haplotype was associated with increased expressithre ‘short’ transcript variant
EU741058, but had no effect on expression of theroshort’ transcript variant
DQ485454. Expression of these transcripts wascadsd with the severity of
atherosclerosis, providing the first direct evidetinoking ANRIL and atherosclerosis
susceptibility. In contrast to the findings ofidavaet af’®, however, the CAD risk
haplotype was associated with increased expressitire ‘long’ transcript
DQ455453. Similar findings were obtained in whioleod from 154 individuals free
from CAD. The assays used to try and study trapisspecific expression by
Jarinoveet aland Holdtet al were located in different exons, and recent dad@essts
that complexity ofANRIL transcripts beyond the three isoforms considereédase

studies might account for the differences in tineifigs, as discussed below.

4.6.8 Consideration of transcript-specific ~ ANRIL expression

The report by Folkersegt al, which was published in November 2009 after the
expression studies discussed above were condstiggested that the situation with
respect tAANRIL splice variants may be more complex than had pusly been
suspecteli’. Investigation of splice variants was performsihg real-time PCR
amplification and sequencing in cDNA libraries fraell lines derived from three
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different tissues: human umbilical vein endothetells (HUVEC), brain, and lung.
This study amplified sequence between PCR prinoeatéd in exon 1 and exon 20
for each cell type, and for the HUVEC cells addiily amplified sequence between
PCR primers located in exon 1 and exon 13. Udirgd assays, Folkerseinal were
unable to identify ‘full length’ transcripts of 38 or 2,659 bp as previously described
by Pasmant et &. However, a number of shorter transcripts weteaed, which
appeared to differ between the different cell liseglied (as summarised in Figure
4.14 on page 159). Based on these observatioraithers proposed thANRIL
undergoes extensive alternative-splicing, andttiexe is tissue-specific expression of
ANRILtranscripts. In the report by Folkersetral there is no data presented to show
that the cDNA quality and methodology used was adegfor the detection of long
transcripts. This is important since failure toee the ‘full length’ANRIL transcripts
could be the result of inadequate cDNA fragmengtleror other methodological
issues (similar to the problems in detecting laaggcripts encountered in the present
study) and positive controls for other long traisrwould be useful. Furthermore,
other recent work has shown that culture of hunglis s commonly associated with
culture-induced copy number changes in genomic RN& changes in gene
expression, particularly for genes involved celtleyregulatiof®®. The implications

of the findings from Folkerseet al's study with respect tm vivo expression remains
uncertain at present. Deletions related to cétloel could account for the failure to
detect certain blocks of exons that was obsertteskems perhaps unlikely that this
would occur in three separate cell lines within shene gene, but particular genes that
are prone to culture-induced anomalies have bemriqusly demonstratédf. The
methodology used by Folkersenalto study transcript variants did not allow thd ful
range of potential transcripts to be surveyed,thrgossible range of transcript

isoforms in different native tissues is unclear.

Taken together, the results of the present studyo#tmer published studies clearly

suggest that CAD variants are associated with espye ofANRIL transcripts but are
not consistently associated wittbKN2A CDKN2Bor MTAP expression. However,
additional work is needed to fully characterise dtternative transcripts and loci that

influence their expression in different tissues.
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4.6.9 Mechanistic considerations

The finding that disease associated SNPs aresateded withANRIL exons 1-2
expression suggests tENRIL plays a role in influencing disease susceptibility
Although little is known about the targetsANRIL, its effects may be mediated
through antisense transcription regulatiof€@fKN2Bin the tissues critical for the
pathogenesis of the different diseases. The oaBenvthat the effects of sequence
variants acting ircis were stronger foANRIL than forCDKN2Bmay reflect selection
pressure against variants that have substantettdeffects on the expression of
critical genes.CDKN2A ARFandCDKN2Bare cell cycle regulators and are
plausible candidates for involvement in the patimegés of the diseases for which
SNP associations witANRILwere found. Mutations involving these genes arkk we
documented in glion?d **®*and melanoma™ **"- 3% Overexpression dEDKN2A
andCDKN2Bin murine models is associated with pancreatet isypoplasia and
diabete®*® **° and there is also emerging evidence that vascalasenescence

involving these pathways is involved in the pathmegss of atherosclero$id %4

4.6.10 Summary

This study shows that multiple independent sitesiénchromosome 9p21 region
influenceCDKN2A CDKN2BandANRILexpression. SNPs associated with a
number of different diseases in GWA studies arasdbciated witANRIL

expression, indicating that modulationAfIRIL expression mediates susceptibility to

a variety of conditions.
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5 Investigation for copy number variation in the

chromosome 9p21 region

5.1 Abstract

Departure from HWE is frequently analysed in genstudies as a screening check
for genotyping errors, although this phenomenon begue to many other factors.
In the NE Caucasian cohort a higher proportionPS in the chromosome 9p21
region deviated from the proportions expected ubkti®iE than expected by chance
alone (12/53 at the P<0.05 threshold), with geniatydemonstrating an excess of
homozygosity. The aim of this chapter was to itigase the possible causes of the
observed departure from HWE. Review of the genatypnd repeat genotyping by
both Sequenom and TagMan methodologies in the sahmt showed no evidence
of substantial genotyping errors. Analysis of ghetd datasets which had genotyped
SNPs in this region revealed that departure fromBEHWth an excess of
homozygosity was also more prevalent for SNPsesealcohorts than would be
expected by chance alone; these data could bestemtswith the existence of
common deletions (leading to null alleles in theetly SNPs) in Caucasian
populations. Genotyping the 1425 members of 248lies of the HTO cohort for 17
SNPs that had previously shown HWE departures sttowesignificant deviations
from HWE in that population, but analysis of pedigs with Mendelian errors
revealed patterns which could be consistent wigheggation of a null allele in nine
families. MLPA analysis with 12 custom probeshe tegion of interest showed no
evidence of CNV in these nine individuals, or 118elected individuals from the NE
Caucasian and HTO cohorts. In summary, the obdatgparture from HWE was not
attributable to genotyping errors and was not oapdid in the HTO cohort; nor was

there evidence of deletion polymorphisms in theargsing MLPA.

5.2 Introduction

The Hardy-Weinberg law states that allele and ggreofrequencies of a large,
randomly-mating population remain constant betwggamerations in the absence of
migration, mutation, and selectif **2> According to this law, if twalleles, G and

g, with frequenciep andq = 1 —p, arein equilibrium in a population, then the
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proportion of peoplevith genotypes GG, Gg and gg will p& 2pgandg®. Although
the assumptions underlying HWE are rarely met iméu populatior® it has been
proposed that testing for HWE can be used to detects or peculiarities in datasets
analysed in genetic association stutfiesAs presented in Chapter 4, a higher
proportion of SNPs genotyped in the NE Caucasid&oitshowed deviation from
HWE than would be expected by chance alone: 12MRs323%) at the P<0.05
threshold, and 2/53 SNPs (4%) at the P<0.01 thtésh®higher proportion of SNPs
in this region also deviated from HWE in some oftéblished series (presented in
section 5.5.1.2 on page 201). This chapter ingatds possible causes and

implications of the observed departure from HWHhia study population.

The most common reason for testing for departune fHWE in datasets used for
genetic studies is to screen for genotyping errélfswever views differ on the
usefulness of analysing HWE in this context, asgacsed in a recent consensus
guideline for good practice in the reporting of gén association studi€s. Whilst
some authors propose that it should be used asaditygcontrol’ for genotyping and
form an essential part of any genotyping stitiy*® others have argued that it should
not be used as a tool to identify genotyping erransl that its use is unnecessary and
even unhelpful as it may alter the type-I erroe matt the association té&t Departure
from HWE may detect gross systematic genotypingreribut the power to detect
genotyping errors of smaller magnitude has beemwsto be low® 3’ Consensus

is also lacking on the appropriate P-value thresifal HWE-related quality control.
Rather than recommending routine HWE testing, threenit guidelines simply
recommend transparent reporting of whether su¢mgewas done and the thresholds
used*® The first part of this chapter presents theistithat were performed to
investigate genotyping error as a cause of thertleparom HWE that was observed

in the study population.

Factors that violate any of the assumptions of HW&y lead to deviation from the
expected genotype proportions. These include aodem mating, such as
inbreeding which tends to increase homozygosity; @wpulation stratification, in
which the population is comprised of a mix of sudpplations with different allele
frequencies and possibly other confounding fadt@rsThe significance of these with
respect to the study population is consideredemdikcussion.
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Departure from HWE may also be due to copy numbgmporphismé®, these are of
particular interest since CNVs may modulate gerpession and be involved in
complex disease causatféh>*> **! Genome-wide surveys have reported common
deletion polymorphisms® ***and segmental duplicatiofi$ *°in the human
genome. With many genotyping techniques, includimgSequenom assay used in
this study, SNPs that are hemizygous for a deletremmiscalled as homozygous for
the allele that is present, as illustrated in Fegbirl. Deletion polymorphisms may
therefore cause departure from HWE with an appareert-representation of
homozygotes. The disequilibrium coefficient (Dtstiac) can be used to determine
whether departures from HWE are due to an excelssrmbzygosity** **¢ CNVs
have been shown to be associated with complexs#S&aand recent studies have
shown that many common deletions are in LD with SN#ach that they are
effectively assayed by proxy in SNP-based associatiudie®* **> Hence if
common deletions in the chromosome 9p21 region fueretionally important and
influenced disease predisposition, they could gatly account for at least some of
the association of SNPs in this region with disgdssnotypes. Although previous
studies sequencing this region did not identifyetlehs associated with disease,
neither did they exclude them as causes of potbnitiaportant effects. McPherson
et alsequenced the complete 58kb risk interval in émty homozygotes for the risk
haplotypé®, and whilst Helgadottiet al studied 93 affected individudfs they only
sequenced exons, exon-intron junctions, and regyla¢gions ofCDKN2Aand
CBKN2Band hence did not exclude CNVs in tidRIL region where the greatest
departure from HWE was observed. SNPs and ottmwkivariants discovered to
date account for only a small proportion of theegenrisk for MI, and CNVs which
remain largely unexplored territory may account§ome of the unexplained

heritability in Ml and other complex disea3¥s
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Figure 5.1. Illustration of homozygous genotyping fiscalling in samples with a
hemizygous deletion.

Heterozygous individuals produce two different esien products and two peaks on MALDI-TOF
analysis. By contrast, individuals who are homozygyor have a hemizygous deletion (null allele) both
produce a single extension product and one pedkAIDI-TOF analysis, resulting in miscalling of
samples with a hemizygous deletion as homozygous.

SNP genotype GHMHA GHHG G Null

Products of Sequenom

extension reaction |:| H H |:| |:|

MALDI-TOF spectrum

Genotyping call GA GG GG
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Deletions of the chromosome 9p21 region have begorted in rare pedigrees with
familial cancer§”™, but whether there are also common CNVs in thggorehas not
been established. The Database of Genomic Vattastswed that deletions in this
region were detected in a number of small genontaWiNV surveys, as shown in
Figure 5.2. Perrgt alused CNV arrays in cell lines from 30 HapMap sagftom
four populations and identified a 200kb deletiomire individuai™®. De Smithetal
used CNV arrays in peripheral blood from 50 Freoahtrols, normalised to a cell
line reference, and identified a 1kb deletion ie @mdividuaf®®. Bentleyet al
performed lllumina sequencing in a cell line frorsiagle Yoruban individual and
identified two small deletions in the region; orfe269bp and one of 14788. These
findings suggest that CNV in this region may exisapparently healthy individuals,
although data derived from cell lines requires @ooration since immortalised cell
lines have been shown to exhibit copy number chatige are not present in the
primary cell§®2. The detection of CNVs in studies involving snmalimbers of
individuals suggests that they may not be rarbpalgh it must be noted that other
genome-wide surveys have not identified CNV in teigiori>% *>> One GWA study
has specifically investigated the association oMSMith MI, using 1,320 CNV
probes in 2,967 cases with early-onset Ml and 3d@@rfirol$®%  Although this study
was able to identify significant associations foIFfs in nine regions (including
chromosome 9p21), no significant associations Vigrad for any of the CNVs
tested. However, there was no CNV probe in theremvestigated in the present
study, with the nearest probes located >1Mb distanh side (chromosome 9:
20,791,650 and 23,353,115); the results therefonead provide evidence against the
possibility of an important CNV associated with CAbDthe region showing

departure from HWE.
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Figure 5.2. CNVs annotated in the Database of GenamVariants in the chromosome 9p21 region genotyped the study.

Chromosome 9: 21,806,758 - 22,124,172. Diagram timded from Database of Genomic Variants 18/02/2810
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Multiplex Ligation-dependent Probe Amplification (RA) is a sensitive method for the
detection of CNV®* 3% In this technique, which is summarised in Figbu® multiple
probesets are designed to hybridise to regionstefast in genomic DNA. Probesets
consist of two halves, each of which contains gatspecific hybridising sequence and
universal primer sequence (with or without a vdsiaized non-complementary stuffer
sequence). Probesets are designed so that theibydy sequences of each half bind
adjacently on the target DNA and can be joinedligation reaction. Each probeset is
designed to produce a product of unique size, ahdmyobesets adjacently bound to their
target sequence are ligated. This process raayst®duction of a series of continuous
probes of different sizes all of which are flankgduniversal primer binding sites that can
then be amplified by PCR, without amplificationwfbound probe halves. The amount
of ligated probe and resulting PCR product is prbpoal to the copy number of the
original target sequence. The different sized #moation products are separated using
capillary electrophoresis and checked for dataityua¢fore proceeding to analysis. The
first step of the analysis is intra-sample nornagie, in which the peak area generated
by each probe is expressed proportional to a pEnreference probes. The second step is
inter-sample normalisation, in which each sampl®mpared to reference samples of
normal copy number, or to the population averabedgking forde novoCNVs where
reference samples are unavailable). The relatad peights/areas after normalisation
indicate copy number changes, and deletions/dugitecan be defined using the MLPA

ratio (peak area relative to the area in the ref@esample).
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Figure 5.3. Summary of the steps involved in MLPA.

Figure adapted from MRC-Holland web3ffe

Universal primer
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MLPA spectra forP200 reference probes compared in male and female samples, with peaks from probes

on the X and Y chromosomes highlighted.
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samples (normalised to a male sample reference), illustrating the finding of twice the number of copies of
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5.3 Aims

The broad aim of this chapter was to investigatsiixbe causes of the departure from
HWE that was observed for SNPs in the chromosor@é &ggion in Caucasian

populations.

Specific aims were:

1. To exclude genotyping error as a source of degaftom HWE in the NE

Caucasian cohort.

2. To investigate the direction and significance of B\epartures for these SNPs in

other Caucasian cohorts including:
a. Previously published datasets
b. The HTO cohort

3. To look for evidence of inheritance patterns caesiswith null allele segregation
at these SNPs in families with Mendelian errorgbgritance in the HTO cohort.

4. To investigate for evidence of deletions and CN¥hie chromosome 9p21 region
in the NE Caucasian and HTO cohorts using custor®Manalysis of unselected
individuals and individuals with Mendelian inhenta errors consistent with null

allele segregation.

5.4 Materials and methods

5.4.1 Participants and samples

Genotyping checks and MLPA analysis for CNV werdenaken in the NE Caucasian
cohort, in which genotyping results were initiadlyown to deviate from the proportions
expected under HWE. However, the amount of samgolaining for many of these
individuals was very limited, with only WGA DNA awWable for most of the samples.
Additional genotyping and MLPA analyses were therefperformed in the HTO
Caucasian cohort.
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For validation of the ability of the custom MLPAgign to detect CNV, positive control

DNA samples were used from a small number of imtdigls in which the number of

copies of target genes had been previously quadtifThese comprised:

Five samples from the CHANGE study of families wéttngenital heart disease
that had been characterised for the presence dfi2@egjetion syndrome
(DiGeorge syndrome). Three samples had known del@tivolving theCLDN5S
gene, and two samples had two copies of this gearales and data provided by

Dr A Topf, Institute of Human Genetics, Newcast®n Tyne).

Six samples that had been characterised for comypauat thddUSP22gene.
These samples comprised one individual with ongcope individual with two
copies, three individuals with three copies, and iowlividual with four copies
(samples and data provided by Ms R Soemedi an@$30of S Pearce, Institute of

Human Genetics, Newcastle upon Tyne).

Five samples provided by the Northern Regional @en&ervice that had been
characterised for CNV of tHeMP22gene that is associated with Hereditary
Motor and Sensory Neuropathy (Charcot-Marie-Toaslease). These samples
comprised one individual with one copy, one indinatiwith two copies, and three
individuals with three copies (samples and dataidesl by Dr O O’Brian,

Northern Regional Genetics Service, Newcastle upoe).

For each of these sets of control samples, anioheay with two copies of the target gene

who could be used as a normalisation referencadeasified, but the other samples were

analysed with blinding to the number of copies expe&. The actual number of copies

present was revealed after analysis of the samptescustom MLPA.

5.4.2 Genotyping

Genotyping was performed by Sequenom and TagMahadelogies using the standard

protocols outlined in Chapter 2.
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5.4.3 HWE and D-statistic analysis

The extent of deviation from HWE proportions wasreated for each SNP by
calculation of the deviation statistic (D-statijtic Excel according to the
formulaD = H - 2p(1- p), whereH is the observed heterozygosity gnthe minor allele

frequency. Using this formula, negative D-valuegespond to an excess of
homozygosity, and positive values to an excesetdrbzygosity. The significance of the
deviation from HWE proportions (which tests theelikood ofD=0 versudD#0) was
estimated by standard formulae using Excel or Haglo for datasets of unrelated
individual$®?°® For datasets containing related individualshsasthe HTO cohort,
PEDSTATS® was used to estimate the significance of the devian the total dataset
and in the unrelated founder members only, to aucion deviations caused by the

family-structure.

The HWE D-statistics and P-values were calculate@firomosome 9p21 SNPs
genotyped in the study populations outlined abawe, also in other large populations for
which genotyping data in this region were availdlden a review of the literature and
online databases. Details of the other cohortsvfoch data were available are shown in
Table 5.1. Genotype data were obtained from th8INIBSNP websit® for the

‘HapMap CEU’ and ‘AFD/other’ cohorts, and from timelividual sources for the other
cohorts, as referenced in Table 5.1.

Table 5.1. Other cohorts with chromosome 9p21 SNRegotyping data reported.

Cohort N Ethnicity Details
PROCARDIS 4443  Caucasian European ancestry controls self-
controls® reportedly free of CAD at age 65.
1958 Birth 1500 Caucasian Cross-sectional study of all individuals
Cohort®’ (>96%) born during one week in March 1958.
UK Blood Service 1500 Caucasian Healthy UK blood donors.
cohort®
HapMap CEU 60 Caucasian Utah residents with Northern and
cohort”’ Western European ancestry from the
CEPH collection.
AFD/other 24/  Caucasian Individuals of European American
Caucasian cohofts variable descent.
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5.4.4 MLPA

Analysis for CNV using MLPA was performed accordioghe methodology described
in Chapter 2. Population normalisation was usedejgt for the control experiments
investigating copy number in the small number dfguas with known
deletions/duplications, which used internal conmabe normalisation relative to an
individual known to have two copies of the targehg. Data were analysed with
GeneMarker v1.8 software using MLPA ratio analysitgh deletions defined as ratios
<0.75 and duplications as ratios >1.3 unless otiserstated.

A core region (chromosome 9: 21,990,300-22,117,08®re the highest proportion of
SNPs showed departure from HWE was selected forMaralysis (based on the SNP
‘heatmap’ presented in Figure 5.4 on page 202)jndJsustom MLPA with the P200
reference probeset, a maximum of 13 custom prodrede designed into each assay.
Ten probes were spaced evenly throughout the egrerr of interest to provide a ‘screen’
for CNV, with a view to performing more detailed ppéng of any significant CNVs that
were discovered using additional MLPA assays withrerclosely spaced probes. An
additional probe was placed in a different regiwet showed HWE deviations for a group
of SNPs in the HapMap CEU samples only (chromosen#d.,854,535-21,921,896).

One probe was placed in an adjacent region wheRs®Id not deviate from HWE in

any cohort (chromosome 9: 21,807,158). The apprata location of the chromosome
9p21 MLPA probes is highlighted in blue on Figuré gpage 202).

To demonstrate the ability to detect CNV usingdehstom MLPA analysis, control
probes were also designed in two different reglorevn to show common CNV in
Caucasian populationBEFA30n chromosome 8p3% 3" andOR4K2on chromosome
14q11.2™), and for three genes for which control samples wieviously characterised
CNVs were availableGLDN5on chromosome 22q1RPMP22on chromosome 17p12,
andDUSP22on chromosome 6p25). The two MLPA assays useduamenarised in

Table 5.2, and MLPA probe sequences can be fouAgpendix 1.
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MLPA assay 1* MLPA assay 2
Probe Location Length Probe Location Length

(nt) (nt)

9p21 01 9p21 control region 92 9p21 01 9p21 control region 92
21807158 21807158

8p23 DEFA3 DEFA3CNV 96 8p23DEFA3 DEFA3CNV 96
6863598 6863598

9p21_02 9p21 H region 100 9p21_02 9p21 H region 100
21892247 21892247

9p21 03 9p21 core region 104 14q110R4K2 OR4K2CNV 104
22027375 1344825

9p21_04 9p21 core region 108 9p21_04 9p21 core region 108
22038430 22038430

9p21 05 9p21 core region 112 22911 CLDN5 CLDN5CNV 112
22048364 2667283

9p21_06 9p21 core region 116 9p21_06 9p21 core region 116
22054243 22054243

9p21 07 9p21 core region 120 9p21_07 9p21 core region 120
22064638 22064638

9p21 08 9p21 core region 124 17p12 PMP22 PMP22CNV 124
22074944 14743013

9p21 09 9p21 core region 128 9p21 09 9p21 core region 128
22087232 22087232

9p21_10 9p21 core region 132 6p25_DUSP22 DUSP22CNV 132

22094524 260236

9p21_11 9p21 core region 136 9p21_11 9p21 core region 136
22104164 22104164

9p21_12 9p21 core region 140 9p21_12 9p21 core region 140

22114749

22114749

"MLPA assay 1 used for 9p21 CNV assessm&titPA assay 2 used to check ability to detect CNVs i
controls. nt = nucleotides, H region = region d&dain HapMap samples only (as shown on Figure 5.4)
Probe locations are given as a general descriptmmmgy with the specific chromosome location of filet
nucleotide of the left-hand probe hybridising setpee

198



Chapter 5: 9p21 CNV studies

5.5 Results

5.5.1 Deviation from Hardy-Weinberg proportions and genotyping
checks

5.5.1.1 Genotyping checks

As presented in Chapter 4, a higher proportionNPSin the NE Caucasian cohort
showed significant deviations from HWE than woudddxpected by chance alone: 12/53
SNPs (23%) at the P<0.05 threshold, and 2/53 SRS &t the P<0.01 threshold.
However, using the same assays in the SA cohdst, 1686 SNPs (1.7%) deviated from
HWE at the P<0.05 threshold. Since correspondehgenotypes to the proportions
expected under HWE is commonly used as a screegefmtyping errors, a number of

steps were taken to investigate this possibility.

Review and repeat analysis of Sequenom genotypinglis

The correspondence of genotypes in the SA cohdhiet@roportions expected under
HWE, which was performed using the same assayseaution conditions, suggested
that the deviations observed in the NE Caucasinrtovere not due to systematic bias
in the assays. The results of genotyping in thec@sian cohort were therefore carefully
reanalysed. Sequenom spectra, cluster plots, emotype call rates were manually
reviewed by the operator (MSC) and appeared gdneatisfactory, with changes made
to few individual sample genotypes. Data procegsteps were then repeated to exclude
errors during data handling. These steps did itet the results of the analysis, with the
same SNPs still deviating from the proportions exge under HWE. The raw Sequenom
data and analysis were then independently revidweskperienced Sequenom
technicians (Dr D Hall and Mr J Eden, InstituteHafman Genetics, Newcastle upon

Tyne) and judged to be satisfactory.

To check the consistency of genotyping calls aradugbe errors due to sample switching,
a subgroup of samples was re-genotyped using the Se#quenom assays. 14 SNPs
selected to include those that most significandlyidted from HW proportions were re-
genotyped (rs3088440, rs10965215, rs10738605, 78821 rs1063192, rs10116277,
rs10757274, rs10757278, rs1333040, rs1333049, 32283 rs496892, rs7044859,
rs7865618). Repeat genotyping was performed UAG# DNA from a panel of 64
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samples, which during preliminary analysis as agsulp had shown significant deviation
from HWE for some of the SNPs. A total of 896 gigping comparisons were made (14
SNPs in 64 samples) and were analysed blindecetoesults of the original genotyping.
A difference in genotype call was found for onlye@sample at one SNP, which did not
significantly alter HWE proportions. This demomséd that the Sequenom genotyping
assays were reproducible, and the same in nativ& (DBked for original genotyping) and
WGA DNA (used for the repeat analysis). Thesem®s suggested that genotyping
errors in the Sequenom assays were unlikely touatdor the observed deviations from
HWE.

Comparison with TagMan genotyping results

In the association studies presented in Chapteué of the chromosome 9 SNPs had
been previously genotyped in the HTO populatiomgishe TagMan platform:
rs7044859, rs496892, rs7865618, rs1333049. Altholigse SNPs did not deviate
significantly from the proportions expected und&vH in either the NE Caucasian
samples (Sequenom) or the HTO cohort (TagMan), typae from both methods were
available for 90 unrelated individuals of the HT@pplation, which had been used to
optimise the Sequenom assay. Comparison of 36@tygmes for these individuals (4
SNPs in 90 samples) showed no inconsistenciesnotgee calls, suggesting that
Sequenom genotyping was accurate for those SNPs.

To check the accuracy of genotyping for SNPs whlietiated from HWE proportions in
the NE Caucasian samples, the SNP showing the sigmsficant deviation (rs10116277)
was retyped in the same population using a pregdediTagMan assay
(C__29991625 20). Genotype calls at this SNP wbtained for 187 samples using
Sequenom and 169 samples using TagMan, as sumchari$able 5.3. Only three
samples showed genotyping inconsistencies betweetwb techniques, with no
systematic bias in the genotype calls (SeqGG/Ta@efGT/TaqTT, SeqGT/TaqGG).
The 18 genotypes with missing TagMan genotypesdidliffer from the proportions
observed in the rest of the population using Seguegenotyping (GG 7, GT 6, TT 5).
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Table 5.3. Comparison of Sequenom and TagMan gengiing calls for rs10116277.

Genotypes TagMan Sequenom
GG 52 59
GT 61 68
TT 56 60
Absent 18 0
HWE P-value 0.0003 0.0002

Taken together, the above data suggest that gengtgpviations from HWE proportions

for SNPs in the NE Caucasian cohort were not dygtmtyping errors.

5.5.1.2 D-statistic analysis and comparison with other cohorts

As discussed above, deletions in the region coalge departure from HWE, in which
case SNPs showing deviations would be expectedwe an excess of homozygotes (for
the reasons previously presented in Figure 5.1age 189). Analysis of the D-statistics
for SNPs showing HWE deviations in this study destated that most of the SNPs
showing deviations from proportions expected utM¥E had an excess of
homozygosity consistent with the presence of comdedetions in the region.

The genotyping data from other large cohorts wihauttiple SNPs in this chromosome
9p21 region had been genotyped were analysed eéontiee whether a higher than
expected proportion of SNPs in these studies as@ted from the proportions expected
under HWE assumptions. HWE P-values and D-stegistere calculated for SNPs in
these studies to determine whether the patternestigid an excess of homozygosity

consistent with the presence of a null allele.

As shown in Figure 5.4, other cohorts also showadations from HWE proportions in

the region of interest, which were mostly attrilloléato an excess of homozygosity. A
core region (chromosome 9: 21,990,300-22,117,0@@)ighted in Figure 5.4 was
identified where SNPs showed deviations in multipiicasian cohorts at a higher rate
than was observed in surrounding regions. Thigestgd that the rate of deviation in this
region was different to the ‘background’ deviatrae (for example as observed for SNPs

in regions shown at the top and bottom of Figu#.5.
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Figure 5.4. Heatmap of SNP departures from HWE in @ucasian cohorts.

Different cohorts are shown in columns. Each ropresents a SNP and colours show the extent and
direction of HWE deviation, as shown in the legefxd:ore region showing greatest HWE departure which
was used for MLPA analysis is magnified. The apprate location of MLPA probes is illustrated by
highlighting the closest §NP to each probe in ifdlleMLPA probes were designed not to overlie SNPs)
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% — ! 157044859 | 22008781
= ! 15573086 | 22009129
X ! 5578304 | 20000675 | [
[a)] / 110757264 | 22005732
Q ! 1510865212 | 22013795
/ 15198882 | 22014351
[ 110735604 | 22016493
. ] rsB15552 | 22016077
- ! 17045106 | 22018801
] 1510865215 | 22015445
) 15564388 | 22019547 |
’ 1sEB2453 | 22000438
’ 1s7OEEE18 | 22021005
an) N 110115048 | 22002119
N ' 152167719 | 220236
Z 151750417 | 22023369
4 152151260 | 22024719
&) — —_— 1517694493 | 22031998 |
O 1512352425 | 22032096
131412629 | 22033926 I
151333034 | 22034122
- 1510738605 | 22039130 I
r11790231 | 22043531
1510865218 | 22043657
110120885 | 22046499
152164061 | 22051562
=:= 11011070 | 22052134
158181060 | 22054391
1sB1E1047 | 22054855
rs10811647 | 22055002
151333039 | 22066667
ro10565224 | 22057276
rs10811650 | 22067593
= —— rs108T1651 | 22057830
154077755 | 22050652
1516805598 | 22050144
110757268 | 22062754
150632884 | 22062301
rs1412832 | 22067543
1510116277 | 22071397 | [
1510865227 | 22071796
1s647EE0D | 22071850
1 151547705 | 22072375
= | — — 110865225 | 22072390
x 151333040 | 22073404
= — 151537370 | 22074310
< - 157857305 | 20077473
v 10735607 | 22075094
— - 110757272 | 22076260
1510757274 | 22086055
— \ 154877574 | 20088574
i 152891168 | 22098519
_ 151537371 | 22089568
\ 151656516 | 22090176
\ 156475608 | 22091702 _;
110125231 | 22092128
= ‘\ 151537373 | 22093341
! 151933042 | 22093813
| \ 157850362 | 20095927
T \ 151333043 | 22096731
. \ 151412634 | 22100131
\ 157341786 | 22102241
\ 1510511701 | 22102599
\ 110733376 | 22104459
\ 1510735608 | 22104495
\ 152333206 | 22105026
\ 15544757 | 22105266
\ 151004638 | 22105569
— \ T rs2383207 | 22105959
\ 161637374 | 22106046
\ Crs1537375 | 22106071
\ 11333045 | 22109195 H
\ 110735610 | 22113766
\ 151333045 | 22114125
\ 1107567278 | 22114477
\ _rs13300a7 | Z3114E0d
\ 14877575 | 20114744
\ 1133608 | 22115347
\ 11333049 | 22118603
151333050 | 22115913

e Legend Location of MLPA probes
HWE P=0.05, T homozygosity
HWE P=0.10, T hornozygosity

HWWE P=0.10
HWE P=0.10, 4 homozygosity

202 HWE P=0.05, | homozygosity
SMP not genotyped
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It must be noted that due to LD between SNPs ttests were not independent and
therefore a deviation from HWE caused by a pamichbplotype/mutation may be
expected to affect SNPs in LD in a similar fashisunch that the high proportion showing
deviation from HWE might be considered a less dtanfimding than if this was seen at
multiple unrelated sites. However, this would actount for the observation that the
same region showed deviations in multiple indepehdehorts. Of particular interest,
the core region showing deviation from HWE contditlee SNPs associated with CAD in
GWA studies, and completely overlapped AMRIL gene, expression of which is
associated with variants correlated with disease Ghapter 4). This raised the
interesting possibility that common deletions iinot) ANRIL, leading to HWE
deviations in the region of that gene, might besedly associated with disease, and that
SNP associations observed in GWA studies may bead88IPs ‘tagging’ the CNV.
Further investigation to look for evidence of commmull alleles in this region in

Caucasian cohorts was therefore performed.

Table 5.4. Summary of SNPs in the core region of diation that differed from
expected HWE proportions in each cohort.

Cohort Number (%) of SNPs in  Number (%) of deviating
the core region of SNPs showing excess
deviation with P<0.05 for homozygosity
correspondence to HWE
PROCARDIS controf€? 6/31 (19%) 6/6 (100%)
1958 Birth Cohort’ 11/42 (26%) 9/11 (82%)
UK Blood Service 0/22 (0%) NA
cohort®
NE Caucasian cohort 14/31 (45%) 14/14 (100%)
HapMap CEU cohoff 6/92 (7%) 1/6 (17%)
Other Caucasian cohoftfs 27148 (56%) 26127 (96%)
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5.5.2 Investigation of deviations from HWE and evid  ence for null
alleles in a family cohort

5.5.2.1 HWE analysis

Since other reported Caucasian datasets had aismsvidence of deviations from
proportions expected under HWE for SNPs in the mlusome 9p21 region, it was
decided to investigate this further in the HTO adhd his had two main advantages:

» It allowed investigation of whether the observedidion in HWE proportions

was replicated in a larger Caucasian cohort.

* Because the HTO cohort was composed of relatedyfan@mbers, it allowed
investigation for a possible ‘null allele’ (resulg from heterozygous allele
deletion) by studying allele segregation in fansif@th Mendelian errors in
inheritance. This approach could detect deletibaswere too rare to account for
deviation from HWE proportions and identify samptieat could be tested for

presence of a null allele using MLPA.

17 SNPs that showed deviations from the proportexpected under HWE in either the
NE Caucasian cohort or one of the other cohortl/sed were selected for genotyping in
the HTO cohort and redesigned into a single Sequeassay. As shown in Table 5.5,
only a single SNP (rs564398) deviated significafbyn the proportions expected under
HWE in this cohort including all individuals, and SNPs showed a significant deviation
when only the founders were considered (to accfmurdeviations that could be attributed
to the family structure of the population). Thid dot support the hypothesis that a
common null allele in Caucasian populations migipi&n the deviations observed for

these SNPs in the other cohorts.
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Table 5.5. SNP genotyping results in the HTO cohart

SNP Chr9p21 Alleles NE Caucasian cohort HTO cohort

position % MAF  HW P- % MAF  HWP-  HWP-

Genotyped value* Genotyped Value all Value

founders

rs1063192 21993367 T:C 98.9 0.42 0.02 99.5 0.47 32 0. 0.18
rs615552 22016077 A:G 95.5 0.41 0.02 99.0 0.47 301 0.22
rs10965215 22019445 A:G 100.0 0.46 0.01 99.5 0.45 0.38 0.32
rs564398 22019547 A:G 97.7 0.38 0.02 91.9 0.44 00DB 0.61
rs11790231 22043591 G:A 96.6 0.12 0.96 99.4 010 370 0.53
rs2184061 22051562 A:C 93.2 0.38 0.10 93.4 0.43 08 0. 0.80
rs10811650 22057593 CG 95.5 0.47 0.001 99.0 0.40 0.95 0.31
rs10116277 22071397 TG 100.0 0.49 0.0002 99.0 404 091 0.46
rs1333040 22073404 T:.C 100.0 0.36 0.02 99.4 043 960 0.71
rs7857345 22077473 CT 93.2 0.27 1.00 99.8 0.30 48 0. 0.47
rs10757274 22086055 G:A 100.0 0.49 0.01 96.9 0.45 0.82 0.90
rs10125231 22092128 GA 94.9 0.02 1.00 93.6 003 .050 1.0
rs2383206 22105026 G:A 100.0 0.47 0.01 98.5 046 910 0.39
rs2383207 22105959 G:A 90.4 0.42 0.33 99.6 0.46 74 0. 0.38
rs1333045 22109195 CT 96.6 0.48 0.05 98.7 0.48 74 0. 0.62
rs10757278 22114477 AA 99.4 0.50 0.05 97.8 0.44 740 1.0
rs1333049 22115503 CG 100.0 0.50 0.08 99.7 044 870 1.0

MAF = minor allele frequency; HW = Hardy-Weinberglncluded SNPs which have HW P-values >0.05
in the NE Caucasian cohort showed significant dena in other populations analysed.

5.5.2.2 Investigation for Mendelian errors consistent with segregation of a null

allele

PEDSTATS softwaré” was used to identify 78 Mendelian inheritance rsrin 20

families. Genotyping spectra and cluster plotseweanually reviewed for parent-
offspring trios with Mendelian errors, and sampleth low quality spectra and borderline
calls likely to represent genotyping miscalls wexeluded. The remaining samples were
then re-genotyped, leaving 38 Mendelian errorsaimdlividuals from 13 families.
Pedigrees of these individuals were examined terdebhe whether the observed patterns

were consistent with a null allele, as summarisetable 5.6.
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Table 5.6. Mendelian errors consistent with presergcof a null allele.

Sample ID Number of Mendelian errors in Number of Mendelian errors in
(Family_individual) SNPs consistent with null allele SNPs not consistent with null
allele

36_9 6 0
104_8 1 0
115_4 1 0
150_6 1 0
155 5 1 0
155_7 1 0
190_3 9 0
118 5 1 1
202_3 3 1
107_4 0 1
118 4 0 1
118 5 0 2
118 6 0 1
124 5 0 2
170_13 0 2
238_3 0 1

For seven individuals the pattern of genotypinthim pedigree was consistent with the
presence of a null allele, i.e. one of the parantsthe offspring were homozygous for
different alleles. Two further individuals had Mishian errors consistent with a null
allele at some SNPs, but other SNPs where therpati@s not consistent with a null
allele. In the remaining seven individuals thetgrat was inconsistent with a null allele at
all SNPs; this could result from sample switchimgtamination, genotyping miscalling,
or mistaken paternity. Pedigrees illustrating egkas of the different patterns observed

are shown in
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Figure 5.5.
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Figure 5.5. Examples of pedigrees with Mendelian esrs consistent or inconsistent
with a null allele.

Family pedigrees with genotypes and sample idensifshown below. (A) Mendelian error in individual
115 4 (red) consistent with presence of a possitlleallele. (B) Possible null allele in 115 2 atith 4
(orange) that could explain the genotyping resg@$.Mendelian error in individual 238_3 (red) tleatuld
not be attributed to the presence of a null allele.

A Genotyping results for rs1333049 B Possible null allele (-) to account

— consistent with null allele for genotypes

1151 115_2 115 1 115 2

N ] @

115_3 115 4 1155 115_3 115 4 1155

C Genotyping results for rs11790231

— not consistent with null allele

238_1 238 2
GG GG
238_3 2384 2385 2386
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5.5.3 MLPA results

5.5.3.1 Effect of DNA amplification on MLPA analysis

The NE Caucasian cohort showed the most signifidantations from HWE and it was
therefore intended to investigate the possibilitZdlV in that population using MLPA.
However, DNA for most individuals in that populatizvas only available in limited
amounts from the RNA extraction. MLPA ideally ragg 50-200ng of high quality
DNA since impurities and poor quality DNA can pdtally influence MLPA results.
Exploratory experiments were performed to determhether the RNA/DNA solution
from the RNA extraction could be used for analy$i.PA was performed for four
samples, usingllL and 3uL of the RNA/DNA solution as template for each. €sh
samples showed unreliable results, with ‘scattéonghe control probes and complete
failure of one sample, as shown in Figure 5.6. atsp DNA samples were available for
a small number of samples in this cohort, whichensralysed using MLPA. As shown
in Figure 5.7, the 12 samples which had acceptdhleA data showed no evidence of

CNV in the chromosome 9p21 region.
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Figure 5.6. Suboptimal MLPA results from DNA in the RNA extraction eluate for
the NE Caucasian samples.

The 13 points on the left-hand side of each plptasent the custom probes for chromosome 9p21 fexce
for point 2 which is a control IDEFA3J), and the 14 points on the right-hand side reptethe P200 control
probes (with control probe 7 on the X chromoson @mntrol probe 12 on the Y chromosome). Points
outside of the parallel lines indicate CNVs. Plitow MLPA results in the same four individuals gsin

1uL and 3L of RNA/DNA solution, and illustrate poor qualitiata that could not be used for reliable CNV
assessment. For comparison, see Figure 5.7 whinkisséatisfactory quality plots, with no deviatiditioe
control probes.
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Figure 5.7. MLPA results showing no evidence of CNYh the chromosome 9p21
region in DNA samples from the NE Caucasian cohort.

The 13 points on the left-hand side of each plptasent the custom probes for chromosome 9p21 fexce
for point 2 which is a control IDEFA3J), and the 14 points on the right-hand side reptethe P200 control
probes (with control probe 7 on the X chromoson @mntrol probe 12 on the Y chromosome). Points
outside of the parallel lines indicate CNVs. Nofi¢ghese samples showed chromosome 9p21 CNV.
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Since amplified DNA was available for all of the NlFaucasian samples, an experiment
was performed to investigate whether MLPA detectib@NV could be performed using
amplified DNA. As shown in Figure 5.8, MLPA ressitferived from paired samples of
native DNA and WGA DNA from the same individualgfoemed on the same plate
using the same reaction mastermix were substantdferent in the 10 samples,
indicating that WGA DNA could not be used for relaassessment of CNV. WGA
samples showed apparent copy number variatiomadidtiple probes, including the
control probes, which were not present in the ealNA, suggesting that the

amplification process amplified some regions of DMAre efficiently than others.

5.5.3.2 Custom MLPA in the chromosome 9p21 region in additional Caucasian

samples

In addition to the NE Caucasian samples, MLPA aialyas also performed in 106
unrelated individuals from the HTO cohort to invgate the possibility of low frequency
CNV which did not result in deviation from the pospons expected under the
assumptions of HWE. Using the standard MLPA rdtresholds of <0.75 or >1.3, only
one sample showed a deviation from two copies (zeptes of probe 9p21_01), and this
sample was of borderline quality with some deviaiiothe control probes, suggesting
that it was most likely to be due to artefact. Mthie deletion threshold of 0.75, a number
of samples showed borderline evidence for delettdheDEFA3probe. Increasing the
lower threshold to 0.8 resulted in samples thatéoosuggestive fdDEFA3deletion
becoming significant and led to only one additioctalomosome 9p21 probe deviation
(one copy of probe 9p21_04). The results of theyaigausing the deletion threshold of
0.8 are shown in Table 5.7. Overall, there wastrmang evidence for CNV for any of the
probes in 118 Caucasian samples tested. This gegghst CNV was not common in
this region in Caucasian cohorts, and was unlikelgccount for the deviation from HWE

proportions that was observed in the genotypinth@NE Caucasian cohort.
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Figure 5.8. MLPA results in native DNA versus WGA DNA from the same individuals.

The 13 points on the left-hand side of each plptasent the custom probes for chromosome 9p21 gefaepoint 2 which is a control IDPEFA3J), and the 14 points on the
right-hand side represent the P200 control prolwéh €ontrol probe 7 on the X chromosome and cdmirobe 12 on the Y chromosome). Points outsidia@fparallel lines
indicate CNVs. Results in gDNA and WGA DNA are shmofer the same samples. WGA led to unreliable ClNseasments.

Genomic DNA WGA DNA Genomic DNA WGA DNA
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Table 5.7. MLPA results at the chromosome 9p21 losuand two loci known to
show CNV.

MLPA probe Number of copies
0 1 2 3 4
9p21_01 1+ 0 118 0 0
9p21_02 0 0 118 0 0
9p21_03 0 0 75* 0 0
9p21_04 0 i 118 0 0
9p21_05 0 0 75* 0 0
9p21_06 0 0 118 0 0
9p21_07 0 0 118 0 0
9p21_08 0 0 75* 0 0
9p21_19 0 0 118 0 0
9p21_10 0 0 75* 0 0
9p21_11 0 0 118 0 0
9p21_12 0 0 118 0 0
8p23 DEFA3 1 33 78 5 1
14011 OR4K2 0 1 23 17 2

Data shown using the MLPA ratio threshold of 0.8l¢dine deletion. * Fewer samples for probes
replaced with alternative probes in assay-2 usedstofor known CNV controls in different regioms i
a subset of 43 samples. ** Deviation in sampleaflerline quality, with some deviation in control
probes, likely spurious.Two copies using the MLPA threshold of 0.75.

However, since this was a custom assay investgétinthe presence of potential
CNVs that had not been previously characteriseztetivere no samples with
confirmed deletions that could be used as postirérols to test the sensitivity of the
custom MLPA analysis for the detection of true CNV® demonstrate that assays
designed and analysed using this methodology wagralde of detecting CNVs,
custom probes were designed for two genes preyioepbrted to display common
CNV in human populationdEFA3on chromosome 8p2%" 3" andOR4K20n
chromosome 14q112%), and for three genes for which control samples wi
previously characterised CNVs were availal@&@N5on chromosome 22q11.21,
PMP220on chromosome 17p12, abdJSP22on chromosome 6p25.3).

As shown in Table 5.7, CNVs were detected in theupation using the custom
DEFA3andOR4K2probes. The observé&aR4K2duplication prevalence was 19/43

(44%), which was similar to the prevalence of 3&4orted previousfy*. Similarly,
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the observed CNV rates fBEFA3were broadly comparable to published &&td"

as shown in Figure 5.9. The custom assays alsoatety quantified the known
CNVs from patient samples at the other loci studeéesdshown in Table 5.8. The two
instances where copy number estimation did nottgxecrrelate with the known
number of copies occurred in reactions with considle scatter of the control probes,

indicating suboptimal quality of the assay.

Figure 5.9. Comparison of CNV detected iftDEFA3 gene with published datd”®

The graph shows the proportion individuals in tbpydation (Y-axis) with different numbers of copies
of the gene (X-axis) observed in the current stfldigck) and a previously published series (grey).
Results were similar in the two populations
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Table 5.8. Copy number variation detected by custorMLPA compared to actual
number of copies present for three different loci.

CNV region Number of copies in Number of copies detected
sample with MLPA

22q11 1 1

1 1

1 1

2 2

2 2
DUSP22 1 2

2 2*

3 3

3 3

3 3

4 4
HMSN 1 1

2 2*

3 2

3 3

3 3

* Sample used as reference to normalise MLPA asdagded rows highlight samples where the
custom MLPA probe did not identify the expected bemof copies in the sample (however in both of
these cases the control probes were fairly scdfté@rdicating that the individual reaction or saepl
may have been suboptimal).

These data indicate that the custom MLPA was ab#eturately detect and quantify
CNVs. As shown in Table 5.9, in 118 samples s@dehe probability of not
observing a null allele of a frequency that couddaunt for the magnitude of HWE
departure observed in the NE Caucasian cohort ma#i for all SNPs in the MLPA
region. The study was therefore adequately poweteghesting that common CNVs
in this region do not account for the observed depafrom HWE and are unlikely
to account for the associations of common SNPs ph#notypes observed in GWA

studies.
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Table 5.9. Probability of missing a null allele thacould account for the observed
magnitude of HWE departure in 118 Caucasian samplef®r SNPs in the MLPA
region.

SNP HWE P-value Frequency of null allele Probability of not

in NE that could account for  observing a null allele
Caucasian this magnitude of HWE of this frequency in 118
cohort departure individuals
rs3217992 0.02 0.10 2.2x1d
rs1063192 0.02 0.10 1.8x1b
rs615552 0.01 0.11 3.0x10
rs10965215 0.01 0.11 4.5x16°
rs564398 0.02 0.10 1.5x1b
rs7865618 0.01 0.10 1.0x1b
rs10738605 0.02 0.10 2.0x18"
rs10811650 0.00 0.14 1.1x1¢°
rs10116277 0.00 0.16 1.1x16°
rs1333040 0.01 0.10 6.6x1d
rs10757274 0.01 0.12 1.8x16°
rs2383206 0.01 0.11 1.7x10
rs1333045 0.04 0.09 7.4x1%
rs10757278 0.03 0.09 5.0x1¢°

5.5.3.3 MLPA analysis in individuals with possible null alleles

MLPA analysis was performed for all nine sample®l(the relevant parent) whose
patterns of Mendelian errors were consistent witth adlele segregation in some or
all of the SNPs (as presented in section 5.5.22Table 5.6). As shown in Figure
5.10, MLPA in the chromosome 9p21 region did naivglevidence for deletions or

other CNVs in any of these individuals.
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Figure 5.10. MLPA results in the nine individuals with Mendelian inheritance
errors consistent with null allele segregation witin the pedigree.

The 13 points on the left-hand side of each plptesent the custom probes for chromosome 9p21
(except for point 2 which is a control BEFA3), and the 14 points on the right-hand side repitetbe
P200 control probes (with control probe 7 on thehkomosome and control probe 12 on the Y
chromosome). Points outside of the parallel limekciate CNVs. None of the individuals demonstrated
chromosome 9p21 CNVs.
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5.6 Discussion

SNP genotyping in the NE Caucasian cohort showpdrtieres from HWE with an
excess of homozygosity at a higher rate than eeddry chance alone. Analysis of
HWE in this study was performed as a check for ggnog errors, which is

consistent with widespread practice in other gapiaty studie¥® *** although some
have suggested that HWE testing should not be ieei since real-life populations
are never exactly in HW® and it is not a sensitive method for detectingoggping
errors*’. Extensive genotyping checks, including repeatysis by different
methodologies, excluded genotyping error as theeafithe observed departure from
HWE seen in this population. These investigatiomirmed that the genotyping

performed in this study was highly accurate.

Although the excess of homozygosity observed foPSshowing departure from
HWE could be consistent with the presence of comdeetions in the region, CNV
was not detected using custom MLPA in 118 Cauceasaamples analysed. However,
it must be noted that MLPA was not performed forsireamples from the NE
Caucasian cohort which showed the highest frequehdgparture from HWE
because insufficient native DNA was available feege individuals, and it was
demonstrated that assessment of copy number cotilaerreliably performed in
WGA DNA. No CNV was detected in the small numbesamples that were
analysed from this population. Although consistdpartures from HWE with an
excess of homozygosity in this region have alsamlmdserved in other large
dataset€® raising the possibility that common deletions reaist in Caucasian
populations, we did not find evidence to suppor th the HTO cohort. Using the
family-based approach to look for Mendelian erssistent with null allele
segregation should provide greater power to deleletions present at a frequency
below that which would cause departure from HWH,rmudeletions were seen even
in this subset of individuals. Although this apgeh provides a method to identify
individuals with potential null alleles, it canndentify null alleles that do not result
in Mendelian errors of inheritance, such as ingifsggy where one parent has a null
allele but the other parent is homozygous for theeleted allele (for example:
offspring ‘G-’ from parents and ‘GG’ and ‘G-’ woulibt appear as a Mendelian

error), although the screen of 118 Caucasian iddais suggests that such CNVs are
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not common in the population. The errors of Meragteinheritance observed in this
study which are not attributable to CNV may bensult of non-paternity, sample
confusion/contamination, or genotyping error. ReggEnotyping should have
minimised the possibility of genotyping error irethresent study.

Because MLPA was being used for the investigatfam&nown CNVs, positive
controls and reference samples were not availedokng the possibility that the
custom MLPA design was insensitive for the detectbCNVs. Although the
chromosome 9p21 custom probes could not be direatigiated, custom probes
designed and analysed using identical methodologiife separate control regions
were accurate in detecting CNVs. In the analysaplified DNA which contained
copy number artefacts, the custom chromosome 9pfiep detected significant
CNVs that were similar to the patterns seen incth@rol probes, suggesting that they
were able to detect CNVs when present. Taken hegethese data along with the
low variability observed in the 9p21 probes in watbNA, make it unlikely that the
MLPA results represent false negative findingsevitius genomewide surveys of
CNV have reported four deletions in this regionhree separate individuals, one of
which was 200kb in size and the other three of tviwiere all less than 1kb. The
chromosome 9p21 probes used in the present studyspaced at approximately
10kb intervals throughout the region of interest & is therefore possible that CNVs
smaller than 10kb would not have been detectedveder, deletions sufficient to
account for the departure from HWE observed aaiaggion of this size would have
been detected with the spacing of our MLPA probHEse sample size of the
Caucasian cohort screened was sufficient to contfiglexclude deletions of a
frequency that could account for the magnitudenefHHWE departure observed in the
NE Caucasian cohort. However, the analysis doesxadude the presence of rare
variants with significant effects on expressiordisease phenotypes, such as those
that have been previously reported in pedigrees fainilial cancers”. The
possibility that rare CNVs in this region confesseptibility to CAD or other disease

phenotypes in some individuals therefore cannaxotuded.

This study demonstrated that CNV assessment centlistliffered in native DNA
and WGA from the same individuals, with WGA DNA s¥ing significant deviations
for multiple MLPA probes in each sample that arepresent in native DNA. Copy
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number artefacts associated with DNA amplificati@ve been previously reported
for Phi2®d polymerase multiple-strand displacement technifié&! which at least in
part relate to the GC content of the redidn The Genomeplex kit uses degenerate
oligonucleotide primer PCR-based amplification, &iad been used to detect both
whole chromosome copy number chanif@snd copy number changes involving
regions as small as 8.3MB although the latter study did note increasedabdlity
associated with amplified compared to unamplifidd®D A subsequent study by the
same group, published after the experiments reghantehis chapter were performed,
showed that analyses using tiling oligo arrays @an@neplex amplified DNA could
not reliably detect CNVs of less than 3Mb due @ hriability introduced by
amplificatior?””. In the present study, the artefacts associatgd@enomeplex
amplification were non-random, with systematic @&weins occurring for particular
MLPA probes in different samples. It may be polesib correct for such systematic
biases by normalising to other amplified sampldscivhas been proposed for

analysis of amplified data from multiple-strandplizement techniqu&s,

The assumptions of HWE are never exactly met ihpejpulations, and violations of
any of these assumptions may cause deviation fnenprioportions expected,
particularly population stratification and seleatioias*. The cohort was composed
principally of individuals from the People of theitish Isles study, the ascertainment
strategy of which involved recruitment of individsiavith three generations of family
born within a 40-mile radius of one another in tyrapulations in NE England (from
Northumberland, Tyneside, County Durham, and Cua)briffectively, this selected
individuals whose family had lived for generatidghe same village/town,
geographically distinct from that of the other memsbof the cohort. This violated
the HWE assumption of random-mating and may hawduwred stratification of the
combined population which might account for thehieigincidence of HWE departure
observed in this population compared to the HTGodplalthough this would not
account for the HWE departure seen in other pubtistohorts at the same locus.
However, LD between SNPs in this region meanstd#sds of correspondence to
HWE proportions are not independent for each SNB deviation at one SNP is
likely to be associated with deviation at other SNPstrong LD with it. This inflates
the proportion of analysed SNPs showing deviatiand,could account for the

clustering of HWE departures seen within the vagioohorts.
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In summary, the deviations from HWE that were obsémwere not due to genotyping
error, and MLPA analysis showed no evidence of com@NVs in Caucasian
cohorts. ltis likely that the deviations obseruedhe NE Caucasian cohort and other
published series can in varying degrees be accddotdy the ascertainment

strategy, random chance, and LD between markers.
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6 Association of 9p21 polymorphisms with

cardiovascular phenotypes

6.1 Abstract

The mechanisms through which novel CAD risk vasadéentified by GWA studies
influence disease is unknown; their relationshiptteer cardiovascular phenotypes
may give mechanistic clues. Carotid artery intimedia thickness (CIMT) is a
subclinical marker of atherosclerosis associatet stroke that can be used to
investigate the association of these SNPs withaecdronary arterial manifestations.
Chromosome 9p21 CAD risk variants are also asstitth non-atherosclerotic
intracranial aneurysms, which are themselves astsatwith congenital
cardiovascular abnormalities, suggesting thatvékants may have more generalised
influences on vascular and cardiac structure. Jtudy investigated the association
of CAD risk variants with intermediate phenotyp€8VIT, and echocardiographic
measures of cardiac structure and function in Ii@mmbers of 248 British Caucasian
families ascertained through a hypertensive probdi association of risk variants
with congenital heart disease was also investigatedcase-control study of 888
affected individuals and two control cohorts of 4hd 1500 unaffected individuals.
CAD risk SNPs were genotyped using TagMan and SemqueMERLIN software

was used for family-based association testing asé-control association analysis
was performed by logistic regression using UNPHAS®Bware. No significant
association was found between genotype at any SNBR, obesity, cholesterol,
CRP, interleukin-6, TNFe, or leptin. Nor were SNPs significantly assoaiateth
CIMT, echocardiographic parameters, or congengalhdisease (at 0.05 significance
level corrected for multiple testing). In summamgyel CAD variants do not appear
to mediate the risk of atherothrombosis throughkii@wn risk factors studied and are
not associated with CIMT, LV structure/functionaangenital heart disease. Further
investigations will be required to determine thechrenisms by which these SNPs are
associated with CAD.
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6.2 Introduction

A number of common SNPs have been associated Wi i@ recent GWA
studies:®?! but, in contrast to associations derived from @ateé gene analyses, the
mechanisms underlying the associations with CADuakenown. A relationship of
these variants to intermediate cardiovascular ptypes may give important

mechanistic clues to pathways involved in causation

Previous studies had demonstrated that CAD risiants at the chromosome 9p21
locus were not associated with traditional riskdeg including BP, BMI, cholesterol
and glucos®: nor with biochemical parameters including lipdein(a), fibrinogen,
albumin, bilirubin and homocysteitfé However, the association with intermediate
phenotypes from other pathways known to be importathe pathogenesis of CAD
had not been investigated. Neither had the agsmtiaf phenotypes with CAD risk
variants at two other replicated loci from GWA stsl(on chromosome 6 and

chromosome 2) been investigated.

Atherosclerosis involves an ongoing inflammatorgpe@nse, and there is increasing
evidence for the role of inflammation in mediatalystages of atherosclerosis from
plaque initiation and progression to the thrombotimplicationd’®3%° The
inflammatory cytokine interleukin-6 (IL-6) is a nelgtor of the acute phase response
which stimulates the production of all of the agoib@se proteins including CRP and

tumour necrosis factar{TNF-0)3°

. It has diverse actions that may be involved in
atherogenesis including regulation of fibrinogevels, increasing platelet
aggregation, influences on endothelial functiord arediating leukocyte
recruitment®®. Cardiovascular risk factors such as smokingeiase plasma IL-6

$81:382 \which in turn have been associated with atheeossis development and

level
adverse clinical outcomes from atheroscleroticagg®>% Furthermore, genetic
variants which increase plasma IL-6 levels havenlst®wn to be associated with
atherosclerosis prevaleriteand adverse clinical outcome after acute coronary
syndrome¥®, suggesting that IL-6 may be involved in causat&ther than simply
being a marker of disease. Plasma levels of fiteemmatory marker C-reactive

protein (CRP) and TNk-are also associated with atherosclef8&i* although

whether they were causally implicated was unknotthetime of this study. The
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hormone leptin that is involved in the regulatidrbody weight has also been shown
to be involved in platelet aggregation, vasculdcifieation, and development of

atherosclerosis in murine mod&fs>%*

Carotid artery intima-media thickness (CIMT) isudbslinical marker of
atherosclerosis that is associated with cardiovasdisease risk factors and an
independent predictor of atherosclerosis and @imatcomes including stroke: 3%
CIMT progression may be reduced or reversed wiiruentions that reduce the risk
of future cardiovascular events, supporting thecephthat CIMT measurement can
be used as an early marker for atherosclefSsand it has been validated as a
surrogate for cardiovascular disease endpointstingrials®’. Although it does not
directly measure carotid atherosclerosis, a closeelation between CIMT and
carotid plaques has been demonstrifednvestigating the relationship of CAD risk
variants with CIMT may help to establish whetherlsuariants are associated with
atherosclerotic manifestations outside of the cargmarteries, and whether CIMT
might permit the early effects of genetic variaot®e investigated in other cohorts,

even before the onset of clinical disease.

CAD risk variants on chromosome 9p21 have also lassaciated with non-
atherosclerotic intracranial aneurysms®® suggesting that they may have broader
influences on cardiovascular structure and integhiat are independent of the
association with atherosclerosis. Abnormalitiesadiac structure and function such
as LV dysfunction, hypertrophy, and dilatation em@ortant predictors of adverse
prognosis in population-based cohdttg® and can be easily assessed non-
invasively by transthoracic echocardiography. Eheisenotypes are heritaffté 4%
suggesting that they have a genetic basis, bugehes responsible for most of the

heritability remain unknown.

Interestingly, intracranial aneurysms have alsol@ssociated with congenital
cardiovascular disease. The association betwatic aoarctation, bicuspid aortic
valve, and intracranial berry aneurysm has beehregbrted and review&#
Although it has been suggested that hypertensgultneg from coarctation could
account for the association with intracranial agemn$®®, pathological arterial wall

changes have been demonstrated in normotensives dolud after coarctation repair
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and also distal to the coarctation, suggestingitimay be associated with a more
generalised arteriopatfy “** Moreover, subarachnoid haemorrhage may occur
many years after coarctation repair and in normsitenindividualé®® **? Case
reports and retrospective series have also shoatnrttnacranial aneurysms, as well
as intracranial dissections and AV malformationayre associated with a range of
different congenital heart defects including travspon of the great vessels,
persistent truncus arteriosus, tricuspid atresiampnary artery stenosis, and
pulmonary valve stenodi$™“*> Furthermore, the combination of intracranial
aneurysms and cardiac defects is a component winder of congenital syndromes,
suggesting that these phenotypes may have a cometimogy*®*'® Neural crest
cells are involved embryologically in the developmef the heart, aortic arch, and
muscular arteries of the head and neck, and ablafithe neural crest has been
shown experimentally to produce a range of cardieect$™. It has been proposed
that abnormal development of cells arising fromrikaral crest may be the common
pathogenic factor responsible for the associat&iwéen congenital cardiac defects
and intracranial aneurysfitd SNPs influencing expression of genes controlling
cellular proliferation and senescence (sucBB&N2A CDKN2BandANRIL) could
be involved in the development of cardiac defeatsnd) embryogenesis. In view of
the unexpected association between chromosomerlariants and intracranial
aneurysm, investigating whether CAD risk SNPs are assodiatith congenital

heart disease is also of interest.

6.3 Aims

The broad aim of this chapter was to investigageatbsociation of novel CAD risk

variants with a range of acquired and congenitaliogascular phenotypes.
The chapter is divided into two separate partsudighed below.

1. Investigation of CAD risk variants with accedrquantitative cardiovascular
phenotypes in the HTO cohort that has been preliah®wn to have adequate

power to detect small genetic influences on quatiii traits, including CIMT* 42

The specific aims were:
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» To investigate the association of CAD variants bromosomes 9p21, 6925
and 236 with intermediate phenotypes not previoesamined including

plasma IL-6, CRP, TN and leptin, as well as waist-hip ratio.

» To investigate the association of novel CAD vasamm chromosomes 6g25
and 2936 with traditional risk factors, and confitime negative associations

previously observed with these phenotypes for cloisome 9p21 variants.

* To investigate the association of CAD variants bromosomes 9p21, 6925
and 2g36 with CIMT and echocardiographic measufeamliac structure and
function including LV dimensions, LV systolic fumeh and LV diastolic

function.

2. Investigation of chromosome 9p21 variants widhgenital cardiovascular

phenotypes in a case-control study.
The specific aims were:

* To determine whether risk variants for CAD/intraged aneurysm and SNPs
most strongly associated with expressio€BKN2A/2B/ANRILare
associated with congenital heart disease.

6.4 Association with CIMT, cardiac function, and in termediate
phenotypes for CAD

6.4.1 Materials and methods

6.4.1.1 Participants and samples

Association between SNPs in the chromosome 9p2arremd acquired
cardiovascular phenotypes was investigated in tnec&sian HTO population. This
cohort comprised 1425 members of 248 British Caaodamilies who were
ascertained through hypertensive probands and atidoéen characterised for
phenotypes relevant to cardiovascular diseasegessitled in Chapter 2.
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Individuals with an established aetiology for LVpairment or dilatation were
excluded from the analysis of echocardiographieipaters, since these would
reduce the ability to detect effects attributabléhe SNPs under investigation. This
resulted in exclusion of 37 individuals with prewsoMI (based on history, ECG and
echo findings) and 38 with valvular heart disea&#.individuals with available

measurements were included in the analysis of titer @henotypes.

6.4.1.2 Genotyping

SNPs were selected from each of the three regi@isad shown replicated
association with CAD in more than one GWA studthattime the experiments were
carried out (chromosome 9p21.3, chromosome 6q2f thromosome 2q3623)

Four SNPs selected to tag the two chromosome 9aglbtype blocks associated

with CAD in Caucasian populations described by Saraaaf* were genotyped.
These comprised rs7044859, rs496892 (formerly knasws1292136) and rs7865618
in the first LD block, and rs1333049 in the secaidblock'® 2. The lead SNPs
showing the strongest association with CAD at eddhe other two replicated CAD
loci were also genotyped: rs6922269 on chromosay2é.6 and rs2943634 on

chromosome 20363

TagMan genotyping was performed as described ipteh&, using made-to-order
SNP genotyping assays (Applied Biosystems) witifdHewing assay IDs:
C_2618037_10 (rs7044859), C_2618027_10 (rs49682618016_10
(rs7865618), C_1754666_10 (rs1333049), C_2989405{rs6922269),
C_15949769 10 (rs2943634). Genotyping calls wearually reviewed and edited
if required.

6.4.1.3 Statistical analysis

Mendelian inheritance and correspondence of geedtgguencies to HWE
proportions was checked in both the total poputatiod the unrelated founders using
PEDSTATS?®. Phenotypes were examined for normality and tagsformed if
required (log transformed phenotypes highlightecesults Table 6.2, page 231).
Phenotypes were adjusted for significant covariagésg linear regression,

considering age, sex, cardiovascular medicationekig status
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(current/former/never), alcohol consumption (upies week) and exercise habit
(frequency per week). For each phenotype, stepwigession was used initially to
identify significant covariates to be included e flinear regression model for that
phenotype. The residual values from the linearaggion were then used for

association testing.

Association between genotypes and adjusted phee®typs assessed using
MERLIN v1.1.2 softwar®. This evaluates the evidence for association uale
additive genetic model, which was selected baseti@data from previous
publications showing that SNP effects were additiv&he upper bound of the
genetic effect that is plausibly associated witthe&NP for each phenotype was
estimated using linear regression models. Rolsastdwich" variance estimations, to
compensate for family clustering, were fitted todalbadditive genetic effects using
Stata v9.2.

6.4.2 Results

1425 participants were included: mean age 50 (lauartile 35, upper quartile 60)
years, 678 (47.6%) male. General characteristitseo$tudy participants are shown
in Table 6.1.

Table 6.1. General characteristics of the include#iTO study population.

Characteristic N Median
(LQ, UQ)
Previous ischaemic heart disease 61 (4.3%) -
Previous stroke 33 (2.3%) -
Previous peripheral vascular disease 13 (0.9%) -
Diabetes 35 (2.5%) -
Current or former smoker 507 (35.6%) -
Hypertension 512 (35.9%) -
Daytime systolic blood pressure (mmHg) 958 131 (12144.1)
Daytime diastolic blood pressure (mmHg) 958 788{788.0)
Plasma total cholesterol (mmol/l) 1289 5.6 (4.8)6.
BMI (kg/m?) 1402 25.4 (23.1, 28.2)
WHR 1357 0.85 (0.78, 0.91)

N=1425 HTO participants; BMI = body mass index; WHRvaist-hip ratio; LQ = lower quatrtile; UQ
= upper quartile.
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854 participants had measurable CIMT, as showralnlel'6.2. Median maximal
CIMT values of 0.858mm in men and 0.803mm in worwene within the normal

population range (0.36-1.07mm).

Genotyping results are shown in Table 6.3. Genotydata were complete for more
than 93% of individuals at all loci and allele fosocies were similar to those
reported in the HapMap CEU populatfanOnly one SNP, rs6922269, showed a
significant deviation from the proportions expectealer HWE at the P=0.05
threshold, but this SNP showed no departure inutirelated founders and was
therefore regarded as acceptable. LD betweerypieel SNPs on chromosome 9p21

is shown in Figure 6.1.

Table 6.2. Cardiovascular phenotypes in the studygpulation and estimated
maximum genetic effect on total phenotypic variancéor the typed SNPs.

Variable N Median (LQ, UQ) Maximum genetic effect br
typed SNPs t
BMI (kg/m?)* 1402 25.4 (23.1, 28.2) 0.4-1.7%
WHR 1357 0.85 (0.78, 0.91) 0.6-1.4%
Daytime systolic blood pressure 958 131 (121.1, 144.2) 0.5-0.7%
(mmHg)*
Mean CIMT (mm)* 854 0.76 (0.65, 0.91) 0.7-1.5%
Max CIMT (mm)* 856 0.83 (0.71, 1.00) 0.7-1.4%
Plasma total cholesterol 1289 5.6 (4.8, 6.4) 0.5-1.4%
(mmol/l)*
Plasma IL-6 (pg/mL)* 1186 0.78 (0.48, 1.38) 0.49%.7
Plasma TNFe (pg/mL)* 1186 0.74 (0.35, 1.66) 0.6-1.3%
Plasma CRP (mg/L)* 1314 1.40 (0.55, 3.2) 0.4-1.7%
Plasma Leptin (nglL)* 1319 8.6 (4.6, 15.3) 0.5-1.0%
LVIDd (mm) 82g 49 (46, 53) 0.8-2.0%
LVIDs (mm) 829 29 (26, 33) 0.6-2.4%
Fractional shortening (%) 823 39 (35, 45) 0.6-2.0%
Ejection fraction (%) 823 69 (64, 76) 0.6-2.2%
E/A ratio 563 1.0 (0.8, 1.3) 0.8-2.0%
LV mass/BSA (g/f) 590 115 (94, 139) 0.8-3.2%

* Variables log-transformed before analysis to agpnately normalise the distributions. ¥ Numbers
represent the range of maximum plausible genetitribaition to total phenotypic variance of each
trait for typed SNPS’ After exclusion of 75 patients with established dfivalvular heart disease. LQ
= lower quartile; UQ = upper quartile.
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Table 6.3. Genotyping results.

SNP Chromosome Number MAF Alleles HW P-

location (%) value all
genotyped

rs7044859 9p21 1336 0.44 AT 0.39
(93.7%)

rs496892 9p21 1329 0.49 CT 0.85
(93.2%)

rs7865618 9p21 1328 0.45 A:G 0.50
(93.1%)

rs1333049 9p21 1380 0.45 CG 0.31
(94.8%)

rs6922269 6925 1331 0.33 A:G 0.01
(93.3%)

rs2943634 2036 1343 0.35 A:C 0.71
(94.0%)

Figure 6.1. LD between typed SNPs on chromosome 9p2

LD plot for chromosome 9p21 SNPs showing in eaamdind the D’ (on top) and values (on
bottom) for typed SNP combinations in our populatidhe relative position AANRILis shown for
reference along the top in blue. Figure adapteah taplovievi®’.
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There was no evidence of a significant associdigween genotypes and plasma
cholesterol, CRP, IL-6, TNI; or leptin concentrations; nor clinical measuretaerf
blood pressure, or waist-hip ratio, using an urexiad significance threshold of
P=0.05. Covariate adjusted log-transformed bodysnradex (BMI) was associated
with rs1333049 genotype with a nominal P-value.680but association of this
magnitude was not unexpected in view of the nurob&sts performed and was
likely to be related to chance. Waist-hip ratidieh is another measure of obesity,
was not associated with genotype at rs1333049.a$beciation between BMI and
rs1333049 was no longer significant after Bonfercamrection for the three
independent chromosomal loci tested, producingeected significance threshold of
P=0.017.

There was no significant association between gg@eogynd CIMT at the loci studied.
The upper bound of the contribution to the totgdydation variance in maximal

CIMT was between 0.7% and 1.4% for the typed SIHRd,of a similar order for the
other traits tested (Table 6.2, right-hand coluni)stepwise backward-elimination
multivariate regression procedure failed to fing amultilocus models showing
association (removal P-value > 0.2) to the CIMTrgtgpe. This is a powerful
approach for examining tightly linked SNPs in asati@n models that avoids the
computational complexity and degrees of freedorhdbeompany a formal haplotype
analysié?’. It is therefore unlikely that chromosome 9p2plbtypes are associated
with CIMT, recognising that the power to detectt&iassociations is very low for

minor haplotypes with frequencies < 5%.

Echocardiographic measures of LV size, mass, amctiin also showed no
convincing evidence of association with genotypthattested SNPs. The T allele of
rs7044859 on chromosome 9p21 showed nominal assocwith LVIDs (P=0.018),
fractional shortening (P=0.034), and ejection fac(P=0.024). However, it is
important to note that these three measures anadependent since calculation of
each depends on the LVIDs, and it is thereforesnqgtrising that they show similar
effects. The alternative (A) allele at this SNRs$sociated with CAD in GWA
studied’. None of the associations remained significargraonferroni correction

for the three chromosomal loci tested.
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6.5 Association with congenital heart disease

6.5.1 Materials and methods

6.5.1.1 Participants and samples

Association between SNPs in the chromosome 9p2a&rremd congenital
cardiovascular phenotypes was investigated in &@8tad probands from the
CHANGE and FCH cohorts, compared to 1089 unaffectéiduals from the
Cumbria control cohort and 1500 unaffected indiaidifrom the 1958 birth cohdff.
These populations were described in Chapter 2.

6.5.1.2 Genotyping

Genotyping was performed using Sequenom methodology SNPs that are
associated with CAD were selected; the lead SNB3&049 from GWA studiés %
and an additional SNP rs1547705 required to futlgracterise the core risk haplotype
for CAD defined by Broadbert af*>. Based on the hypothesis that an association
between the chromosome 9p21 region and congemisat Hisease might be mediated
through effects on expression@DKN2A CDKN2B andANRIL SNPs highly
associated with expression of each of these ganée INE Caucasian cohort (see
Chapter 4) were also selected for genotyping. h&bthe 1958 birth cohort could be
used as controls, only SNPs that had been genotgpbdt population were selected
for inclusion; this included the SNPs most stroraggociated witCDKN2B
(rs3218018) anANRIL (rs564398) expression, but the SNP most strorggg@ated
with CDKN2Aexpression (rs7036656) was not genotyped in tb& b@th cohort.

An alternative SNP, rs2811708, which was in strbBgwith rs7036656 in the
HapMap CEU samples (D'=150.92) was therefore selected instead.

6.5.1.3 Statistical analysis

Mendelian inheritance and correspondence of geedtgguencies to HWE
proportions was checked using standard formuldsxoef®®. Association between
genotypes and binary phenotypes was assessedibtdaoggression using
UNPHASED v3.1.8°* *®and STATA v10 software.
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6.5.2 Results

888 individuals with congenital heart disease wectuded, 50.9% of whom were
male. The principal diagnoses of the affectedviddials are summarised in Table
6.4. Classification of congenital heart diseasdHte investigation of genetic
causation is complicated by the great phenotypierbgeneity and fact that widely-
used clinical classifications, such as cyanotisuemon-cyanotic, do not necessarily
imply common developmental anomalies. Furthermaffected individuals often
have multiple separate abnormalities. The clasdibn used here was suggested by
Professor Robert Anderson, an expert in cardiatoanaand congenital cardiac
anomalies, and groups together pathologies invgleommon developmental
processes (personal communication Professor R Aadebniversity College
London). Individuals were classified accordindtte major abnormality present, and
those with multiple major abnormalities not sepalsatategorised were termed

“complex”.

Genotyping results are shown in Table 6.5. Genotydata were complete for more
than 93% of individuals at all loci and allele fuscies in the Cumbria control
cohort were similar to those in the 1958 birth abh®o SNPs showed significant

deviation from the proportions expected under HWE.

As shown in Table 6.6, none of the SNPs tested sd@xsignificant association with
congenital heart disease using either an alletegeneral genotype model in the
Cumbria control group or the 1958 birth cohort.r M@as there any association for the

tested SNPs when the TOF and non-TOF individuale apalysed separately.
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Table 6.4. Cardiac phenotypes in the congenital headisease cohort.

Predominant phenotype Number (%)
TOF 450 (50.7%)
Common AV junction (including AVSD) 25 (2.8%)
VSD 29 (3.3%)
Left sided lesions (aortic/mitral valve abnormalsti chamber 86 (9.7%)
hypoplasia, coarctation)
TGA and DORV with subpulmonary defect 59 (6.6%)
Abnormal looping (double inlet LV, tricuspid atr@s 7 (0.8%)
congenitally corrected TGA)
TOF-like (pulmonary atresia plus VSD, DORV with swlptic 21 (2.4%)
VSD)
Common trunk 8 (0.9%)
ASD, PFO 88 (9.9%)
Ebstein’s anomaly 9 (1.0%)
PDA 18 (2.0%)
Complex 73 (8.2%)
Other 15 (1.7%)

AV=atrioventricular; VSD=ventricular septal defe@iGA=transposition of the great arteries;
DORV=double outlet right ventricle; ASD=atrial saptiefect; PFO=patent foramen ovale;
PDA=patent ductus arteriosus.
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Table 6.5. Genotyping results in the congenital hetdisease and control cohorts.

SNP All congenital heart disease TOF congenital heartidease Non-TOF congenital heart Cumbria control cohort 1958

disease BC

% MAF  HWE P- % MAF  HWE P- % MAF  HWE P- % MAF  HWE P- MAF

genotyped value genotyped value genotyped value genotyped value

rs2811708 94.8 0.26 0.75 98.2 0.25 0.17 98.6 0.27 .280 93.7 0.26 0.25 0.27
rs3218018 97.0 0.09 0.56 99.6 0.09 0.30 99.3 0.09 890 99.7 0.10 0.97 0.09
rs564398 95.1 0.43 0.73 99.3 0.44 0.95 99.1 0.43 760. 96.6 0.43 0.48 0.44
rs1547705 96.9 0.12 0.74 99.6 0.12 0.02 99.3 0.13 .070 99.7 0.12 0.86 0.12
rs1333049 96.7 0.48 0.93 98.7 0.47 0.90 99.3 0.47 .090 99.6 0.49 0.41 0.48
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Table 6.6. Significance of the association with cgenital heart disease for tested
SNPs.

SNP All congenital v 1958 BC P-value  All congenital v Cumbria controls P-value
(allele / genotype model) (allele / genotype model)
rs2811708 0.23/0.11 0.78/0.12
rs3218018 0.33/0.71 0.45/0.60
rs564398 0.67/0.72 0.64/0.72
rs1547705 0.56/0.40 0.28/0.56
rs1333049 0.42/0.06 0.25/0.19

6.6 Discussion

Chromosome 9p21 SNPs have been associated witha®dI, but the
mechanisms through which these SNPs influence shsa@ unknown. This study
examined the association of risk SNPs with intefiatedohenotypes that may give
clues to mechanistic pathways involved in causaton found no association with
any of the clinical and biochemical phenotypes d@radh including several
inflammatory markers. This suggests that the CA8rsptibility mediated by this
locus is not primarily mediated through the pathsvagd risk factors studied here,

and may involve novel mechanisms.

The lack of association observed in this studyrddehe findings of two previous
studies which found no association between chromesdrisk variants that are in
strong LD (f>0.8) with the typed SNPs and traditional CAD friaktors including
BP, BMI, and plasma cholesterol and gluéseor with biochemical parameters
including plasma lipoprotein(a), fibrinogen, albumnbilirubin and homocysteine.
The present study replicated and confirmed the ¢d@ssociation with BP, BMI, and
cholesterol, but was the first to demonstrate élo& bf association with these
inflammatory markers; this is important as inflantima is known to play a key role

in the pathogenesis of atherosclert/§ig®°

This study also investigated the association betveeeomosome 9p21 risk SNPs and
CIMT. This was of interest since these variants hat been previously associated
with extra-coronary manifestations of atherosclisregcept for aortic aneurysm, and

association with CIMT could permit the early efieof genetic variants to be
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investigated in other cohorts prior to the onsetlimical disease. No association was
found with CIMT. The lack of association was comfed in a similar larger study
published at around the same time, involving CIM&asurements in 2,277 young
Finns (aged 24 to 39 years) and a further 1,29%ithaals aged 46 to 76 ye4f§

which also found no evidence of association witthlathelial dysfunction as measured
by brachial artery flow-mediated dilatation. Thels¢a suggested that chromosome
9p21 variants influence CAD though mechanismsdbatot involve changes in
carotid artery wall thickness. Interestingly, fa time the present study was reported,
only one study examining the association betweeansbsome 9p21 polymorphisms
and stroke had been published, which found no fsigmt association between the
CAD risk SNP rs10757278 (for which rs1333049 isdect proxy) and ischaemic
stroke, once potentially-confounding cases of kn@#D were excluded from the
analysi$®. These data and the lack of association with CHai$ed the possibility
that chromosome 9p21 variants might confer riskdaD and MI without

influencing stroke risk. Several small studieséhesported negative associations
with stroke risk®>” *°® but other studies have demonstrated convincisgcistion of
these SNPs with ischaemic stré¥e™>°1%? as well as with other atherosclerotic
phenotypes such as abdominal aortic aneuti’and stiffness of the abdominal
aortd®®. An analysis of CIMT in 769 Austrian Caucasiansrfd no association with
CIMT, but did show a significant association witratid atherosclerosis assessed
ultrasonographicalfy*. A subsequent large population-based study of CitMmore
than 14,000 individuals from the AtherosclerosiskRn Communities (ARIC) study
confirmed the lack of association of chromosomel9gp&iants with CIMT, and
showed a borderline association with the presehcarotid atheromatous plaques in
whites (P=0.047 after adjustment for covaridt¥s)The study that demonstrated an
association with aortic stiffness found no assammabetween risk variants and aortic
IMT 13,

There are a number of potential explanations thatno be considered to explain the
lack of association with IMT for variants that havew been shown to be associated
with extra-coronary atherosclerosis and ischaetniks. The present study and the
others examining IMT were performed in relativefniogeneous Caucasian
populations similar to those in which the assocraiwith CAD were demonstrated,

making it unlikely that the results are due to lwassed by selection of a different
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population. In the present study, the maximum itda genetic effect for the typed
SNPs on CIMT and the other phenotypes studiedulzdtd based on the observed
mean effect and 95% confidence interval, was loallicases. Therefore, although
this study cannot exclude any effect of the typB#PS on these phenotypes, it
demonstrates that such effects could only be oflsnegnitude and are unlikely to be
clinically significant. The consistent lack of asgtion with CIMT in multiple
studies and the very large cohorts used in théestuny Samargt af**and the ARIC
study®’ makes it unlikely that the results represent fatsgeptance of the null
hypothesis in the presence of a real effect; theysby Samanet alhad greater than
99% power at an alpha of 0.01 to detect a 0.2mferdifice in CIMT (expected to be
associated with a 30-40% increase in stroke'fisketween homozygotes for the risk
and non-risk alleles. The power of the ARIC studych was substantially larger
would be expected to be even greferin the present study, selection through
hypertensive probands could potentially introduiess lif there were an interaction
between hypertension and the variants studiedytiyt36% of the participants were
hypertensive and the variants did not associate yipertension. On the other hand,
using a population enriched for individuals withpleytension, a trait strongly related
to cardiovascular risk, resulted in selection afiwduals with an increased range of
CIMT values and mean CIMT 33% higher than the ganaospulation, which should
increase the power for the detection of varianth wimall effects.

CIMT has been commonly used as a surrogate masketlierosclerosis” = It is
an independent predictor of atherosclerosis amitceli outcomes> 3% but it is
important to recognise that despite the close @stsme between CIMT and carotid
plaqued®, increased CIMT is not synonymous with caroticeadma”>. The
presence of carotid plague, which is more spefofi@atherosclerosis, showed a
significant association with 9p21 variants at tbenmal significance threshold in
both studies in which this was investigated, intcast to the negative findings for
CIMT in the same studié¥" " The extent to which the pathophysiological
mechanisms underlying CAD and stroke overlap willi Tis uncertaift?* the lack
of association of 9p21 risk variants with CIMT hiights that they are at least
partially distinct. Other factors that alter CIMifeasurements, such as hypertension,
may do so through pathophysiological mechanisnisdiffer from those involved in

atherosclerosfé>.
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It appears that the chromosome 9p21 risk varianfiiseince the risk of CAD and
stroke through mechanisms that are not manifestexhtly changes in arterial wall
thickness. This suggests that CIMT measures shmilde used as a surrogate for
disease endpoints in studies of the genetic riskaated with markers at

chromosome 9p21.

There was no significant association between chemme 9p21 CAD variants and
echocardiographic assessments of cardiac struatwaréunction in individuals

without evidence of Ml or valve disease. At thadithe study was performed, no
similar data from other cohorts had been repotiatifwo subsequent studies are
consistent with the findings of the present stublgrzaneh-Faht alreported no
association of chromosome 9p21 SNPs with echo pegamin 593 Caucasians with
stable CAD?® but the limited sample size and use of a popratiith CAD in that
study meant that a significant association betwestrwvariants and cardiac structure
and function in the general population could noekeluded®”. Vasaret al

performed a GWA study of 2.5 million SNPs with echaliographic traits in five
community-based cohorts totalling 12,612 Caucasiaith subsequent replication in
two additional cohorts totalling 4,094 Caucasiatividuals’®. In stage one, 16 loci
were associated with five traits, of which five eeeplicated in stage two. No SNPs
in the chromosome 9p21 showed significant associatat either stage using the
genomewide significance threshold of 5X16r a less stringent threshold of°10
These data are consistent with the lack of assooiatith chromosome 9p21 variants
observed in the present study, although failurgctieve genomewide significance

levels does not exclude an effect of these SNPsi1oh phenotypes.

The association between chromosome 9p21 CAD warard incident heart failure
was assessed in 14,000 individuals of the ARICystwer median follow-up of 17
years®’. Prevalent cases of CAD were excluded at baselime heart failure
episodes were ascertained through annual teleptwnact and surveillance of
hospital and death records. CAD risk alleles vem®ociated with a 30% increase in
the risk of heart failure after adjusting for caates (HR=1.30, 95%CI 1.07-1.58,
P=0.008), which remained significant when CAD egemére censored at their
occurrence (HR=1.28, 95%CI 1.00-1.62, P=0.046)e d$sociation of CAD variants
with heart failure is not surprising, since heailure is often a consequence of CAD,
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but the significant association after exclusiomath prevalent CAD at baseline and
censoring for incident cases of CAD has led to gjaion that 9p21 variants might
contribute to heart failure independently of clai€AD events’. However,
unrecognised or subclinical CAD might still accototthe association even after

censoring for recognised CAD.

A number of issues should be considered with rédpdbe present study. Firstly,
associations with echo measurements were avafl@abéemaximum of 829
individuals, and only 563 for the E/A ratio asseestrof diastolic dysfunction. This
raises the possibility that the lack of associatibeerved could be due to a lack of
statistical power. However, as discussed abovthoother phenotypes examined,
the maximum plausible genetic effect for the tyf®&&Ps on the echocardiographic
parameters was low in all cases. Furthermore df@f-Faet al estimated that they
had >80% power to detect a 3% difference in LV @pecfraction in their smaller
sample of 593 individuals, although they used aenamcurate methodology to
guantify LV function in that study. Therefore,faugh the current study cannot
exclude that some of the typed SNPs have effectaahac structure and function,
any such effects are likely to be small and unjikelbe clinically meaningful. A
limitation of the present study is that LV functiaesessment was derived from single
dimension M-mode measurements. This methodologykan widely used and has
been shown to be reproducible with low inter-obeeand intra-observer
variability*?° and provides useful information for clinical siesd’’. However, the
geometric assumptions required to estimate thnemiasional volume from two-
dimensional measurements may produce inaccuraspscially in the presence of
regional wall motion abnormalities, and its us@ &®le measure of LV function is no
longer recommended in clinical practie Similarly, E/A ratio was used as a sole
measure of diastolic dysfunction and more recerdrpaters such as tissue Doppler
measurements were not available. The limitatidribese estimates may have
reduced the power to detect significant associatwith cardiac function in the

present study.

To date, this is the only study to investigatedahsociation of novel CAD risk

variants on chromosome 2g36 and 6925 with tradatiask factors, intermediate
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CAD phenotypes, and cardiac structure and functlmnassociation with these loci

was found for any of the phenotypes examined.

This study investigated SNP associations with abemof intermediate phenotypes
to identify causative pathways through which gepesyat these SNPs influence risk.
No associations were found, suggesting that thectesffare mediated through
unknown pathways. Further investigations will bguired to determine the

mechanisms by which these SNPs are associatedAith

This is the first study to investigate the assammbetween chromosome 9p21 SNPs
and congenital heart disease. No association euaxiffor CAD risk variants or for
SNPs that are associated with expressidB@KN2A/2B/ANRIL This suggests that
the typed SNPs are not involved in conferring spsbdity to congenital heart
disease, although small effects that could notdteated in this sample size cannot be
excluded. A number of other factors that couldoaict for the observed lack of
association should be considered. The study iedwdheterogeneous population of
probands with diverse congenital heart defectsaofing severity. Population
stratification caused by differential SNP effectparticular phenotypes could
therefore potentially obscure the association iticular subgroups in the
combined cohort. Separate analysis of TOF andTr®@R-groups did not show any
trend towards association for either, but thereavissufficient numbers with other
phenotypes to permit meaningful separate analyldesvever, since intracranial
aneurysms and experimental neural crest ablativae baen associated with a wide
range of cardiovascular phenotyp8sthere were few data to justify restricting the
cohort to include only particular phenotypes. kdlecongenital heart disease is a
complex phenotype and identical genetic abnornealithay be associated with a
range of cardiac manifestations, such as are sete ichromosome 22q11 deletion
syndromé&®’. Investigation in a larger cohort powered towlEnalysis of individual
phenotypes could address this issue, but giveratitg of individual phenotypes this

would require a multicentre collaborative study.

Selection bias might also reduce the ability teedean association. All cohorts were
Caucasian, but whilst the Cumbrian controls werenemw of childbearing age, the

cases were mostly ascertained during infancy and afeboth genders. An
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interaction with gender could potentially obscuneagsociation with congenital heart
disease using these two cohorts, but the same &égjuencies and lack of
association was seen using the mixed-gender 1988daihort controls, making this

unlikely.

In addition to the SNPs associated with CAD/intaa¢al aneurysms, this study also
genotyped three SNPs which were strongly assocvwitedCDKN2A CDKN2Band
ANRIL expression in peripheral blood, to investigatehtyygothesis that congenital
heart disease might be mediated by variants tflaemce expression of these genes.
Although these SNPs were not associated with cotajdreart defects, a role of these
genes in the pathogenesis of congenital heartsbssannot be excluded since the
tissue-specific influences on expression are likelge substantially different during
cardiac development. It therefore remains possiaerare variants or other common
variants could mediate disease through effectsxpression of these genes during

embryogenesis.

Although the aetiology of intracranial aneurysmwidely accepted to be
independent of atherosclerosis, intracranial aremsyand CAD do share some
common risk factors in adult populatidfis and some authors have suggested that
berry aneurysms are acquired degenerative l€€fbssch that the association with
CAD risk variants and intracranial aneurysm cowfiiect the same
pathophysiological process. However, the demogcapif the population in which
the association with intracranial aneurysms weseoled differ substantially from
that in the CAD population, with a mean age <50ryeamd 66% femald’, making it
unlikely that they represent the same phenomenon.

In summary, novel CAD variants do not appear toiatedhe risk of
atherothrombosis through known risk factors andhateassociated with CIMT, LV
structure/function or congenital heart diseaserthien investigations will be required

to determine the mechanisms by which these SNPasaoiated with CAD.
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7 Association of STK39 polymorphisms with blood

pressure and STK39 expression

7.1 Abstract

Although BP has significant heritability, the gemesponsible remain largely
unknown. No associations were found in the firavgvof GWA studies, but SNPs at
the STK39locus on chromosome 2924 were recently assocratbchypertension by
genome-wide association in an Amish populatioryitro data from transient
transfection experiments using reporter constrsuaggested that alter&TK39
expression might mediate the effect. However, dtirge studies have not
implicatedSTK39in hypertension. To determine whether reporte®$SMfluenced
STK39expressionn vivo, or were associated with BP in a large Britishathl425
members of 248 Caucasian families ascertained ghrathypertensive proband were
genotyped for reported risk variantsSAK39(rs6749447, rs3754777, rs35929607)
using Sequenom technology. MERLIN software wasl dsefamily-based
association testingCis-acting influences on expression were asseissedo using
allelic expression ratios in cDNA from peripher&dd cells in 35 South African
individuals heterozygous for a transcribed SNBTiK39(rs1061471) and quantified
by mass spectrometry (Sequenom). No significast@ation was seen between the
SNPs tested and systolic or diastolic BP in cloiambulatory measurements (all
P>0.05). The tested SNPs were all associatedal#hc expression differences in
peripheral blood cells (P<0.05), with the most gigant association for the intronic
SNP rs6749447 (P=9.9xD In individuals who were heterozygous for thi$FS on
average the G allele showed 13% overexpression aadto the T allele. In
summary STK39expression is modified by polymorphisms actingisiand the

typed SNPs are associated with allelic expressidthi®gene, but there is no

evidence for an association with BP in a Britishu€ssian cohort.

7.2 Introduction

Hypertension is a major risk factor for vasculad asnal disease and thereby
contributes to substantial worldwide morbidity andrtality**>. Although BP has

been shown to have significant heritability (30-§6%% the genes conferring
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susceptibility to hypertension remain largely unkno As presented in Chapter 1, a
relatively small study by Wanet al suggested that SNPs in tB&K39gene on
chromosome 2924 may be associated with BP, andh@atffects might be mediated

by influences orBTK39expression that were demonstraiteditro™>*

This study aimed to test whether tB€K39SNPs identified in the report by Waag
al*** were associated with BP in a large family-basedc@sian cohort ascertained
through probands with essential hypertenS®bA” This cohort has a higher average
BP (134 v 128mmHg systolic) and lower proportiordizbetics (2.5 v 22.2%)
compared to the Amish population used for theahgenome-wide study by Waieg

al, but has 24-hour ambulatory BP recordings whiavigile a more reproducible and
precise measure of true BP, with better prediatibcardiovascular events, compared
to clinic BP measuré¥" **> Selecting the same SNPs typed by Weing and using

a cohort enriched for hypertension with ambula®Pydata should increase the
power to detect effects associated with these ntria the study population.
Transfection studies in cell lines may fail to adlgigly modeln vivo effects on
expression in complex human tisstiésbut AEI provides a powerful method for

evaluatingcis-acting influences in expressianvivo.

7.3 Aims

This chapter is divided into two parts, with theaific aims described below.
1. Investigation of the association®TK39SNPs with BP.

The specific aim was to determine whetB&@8K39SNPs reported to be associated
with BP in the Amish population are associated Vi@Ehin a British Caucasian

cohort.
2. Investigation of the association®TK39SNPs withSTK39expression in vivo.

The specific aim was to determine whetB@8iK39SNPs shown to haw@s-acting
effects onSTK39%expressionn vitro influence expression of this geimevivoassessed
using AEI in the SA cohort
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7.4 Materials and methods

7.4.1 Association of SNPs with blood pressure

7.4.1.1 Participants and samples

Association ofSTK39SNPs and BP was investigated using the Caucasiéh H
cohort, which comprised 1425 members of 248 BriGislucasian families who were
ascertained through hypertensive probands, asidedan detail in Chapter 2. All
1372 family members in whom DNA was available wgeaotyped in the present
study. The results of 24-hour ambulatory BP maomgpwere available for 1134
participants who had agreed to undergo monitoriigan values for systolic and
diastolic blood pressures for the clinic, daytime aight-time periods were analysed

for association with genotypes.

7.4.1.2 Genotyping

Four SNPs reported to be associated with hyperersi Wanget af*** were selected
for genotyping; three at tH&TK39locus on chromosome 2024.3 (rs6749447,
rs3754777 and rs35929607) and one on chromosonie®d(24977950) which gave
the most significant signal for genome-wide asdamian the same study’. SNP

genotyping was performed using Sequenom methodpésggtescribed in Chapter 2.

7.4.1.3 Statistical analysis

Mendelian inheritance and correspondence of geedtgguencies to HWE
proportions was tested using PEDSTAYS The analysis was performed using log
transformed BP values to approximately normaligedistributiod’®. Adjustments
were then made for significant covariates deterohimglinear regression, considering
age, sex, cardiovascular medications, smokingstaturent/former/never), alcohol
consumption (units per week) and exercise hatat(fency per week). For those
participants taking antihypertensive medicatior, éffects of the main drug classes
(diuretics and-blockers) were estimated from the data by regnessind the
appropriate adjustment made to the on-treatmentdbi®s, as previously
described™®. Association between genotypes and adjusted pype®was assessed
using MERLIN v1.1.3°% %3¢ |n order to estimate the upper bound of the tiene
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effect that is plausibly associated with each phg@SNP combination, linear

regression models were fitted to model additiveegiereffects using Minitab v15. .

7.4.2 Association of SNPs with  STK39 allelic expression

7.4.2.1 ldentification of transcribed markers for allelic expression analysis

Allelic expression measures the relative amourttasfscript arising from each allele
in individuals heterozygous for a transcribed padypmism. NCBI dbSNP was used
to identify SNPs in transcribed regionsFK39with minor allele frequencies greater
than 592 Nine transcribed variants were identified (rsI4UBL, rs3769429,
rs7425806, rs3769428, rs56330212, rs56697518, 34580, rs1802105,
rs56048258). Only two of these had previously besdidated (minor alleles
observed in at least two chromosomes) accordimp&NP* rs1061471 in exon 18
(3’ untranslated region) and rs56031549 in exofnissense A/G SNP). Three of
the reported variants (rs7425806, rs3769429 arkbe&s®8) were non-polymorphic
in all HapMap populations. SNP rs1061471 was nalgrporphic in the Caucasian
HapMap CEU population, but had a minor allele fesmgy of 11% and informative
heterozygote frequency of 24% in the African HapM& population. Population
frequency data were unavailable for the other SNIReerefore, in order to find
transcribed markers suitable for assessing akeipression, rs1061471 and the five
SNPs for which HapMap population frequencies weteanvailable (rs1802105,
rs56031549, rs56048258, rs56330212, rs5669751&) gerotyped in the SA cohort.

7.4.2.2 Participants, samples and genotyping

In view of the lack of transcribed polymorphismgJaucasian populations,
investigation of SNP effects on expression using W&s performed in the 310
healthy individuals of the SA cohort. Genotypingsiperformed using Sequenom

methodology as described in Chapter 2.

35 individuals heterozygous for the transcribedardanrs1061471 suitable for allelic
expression analysis were identified. The othex HBNPs tested had minor allele
frequencies <1%, giving an insufficient number efdrozygotes to be used for AEI

assessment (Table 7.1).
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Table 7.1. Allele frequency of transcribed SNPs i810 South African individuals.

NP Alleles* Number Number of MAE HapMap YRI Hardy-Weinberg
genotyped heterozygotes MAF p value
rs1061471 G/A 298 35 0.069 0.119 0.15
rs1802105 A/C 298 0 0 NA -
rs56031549 C/T 298 2 0.003 NA 0.95
rs56048258 A/G 296 5 0.008 NA 0.88
rs56330212 G/A 296 0 0 NA -
rs56697518 C/T 298 2 0.003 NA 0.95

* Major allele given first; MAF, minor allele freguncy; YRI, HapMap YRI African cohort; NA, not
available.

7.4.2.3 Measurement of STK39 allelic expression ratios:

Quantification of the allelic expression ratio usB0Ong of cDNA was performed by
Sequenom methodology, as described in Chaptere8uli® from amplification of
gDNA from 19 individuals (performed in 4 replicategere used as the equimolar

reference to normalise the cDNA values.

7.4.2.4 Statistical analysis:

Mendelian inheritance and correspondence of geedtgguencies to HWE
proportions was checked using standard formuld&xief®®. Analyses were
performed using the logarithm of the normalisedlallexpression ratios as published

by Teareet af>* and presented in Chapter 2.

7.5 Results

7.5.1 Association with blood pressure

1372 individuals with available DNA were include@49 (47%) were male and the
mean age was 49 (standard deviation 15.5) ye&8.(36%) were hypertensive, 298
(22%) were current smokers, 35 (3%) had diabete$4%) had structural heart

disease, and 456 (33%) were taking antihypertermiaatianginal medication.
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Median alcohol consumption was 3 (interquartilegef-12) units per week. 43%

reported no regular exercise per week, with 21%% 2ad 14% exercising once,

twice, and three or more times per week respegtivEhe BP parameters of

participants, heritability ) of each phenotype and proportion of phenotypic

variation accounted for by covariate$) @re shown in Table 7.2.

Table 7.2. BP characteristics of the Caucasian padipants.

Characteristic N Median (LQ, UQ) Proportion of Heritability
in mmHg phenotypic variability (h?) for
(r?) explained by adjusted
covariates for log- variable
transformed variable
Clinic Systolic BP 1138 134 (121.3, 152.3) 27.2 211.
Clinic Diastolic BP 1130 82 (73.7,92) 19.7 12.2
Day Systolic BP 1134 132.5 (122.1, 146) 20.4 13.6
Day Diastolic BP 1133 79.7 (72.5, 90) 17.9 10.7
Night Systolic BP 903 113 (103.8, 126) 114 24.3
Night Diastolic BP 902 66 (60.2, 73.6) 13.6 34.6

N=1372 Caucasian participants. BP = blood pressi@es lower quartile; UQ = upper quatrtile.

Genotyping was complete for more than 99% of irdiiais at all loci. Allele

frequencies for typed SNPs are shown in
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Table 7.3; these were similar to the HapMap CEUutaimn and did not deviate

significantly from HWE proportions.

There was no significant association between g@eoéyd covariate-adjusted, log
transformed BP parameters at the loci studied ummgnadjusted P-value threshold
of 0.05. Estimates of effect size with 95% confice intervals are shown in Table
7.4; the upper bound of the contribution of typ@&tPS to the total population
variance was low for all of the phenotypes testaddes: rs3754777 0.4-1.1%;
rs35929607 0.5-1.7%; rs6749447 0.4-1.4%; rs4971950.6%).
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Table 7.3. Allele frequencies of the SNPs typed study participants.

SNP Chromqsome Alleles* Number HWP- Frequency of putative risk allele
location genotyped  value
Caucasian HapMap SA
cohort CEU cohort
rs3754777 2024 G/A 1367 0.63 0.17 0.13 0.16
(STK39intron)
rs35929607 2024 AIG 1361 0.79 0.19 0.18 0.34
(STK39intron)
rs6749447 2024 TIG 1369 0.32 0.29 0.28 0.52
(STK39intron)
rs4977950 9p21 GIC 1365 0.46 0.15 0.18 Not
(not within typed
gene)

* Major allele given first, putative risk allele foypertension identified by Wareg al shown in bold.

Table 7.4. Effect sizes of tested SNPs.

BP phenotype* N rs3754777 rs35929607 rs6749447 rs4977950
Clinic Systolic 1138 0.2 (-1.8,2.3) 1(-1,2.9) 5@1.2,2.2) 0(-2.1,2.1)
Clinic Diastolic 1130  -0.3(-1.6,1.1) 0.4 (-0.971 0.1(-1,1.2) 0.3(-1.1,1.7)
Day Systolic 1134  -0.1(-1.9,1.7) -0.3(-1.5,2) .101.4,1.6) 0.2(-1.7,2)
Day Diastolic 1133 -0.1(-1.4,1.1) 0.2(1,1.4) .100.9,1.2) 0.4 (-0.9, 1.7)
Night Systolic 903 0.4(-1.4,2.1) 0.9 (-0.8,2.6)0.7 (-0.7,2.2) -0.2(-2.1,1.7)
Night Diastolic 902 0.7 (-0.5, 1.9) 11(0,23) 8@0.2,1.8) -0.1(-1.3,1.2)

* All phenotypes log-transformed to approximatefrmalise distributions and adjusted for covariates

before analysis; Effect sizes are the mmHg diffeecattributable to 1 copy of the risk (minor) kdle

with 95% confidence interval given in brackets.d&e >0.05 for all effects.

7.5.2 Association with allelic expression

Two of the 35 samples failed quality control criiafior allelic expression

measurements at the transcribed SNP rs1061471dseobbigh standard error

between replicates and were excluded from the aisalgll replicates for the

remaining 33 samples were included. The experiat@atiability was low and the

average standard error of the log-transformed fatithe four technical replicates
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was the same in gDNA (0.0146) and cDNA (0.0149k $tandard deviation of the
sample means (represented in Figure 7.1) was n0@ghomic DNA and 0.039 in
cDNA.

Figure 7.1. Effect of genotype at rs6749447 on dileexpression ratio of the
transcribed SNP rs1061471.

Circles represent allelic expression ratio for eiaclividual, with horizontal bars representing thean
values for each group (shown alongside). The dottmn shows genomic DNA where the alleles are
present in a 1:1 ratio, giving a mean ratio of agpnately 1. The second column shows individuals
who are homozygous for either allele of rs67494d This group, theis-acting influence on
expression from each allele is the same, givingeamallelic expression ratio of approximately that
transcribed marker rs1061471 (P>0.05 for the coispawith genomic DNA). The third column
shows individuals who are heterozygous for rs672944this group each of the two transcribed
alleles is expressed at a different level, causingeased imbalance in allelic expression (P<0f005
the comparisons with genomic DNA and individualsioaygous for rs6749447)
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The tested SNPs were all significantly associatid allelic expression differences

in peripheral blood, as shown in Table 7.5. Thems@nificant association with
expression was for rs6749447 (P=9.9%10This SNP is located in intron 1 8TK39
and in the SA sample had minor allele frequencg @4d D’ 0.54 with the

transcribed SNP rs1061471 located in the 3’ untaded region of the gene. Of the
33 included individuals who were heterozygous ffier transcribed SNP rs1061471,
14 were heterozygous for rs6749447. If a SNP tffexpression inis then

individuals heterozygous for that SNP should shayester allelic imbalance at the
transcribed SNP than homozygous individuals. FEgul shows the allelic
expression ratios grouped by whether individuadsheaterozygous or homozygous for
rs6749447, compared to the ratio seen in genomi& RPihere alleles are present in a
1:1 ratio). There was no difference in allelic eegsion ratios between genomic DNA
and individuals homozygous at rs6749447 (P=0.0dguie Mann-Whitney U test).
However, individuals heterozygous for rs6749447ehan average a higher allelic
expression ratio than the homozygous individuat(805 using the Mann-Whitney
U test), which is consistent withcgs-acting effect and also suggests that the
overexpressing allele is preferentially in phasthe G allele at the transcribed
locus. In individuals who were heterozygous f@7#9447 on average the G allele of
rs6749447 showed 13% overexpression compared b #lele. Once the effect of
this SNP was adjusted for, the association foother SNPs no longer remained
significant (as shown in Table 7.5). Differencesllele frequencies and patterns of
linkage disequilibrium between the Caucasian anattfSAfrican populations are

summarised in
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Table 7.3 and Figure 7.2.

Table 7.5. Association of tested SNPs with allelexpression differences.

SNP P-value P-value adjusted for
rs6749447
rs35929607 0.02 0.39
rs3754777 0.006 0.71
rs6749447 0.001 -

Figure 7.2. LD between typed SNPs at the chromosor2g24 STK39 locus in
Caucasian and SA participants.

Shading represent$values (f=0 white, with higherTvalues darker shades of grey). Numbers show
D’ values (and7values in brackets) between SNPs. NP, non-polyhiciip Caucasian population.
Figure adapted from Haploview.

rs1061471
r$3754777
rs35929607
rsB7 49447

Caucasian
1

South African
1 2 3 4

1.0 1.0 0.65
(0.01) "(0.36) (0.19)
0.65 0.96

(0.01)  (0.15)
0.54
(0.01)



Chapter 7: 2g24 STK39 studies

7.6 Discussion

The STK39SNPs reported to be associated with BP and hyysote by Wanget
al™*did not show a significant association with BRHa British Caucasian families.
Other published GWA studies and two large recerttraaalyses did not identify
associations achieving genome-wide significancelsefor STK39polymorphisms
and BP, despite powerful analyses of combined dashvolving 34,433 and 71,225
Caucasian individuals which successfully identifiedlitiple other susceptibility
locit*® 1% Although failure to achieve genome-wide sigrifice levels does not
exclude an effect of this locus on BP, any efféemuence variation &TK39on

BP is too small to be detected in these data apdrisaps something particular to the
Amish population. No association with BP was fo@midthe chromosome 9p21.3
SNP rs4977950 which was the top signal in the G\illiss by Wanget al (P =
9.1x10%), and the only SNP to achieve significance aiggr@ome-wide threshold in
their study.

Inadequate power is an unlikely explanation forl#uk of association in this study as
the maximum plausible genetic effect for the tyf@tPs on BP phenotypes, which
was calculated based on the observed mean effd@% confidence intervals, was
low in all cases and the data exclude an effeldrge as the 3mmHg increase in
systolic BP per copy of the risk allele reportedMdginget alin the Amish

population. Families in the present study werecet through a hypertensive
proband and had a higher proportion of hypertensigviduals and wider
distribution of BP values; this should increaseberer to detect an association with
BP phenotypes compared to the cohorts in the siydy/anget al, which were not
selected for BP. The use of 24-hour ambulatoryd®rdings in the present study
provides a more reproducible assessment of ‘u8Rnd reduces misclassification
due to ‘white-coat’ or masked hypertension that megur with isolated clinic

measurement&® 432

this should also reduce the noise and increaspdtver of the
study. The heritability of night-time BP measuwess significantly higher than clinic
BP measures, which should increase the power fectileg genetic effects. Studies
first reporting a novel association often show aerextreme odds ratio than
subsequent replication studi®sif the effect size estimated by Waegalis an

upwardly biased estimate this might explain theatigg association in the present
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study and the other reported GWA studies. Thecetfae toSTK39alleles observed
by Wanget alwas strongest in the Amish population and subsiantveaker in the
other Caucasian cohorts tested in their studya Bram the present study suggest that
the effect of the typeBTK39SNPs on BP is at most modest in a UK Caucasian
population. If the reported association was catgeldD between the typed SNPs
and another functional variant, then weaker LDtimeo populations, compared to the
Amish population, could account for the resultss th particularly pertinent since
closed founder populations are expected to exakiégnsive LD. Heterogeneity
between the populations, including differencesapylation history, recruitment
strategy, and phenotypes (such as the proportidiebgtics and hypertensives) might
also contribute to the differences in genetic assions we have observed. The
analysis was performed using an additive modelumethis was the model used to

report the most significant overall associationfgnget al.

The study has demonstrated that SNPs irsih€39gene correlate withn vivo allelic
expression of this gene in peripheral blood ce€llkis corroborates and extends the
findings from reporter gene constructs in the stigyVanget al Using a luciferase
assay in HeLa and HEK293 cell lines they examihedeffect on transcription of two
SNPs (rs12692877 and rs35929607) that are in ceets@tements and which were in
complete LD with two of the SNPs associated withiBEheir GWAS in the Amish
population (rs6749447 and rs3754777 respectiveliley demonstrated that the G
allele of rs35929607, which was the allele repottede associated with increased
BP, was in isolation associated with a greater tiemfold increase in transcriptional
activity compared to the A allele of this SNP, dher allele of rs12692877. Such
vitro studies have limitations since results dependerconstructs that are used and
expression is considered outside of the normalmhatm and cellular context, which
may not reflect true expression in complex tissnasva®® 2° Allelic expression
analysis allowsn vivo assessment of RNA transcripts in their native iemvnent and
regulatory context, and by controlling filmans-acting influences has high sensitivity
to detectis-acting effects. This study found a stronger assion between genotype
and allelic expression for rs6749447 than for r&2®®7, with the G allele of
rs6749447 associated with a 13% increase in expressative to the T allele.
However, if the effect of rs6749447 is not accodrfte, then the allelic expression
analysis found that the G allele of rs35929607 s¥gsificantly associated with
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increased expression. This is consistent withrthétro data from Wanget al,
although the magnitude of the relative increaseuinstudy was lower at 7%. The
difference in the magnitude of effect we observeahgared to then vitro
transfection studies is not surprising in viewltod fact thatn vivo expression is
likely to result from the interaction of multipléeenents that modulate expression,

rather than just a single SNP.

AEI can only be assessed in individuals who arerbetgous for a transcribed
polymorphism in the gene of interest — there wersuntable transcribed SNPs in
STK39in Caucasian populations and in the SA cohorhtimaber of suitable
heterozygotes was relatively small because of antimor allele frequency (7%) at
the transcribed SNP rs1061471. However, measuteshatielic expression ratios
within samples is very sensitive for detectiorcisfacting influences sindeans

acting and experimental factors are identical twteallele; this allows significant
cis-acting effects to be detected in relatively fempées, as demonstrated in this
study. Sensitivity of the technique for the datecbf significant effects in equivalent
sample sizes has been previously demonsf&té¥ Populations of African-descent
show on average smaller regions of high LD comp#regiaucasian populatioits

38 and therefore using a South African cohort insesahe sensitivity to separate the
effects of different SNPs on expression. In theecafSTK39 using a population of
different ethnicity allowed allelic expression te measured in the absence of
transcribed polymorphisms in the Caucasian popratiCorrelation betwee®TK39
SNPs and expression of this gene does not nedgssaan that these SNPs will
influence BP and the finding of an association VTrK39expression in this study is
therefore not at odds with the lack of associatuith BP that was observed.

A limitation of the present study is that expressizas only tested in white blood
cells, rather than in a tissue of potentially geeatlevance to BP regulation.
However, manyis-acting influences on gene expression are expéotbd the same
in different cell type&®, although tissue-specific differences have beacritsed*C.

In the case 08 TK39this approach is supported by the fact that rs8602 genotype
correlated with expression in immortalised celebrderived from cervical tumour
cells (HeLa) and embryonic kidney cells (HEK293}he study by Wangt al, as

well as with expression in blood in the presentigtuHowever, the effects may vary
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in other tissues. This study analysed the SNRgen€ing expression in a SA cohort
of mixed ethnicity, but the SNPs associated withregsion may vary in different
populations due to differing allele frequencies abdpatterns. Although the
associations of SNPs wiiTK39expression were highly statistically significathig
biological significance of these findings is lesstain, since it is not known what

impact such an effect on expression has on diseskse

Future studies will be necessary to investigateagsociation of other SNPs at the
STK39locus with BP, or to determine whether rare matetiat this locus contribute
significantly to population blood pressure variatias has been shown for other

genes implicated in hypertension causdfibn

7.7 Conclusions

STK39expression is modified by polymorphisms actingis) but there is no
evidence that these SNPs affectBiDK39transcription are associated with BP in a

British Caucasian cohort.
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8 General discussion and future directions

CAD and other cardiovascular phenotypes such asrtgsion have a significant
genetic component, yet the pathways through whéstetic factors mediate disease
susceptibility remain largely unknown. Studyingermediate phenotypes, including
gene expression, may lead to the identificatiothefgenes and pathways involved in
the pathogenesis of disease. As well as beingtohsic scientific interest, this may
allow the development of novel biomarkers to a@diosis or improve risk
stratification, but more importantly, offers thet@atial for developing novel
therapeutic interventions which influence thesemacsms to modify disease risk.
An advantage of the recent GWA approach is thaicaons are identified in a
‘hypothesis-free’ manner, which offers the potdrtogorovide truly novel insights
into biology, as illustrated by discovery of the@mosome 9p21 region which was
not previously implicated in the pathogenesis of3CA

This study examined the association of 9p21 riskan#s with a range of intermediate
phenotypes to identify pathways implicated in ciosa There was no association
with traditional cardiovascular risk factors or gi@a levels of inflammatory

mediators known to be involved in atherogenesiggssting that the association at
this locus might be mediated through previouslyuspgcted mechanisms. There was
no association with CIMT, suggesting that this arbe used as an intermediate
phenotype in studies investigating modulation sk associated with this locus.
Furthermore, although the association of risk vasavith intracranial aneurysms
raised the possibility of more widespread cardiouts effects not linked to
atherosclerosis, there was no association witheite heart disease or

echocardiographic measures of cardiac structurduaradion in adults.

The study also examined the association of riskamgs with expression of genes in
the 9p21 region that were not previously implicatethe pathogenesis of CAD. The
study yielded a number of novel findings. Theres\aastrong relationship between
risk variants and expressionNRIL transcripts measured using an assay spanning
exons 1-2, with CAD variants associated with anaswo-fold reduction ilrANRIL

expression. Multiple loci were independently assed with expression, suggesting
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that several sites rather than a single ‘causalamémay modulate disease
susceptibility. Risk variants for diabetes, glioarad melanoma were also associated
with ANRIL expression. These results suggest that modulatiBNRIL expression

in the CDKN2Bantisense region mediates susceptibility to sévwa@ortant human
diseasesANRIL is therefore clearly identified as a target fathier investigation to
determine its function, how it is affected in diseaand whether it can be modified to

influence disease susceptibility.

The effects of various disease state®\DIRIL expression require further
investigation, but a very recent 2010 report predifurther evidence to support a link
betweenANRIL and CAD, showing thaANRIL expression levels in blood and
atherosclerotic plaque are associated with therisgwd atherosclerosts® The

finding that CAD risk variants are associated vAtiRIL expression in young healthy
individuals in the present study suggests that$e@PANRIL expression are likely to
be a cause, rather than a consequence, of atrenass| the median age of the
healthy volunteers in the SA cohort was 20 yearkimgethe presence of significant
atherosclerosis extremely unlikely in that cohdttirthermore, the observation that
ANRIL expression shows considerable variation evenaithnevolunteers suggests
that therapeutic manipulations aimed at influendawvgls ofANRIL expression may,
at least in principle, be tolerated. A recent 28dfort by Visekt al showed that

mice with homozygous knockout of a 70kb region alidigous to the CAD core risk
region were viable and fertile without obvious ntosfogical or behavioural
phenotypes, but did demonstrate severely redugaectesion ofCDKN2Aand
CDKNZ2B and increased proliferation of vascular smootlseteucells as occurs in
atherosclerosté’. However, these mice also had a reduced life@apey due to an
excess of cancers. A limitation of such modelfwaitspect to atherosclerosis is that
most mice strains do not develop CAD, and the efféknocking out this region on
atherosclerotic phenotypes is not known. Furthetlies may investigate this in
murine models of atherosclerosis. However, a &rrgroblem with respect to studies
in mice models is that although the CAD risk regomerlaps the 3’ end &NRILin
humans, th&NRIL sequence is not conserved beyond prinfaté§ and therefore

the relationship of the orthologous knockout regmany functionally similar
molecule in mice is unknown. Whether componenthieANRIL pathway can be
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manipulated to influence disease risk without ueptable sequelae from the

perturbation of normal function is as yet unknown.

The study also demonstrated and validated a ngyebach for AEI analysis,
combining data from multiple transcribed markersgene. This improved the
power to magis-acting effects compared to standard single-maakatysis, and
gave considerably higher power than conventionadpimy techniques based on
analysis of total expression levels. These fingihgve important implications for
future studies investigatings-acting effects, for example for the numerous non-
coding variants associated with diseases in GWAissuat other loci. Utilising a
more powerful approach means that significant ¢ffean be detected in a smaller
sample size, which may be particularly importamtifivestigating tissue-specific
effects where large sample collections may bediiffito establish. The combined
analysis of allelic and total expression levelsggateresting insights into the
potential mechanisms regulating expression atrtiportant 9p21 locus. Total
expression levels EDKN2A CDKN2BandANRIL exons1-2 were correlated, as
observed in other studies, likely representingemufation by sharetlans-acting
elements, perhaps from a common bidirectional ptenmwetweerCDKN2Aand
ANRIL However, SNPs had oppostie-acting effects on expression ANRIL
exons 1-2 an€DKNZ2B suggesting that antisense transcription may bawved in
CDKN2Bregulatio®® A proposed model to unify these observatiorsh@wvn in
Figure 8.1.

The study also used AEI techniques to confimaivo the association of chromosome
2024 polymorphisms witBTK39expression that had been previously identifred
vitro®** However, association analysis showed no assmuiaf these variants with
BP in a large cohort of British Caucasian famili@sg excluded an effect of the
magnitude previously reported in an Amish populdfid This highlights the

importance of replication of genetic associationsxdependent populations.
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Figure 8.1. Proposed model of factors influencinganscription of genes in the
chromosome 9p21 region.

Transacting factors such as transcription factors (dmden arrow) influence expression of all genes
in a co-ordinated manner (bright green arrows) fetvared promoter/enhancer elemeAtsRIL
transcription has an inverse effect@BKN2Bexpression mediated through antisense transariptio
The magnitude ofrans effects is greater thazis effects (represented by increased arrow thickness)
such that total expression levelsGIDKN2BandANRIL are positively correlated.

Trans-acting

influence e.g.

transcription
factor

Cis-acting effect
(antisense
transcription)

CDKN2A
—— 1
— CDKN2B

CDKN2A-ARF

Another interesting approach employed in the cursturdies for both the
chromosome 9p21 and chromosome 224 regions wass¢hef populations of
African ancestry for association analyses. Charesztion of genomic sequence and
genetic variation such as SNPs has primarily besfopned using Caucasian
populations, and most association studies perfotmedte have studied populations
of European ancesty However, populations of African ancestry exhipi¢ater
genetic diversity which has a number of potentiiMamtages. First, the average size
of haplotype blocks is smaller in African populatsothan in Caucasian populatiohs
Strong LD limits the ability of association analyso separate the effects of
individual variants within haplotype blocks, andriéan populations can therefore be
used to improve the resolution with which functibelements can be fine-mappét
Although in the present study LD in the core CABkrregion remained strong and
did not allow much separation of the effects ofiwitlial variants contained within it,
interesting differences were detected for otherentistant variants. The most
notable example of this was the diabetes varidfi@$1661>, which was associated
with ANRIL expression in the Caucasian but not the SA cohidre lack of
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association witltANRIL expression in the SA cohort implies that this S&lBither not
the functional variant that acts through effectADNRIL expression, or alternatively,
if this SNP is the causative variant, that the aeisgimn with diabetes is not primarily
mediated through effects @&NRIL expression. It will be interesting to determine
whether this variant is associated with diabete&fiitan cohorts. A second
advantage of African populations is that in additio greater haplotype diversity,
they also display greater nucleotide diveréity’*® Recent sequencing of two
complete Khoisan and Bantu genomes from southerinaAfevealed that each
contained more than a million single base pair gkarthat were not found in each
other or in any of the previously published gencffesurthermore, analysis of
partial genome sequences from three other Khors#iiduals showed that in terms
of nucleotide substitutions, these individuals wameaverage more different from
each other than a European and an A&farhese data suggest that even greater
genetic diversity remains to be discovered in Afni@opulations. Such diversity was
exploited in theSTK39allelic expression analysis presented here, whgrey the SA
population permitted allelic expression to be meadin the absence of transcribed
polymorphisms in the Caucasian population. SiryiJdhe greater number of
variants in populations of African ancestry maywallthe novel approach of
combining AEI data from multiple transcribed SNB$&€ used in such populations

when multiple transcribed variants are not preseatgene in Caucasians.

Several areas are identified for future studysti-the range oANRIL transcripts and
their relationship to chromosome 9p21 variantsififeisknt tissues requires further
investigation. A systematic survey of tABIRIL transcripts present in different
primary tissues could be performed using sequerteicigniques, such as rapid
amplification of cDNA ends (RACEY". The relationship of genetic risk variants to
differentANRIL transcripts could then be more fully characteris€de effects of
ANRIL also remain to be fully elucidated. Cell modedsld be used to evaluate the
effect of ANRIL knockdown using inhibitory RNAs. These could lesigned to
selectively target specifiBNRIL exons, which may allow the effects of different
transcripts to be characterised. Effecta\NRIL on expression of other unknown
targets could be investigated in such models usimge-genome microarray
expression data. Studies in animal models are koagd in view of the fact that the

ANRIL sequence is poorly conserved in other speciesgpiesent it is not known
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whether orthologous regions, such as that knockiihanice by Visekt af?’,

contain large noncoding RNAs that are functionaliyilar in spite of the sequence
differences. The relationship between microsagetB10583774 genotype aAdIRIL
expression could be investigated usimgitro transfection studies with reporter
constructs. Based on the hypothesis that disessegtibility is mediated by changes
in ANRIL expression, it would also be interesting to deteemvhether haplotypes
most strongly associated wi#iNRIL expression offer increased power for prediction
of disease in association studies.

The relationship between risk variants and expoesaiso needs to be confirmed for
the tissues in which the effects are believed tmbdiated for the different diseases.
A tissue bank of 110 atheromatous carotid endanti@mey specimens has been
previously collected by our group between 2004 20@7. Samples were snap-frozen
in liquid nitrogen at the time of the operation aubsequently stored at <80 |

have performed preliminary optimisation work toadsish techniques for extracting
RNA from these samples with the aim of performirgression mapping in this
tissue which is of potentially greater biologicalavance for investigating the effect
of chromosome 9p21 risk variants on gene expressiated to CAD. Optimised
protocols defining the methodology for extractimpquate RNA from these samples
are under development. However, the cell typeghith chromosome 9p21 variants
influence CAD susceptibility through effects on exgsion are uncertain, and the
relevant tissue may not be accessible in the nusfdpgantity required to perform
expression analyses. In addition to the carotathemerectomy specimens described
above, other sources of arterial tissue that cbaldtilised include sections of
macroscopically-normal radial or internal mammante@es harvested during
coronary artery bypass graft surgery, or sampleisaefased aorta from aortic
aneurysm repair surgery. Such samples includedggreous cell types, and
although laser capture microdissection can be teseblate specific cell populations
(such as vascular smooth muscle cells or macrogh#ge amount of RNA obtained
using this technique is small, and may be insudfitfor expression analysis without

amplificatiorf*®

. Induced pluripotent stem cells could be obtainecdh individuals
with selected genotypes at loci thought to influergpressioft®. These could then
be differentiated into various tissue types, suichadiomyocytes, and the effects of

expression studied in cell populations with diffeérgenotypes at putative risk loci.
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Using an AEI approach for such studies would redheenfluence of experimental
andtrans-acting factors. However, suahvitro expression models may not

accurately represent the trimevivo effect$>

Identifying the mechanisms through which geneticards identified in GWA studies
mediate disease is an important goal. This woskithantified associations between
SNPs associated with a number of different diseasdexpression of genes at the
chromosome 9p21 locus, and has demonstrated apm@weaeh to AEI analysis that

may improve the power for mapping variants assediatith disease at other loci.
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10 Appendix 1: Assay details

10.1 Assay primers

Table 10.1. Sequenom AEI and genotyping assays.

Appendix 1: Assay details

PCR primer 1

PCR primer 2

Amplicon
size

Extension primer sequence

SNP Assay
9p21 genotyping assays for expression mapping
rs3088440 W1
rs15735 w1
151333049 W1
1510965215 w1
rs1333040 w1
1510757278 W1
1510757274 w1
rs1063192 W1
15496892 W1
17865618 w1
1s3217992 W1
rs10738605 w1
17023954 w1
1510116277 W1
12383206 w1
157044859 W1
152383207 W2
rs11515 w2
rs564398 W2
rs1134871 w2
rs11790231 w3
rs17694493 W3
1615552 w3
rs16905599 W3
1s3217986 W3
rs10965227 w3
1510965228 W3
rs10125231 w3
rs3218009 w3
152184061 W3
rs10811650 w3
15495490 W3
157857345 w3
rs3731239 w3
157036656 W4
rs1547705 w4
rs1333045 w4
151011970 W4
rs2811712 w4
rs1801022 W5
1s3731249 W5
rs2811711 W5
rs3814960 W5
rs3218018 W5
136228834 W5
152518723 W5
152069418 W5
1$3218005 W5
152383208 W5
rs3218022 W5
152891169 W5
rs10757283 W5
rs10811661 W5
1s3731257 W5
rs3218012 W5
153218008 W5
153218020 W5
rs2069416 W5

ACGTTGGATGAGATCATCAGTCACCGAAGG
ACGTTGGATGAGTAGAGATTACCCTCCACC
ACGTTGGATGTTGCTTACCTCTGCGAGTGG
ACGTTGGATGAGGAGCTGAGGAATCATCAC
ACGTTGGATGCATTCAAGAGAGACAGGAGG
ACGTTGGATGACTCTGTCTTGATTCTGCAT
ACGTTGGATGCATGGTGATGGGAGGTACTG
ACGTTGGATGCATGTTACTTCATTTCTGG
ACGTTGGATGCCTGTTCCCCACAAAAATGC
ACGTTGGATGTTTCACCAGGTGTAGTTAGG
ACGTTGGATGGCTGATGAAACAGCTAAACC
ACGTTGGATGCTAGGGTTCAAGCATCACTG
ACGTTGGATGTTTCATTGCATGCAGCCATC
ACGTTGGATGTGGTAATACCTAGCCTAAAC
ACGTTGGATGCATGGCCCGATGATTTTCAG
ACGTTGGATGTCCTCCTATTTCAATCTAC
ACGTTGGATGGAACTCAAAGATACTTAGCC
ACGTTGGATGCAGACATCCCCGATTGAAAG
ACGTTGGATGTGATGATTCCTCAGCTCCTC
ACGTTGGATGGGGAGGGATACTGGGATAAT
ACGTTGGATGCTCTCTCTTCCCTTTTCCTC
ACGTTGGATGTTTGGATGGTGAGAGCAGTC
ACGTTGGATGAGACTCTACCCAGTGATGAG
ACGTTGGATGGGCCCAGGAATGAAATTATC
ACGTTGGATGCGTGATCCAGGGATTTTAGC
ACGTTGGATGGGTGCCATGTTCTTCCTTTC
ACGTTGGATGGTCACTGGGCCTCTATATCA
ACGTTGGATGGCATCTCAGTTACCATGAGC
ACGTTGGATGCCTAAGGGATAAAGCTAGTG
ACGTTGGATGGCATAATCAAAATCAAGCCTG
ACGTTGGATGTCCTAGGGAATGTGTTACAG
ACGTTGGATGCAGCACTCCGAACCAAAATG
ACGTTGGATGAGTTAGGATGCTTTCAGGTA
ACGTTGGATGATCAGTGGAAATCTGTGGTG
ACGTTGGATGTCCAAAGCCTTTGACACACG
ACGTTGGATGGTGCTAGTGGCTCACTATTC
ACGTTGGATGCATGTCATCTTAATGAATGC
ACGTTGGATGAGAACTGATAGGGAGCCAGC
ACGTTGGATGCTAGGGATAAGGGTAATTGC
ACGTTGGATGAACCTGCGCACCATGTTCTC
ACGTTGGATGCTCTCAGGGTACAAATTCTC
ACGTTGGATGCTTAGACATGTGGTTCTCGC
ACGTTGGATGTAATAGCACCTCCTCCGAGC
ACGTTGGATGATTCCATCTTGGTTTCCCCC
ACGTTGGATGTCCCTATGACACCAAACACC
ACGTTGGATGACACACCCACCCACTCAGG
ACGTTGGATGCCCTTGTGACCGAGAGAAAG
ACGTTGGATGGCCAGGATTGAGAAACAATT
ACGTTGGATGTCTTGAAACTAGTAGATGC
ACGTTGGATGCCCATATTATTGAGGATAATC
ACGTTGGATGGGCCAAGGCAACAGTTTCTT
ACGTTGGATGCAGGATGGGGAAGGTTTTTG
ACGTTGGATGATAAGCGTTCTTGCCCTGTC
ACGTTGGATGCTTGGTTCAGCACTCACTTG
ACGTTGGATGGTTTTTTTTAACAGGGGTA
ACGTTGGATGCAAAACCCCAAAGTCATAAG
ACGTTGGATGAACTGTCACATTATCCCGTC
ACGTTGGATGCCTGGCACACATAAGACAAA

9p21 genotyping assays for investigation of HWE departure (HTO cohort;

rs10757278 we
rs2383206 We
rs615552 we
rs1333049 We
rs11790231 We
rs564398 we
rs10125231 We
rs1333040 we
rs2383207 we

ACGTTGGATGCAAGTCAGGGTGTGGTCATT
ACGTTGGATGCTTACTATCCTGGTTGCCCC
ACGTTGGATGCAAAAATGTGGCCACACTGC
ACGTTGGATGCACTACCCTACTGTCATTCC
ACGTTGGATGGGGAAGAAAGAAAGTGGTAG
ACGTTGGATGTCAGTGGCACATACCACACC
ACGTTGGATGAAAATGCAGGGAATTTAAG
ACGTTGGATGCTCATATCTGTACCTTCCTC
ACGTTGGATGCAAGACATAACTAATAGCTG

ACGTTGGATGTCTACGTTAAAAGGCAGGAC
ACGTTGGATGATGACTAGTAAACATGTGGG
ACGTTGGATGGTGTATGACACTTCTTAGGC
ACGTTGGATGGAGACTTGTCTGACAAATCC
ACGTTGGATGCATTGAGATTTGGGAGCCAC
ACGTTGGATGTGGAAAGTGACAAAGAGGAC
ACGTTGGATGGAATTCCCTACCCCTATCTC
ACGTTGGATGACTGTGGGATCCACAATAAC
ACGTTGGATGACTTTGTTGGAGGACCAAGG
ACGTTGGATGAATGCCCCACAAATACATTG
ACGTTGGATGTGGGTATCAATTACCACCTG
ACGTTGGATGCTCTGATGGTTTCTTTGGAG
ACGTTGGATGTCCTTTAGTAGTAACATCC
ACGTTGGATGCTCTAGAATCGATTCTTGGG
ACGTTGGATGGGTTCAGGATTCAGGCCATC
ACGTTGGATGGGGCTCAATATTTTGAGTGG
ACGTTGGATGTTGGGCAGCTCTTTTCATAC
ACGTTGGATGATGAAAACTACGAAAGCGGG
ACGTTGGATGGATGGTTTCCCAAACAGCAC
ACGTTGGATGGAACTGGATCTTTCTAAATC
ACGTTGGATGGGGAAGAAAGAAAGTGGTAG
ACGTTGGATGGAGTCTGTCAACTCATGTAA
ACGTTGGATGCAAAAATGTGGCCACACTGC
ACGTTGGATGGTGTGAAAATAATGCGTGGG
ACGTTGGATGAACTCCACCAGATAGCAGAG
ACGTTGGATGTCAGTTTCCCCATCTGGCAC
ACGTTGGATGAGTGGCTCACTATTCACATC
ACGTTGGATGAAAATGCAGGGAATTTAAG
ACGTTGGATGCTTACTGAATATCCCTTGTC
ACGTTGGATGGCACTACTACTTACCTAATG
ACGTTGGATGTGTTACCCACACCTTTGATG
ACGTTGGATGGGTGAGGAACTGCATAAGTG
ACGTTGGATGCCATCAGGAAATAATCCTTAG
ACGTTGGATGGCCGCTTCTGAATAATTTCG
ACGTTGGATGCTACCCATCTAAGGGTAGAG
ACGTTGGATGGGCCTCTATATCATGATCAAC
ACGTTGGATGTTATTGTGAGGCCCAAGTGC
ACGTTGGATGGAAGATACAGGTGGAACTGG
ACGTTGGATGGAACAGAGAGCTTACTATAT
ACGTTGGATGTGCTCACCTCTGGTGCCAAA
ACGTTGGATGGCAGTAACCATGCCCGCATA
ACGTTGGATGTCAGTTTCCCACGATTGAGG
ACGTTGGATGCTCAAATCCTCTGGAGGGAC
ACGTTGGATGATTCCCCTGCATACTGCAAC
ACGTTGGATGGTTTCCTTCCTCCGCGATAC
ACGTTGGATGACCCGGAGCCTGCGGTCT
ACGTTGGATGCAGAAAGACACATCCAAGAG
ACGTTGGATGTGGTGTTTGCCTCAGTAGTC
ACGTTGGATGGCAACTAAAACTGTGACAGG
ACGTTGGATGGCTGTGGAGGTATTTTTTAG
ACGTTGGATGACTCTTTGTTATGAATGTG
ACGTTGGATGCCCGACTGGAAAACCTTATA
ACGTTGGATGAGATCAGGAGGGTAATAGAC
ACGTTGGATGAGCTGCCAGAATTGACTTCG
ACGTTGGATGTTTTTCTCCCCTATCCCTGC
ACGTTGGATGCTTTTGACATATATGATC
ACGTTGGATGGATCCTCAGAAAACTGAGGG
ACGTTGGATGGATGTTTCATTATTACTGC

ACGTTGGATGGAGAGAGAGAAGGAGAAAC
ACGTTGGATGGGTTCAGGATTCAGGCCATC
ACGTTGGATGAGACTCTACCCAGTGATGAG
ACGTTGGATGATATCTTGCTTACCTCTGCG
ACGTTGGATGCTCTCTCTTCCCTTTTCCTC
ACGTTGGATGAGCTCCTCTCATCTGATCTC
ACGTTGGATGGCATCTCAGTTACCATGAGC
ACGTTGGATGCATTCAAGAGAGACAGGAGG
ACGTTGGATGGGGACCATTTTTTACTCCTG

295

140
136
140
138
138
139
139
121
140
140
131
140
134
140
135
138
150
150
149
147

CGAAGGTCCTACAGGGC
GAGAAGAGAATGGTGGG
CTGCGAGTGGCTGCTTTT
TTGGAATCCTTTGAAATGT
JGGGTCAGAGGTAAGAATG
cccTGATTCTGCATCGCTGC
gAAATCTAAGCTGAGTGTTG
GGAATCTTTCCTAATGACAAC
ccctGCAGGCACCCCTGAATCC
TGTTTGTTTAGCTTCTTAAACC
TGGCATTGATAAGTTACTATTT
ttccAGCATCACTGTTAGGTGTG
GGAAGATAAAAAATGTTGATTGC
CtcCAAGAGTTCACTCATAAATCT
CTTTCCTTAGAAATGTTATTGTAGT
2agAATGTGAACATGAAATCTTGAA
CCTGTTCGGATCCCTTC
AGGCTCTGAGAAACCTC
GCCCCCATGACTTTCTTTG
TCACATTTTTCTACAGTGAAT
CCCTTTTCCTCCAACTC
AGAGCAGTCACACTGTT
AGTGATGAGGAACGGGA
TATCGCTCTGTATGACCTA
CATCTGTCGTCGCTTGCACA
CATGTTCTTCCTTTCTACATT
GGAGGAAATAACATTTTCTGA
aTCAGTTACCATGAGCCCAATA
AAGGGATAAAGCTAGTGTCATAG
cagCAAAATCAAGCCTGTTAGATA
9gaAGATACAGTGAAGAGTACAAA
ACCAAAATGATTCTGTAAACAAAAA
CCtGATGCTTTCAGGTACTTGTAATA
GTGTATGTTGGAATAAATATCGAATA
TTTGACACACGGTAACA
GGCTCACTATTCACATCA
ATGCTTACTAGATGCCAG
AGAAATATCATGGTCCTCTG
GGAATGCCATCTGAATAAAAG
TGTTCTCGCCGCCTCCA
ACCTGAGGGACCTTCCG
cGTGGTTCTCGCAGTACC
CCTCCGAGCACTCGCTCAC
CGCTGCCCAATACCTGTTC
CCGATTCAATTTGGCAGTT
9gcGCCCGCGAGGTTTAGGAC
AGTCATTCAAAATAACTCCGT
99AGGGGTTTTAAACTTGTTG
cCTAGTAGATGCTCAATTCATG
TTATTGAGGATAATCTGCTTTT
AGTTTCTTAATGAGAGAGTAGA
99TGGGGAAGGTTTTTGACTTTA
AGCTCACCTCCAGCTTTAGTTTTC
agTGGTTGCTGTAAAACTTTCTTA
TTTAACAGGGGTAAATAATTTTCT
AGATAACATAAGCAAGAATAAAAAA
cCACATTATCCCGTCATGCCTGAGGG
CACATAAGACAAAAAAAAATTATACT

ATTCTGCATCGCTGC
AGGCCATCTTGCAAA
TGATGAGGAACGGGA
GCGAGTGGCTGCTTTT
CCCTTTTCCTCCAACTC
CCCCATGACTTTCTTTG
GTTACCATGAGCCCAATA
GGGTCAGAGGTAAGAATG
ggCCTGTTCGGATCCCTTC



rs10116277 wé
rs10965215 We
rs1063192 We
rs7857345 wé
rs10757274 We
rs10811650 wé
rs2184061 we
rs1333045 We

Congenital heart disease study genotyping assays

rs564398 wr
rs3218018 w7
rs1333049 wr
rs2811708 w7
rs1547705 w7

STK39 study genotyping assays (HTO cohort]

rs3754777 we
1s35929607 w8
16749447 w8
rs4977950 w8

STK39 study genotyping assays (SA cohort

rs1061471 w9
rs1802105 w9
rs56031549 w9
rs56048258 w9
rs56330212 w9
rs56697518 w9

AEI cDNA assays
CDKN2A exons2-

ACGTTGGATGCCAAATCAGACAAGAGTTCAC
ACGTTGGATGGGATGTTTTGCAGGACTATT
ACGTTGGATGAACTTGTGGAATCTTTCCT
ACGTTGGATGAGTTAGGATGCTTTCAGGTA
ACGTTGGATGCGTGGGTCAAATCTAAGCTG
ACGTTGGATGTGTTACCCACACCTTTGATG
ACGTTGGATGGCATAATCAAAATCAAGCCTG
ACGTTGGATGCATGTCATCTTAATGAATGC

ACGTTGGATGAGCTCCTCTCATCTGATCTC
ACGTTGGATGATTCCCCTGCATACTGCAAC
ACGTTGGATGCACTACCCTACTGTCATTCC
ACGTTGGATGGAAAAGTGGATAGTTTTGAC
ACGTTGGATGGGCCTCTATATCATGATCAAC

ACGTTGGATGGCCTGAACAAAAATGAGGAC
ACGTTGGATGCACACTCATGGAATTAAAGG
ACGTTGGATGTGGAGTCTGCTAGTACTAGA
ACGTTGGATGCTGAGAACAGTCTTCAACTTG

ACGTTGGATGTTTAGAAGTTACAAATACTC
ACGTTGGATGGAAGGCTAATGGCACTTACC
ACGTTGGATGGATGAGAAGAGCGAAGAAGG
ACGTTGGATGATTCAAGCCATGAGTCAGTG
ACGTTGGATGGGCACAAGAAGAAGCTTCTC
ACGTTGGATGACACAGATTAGCTCATCGTC

IS516SI080440  Sop GGAAGGTCCCTCAGACATCC

151063192 COKNIBIOBHIS2  ACGTTGGATGCATGTTACTICATTTCTGG
3217992 COKNIBIZNTI  ACGTTGGATGGCTGATGAAACAGCTARACC
rs10065215/5564398 Ao @12 CGCCGGACTAGGACTATTTG

1515735 Mrap1STS CCTGAAGAATATGGCCCAGT

157023954 M aPT023554 GCCGTGAAGATTGGAATAATTG

151799977 MLH1 cDNA ACGTTGGATGAGCAAGGAGAGACAGTAGC
$1061471 STK39 cONA ACGTTGGATGTTTAGAAGTTACAAATACTC
AEI gDNA assays

1511515/r53088440 gzg“iA OXONSZ ACGTTGGATGAGACATCCCCGATTGAMG
151063192 gDKsz 063192 ACGTTGGATGCATGTTACTTCATTTCTGG
153217992 gCDKN25321 892 ACGTTGGATGGCTGATGAAACAGCTARACG
1510965215/15564398 QNR‘L OS2 A CGTTGGATGTCTGAATCTAATCACATAGAGACTTG
1515735 g’gﬁ? 5735 TGGCCCAGTTTTCTGTTTTATTAC
17023954 gAg@:nzm ACGTTGGATGTTTCATTGCATGCAGCCATC
151799977 MLH! gDNA acgliggalgGTTTCAGTCTCAGCCATGAGAC
51061471 STK39 gDNA ACGTTGGATGTTTAGAAGTTACAAATACTC
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ACGTTGGATGCGATTCTTGGGGAGGTTATT
ACGTTGGATGGGAATCATCACAGCATGGAC
ACGTTGGATGACTGTGGGATCCACAATAAC
ACGTTGGATGCCATCAGGAAATAATCCTTAG
ACGTTGGATGGAATTCCCTACCCCTATCTC
ACGTTGGATGTCCTAGGGAATGTGTTACAG
ACGTTGGATGGCACTACTACTTACCTAATG
ACGTTGGATGTTATTGTGAGGCCCAAGTGC

ACGTTGGATGTCAGTGGCACATACCACACC
ACGTTGGATGATTCCATCTTGGTTTCCCCC
ACGTTGGATGATATCTTGCTTACCTCTGCG
ACGTTGGATGCTAAGCCAACATCATTTCCC
ACGTTGGATGGTGCTAGTGGCTCACTATTC

ACGTTGGATGATCTCGCCTGTTTCACCCAC
ACGTTGGATGTCAGAGGGCTCACATTTTGG
ACGTTGGATGCAGTTAGGTCACCTCCTTTC
ACGTTGGATGCACTAGACTGGTTGATTGAA

ACGTTGGATGGCTTCTTGCAGTTAATCTCG
ACGTTGGATGAGAGTACCTGATTGAGAAGC
ACGTTGGATGACACAGATTAGCTCATCGTC
ACGTTGGATGGCCAAAGTTCATCTTTGACC
ACGTTGGATGAACACTGTTTGCTGTTTTC
ACGTTGGATGGATGAGAAGAGCGAAGAAGG

ATTTTCTAAATGAAAACTACGAAAGC
ACGTTGGATGACTGTGGGATCCACAATAAC
ACGTTGGATGTGGGTATCAATTACCACCTG
GCACATACCACACCCTAACTACC
AGGGGGAGAAGAGAATGGTG

GACCTTTGAAGGCATGATGG

ACGTTGGATGGTGATGGAATGATAAACCAAG
ACGTTGGATGGCTTCTTGCAGTTAATCTCG

ACGTTGGATGATTTTCTAAATGAAAACTACGAAAGC
ACGTTGGATGACTGTGGGATCCACAATAAC
ACGTTGGATGTGGGTATCAATTACCACCTG
ACGTTGGATGGCACATACCACACCCTAACTACC
AGGGGGAGAAGAGAATGGTG

ACGTTGGATGTCCTTTAGTAGTAACATCC

acgttggatgAAGCCTGTGTATTTGACTAAAG
ACGTTGGATGGCTTCTTGCAGTTAATCTCG

150
121
131
150
326

192
229

158
121
131
219
315

134
174

CGTGATGGACAGAGTGTAG
aTTGGAATCCTTTGAAATGT
TTCTTTAGTTTCCCTTAATATCA
CCAGATGCTTTTAGTTGTGTTTT
CTATCTAGTGAATTTCAATTATGTC
99aaAGATACAGTGAAGAGTACAAA
tcAGTTGCTATTAATGGATGAATTTT
CCtTGCAATAATATATAGTACACTGTG

ACCACACCCTAACTACC
CTGCCCAATACCTGTTC
TGCGAGTGGCTGCTTTT
TTCTACATGTTCTTCTCCC
GTGGCTCACTATTCACATCA

AGGCGTCTCTGGGTCTTTTACT
ATGGAATTAAAGGATTATTAGGATACC
GAGTCTGCTAGTACTAGATTAGGA
CCTGAAGGTTTTTTTTTATATCACTA

GAAGTTACAAATACTCCAAAGA
CTTTGGGCTATGTCTGGTG
GCGAAGAAGGGAAAGCA
ATGAGTCAGTGCAGCCA
TCTGTAGTCTTCATTAGCATT
CGTCAACGATITCATTTAC

AGGCTCTGAGAAACCTC and
CGAAGGTCCTACAGGGC

GGAATCTTTCCTAATGACAAC

TGGCATTGATAAGTTACTATTT

TTGGAATCCTTTGAAATGT and
GCCCCCATGACTTTCTTTG

GAGAAGAGAATGGTGGG

GGAAGATAAAAAATGTTGATTGC

TCTTTGGAAATGCTGTTAG
GAAGTTACAAATACTCCAAAGA

AGGCTCTGAGAAACCTC and
CGAAGGTCCTACAGGGC

GGAATCTTTCCTAATGACAAC

TGGCATTGATAAGTTACTATTT

TTGGAATCCTTTGAAATGT and
GCCCCCATGACTTTCTTTG

GAGAAGAGAATGGTGGG
GGAAGATAAAAAATGTTGATTGC

TCTTTGGAAATGCTGTTAG
GAAGTTACAAATACTCCAAAGA

Table 10.2. Tagman custom gene expression assays.

Assay PCR primer 1 PCR primer 2 Probe sequence
CDKN2A_exon1alpha GGCGGCTGCGGAGA CGCCGGCTCCATGCT CTGCCTGCTCTCCC
CDKN2B GTGGGATGTCCTACTATCACTGAAC GTAGTGAAGTATCAGTTGTTCCAATGATATAATGA CAACCCTGGAAATTAA
ANRIL_exon13 CCTACGAAGCTGGGTGATAAAAG GGATCCTGGTATAGAATGAAGCTATCTG ACATTGGACAAAAAC
ANRIL _exon20 TCCCCATGTTACATATGAAGAGACAGA GGTTAGACTGCTTAAGTTCAAATCCCA CACCGCTGGTAATTG
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Table 10.3. Primers for microsatellite and transcmpt-specific AEI assays.

Primer Sequence

Microsatellite study

Microsatellite_10583774_F AGCAATAATTCTCCCCAAGG*
Microsatellite_10583774_R GAAACTGAGGCGAACAGAGC
CDKN2AJ/ARF transcript-specific 1

CDKN2A_exon1alphaA_F CTCCGAGCACTCGCTCAC
ARF_exon1betaA_F GGTTTTCGTGGTTCACATCC
CDKN2A-ARF_exon3A_R TTTACGGTAGTGGGGGAAGG
CDKN2A/ARF transcript-specific 2

CDKN2A_exon1alphaB_F CAACGCACCGAATAGTTACG
CDKN2A_exon3B_R TTTTCTAAATGAAAACTACGAAAGC
ARF_exon1betaB_F GCCGCTTCCTAGAAGACCAG
ARF_exon3B_R CCTGTAGGACCTTCGGTGAC
CDKN2A transcript-specific 3

CDKN2A_exon1alphaA_F CTCCGAGCACTCGCTCAC
CDKN2A_exon1alphaA_R CTGTCCCTCAAATCCTCTGG
ANRIL transcript-specific

ANRIL_exon1_F CTCTGACGCGACATCTGG
ANRIL_exon2_F GTCCATGCTGTGATGATTCC
ANRIL _exon6_F GGTTCAAGCATCACTGTTAGG
ANRIL_exon2_R TCAGTGGCACATACCACACC
ANRIL_exon6_R GCAGTACTGACTCGGGAAAGG
ANRIL_exon13_R TTTATCACCCAGCTTCGTAGG
ANRIL_exon19_R CCACAATGTTCAACTTGCTGTC

ANRIL_exon20_R
MTAP_exond_F

CACAGCTTTGATCTATATGCTTGG
TGCCTTCAAAGGTCAACTACC

Table 10.4. MLPA probes.

Probe

Total
robe
length
(bases)

Left primer oligo sequence

Right primer oligo sequence

9p21_01
9p21_02
9p21.03
9p21_04
9p21.05
9p21_06
9p21.07
9p21_08
9p21.09
9p21_10
9p21_11
9p21_12

8p23_DEFA3

14q11_OR4K2
22q11_CLDNS
17p11_PMP22
6p25_DUSP22

92
100
104
108
12
116
120
124
128
132
136
140

104
12
124
132

GGGTTCCCTAAGGGTTGGATGGGTTACTTGTGTCTGTGCTGTTG
GGGTTCCCTAAGGGTTGGATTTCCACCTGCTAAGCTAGTGTCCCTTCA
GGGTTCCCTAAGGGTTGGATCAGTGCTGGGTGACTCTCTCCTGGCATGTT
GGGTTCCCTAAGGGTTGGATGAATTGCATGGAAGAGGCTGTTCATGGGGTTA
GGGTTCCCTAAGGGTTGGACAATGAACGCCTTCACTGATATCCAAAGCATGAAG
GGGTTCCCTAAGGGTTGGAGTATACACACTGGTATAGTCAGATGGCATGAGTACCA
GGGTTCCCTAAGGGTTGGAGTAGAGTGGGCTGGGGAGCGACTTTCTTGGGACTATTAT
GGGTTCCCTAAGGGTTGGAGACAGATATCTAAGATAACACGAACACCCAGACGACAACTC
GGGTTCCCTAAGGGTTGGACTAACTAGTCTGTTTCCCTACCCAGGTGGAGAACTTCAGTAGA
GGGTTCCCTAAGGGTTGGACATGCAGCCAGCCACTAAGACTACTTCCCACAGGACTGGAAATCT
GGGTTCCCTAAGGGTTGGACTCCCACTGTCACAGCCACTTCTGTCATGACCTAGTTGTTCTCAGAA
GGGTTCCCTAAGGGTTGGACAGCTAAGTTAGAATGTGATACCATTGTTTACACAAGTGTGGCCTGCCT

GGGTTCCCTAAGGGTTGGATATTGCAGAATACCAGCGTGCATTGC
GGGTTCCCTAAGGGTTGGATTCTGTCATTAGTCCCCAGGTGTGTGTTGCT
GGGTTCCCTAAGGGTTGGAGCTTTTCTGCAGACTCAGGCTCTTCTCACACACAA
GGGTTCCCTAAGGGTTGGAGCTGACTGTAGGTTTGGGAGTTGTCTGTCTCCTTGCTCTAG
GGGTTCCCTAAGGGTTGGACACTGACCAGCCTCTCCTTACAACTGAAGACTTTTGCAGGACACT

TTTCCTTAAGGAGGCTGGTGCTGCTTCTAGATTGGATCTTGCTGGCAC
AACCCTTGTTTCCTGTAGCTCATGAGTCATCTAGATTGGATCTTGCTGGCAC
CTGGCAAGACTCTACCTGGTTTGCGTAATCTTCTAGATTGGATCTTGCTGGCAC
GTCTGGCAGATAAGAGGTCTCCACTGGATTTTTTCTAGATTGGATCTTGCTGGCAC
GACACACCAGGGAAAAACATAGACCTAACACAGGATCTAGATTGGATCTTGCTGGCAC
AGGTGGAAGTGTGGTGGTCCTAAAGTGGCATTAAGGATCTAGATTGGATCTTGCTGGCAC
GCTTTTCTTGCACTTTACTAGGTTCCTGTTCTTCCCCACTCTAGATTGGATCTTGCTGGCAC
AGGCAACCCCAGCACAGTGTTTTGGTATGAGAACAGGAGAATCTAGATTGGATCTTGCTGGCAC
GGAAGTGGCAGGAATTTGGGAATGAGGAGCACAGTGATTAAACTCTAGATTGGATCTTGCTGGCAC
CTACCACCGTACCTCTCCTACATGCTGGGTATAAGAAGTTAAAGGTCTAGATTGGATCTTGCTGGCAC
AGTTCCCTCTTATACCTGGTCAAACTTCTCTTACAATCACCTGTGACTCTAGATTGGATCTTGCTGGCAC
TCAAGATAGGGTGAGGTGTTTTATGACCACAGGCTTTATGAGTTATAGCTCTAGATTGGATCTTGCTGGCAC

AGGAGAACGTCGCTATGGAACCTGCATCTCTAGATTGGATCTTGCTGGCAC
CTCGTGGTGGCTTCCTGGATTATGGGAGTTATCTAGATTGGATCTTGCTGGCAC
TTAATGAGATCCTGCCATTCTTCCCCTGGGAAAGCTCTAGATTGGATCTTGCTGGCAC
ATTACAGCTCTGTGTGTTGTGTGGGGTCTCCATGGTTTGCCTCTAGATTGGATCTTGCTGGCAC
CTTCCTAGATGTTGCCTTCATGTTGAGTCCCGGTGTCTGAGCATTTCTAGATTGGATCTTGCTGGCAC

297



Appendix 1: Assay details

10.2MLPA protocol
Hybridisation mix preparation

Hybridisation mix prepared containing Ql50f synthetic probemix, il of P200
probmix and 1.5L MLPA buffer per sample. Mixed thoroughly by pipeg.

DNA denaturation and hybridisation of MLPA probes

5uL of DNA (50-200ng) added wells of 96-well plateleated on thermocycler at
98°C for 5 min, followed by 2% hold. Whilst still on block, film lid removed dn
3uL hybridisation mix added to each well (using a tichiannel pipette from a
loading plate). Mixed thoroughly by pipetting. e with new lid and heated at
95°C for 1 min, followed by 6%C for 16 (12-24) hours.

Ligase-65 mix preparation (within 1 hour of use, sired on ice)

Ligase-65 mix prepared containingl3Ligase-65 buffer A, AL Ligase-65 buffer B,
25uL water, L Ligase-65 per sample. Mixed thoroughly by piimett

Ligation reaction

Whilst plate still on block, temperature reduced#C. 32iL Ligase-65 mix added
to each well using multichannel pipette and mixeatoughly by pipetting. Then
heated at 5% for 15 min, followed by 9& for 5 min, followed by 2C hold.

Polymerase mix prepared

Polymerase mix prepared containing- 1ISALSA PCR primers, [IL SALSA enzyme
dilution buffer, 15.7%L water, 0.25L SALSA polymerase, 2L SALSA PCR buffer

per sample.

PCR reaction

20uL of polymerase mix added to wells of a new 96-WAlIR plate. L of MLPA
ligation reaction product added to each well. Tinaeycler heated to 96 and plate
put onto block once reached°@ PCR performed using 35 cycles of {@5or 30
sec, followed by 6T for 30 sec, followed by 7€ for 1 min), then 7% for 20 min,
then 4C hold. Product stored in dark &C4until analysis.
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Analysis

A master mix was then prepared containingu8.6f Hi-Di formamide (Applied
Biosystems, USA) and QuB of Genescan-500 ROX size standard (Applied
Biosystems, USA) per sample. BL8of the master mix was added to each well of a
new 96-well semi-skirted, straight-edge PCR pl&tarlLab, Germany), andull of

the PCR product was transferred to each well afphate. The plate was covered in
foil to prevent photo-degradation, before analpsi€apillary electrophoresis on a
3130xI Genetic Analyzer (Applied Biosystems, USA)ata were analysed using
GeneMarker v1.8 software (SoftGenetics, USA).
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