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Men develop coronary artery disease (CAD) approximately 10 years earlier and die of
CAD more frequently (2:1) than age-matched women. This sexual dimorphism is even
more striking in abdominal aortic aneurysms (AAA) — the ratio of affected men to
women is as high as 6:1. A major biological difference between both sexes is the
exclusive presence of the Y chromosome in men.

Haplogroup | of the Y chromosome increases the risk of CAD by ~50%
compared to other Y chromosome lineages. The analysis of ~1940 men from 3 cohorts
recruited from the general European population revealed that the association between
haplogroup | and CAD is not driven by conventional cardiovascular risk factors BMI,
blood pressure, total cholesterol, HDL-C, triglycerides, LDL-C, glucose, aggression
(total aggression, physical aggression, verbal aggression, hostility, anger) or sex steroids
(testosterone, androstenedione, DHEA-S, estrone, oestradiol). Transcriptomic analysis
revealed that none of “Kyoto Encyclopaedia of Genes and Genomes” (KEGG)
pathways were differentially regulated in monocytes between men from haplogroup |
and all other lineages. In contrast, 30 KEGG pathways showed differential expression
between haplogroup | and other lineages of the Y chromosome in transcriptome-wide
analysis of macrophages. Of these, 19 pathways were interconnected by common genes
of adaptive immunity and the inflammatory response. In gene-centred analysis of the Y
chromosome, carriers of haplogroup | also showed significant down-regulation of two
X-degenerate male specific Y chromosome genes (PRKY and UTY) in macrophages
(P=0.001 and P=0.0001) but not in monocytes (P=0.181, and P=0.611). Meta-analysis
of 3 cohorts of British and Irish men revealed that the presence of haplogroup | was not
associated with predisposition to AAA.

Neither conventional CAD risk factors nor male-associated/sex-specific phenotypes
appear to drive the increased risk of CAD in carriers of haplogroup I. Furthermore,
these results show that immune system and response to inflammation may mediate the
association between Y chromosome and CAD. The absence of association between the
Y chromosome and AAA suggest differences in the pathogenesis of sexual dimorphism
of AAA and CAD.
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1 Introduction

1.1  Cardiovascular disease (CVD)

Cardiovascular disease (CVD) is a multi-factorial disease whereby many genes act in
conjunction with environmental factors to result in terminal clinical manifestations such
as coronary artery disease (CAD), stroke and abdominal aortic aneurysm (AAA)
(Bhupathy et al. 2010). CVD Kkills up to 20 million people a year (Bhupathy et al. 2010)
and is a leading cause of death in the UK (Bhupathy et al. 2010). CAD results from the
build-up of atherosclerotic plaques in the arteries supplying blood to the heart (Watkins
& Farrall 2006; Soler & Ruiz 2010). AAA is the localised, permanent widening and
dilation of the infrarenal aortic vessel wall (Grootenboer et al. 2003). The data shown

here are primarily focused on CAD and AAA.

1.2  Coronary artery disease (CAD)

CAD accounts for approximately 50% of all CVD (Roger et al. 2012) and is caused by
atherosclerosis, a degenerative disease caused by deposition of lipids and fibrous matrix
in the blood vessel wall (Watkins & Farrell 2006). Symptoms occur when the oxygen
supply to the cardiac muscle is either reduced or blocked. CAD is the most common
cause of death in the Western world (Watkins & Farrell 2006). Risk factors for CAD
include; family history, age, male sex, dyslipidaemia, hypertension, diabetes mellitus,
obesity and smoking (Mozaffarian et al. 2009). CAD is a common, complex, multi-
factorial polygenic disease that results from interactions between environmental and

genetic factors.
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1.2.1 Heritability

CAD is commonly described as a heritable disease (i.e. a disease where a proportion of
the observable differences in the disease between individuals is due to genetic
differences) due to the common familial clustering of disease. Seminal work completed
using ~10,000 Swedish twin pairs (both monozygotic and dyzygotic) found that
significantly more monozygotic twin pairs were concordant for death resulting from
CAD compared to dizygotic twins. Indeed, of 1,649 monozygotic twin pairs
investigated, 144 were concordant for death from CAD; whilst of 3,865 dizygotic twin
pairs only 99 were concordant for death from CAD (Marenberg et al. 1994). The
relative hazard ratio (RHR) of death from CAD was significantly higher in monozygotic
twins than in dizygotic twins (male monozygotic twins RHR: 8.1, male dizygotic twins
RHR 3.8, female monozygotic twins RHR: 15.0, female dizygotic twins RHR: 2.6)
(Marenberg et al. 1994). Furthermore, the heritability of fatal CAD events was
estimated at 57% in men and 38% in women (Zdravkovic et al. 2002). These estimates
are typical for many common complex cardiovascular disorders.

CAD has been described as both a monogenic (i.e. occurring from one mutation
in a single gene) and polygenic (where disease is caused by more than one variant; each
with small effect on the phenotype) disease. The end points of both forms of disease are
identical; resulting in fatty plaque build up in the arteries leading to MI. Common CAD
is known to be complex (resulting from interactions between both genetics and the
environment) and heterogeneous (where the variability in genetic background and

environment in individuals results in a variable phenotype).
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1.2.2 Pathogenesis

Historically, CAD was perceived purely as a cholesterol storage disease due to the
production of lipid-laden foam cells. However, over the years it has become clear that
many cell types, ranging from those in the artery wall to the immune system, are
implicated in the pathogenesis of this disease (Libby & Theroux 2005) (Figure 1.1).
Atherosclerosis is initiated when the normal barrier function of the arterial endothelium
is lost. Causes of endothelial surface injury include bacterial products (such as
lipopolysaccharide [LPS]), hyperlipidaemia/dyslipidaemia, vasoactive mediators,
hyperglycaemia or proinflammatory cytokines released from adipose tissue. The initial
formation of an inflammatory infiltrate (Libby & Theroux 2005; Watkins & Farrell
2006) is followed by increased adhesion of leukocytes (predominantly mononuclear
cells, T lymphocytes and monocytes) to the inner surface of the arterial wall, causing
the endothelium to lose functionality and the expression of adhesion molecules to
increase. The action of chemo-attractants results in leukocyte infiltration into the arterial
intima, where they release lipid mediators (such as protanoids and leukotrienes) acting
on smooth muscle cells and causing cell migration to the intima (from the tunica media)
as well as proliferation (Libby & Theroux 2005). Alongside the development of the
inflammatory infiltrate, local proteoglycans bind lipoproteins, prolonging their presence
in the intima and rendering them more susceptible to oxidative modification and
glycation. The resultant oxidised phospholipids and advanced glycation end products
sustain and develop the inflammatory response via the release of growth factors,
cytokines and further up-regulation of adhesion molecules. These, in turn, recruit
further leukocytes to the area of damaged endothelium (Libby & Theroux 2005;
Watkins & Farrell 2006). Phagocytosis of oxidised lipids by macrophages precedes

their conversion into foam cells. Accumulation of foam cells and further proliferation of
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smooth muscle cells result in the growth of the plaque (Watkins & Farrell 2006).
Apoptosis of foam cells and smooth muscle cells causes the classic lipid-rich necrotic
core and fibrous cap of the plaque (Libby & Theroux 2005; Watkins & Farrell 2006).
Sequential episodes of plague rupture, thrombus formation and healing allow the plaque
to grow (Watkins & Farrell 2006). Early lesions appear as fatty streaks due to the

presence of foam cells. Once a plaque has formed, one of three events may occur:

1. The plaque will remain silent (Watkins & Farrell 2006).

2. The plaque will progressively grow, slowly narrowing the lumen and
restricting blood flow. Generally these plaques are fibrotic and have
thick caps. They result in angina pectoris (Libby & Theroux 2005,
Watkins & Farrell 2006).

3. The plague will completely occlude the lumen through acute
thrombosis and cause myocardial infarction (MI). Generally these
plaques are lipid-rich with thin fibrous caps (Libby & Theroux 2005;

Watkins & Farrell 2006).
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Figure 1.1 Pathogenesis of CAD
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Early fatty streak lesions are characterised by the accumulation of lipoproteins which causes the recruitment of dendritic cells and macrophages
to the area. Smooth muscle cells and T cells infiltrate the intima where macrophages engluf oxidised LDL-C (Moore et al. 2011).
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1.2.3 Monogenic forms of CVD leading to CAD

Monogenic disorders that result in premature CAD are rare and predominantly stem

from mutations in genes involved in regulation of lipid metabolism. One of the most

common forms of Mendelian hyperlipidaemia, and human monogenic diseases in

general, is familial hypercholesterolaemia. This disorder leads to high levels of

circulating low-density lipoprotein cholesterol (LDL-C) and fast progression of

atherosclerosis if left untreated. Mutations in four genes have been recognised as causes

of familial hypercholesterolemia (Table 1.1 and 1.2). The mode of ininheritance of these

monogenic disorders has been described as both autosomal dominant and recessive

(Watkins & Farrell. 2006).

Table 1.1 Monogenic forms of hypercholesterolaemia that result in premature CAD

Disease (OMIM)

Affected gene

Familial hypercholesterolaemia (143890) LDLR

Familial defective apolipoprotein B-100 (144010) APOB

Familial hypercholesterolemia 3 (603776) PCSK9
Autosomal recessive hypercholesterolemia (603813) LDLRAP1

LDLR- low density lipoprotein receptor gene, APOB- Apolipoprotein B, PCSK9-

proprotein convertase subtilisin/kexin type 9, LDLRAP1- low density lipoprotein

receptor adaptor protein 1.
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Several monogenic forms of decreased high-density lipoprotein cholesterol
(HDL-C) have also been described (Table 1.2), although some, such as Fish-eye

disease, do not result in premature CAD (Kral & Becker, 2007).

Table 1.2 Monogenic disorders of decreased high-density lipoprotein-cholesterol

(HDL-C) (Kral & Becker, 2007).

Disease (OMIM) Affected gene
Familial hypoalphalipoproteinaemia (604091) APOA-I
Familial LCAT deficiency (245900) LCAT
Fish-eye disease (136120) LCAT
Tangier disease (205400) ABCA-I
LPL deficiency (246650) LPL
CETP deficiency (245900) CETP
Hepatic lipase deficiency (614025) LIPC

APOA- Apolipoprotein A, LCAT- Lecithin-cholesterol acyltransferase, ABCA-I- ATP-
binding cassette transporter 1, LPL- lipoprotein lipase, CETP- cholesteryl ester transfer

protein, LIPC- hepatic lipase.

It is hoped that future research into the genetic basis of monogenic forms of CAD will
lead to the discovery of novel candidate pathways and the development of new

therapeutic approaches (Luft et al. 1995; Tomaszewski et al. 2006).
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1.2.4 Non-monogenic causes of CAD

The clustering of CAD in families and increased individual risk of CAD when a
positive family history is present suggests that CAD has a sizable genetic component
(Watkins & Farrell 2006). Candidate gene studies, linkage studies and genome-wide
association studies (GWASs) have all been used in an effort to identify the underlying
genetic mechanisms. Candidate gene studies are hypothesis-driven and search for
genetic differences within biologically relevant genes and pathways (mostly related to
atherosclerosis such as signalling molecules, inflammation and immunity and
apolipoproteins) [Watkins & Farrell 2006]). Linkage studies investigate the entire
genome to find chromosomal regions which segregate with a disease in affected
families. GWASs investigate thousands of single nucleotide polymorphisms (SNPs)
from across the genome in an attempt to associate a genetic variant with the disease.

Neither linkage studies nor GWASs are hypothesis-driven.

1.2.4.1 Candidate gene studies

To date, approximately 100 candidate genes studies have been completed in an effort to
identify the genetic cause of CAD (Patel & Ye 2011). The majority of these
investigations have been completed in case-control studies on genes contained in, or
associated with, major cardiovascular pathways. These include the renin angiotensin
system, lipid metabolism pathways, oxidative stress pathways, vascular remodelling and
immunological pathways (Patel & Ye 2011). While a number of these investigations
have revealed data of importance to CAD (Yang et al. 2003; Arroyo-Espliguero et al.
2004; Edfeldt et al. 2004; Helgadottir et al. 2006), significant inconsistencies exist

among their findings. A frequently discussed example is the association of
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polymorphisms in the angiotensin-converting enzyme gene (ACE) and CAD. A recent
meta-analysis investigating 46 studies found that there was a significant but modest
relationship between polymorphisms of ACE and the risk of CAD in Chinese
populations (Zhou et al. 2012). However, Zintzaras et al. identified only a modest effect
of the same polymorphisms in a meta-analysis of 118 studies of differing ethnicities
implying that genetic effects outside easily associated genes may contribute to CAD

(Zintzaras et al. 2008).

Candidate gene studies have generally failed to provide the robust candidate loci
for predisposition to CAD due to issues with study design, definition of phenotype (for
example MI before a certain age or presence of a CAD plaque) and statistical power.
However, the failure of candidate gene studies has shown that major alleles and genes
underlying susceptibility to CAD may reside outside the classical systems of
cardiovascular regulation, including the five pathways described above (Manolio 2007;

Charchar et al. 2008; Patel & Ye 2011).

1.2.4.2 Linkage studies

Linkage studies investigate chromosomal regions which track with predisposition to
disease in families (Patel & Ye 2011). While this method of investigation was
particularly successful when applied to monogenic diseases, it is of limited value in
complex diseases such as CAD (Patel & Ye 2011). To date, 11 linkage studies have
been completed on a number of differing ethnicities. One of the most important
contributions is the British Heart Foundation Family Heart Study that recruited 4,175
individuals from 1,933 families in the UK. Each family had at least two siblings

concordant for validated early onset CAD (before age of 66 years). In genome-wide
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analysis, CAD was linked to a region on chromosome 2 with a likelihood of linkage
(LOD) score of 1.86. The LOD score increased to 2.7 in families with a minimum age
of diagnosis of 56 years (Samani et al. 2005). Importantly, this finding was in
concordance with two other small studies. Wang et al. reported a LOD score of 3.82 for
the same locus in a study of 928 US families (Wang et al. 2005) while Pajukanta et al.
identified the same region in a Finnish population of 156 families (LOD of 3.2)
(Pajukanta et al. 2000). Other studies have revealed linkage to 16p13 (Francke et al.
2001), 2p36 (Harrap et al. 2002), 14 (Broeckel et al. 2002), 3p13 (Hauser et al. 2004),
13g.12 (Helgadorttir et al. 2004), 12922 (Helgadottir et al. 2006) and 17p (Farrall et al.

2006) with CAD.

The major lesson learnt from genome-wide linkage scans is that CAD is
polygenic and heterogenous in nature (multiple quantitative trait loci [QTLs] in
different populations) (Patel & Ye 2011). One of the major problems with making
further progress in this form of research was that the identified QTLs were very large
(due to being based on LD), spanning several Mb and harbouring tens of potentially
causative genes. Very few QTL-focused studies have managed to successfully refine the
linkage peaks and identify the driver of linkage to cardiovascular phenotype

(Tomaszewski et al. 2007).

1.2.4.3 Genome-wide association studies

GWASs search for alleles and SNPs associated with the trait of interest through
systematic, unbiased screening of human autosomes and/or the X chromosome (Patel &
Ye 2011). “SNP chips” of up to one million SNPs are currently used in this form of

work. Generally, common SNPs, with a minor-allele frequency (MAF) >5% in the
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population under investigation are chosen. Each SNP acts as a tagging SNP for the LD
block in which it is posititioned. By choosing SNPs in differing LD blocks, more of the
genome can be investigated maximising the potential academic use of the investigation.
To date, 31 SNPs have been identified as significantly associated with CAD through
GWASs (Table 1.3) (Charchar et al. 2012). Most notably, the chromosomal region on
human chromosome 9 (9p21) was associated with CAD. The Wellcome Trust Case-
Control Consortium identified a significant association with rs1333049 and CAD. This
SNP increased risk of CAD by 36% (OR 1.9 in subjects homozygous for the risk allele)
(Myocardial Infarction Genetics Consortium et al. 2009). The region contains three
genes; cyclin-dependent kinase inhibitor 2B antisense RNA (ANRIL), cyclin-dependent
kinase inhibitor 2A gene (CDKNZ2A), cyclin-dependent kinase inhibitor 2B gene
(CDKN2B) and methylthioadenosine phosphorylase gene (MTAP). This finding has
been extensively replicated across different populations (McPherson et al. 2007;
Helgadottir et al. 2008; Hinohara et al. 2008; Shen et al. 2008; Samani et al. 2007),
culminating in a meta-analysis that estimated the OR of CAD to be 1.29 for the

rs1333049 risk allele (Schunkert et al. 2008).

While over thirty loci have now been significantly associated with CAD through
GWAS:s, these common SNPs (MAF>5% in the study population) only account for
around 10% of the heritability of CAD (Patel & Ye. 2011). This means a significant

portion of CAD heritability remains unexplained.
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Table 1.3 SNPs associated with CAD in recent GWASs

SNP Genor_nlc Gene Allele B score/ OR SE . Platform No. cases Reference
loci frequency information | (controls)
16 cohorts,
Illumina 17,797 (total
rs2228671 | 19p13.2 LDLR 0.88 0.2 0.15 -9.3B- | \imanHap3 | sudy | Aulchenkoet
24 ! al. 2009
00-Duo population)
platform
rs10953541 | 7q22-g31 BCAP29 0.75 1.1 1.05-1.11 Coronary
Meta- Artery
rs2505083 10p11.23 KIAA1462 analysis (4 15420 Disease
studies), (15,062) (C4D)
rs2246942 10g23.31 LIPA 0.34 1.08 1.05-1.12 575,000 ’ Genetics
SNPs Consortium,
rs974819 | 11223 | PDGFD 03 1.09 1.05 - 1.13 2011
rs11206510 1p32.3 PCSK9 0.81 1.12 1.02-1.23 7;&;‘26 “f'r?f‘;??{ﬂﬁ'
(Affymetrix | 2287 G079 | Gonatics
rs6725887 2033.1 WDR12 0.14 1.24 1.12-1.38 6.0 Consortium
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GeneChip) et al. 2009
rs12526453 6p24.1 PHACTR1 0.65 1.15 1.07-1.24
CDKN2A/B,
rs4977574 9p32 ANRIL 0.56 1.25 1.16 - 1.34
rs1746048 10g11.21 CXCL12 0.84 1.22 1.10- 1.34
rs17465637 1941 MIA3 0.29 1.23 1.12 -1.34
3 cohorts,
GeneChip
Human Samani et al
Mapping 1,926 (2,938) '
2007
rs6922269 6025.1 MTHFD1L 0.3 1.23 1.13-1.35 | 900K Array
Set
(Affymetrix)
rs17114036 1p32.2 PPAP2B 0.91 1.17 1.13-1.22
rs2306374 30922.3 MRAS
Meta-
rs17609940 | 6p21.31 ANKS1A 0.75 1.07 1.05-1.10 | analysis (14 22233 | Schunkert et
: (64,762) al. 2011
studies)
rs12190287 6023.2 TCF21 0.62 1.08 1.06 - 1.10
rs3798220 6025.3 LPA 0.02 1.54 1.36 - 1.74
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rs579459 9934.2 ABO 0.21 11 1.07-1.13
CYP17A1,
rs12413409 10924.32 CNNM2, 0.89 1.12 1.08-1.16
NTS5C2
ZNF259,
rs964184 11923.3 APOAS-A4- 0.13 1.13 1.10-1.16
C3-Al
COLA4A1,
rs4773144 13934 COL4A? 0.44 1.07 1.05-1.10
rs3825807 15025.1 ADAMTSY? 0.57 1.08 1.06 - 1.10
rs216172 17p13.3 SMG6, SRR 0.37 1.07 1.05-1.09
UBE2Z, GIP,
rs46522 17921.32 ATP5G1 0.53 1.06 1.04-1.08
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LDLR

rs1122608 | 19p132 | il 0.77 114 1.09-1.18
rs0982601 | 21g22.11 MRPS6 0.15 1.18 112-1.24
Meta
rs4299376 2p21 ABCGS 0.45 0.85 0.87-0.9 | analysis(11 | 13764 | Teupseretal
Fodics (13.630) 2010

-39 -




1.2.5 Prevalence of CAD

CAD is widely documented as a disease of older males. Men develop CAD ~10 years
earlier, and die more frequently from CAD than age-matched women (Yusuf et al.
2004). The prevalence of CAD is around 2:1 men to women and this male
predominance is observed in all geographical locations and ethnicities studied (Lowry et
al. 1983; Ness & Aronow 1999; Roger et al. 2012). Prevalence and incidence data are
commonly described in person years so as to account for situations where the amount of
observation time differs between people, or for when the population risk varies with
time (Table 1.4). In the Western world, the death rate per 100,000 individuals ranges
from 75.6- 706 in men to 22.2- 237.1 in women (Roger et al. 2012). These statistics
immediately indicate the apparent sexual dimorphism in the prevalence and diagnosis of
CAD. Men are at significantly more risk from CAD than women. CAD is a worldwide
health and economic burden that affects every country; 35% of African Americans and
38% of Asians had CAD in a cohort of older people (Ness & Aronow 1999). Both
prevalence and severity of CAD vary geographically; more indidivuals of European
ancestry are diagnosed with CAD, although Asian patients tend to suffer from more

severe forms of CAD (Lowry et al. 1983).

All available CAD prevalence data can be found in Table 1.4. These data show
that irrespective of country examined, the male disadvantage at diagnosis is always
observed. In 2009 there were ~80,000 deaths from CVD in Britain, of which 32% were
due to CAD (Scarborough et al. 2011). Approximately 30% of all male and 20% of all
female deaths are due to CAD (Scarborough et al. 2011). The incidence of CAD
increases with age in both sexes; in those <50 years of age the incidence of CAD is
11/100,000 and 4/100,000 in men and women, respectively. This rate increases to

120/100,000 men and 60/100,000 women in those <75 years of age (Scarborough et al.

- 40 -



2011). This trend is also visible in statistics of total deaths from CAD. At ages <35
years, just 460 men and 267 women died of CAD in 2009. This estimate increased to
8,986 men and 3,461 men at ages 55-64 years and was highest in those aged >75 years:
55,891 men and 78,069 women. The overall death rate from CAD is significantly higher
in men; these data may be confounded by women living considerably longer than men.
78,000 women aged >75 years died from CAD in 2009 compared to 55,000 men;
however, the average population at this age is 2.9 million women compared with 1.9
million men (Scarborough et al. 2011; Folsom et al. 1998; Ness & Aronow. 1999;

Roger et al. 2012).

Table 1.4 Worldwide prevalence of CAD

Location Total prevalence
Men Women

Russia 706 2370
Hungary 384 1440
Bulgaria 253 860
Poland 190 550
Greece 136 340
Germany 125 380
Italy 75 220
England and Wales 138 430
Northern Ireland 125 510
Eire 152 480
Scotland 195 670
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Australia 89 270
New Zealand 138 470
USA 153 600
Rural China 41 290
Urban China 108 720
Korea 47 130
Japan 51 200
Israel 78 270
Argentina 140 400
USA Black 10 5n
USA White 13 4"
England 38,531 28,565*
Scotland 2151 876*
Wales 1166 400*
Northern Ireland 551 220*

0 Total prevalence per 100,000 person years (Roger et al. 2012), Motal prevalence per

1000 person years (Dornas et al. 2008; Kawaguchi et al. 2011), * total deaths due to

AAA in 2009 (Scarborough et al. 2011)

1.2.6 Sexual dimorphism in risk factors of CAD

The extensive epidemiological data on CAD shown here highlight the extreme sexual

dimorphism in diagnosis of CAD and CAD-related death. Men are at a significantly

higher risk of developing CAD and CAD-related mortality than age-matched women.

Likewise, many of the CAD risk factors such as smoking, hyperlipidaemia,
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hypertension and diabetes mellitus are known to be sexually dimorphic and have a

sexually dimorphic inheritance pattern (Pan et al. 2007; Ober et al. 2008).

1.2.6.1 Effect of smoking on CAD

There are up to 1.1 billion smokers worldwide (Huxley & Woodward 2011). However,
only a fifth of these are female (Huxley & Woodward 2011). This over-representation
of men amongst smokers is apparent at all ages and across different ethnicities. The
INTERHEART study showed that 57.3% of men had smoked at some point in their
lives compared to just 21.9% of women (Teo et al. 2006). Likewise, the number of
cigarettes consumed per day is significantly higher in males (Lederle et al. 1997) and
the increase in level of usage with age is higher in men (Lederle et al. 1997). 17.6% of
men consume over 20 cigarettes per day compared to just 2.8% of women (Teo et al.
2006). In non-Hispanic Americans of European ancestry, 57.6% of individuals smoke
(relative risk of CAD is 2.2 with history of and current smoking) (Wei et al. 1996).
Smoking is known as a serious risk factor for CAD. The cardiovascular risk associated
with smoking is up to 50% higher in men than women (Prescott et al. 1998). A meta-
analysis based on 3,912,809 people from 26 different studies showed that prevalence of
smoking and amount of smoking was significantly higher in males (male prevalence 2-
71%, female prevalence 1-44%) (Huxley & Woodward 2011) but women had a 25%
greater relative risk of CAD from smoking independent of other CVD risk factors than
men (Huxley & Woodward 2011). The trend of higher CAD risk in female smokers is
found across ethnicities, though in Asia the relationship is only seen in the heaviest

smokers (Woodward et al. 2005).
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1.2.6.2 Lipids levels in CAD

The presence of dyslipidaemia is well accepted to predispose to CAD. The most
extreme sexual dimorphism in normal populations is observed in HDL-C; many
prospective and cross-sectional studies have shown higher HDL-C in women than men
(Genovesi et al. 2005; McQueen et al. 2008). Interestingly, decreased levels of HDL-C
are particularly prevalent in males who developed CAD (Howard et al. 1995).
Furthermore, the heritability of HDL-C may differ between the sexes; a heritability of
0.6 was calculated in men while this was estimated at 0.7 in women (Pan et al. 2007;
Ober et al. 2008). The sexual dimorphism in other lipid fractions including LDL-C is
less consistent. A study of 27,098 pre-menopausal women and men showed that women
had significantly lower LDL-C and total cholesterol (TC) (Sharrett et al. 2001).
However, a study on 21,465 individuals, where some women were post-menopausal,
revealed that women had higher TC than men (Genovesi et al. 2005). 15% of all adults
have total serum cholesterol over 6.2 mmol/L (Roger et al. 2012) and a TC of >6.2
mmol/L confers a 2-fold increase in relative risk of CAD (Wei et al. 1996). Increased
LDL-C and TC are associated with increased risk of CAD; most significantly in women
(LDL-C >4.1 mmol/L showed a prevalence of CAD of 31.2/100 in women and 20.9/100
in men, while TC values <6.2 mmol/L gave a prevalence of CAD of 27/100 in women
and 20/100 in men [Howard et al. 1995]). Interestingly, LDL-C shows a higher
heritability in men than women (0.5 and 0.3 respectively, additive model) (Pan et al.

2007; Ober et al. 2008).
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1.2.6.3 Hypertension prevalence in CAD

Prevalence of hypertension is similar across the sexes. Burt et al. identified that 24% of
the general American population had hypertension (defined as blood pressure [BP]
>140/90 mmHg), and men were slightly more commonly diagnosed with hypertension
(24.7%) compared to women (23.4%) (Burt et al. 1995). British men have a
significantly higher prevelence of hypertension than women (8.0 and 7.5 per 100,000 in
women and men, respectively). Kei et al. found that hypertension was associated with a
higher risk of CAD in women than men (relative risk of 1.97 in men and 2.63 in

women) (Keil et al. 1993).

1.2.6.4 Diabetes mellitus as a risk factor of CAD

Diabetes mellitus is a well-documented risk factor for CAD. 8% of Americans of
European ancestry have diabetes, 36.8% have pre-diabetes, and a further 34% (35.1% of
men and 32.6% of women) have metabolic syndrome (Roger et al. 2012). Diabetes is
also considered by some authors as a sexually dimorphic trait affecting more men than
women (Howard et al. 1995; Maric 2009), and more diabetic men develop CAD than
diabetic women. Indeed, a study by Howard et al. showed that 2.2% of diabetic women

developed CAD compared with 5.8% of diabetic men (Howard et al. 1995).
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1.3 Abdominal aortic aneurysms (AAA)
1.3.1 Normal structure of the aorta

Abdominal aortic aneurysm is a disease of the aortic vessel wall, and to understand this
disease it is first useful to describe the structure and physiology of the aorta. A
physiologically normal aorta has an approximate diameter of 28 mm in the thorax, and
20 mm in the abdominal cavity (infrarenally) (Grootenboer et al. 2003). Aortic diameter
is modulated by age, height, weight, sex and body surface area (Grootenboer et al.
2003). The major function of the aorta is to regulate the pulsatile pressure of blood
originating from the heart and provide a consistent flow of blood to peripheral capillary
beds (Shadwick 1999). This is achieved by maximising blood flow during diastole and
minimising blood flow during systole (Wagenseil & Mecham 2009).

The aortic wall has three layers; the intima, media and adventitia, which are
separated by the elastic lamina (comprised purely of elastin fibres) (Figure 1.2). The
intima is formed of endothelial cells, (which control smooth muscle action throughout
the artery), fibroblasts, smooth muscle cells and a small number of elastin fibres (Arnett
2007). The media is comprised of smooth muscle cells, elastin (which is organised into
concentric elastic lamellae with microfibrils), and collagen fibres. The outermost layer
of the aorta, the adventitia, is formed from collagen, microfibrils, elastin and fibroblasts
(Arnett 2007).

The three protein constituents of the media each have distinct roles in
maintaining the function and integrity of the vessel. Elastin, with low tensile strength
and high dispensability, acts as a reservoir for elastic tension allowing the distribution
of pressure from each heart contraction throughout the vessel wall (Wagenseil &
Mecham 2009). Elastin is organised into thick concentric circles of elastin and
microfibrils (elastic lamella) that form a highly extensible network of fibres. Collagen

fibres are arranged into bundles and are dispersed throughout the circumference of the
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aorta. These bundles stiffen and become circumferentially aligned during increased BP,
preventing arterial damage and rupture (Wagenseil & Mecham 2009, Arnett 2007). The
elastin:collagen ratio in the aortic arch is 2, while a ratio of 0.5 is observed infrareanally
(Shadwick 1999). Smooth muscle cells secrete elastin and alter aortic diameter through
vasodilatation and vasoconstriction, and are controlled by endothelial cells in the intima

(Wagenseil & Mecham 2009).

Figure 1.2 The normal structure of the aorta
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1.3.2 Overview of AAA

AAA is the localised, permanent widening or dilation of the aortic vessel wall (Karkos
et al. 2000; Grootenboer et al. 2003; Wanhainen 2008) (Figure 1.3). AAA is normally
asymptomatic and often diagnosed during work-up of other, unrelated, disease states.
Diagnosis is achieved primarily on the basis of clinical and ultrasound examinations

(Naydeck et al. 1999; Karkos et al. 2000). AAA can be classified by four definitions;

1. An aortic size of 1.5 times larger than the expected diameter of 20 mm.

2. An aortic diameter of over two standard deviations (SD) from the expected
measurement of 20 mm.

3. An aorta measuring >30 mm (Wanhainen 2008, Karkos et al. 2000).

4. A ratio of 1.1 between the size of the infrarenal and super renal aorta

(Wanhainen 2008)

Aortic screening has been implemented in some areas of the UK, as aneurysm
rupture is fatal in 80-90% of cases due to haemorrhage (Grootenboer et al. 2003; Ogata
et al. 2005). However, screening provides only a “snap-shot” of the vessels at one time-
point and does not indicate who may be at risk of developing AAA in the future. The
ability to predict those who are at risk from AAA could reduce mortality significantly
(Ogata et al. 2005).

Though an aorta expanded to >30 mm is clinically relevant, surgical intervention
is only recommended once the aneurysm diameter has increased to 55 mm or when
symptoms, such as back pain, are reported, as this is the point at which aneurysm
rupture is common (Wanhainen 2008; Harthun 2007). The most common treatment of
AAA involves passing a stent-like structure from the arteries in the groin to the

aneurysm, where it is released and serves to bypass the aneurysm. Alternatively, an
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open aneurysm repair can be performed. This involves an incision in the abdomen and
has increased mortality rates (Ogata et al. 2005). Open repairs, even with associated
risks, are more commonly performed in women (Harthun 2007) due to the shorter and
more diseased segments of the non-aneurysmal aorta proximal to the aneurysm that
make stent procedures impossible (Harthun 2007). Mortality during both the
endovascular procedure and open surgery may occur due to CAD or because of
complications such as haemorrhage, lower extremity or intestinal ischaemia, renal
failure, respiratory failure or stroke (Harthun 2007). Mortality in stent and open surgery
is higher in women, possibly due to the increased average age of diagnosis and

treatment (Ogata et al. 2005; Harthun 2007; Mehta et al. 2010).

Figure 1.3 Pathogenesis of AAA
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1.3.3 Causes of AAA

AAA may occur due to a variety of causes including connective tissue disorders,
trauma, infection, inflammatory disorders, heritable factors or non-specific degenerative
disease. The various aetiologies of AAA are briefly described below. However the
primary focus of this work is based on AAA that results from non-specific and genetic
causes; all other aetiologies (congenital, connective tissue disorders, trauma, infection

and inflammatory disorders) are outside the scope of this work.

1.3.3.1 Congenital AAA
True AAA is extremely uncommon in infants and rarely documented (Mehall et al.
2001). Most occurrences of this disease in the very young can be ascribed to trauma or

infection (Bell et al. 2003).

1.3.3.2 Connective tissue disorders

Mutations in fibrillin 1 gene (FBN1), transforming growth factor beta receptor | gene
(TGFB1) and collagen type 1l alpha 1 gene (COL3A1) all cause monogenic forms of
AAA (Marfan syndrome (OMIM 154700), Loeys-Dietz (OMIM 613795) and Ehlers-
Danlos syndrome (OMIM 130050, respectively) (Mizuguchi et al. 2004; Bown et al.
2007). Mutations in collagen genes (causing reduced type Il collagen fibres) and type
Il procollagen (COL2A1) were reported as causative in a subset of families with high

AAA prevalence (Kuivaniemi et al. 2003).
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1.3.3.3 Trauma

Trauma to the aorta, generally resulting from aortic bypass surgery, can cause false
aneurysms, i.e. where the aneurysm does not involve all three layers of the aorta

(Kronzon 1997).

1.3.3.4 Infection

Infective AAA is most commonly found in those with suppressed immune systems or
following intravascular procedures (Gomes et al. 1992). The advent of antibiotics have
reduced infective AAA from 3.4% of all AAA before 1960 to 1.3% today (Parkhurst &
Decker 1955) through reduction in the prevalence of Streptococcus, Staphylococcus
aureus, Salmonella sp. Chlamydia pneumonia, Treponema pallidum and tuberculosis

(Juvonen et al. 1997; Choudhary et al. 2001; Miller et al. 2004).

1.3.3.5 Inflammatory disorders

Inflammatory AAA (IAAA) accounts for up to 10% of all AAA, though controversy
remains over whether this form of AAA is truly a distinct disease. IAAA has been
defined by a thickened aneurysm wall, extensive perianeurysmal and retroperitoneal
fibrosis, and dense adhesion to abdominal organs (Walker et al. 1972; Rasmussen et al.
1997; Railo et al. 2005). Inflammatory disorders causing AAA include polyarteritis

nodosa, and Kawasaki and Takayasu’s arteritis.
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1.3.3.6 Familial factors

AAA pathogenesis is known to have a genetic component and this is discussed in detail

in 1.3.5 Genetics of AAA.

1.3.4 Pathogenesis of AAA

Though the pathogenesis of AAA remains unclear, many proteins, genes and
environmental factors, ranging from the balance between matrix metalloproteinases
(MMPs) and tissue inhibitor of metalloproteinases (TIMPs) (Bown et al. 2007), to male
sex, have been implicated (Daugherty & Cassis 2004; Ogata et al. 2005; Pearce &
Shively 2006).

AAA is characterised by the localised destruction and remodelling of aortic
extracellular matrix. The natural history of AAA can be split into three distinct phases:
formation, growth and rupture (Grootenboer et al. 2003; Daugherty & Cassis 2004).
Leukocytes recruited to areas of arterial wall damage mark the initiation of AAA,
wherein smooth muscle and elastin are degraded due to the action of MMPs 2, 9 and 12
released from inflammatory cells (Daugherty & Cassis 2004). Subsequently, changes in
the ratio of MMPs:TIMPS occur due to increasing numbers of inflammatory cells and
degraded elastin, which together cause further arterial wall damage (Pearce & Shively
2006). Increased shear stress and vascular pressure are the hallmarks of AAA
formation, and result from degradation of medial and adventitial elastin causing arterial
stiffness and loss of pulsatile strength (Naydeck et al. 1999). Growth of the aneurysm is
characterised by arterial stiffness (causing further arterial damage) and subsequent
disorganised collagen turnover resulting from a transfer of stress to the aortic collagen
(collagen regimentation) (Grootenboer et al. 2003; Bown et al. 2007; Sandford et al.

2007). Increased turnover of collagens | and I11, due to the action of MMPs 1, 8 and 12,
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causes reduced structural integrity of the aortic wall and generalised wall weakening
(Sandford et al. 2007; Bown et al. 2007). Continued thinning of the media from the loss
of collagen, elastin and neovascularisation leads to aortic wall dilation, expansion, and
finally, rupture (Grootenboer et al. 2003; Pearce & Shively 2006; Bown et al. 2007,

Sandford et al. 2007).

Research into AAA pathogenesis has revealed a significant role for the immune
system, although the precise mechanism remains unclear. Both pro- and anti-
inflammatory cytokines, including interleukins (IL) 1B, 1, 6, 8, 10, tumour necrosis
factor alpha (TNFa), IL 8 receptor and chemokine (C-X-C motif) receptor 2 (CXCR2)
have been identified at high levels within the AAA lesion (Bown et al. 2007; Sandford
et al. 2007). There are many hypotheses as to the origin and significance of the
inflammatory infiltrate. One proposes that AAA is an autoimmune disease that may be
activated through molecular mimicry following infection with pathogens that express
similar epitopes to those found within aortic tissue (Daugherty & Cassis 2004; Bown et
al. 2007). Bystander activation, whereby degradation of the aortic matrix exposes aortic
antigens, has also been contemplated (Daugherty & Cassis 2004). Opposing hypotheses
place the inflammatory infiltrate as a symptom, rather than cause, of AAA (Daugherty
& Cassis 2004). It has also been suggested that AAA may represent a subclinical form
of either Marfan syndrome or Ehlers-Danlos syndrome (Bown et al. 2007). The most
widely accepted hypothesis is that AAA results from wall weakening due to
atherosclerosis (Pearce & Shively 2006). The basis for this assumption is that the aortic
wall of the aneurysm is frequently affected by atherosclerosis and many risk factors are

shared between atherosclerosis and AAA.
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1.3.5 Genetics

AAA shows significant familial clustering, with between 15% and 28.6% of AAA
patients reporting a positive family history of disease (Kuivaniemi et al. 2003). This
was initially demonstrated by Clifton who described a family containing three brothers
with AAA (Clifton 1977). The mode of AAA inheritance remains unclear; early
segregation analysis has indicated that AAA could be an autosomal dominant or
recessive disease (van Vlijmen et al. 2002; Kuivaniemi et al. 2003). Candidate gene
studies, linkage studies and GWASs have all been used in an effort to discover the

genetic elements of AAA.

1.3.5.1 Candidate gene studies

Many candidate genes studies have been conducted in search of genetic determinants of
AAA, some examples of which are discussed below. Polymorphisms in the regulatory
and coding regions of TIMPs and MMPs have been implicated in AAA pathogenesis
(Ogata et al. 2005). Two SNPs identified in the regulatory regions of MMP3 and MMP9
(nt-1612 and nt-1562, respectively) were hypothesised to cause increased transcriptional
activity of these genes. Specifically, the C to T substitution at nt-1562 in MMP9 caused
a 1.5-fold increase in promoter activity and was significantly more abundant in those
with AAA than controls (Jones et al. 2003; Sandford et al. 2007). MMP10 also harbours
a SNP associated with male-specific AAA (nt+180) (Ogata et al. 2005). Two SNPs in
TIMP1 (nt +434 and rs2070584) have been associated with disease in males without a
family history of AAA (Ogata et al. 2005). These polymorphisms may act through
increasing the action of various MMPs (therefore increasing degradation of the
extracellular matrix) and/or through reduced TIMP expression (Sandford et al. 2007).

However, meta-analyses have shown no association between AAA and polymorphisms
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in either MMP9 or TIMP3 (Pearce and Shively 2006). The T-allele of a polymorphism
(nt+994) in platelet activating factor acetylhydrolase gene (PAF-AH) is over-
represented in AAA patients, and may cause increased induction of MMPs 1, 2 and 9
from epithelial cells and fibroblasts in Asian populations (Sandford et al. 2007).

A 287-bp deletion in ACE was associated with high levels of protein and
increased risk of AAA independently of BP (Pola et al. 2001; Sandford et al. 2007).
However, this association was not replicated in other studies (Obukofe et al. 2010).
Both AAA susceptibility and protective variants have been identified in 23 genes
controlling the homocysteine and methionine metabolism pathway. This pathway is
hypothesised to be involved in AAA since it results in proteins which remodel the
arterial wall via the action of various MMPs (Pola et al. 2001; Sandford et al. 2007).
One of the most commonly studied polymorphisms of this pathway, nt+677 in the
methylenetetrahydrofolate reductase (MTHFR) gene, has been associated with AAA,
although this has not been independently confirmed (Jones et al. 2005; Sandford et al.
2007).

An increase in the size of a short tandem repeat and SNP G894T in endothelial
nitric oxide synthase gene (eNOS) has been associated with AAA (Pearce and Shively
2006; Sandford et al. 2007). It is hypothesised that these variants may cause aortic wall
thinning due to changes in vasodilatation and smooth muscle migration and
proliferation (Rasmussen et al. 2001).

Various human leukocyte antigen (HLA) subtypes have been associated with
AAA. Specifically, HLA subtypes B1*02, B1*04, HLA-A2 and HLA-B61 are over-
represented in patients with AAA, while B1*01, B1*08 and B1*14 are more common in

healthy controls (Sugimoto et al. 2003; Sandford et al. 2007; Giusti et al. 2008). The
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importance of the HLA system in AAA progression and protection highlights the

immunological basis of this disease.

1.3.5.2 Linkage studies

Just one significant linkage study have been completed in search of the genetic basis to

AAA. Details can be found in Table 1.5.

Table 1.5 Linkage studies in AAA

Genomic region | Candidate genes Sample number Reference
10013.3 LRP3,TGF-41, 233 families (653 Kuivaniemi et al.
4=s PCDD5, PEPD cases) 2006,
PDGFRA, SPINK2, 233 families (653 L
493 BABL EDNRA cases) Kuivaniemi et al. 2006

LRP3- low density lipoprotein receptor-related protein 3 gene, TGF-£1- transforming
growth factor beta 1 gene, PCDD5- programmed cell death 5 gene, PEPD- peptidase D
gene, PDGFRA- platelet-derived growth factor receptor alpha polypeptide gene,
SPINK2- serine peptidase inhibitor Kazal type 2 gene, BAB1- bric a brac 1 gene,
EDNRA- endothelin receptor type A gene

1.3.5.3 Genome-wide association studies

Three genomic regions have been associated with AAA through GWASs. A SNP
located approximately 200 kb upstream of a gene which encodes a lipid anchored cell
adhesion protein, contactin 3 plasmacytoma associated (CNTNAPL1), was significantly
associated with AAA (rs7635818) in 235 men of European ancestry (Elmore et al.
2009). rs1333049 resides in a locus initially associated with CAD, but now also
associated with AAA. It contains no known coding genes, though recent investigations

have identified the large non-coding ribonucleic acid (RNA), ANRIL, which is
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expressed the walls of AAA (Bown et al. 2008). rs133049 showed a moderate
association with AAA amongst British individuals (Bown et al. 2008). A region within
chromosome 9qg31 (rs7025486) was significantly associated to AAA in GWASs of
1,292 Icelandic individuals (Gretarsdottir et al. 2010). Disabled homolog 2 gene
(DAB2) and disabled homolog 2 gene interacting protein (DAB2IP) are the strongest
candidate genes within the locus; both genes are thought to suppress cell survival and
proliferation through suppression of phosphatidylinositol-3 kinase Act (PI3K-Act) and
RAS pathways which, in turn, may induce apoptosis, (Gretarsdottir et al. 2010). Finally,
a SNP in the first intron of low-density-lipoprotein receptor-related protein 1 (LRP1)
(rs1466535) also showed significant, replicated association with AAA (Bown et al.

2011).

1.3.6 Prevalence of AAA

Research from cross-sectional, prospective and autopsy studies across various
ethnicities have found that the incidence of AAA is 11.3-117.2 per 100,000 person
years in men and 2.2-33.9 per 100,000 in women (Castleden & Mercer 1985; Spark et
al. 2001; Yii 2003; Salem et al. 2009; Bergqvist et al. 2010; Bloomer et al. 2012). 1.9-
18.5% of men has an abdominal aortic diameter of >29 mm in industrialised countries

(Grootenboer et al. 2003; Ogata et al. 2005).

Prevalence data shown in Table 1.6 and Figure 1.4 highlight the male
disadvantage in AAA. Just 65 AAA were identified in a cross-sectional cohort of 2,756
Brazilian subjects (abdominal aorta >29 mm). However, the male disadvantage in AAA
remained; of the 65 AAA patients, just 9 were female (Puech-Ledo et al. 2004).

Conversely, a reversal of the male disadvantage was identified in a Kenyan study; a
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ratio of AAA diagnosis between men and women of 1:1.9 was found (Ogeng’o et al.

2010). Indeed, a prevalence of 13.7 per 100,000 person years was found in Hong Kong

in 2000 (male to female ratio of 2:1) (Cheng et al. 2003). Likewise, a prospective study

identified only 120 AAA cases in Hong Kong between 1975 and 1983 (Yii et al. 2003),

whilst between 1996 and 1999 only 123 AAA diagnoses (aortic diameter >30 mm) were

made in Indonesia (Yii et al. 2003).

Table 1.6 Total prevalence of AAA worldwide

Total prevalence
Location T|r_ne Men Women Reference
period
Western 1971-1981 | 3770 1250 Castleden et al. 1985
Australia
USA 1951-1980 450 190 Melton et al. 1984
Borneo 1996-1999 250 70 Yii et al. 2003
Scotland 1971-2000 | 5260 1440 Naylor et al. 1988
Worthing 1979-1986 230 60 Morris et al. 1994
Rotterdam 1989-1993 2200 400 Pleumeekers et al. 1994
Chichester 1989-1994 800 loo Scott et al. 1995
Japan 3 loo Ishikawa et al. 1999
Italy 1991-1994 900 loo Simoni et al. 1995
Netherlands | 1972-1992 | 8570% | 1309+ | Navloretal 100, Reltsmaet al.
E”%}C‘Ql‘isa“d 1979-1999 |50194* | 20301* Filipovic et al. 2005

OTotal prevalence per 100,000 person years, co percentage total prevalence, *total

deaths due to AAA.
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Figure 1.4 Worldwide prevalence of abdominal aortic aneurysms (Bloomer et al. 2012).
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1.3.7 Sexual dimorphism in risk factors of AAA

In accordance with the sexually dimorphic nature of AAA, certain risk factors of this
disease are also affected by sex. Risk factors not affected by sex include chronic

obstructive pulmonary disease (COPD) and diabetes.

1.3.7.1 CAD as a risk factor for AAA

Given that the co-existence of CAD and AAA is common, it is not surprising that AAA
is commonly considered to be a clinical manifestation of CVD (Madaric et al. 2005). In
a cohort of individuals aged between 65-75 years, 58% were diagnosed with both CAD
and AAA (Wanhainen et al. 2005). Madaric et al. identified the same over-
representation of CAD and AAA co-existence (Madaric et al. 2005), and found that
14.7% of those with CAD had AAA while only 3.3% without CAD were diagnosed
with AAA (Madaric et al. 2005). A review of 2,238 peer-reviewed articles reported that
MI increased the risk of AAA by 2.3-fold (Cornuz et al. 2004), while Wilmink & Quick
assigned a relative risk score of 2.2 to CAD (Wilmink & Quick 1998). These data
suggest that the presence of CAD is a risk factor for AAA development, predominantly
in men where the prevalence of both diseases is higher (Wilmink & Quick 1998;
Bengtsson et al. 1991; Blanchard et al. 2000; Makomaski-1lling & Kaiserman 2004;
Karp et al. 2005). However, this association could be also explained by the overlap in

risk factors between CAD and AAA.
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1.3.7.2 Peripheral vascular disease (PVD)

PVD is associated with an odds ratio of 2.5 and relative risk of 2.4 for developing AAA
(Cheavechai et al. 2004). Galland et al. found that 14% of those with occlusive PVD
were diagnosed with AAA (Galland et al. 1991), the majority of whom were male
(Shapria et al. 1990). Likewise, 5.9% of patients with atherosclerotic PVD were found
to have AAA (Galland et al. 1991). Indeed, in a cohort of 1,166 patients with peripheral
arterial disease (PAD), 26% also had AAA (Galland et al. 1991). The co-existence of
PAD and AAA was significantly higher in males (13.6%) compared with females

(4.1%) (Barba et al. 2005).

1.3.7.3 Smoking level in AAA

Smoking is a well-documented risk factor in AAA development (Karkos et al. 2000;
Thompson et al. 2006; Harthun 2007; Sandford et al. 2007). As previously stated,
significantly more men than women smoke; of >1.1 billion smokers world-wide, the
vast majority are male (Teo et al. 2006). Smoking is significantly over-represented in
patients with AAA when compared to healthy controls (30.6% and 17.6%, respectively
[Blanchard et al. 2000]). The prevalence of smoking in both men and women with AAA
is significantly higher than amongst those who do not have AAA (9.8% of smokers had
AAA while just 1.7% of non-smokers were diagnosed with AAA [Lederle et al. 1997]).
The effect of smoking on the risk of AAA appears to be sex-dependent: only 2.2% of
female smokers were diagnosed with AAA compared to 7.8% of male smokers (Lederle
et al. 1997; Singh et al. 2001). Although active and history of smoking are strong risk
factors for AAA in men than women, men are at higher risk of AAA; the odds of AAA

are 7.4 and 5.8 for male and female smokers, respectively (Bass et al. 1993).
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1.3.7.4 Lipid level in AAA

A meta-analysis of all investigations on HDL-C and predisposition to AAA found that
individuals with AAA had significantly lower HDL-C levels (approximately 0.15
mmol/L lower) than healthy controls (Takagi et al. 2010). Men without AAA diagnosis
have higher HDL-C levels compared with those who were diagnosed with AAA
diagnosis (1.3 mmol/L vs. 1.2 mmol/L) (Yusuf et al. 2004). Increased LDL-C and TC
are also considered to be risk factors for AAA (Wanhainen et al. 2005). Both male and
female AAA patients have significantly higher average LDL-C than controls
(Wanhainen et al. 2005). Higher average TC was also identified in patients with AAA

than controls (Wanhainen et al. 2005).

1.3.7.5 Blood pressure level in AAA

High BP is a long disputed risk factor of CVD and AAA (Karkos et al. 2000; Thompson
et al. 2006; Harthun 2007; Sandford et al. 2007). Hypertension has been implicated in
pathogenesis of AAA, growth rate and the risk of rupture (Sharratt et al. 2001; Paradis
et al. 2004; Genovesi et al. 2005; Takagi et al. 2010). Elevated diastolic blood pressure
(DBP) (>90 mmHg) was associated with a 1.5-fold increase in risk of AAA in a cohort
of 5,356 individuals (4.8% and 3.3% in AAA patients and normal controls, respectively,
had a DBP >90 mmHg [Wilmink & Quick 1998; Karp et al. 2005]). It was estimated
that every 10 mmHg increase in DBP and a 2.3 mmHg increase in systolic blood
pressure (SBP) were associated with 1.9- and 1.15-fold increase in odds of AAA,
respectively. Interestingly, women are more at risk when SBP is raised (OR of AAA
was calculated at of 1.39 in women and 0.97 in men) (Singh et al. 2001). Elevated DBP

increases the risk of AAA equally in both sexes (Singh et al. 2001).
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1.4 Causes of sexual dimorphism in CAD and AAA

Differences in lifestyle, the immune system, sex-specific actions of sex hormones, sex
chromosomes and other genetic effects are all possible drivers of the “male

disadvantage” in CAD and AAA.

1.4.1 Lifestyle differences between the genders

Lifestyle choices differ between the sexes. Smoking is more common in men at all ages
compared to women in the general population, and the male predominance in smoking
is even more evident in AAA (Mckee et al. 1998; Genovesi et al. 2005; McQueen et al.
2008). Bengtsson et al. found that patients with AAA smoked significantly more than
individuals without AAA (55 g of tobacco in cases and 27 g in controls per person per
week). A similar phenomenon is observed in CAD whereby 67% of CAD (compared
with 29% of healthy controls) smoked (Genest et al. 1991). Though more men smoke
and more male smokers are diagnosed with CAD, smoking poses a higher risk of
disease in women (female to male relative risk ratio of 1.25) (Huxley & Woodward
2011).

Likewise, men consume more alcohol more regularly than women in the general
population (29.3% of men consume alcohol compared to just 9% of women (Yusuf et
al. 2004). Heavy drinkers, predominantly males, are more likely to develop AAA
(hazard ratio of 1.21) (Wong et al. 2007). Men were found to be significantly more
overweight and obese in a cross-sectional study of 16,657 Polish individuals (48% of
men and 39.2% of women were overweight while 39.9% of men and 31.0% of women
were obese) (Kaess et al. 2010). Galland et al. found that body mass index (BMI) was

higher in men with AAA than normal controls (OR of 1.14) (Galland et al. 1991). Lack
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of physical activity is an important risk factor in both CAD and AAA; up to 36% of
Americans take no physical activity (Roger et al. 2012) and women are less active
during leisure time than males (18.2% of men are active compared to 13.3% of women
[Yusuf et al. 2004]). However, inactivity in males was significantly associated with
AAA,; just 57.4% of male cases were active compared to 66% of controls (Galland et al.
1991). Similarly, men expending >4200 kJ/week reduced their risk of CAD by up to

20%, and less active men have higher incidence of CAD (Sesso et al. 2000).

1.4.2 Aggression as sexually dimorphic cause of CAD and AAA

Men are widely accepted to exhibit significantly higher rates of Type A behaviour
pattern including aggressiveness, competitiveness, hostility and time urgency, than
women (Barrett-Connor 1997). Indeed, being competitive and aggressive is a central
component of the masculine personality characteristics and is atypical in women
(Barrett-Connor 1997). Levels of aggression are known to be stable over time and both
prospective and cross-sectional studies have shown that aggression levels are associated
with CVD including CAD (Kop 1999; Rozanski et al. 1999; Krantz & McCeney 2002;
Smith & Ruiz 2002; Gallo & Matthews 2003; Suls & Bunde 2005). Interestingly,
traditional masculinity is thought to increase risk of CVD (Barrett-Connor 1997, Bem
1974, Helgeson 1990). Boyle et al. investigated the relationship between CAD risk
factors and anger, anxiety and hostility. Both hostility and anger - recognised
dimensions of aggressiveness (Helgeson 1990; Boyle et al. 2006) - were correlated with
cigarettes smoked each day. Anxiety and hostility were associated with diabetes and

hostility was related to a decrease in HDL-C (Boyle et al. 2006).
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1.4.3 Sexual dimorphism of the immune system in AAA and CAD development

Differences in the regulation of the immune system between the sexes are apparent from
the first year of life (Tollerud et al. 1990; Gourdy et al. 2005; Sinha et al. 2006) and
become increasingly evident at sexual maturity (Gourdy et al. 2005). Tollerud et al.
found that while human leukocyte antigen-D related (HLA-DR) cells are increased in
young healthy adolescent males (17-19 years), CD4+ cells and the CD4+:CD8+ ratio
are higher in age-matched females (Tollerud et al. 1990). It was hypothesised that these
fundamental changes in cellular and adaptive immunity make males more likely to
develop AAA and CAD since proteins which regulate immune cell migration, cytokine
production, growth factors and chronic inflammation are known to be drivers of both
diseases (Daugherty & Cassis 2004; Ogata et al. 2005).

Sexual disparity in the functioning of the immune system may, in part, explain
why male apoE-/- mice develop angiotensin Il (Angll)-induced AAA more readily than
female mice (Mittendorfer 2005). Female mice show increased T-cell proliferative
responses and increased interferon gamma (IFNy) levels compared to male mice
(Gourdy et al. 2005). Likewise, Sinha et al. found that in tissue from female rat tissue
IL-1,2,3,5,7, 8a, 8B, 11 and 12 showed a significant (up to 6.3-fold) reduction in
expression when compared to male rat tissue (Sinha et al. 2006). The same trend was
also observed in the TNFa, vascular endothelial growth factor A and C-C chemokine
ligand and receptor families (Sinha et al. 2006). Similarly, an overall reduction in
neutrophil and macrophage abundance was observed in female AAA tissue (Sinha et al.
2006). The ability of macrophages to absorb oxidised lipoproteins (through type A
scavenger receptors) leading to the formation of foam cells was also significantly higher
in males. The formation of foam cells is integral in the aetiology of CAD and the male

preponderance to foam cell development due to differences in immune cells may

- 65 -



underlie some of the sexual dimorphism observed in CAD (Wu & von Eckardstein

2003).

1.4.4 Sexual dimorphism in androgen levels in predisposition to AAA and CAD

Androgens (such as testosterone) circulate at significantly higher levels in men (Barrett-
Connor 1997), and have been hypothesised to contribute to development of CAD and
AAA. Testosterone is known to affect cellular maintenance of vascular smooth muscle
and extra-cellular matrix, which when altered may lead to AAA and CAD (Henrigues et
al. 2008). Testosterone is also heavily implicated in CVD risk factors. Elevated
testosterone is known to increase HDL-C and reduce triglycerides, TC and LDL-C (Wu
& von Eckardstein 2003). Thus, changes in testosterone levels may affect both BP and
lipid levels, which indirectly contribute to increased inflammation, possibly leading to
both CAD and AAA (Henriques et al. 2008; Webb & Collins 2010).

Male testosterone levels have been strongly associated with AAA in animal
models, though lowered testosterone has also been implicated in human studies. It is
hypothesised that androgens may drive (along with sexually dimorphic immune system
functioning) the increased development of AAA in male mice compared to female when
treated with Angll (Mittendorfer 2005). The androgen theory is based on the reduced
development of AAA in Angll-treated male mice after orchidectomy (which causes a
significant reduction in circulating androgens) (Mittendorfer 2005). Henriques et al.
found that androgens increased expression of every constituent of the renin-angiotensin
system which, in turn, increased the prevalence of AAA in this murine model

(Henriques et al. 2008; Wu et al. 2009).
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However, human studies do not show a clear association between AAA and
testosterone levels. A study completed by Yeap et al. on 3,620 elderly men showed no
correlation between free testosterone and increased risk of AAA,; in fact the risk was
reduced with increasing free testosterone levels (Yeap et al. 2010). Both total
testosterone and free testosterone levels were significantly higher in controls than in
patients with AAA (Yeap et al. 2010). However, free testosterone and sex hormone
binding-globulin (SHBG) did show an association with aortic diameter when aortic
diameter was treated as a continuous trait (Wu et al. 2009). This highlights a possible
role for testosterone depletion in human AAA development rather than the reverse
association identified in animal models (Mittendorfer 2005; Henriques et al. 2008).

A similarly complex relationship is also evident between androgens and CAD
(Webb & Collins 2010). By 2003, 32 cross-sectional studies had investigated the
association between testosterone and CAD. 16 studies found that reduced testosterone
increased CAD (Barth et al. 1983; Mendoza et al. 1983; Breier et al. 1985; Hromadova
et al. 1985; Aksut et al. 1986; Swedarsen et al. 1986; Chute et al. 1987; Hamal&inen et
al. 1987; Lichtenstein et al. 1987; Swartz et al. 1987; Sewdarsen et al. 1988; Sewdarsen
et al. 1990; Rice et al. 1993; Phillips et al. 1994; Zhao & Li 1998; English et al. 2000)
and 16 found no association (Labropoulos et al. 1982; Luria et al. 1982; Zumoff et al.
1982; Heller et al. 1983; Phillips et al. 1983; Small et al. 1985; Franzen & Fex 1986;
Baumann et al. 1988; Slowinska-Srzendnicka et al. 1988; Cengiz et al. 1991; Hauner et
al. 1991; Mitchell et al. 1994; Marquez-Vidal et al. 1995; Feldman et al. 1998; Kabakci
et al. 1999; Schuler-Luttmann et al. 2000). Similarly, no association was identified in
any of the prospective studies completed (Cauley et al. 1987; Barrett-Connor & Khaw
1988; Phillips et al. 1988; Hautenen et al. 1994; Harman et al. 2001). There is an

inconsistent and unconvincing body of evidence effect on the association between
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dehydroepiandrosterone sulfate (DHEA-S) (a weaker androgen than testosterone) and
CAD. It can be concluded that that though reduced testosterone may have a small effect
on predisposition to CAD, the action of testosterone and DHEA-S probably do not

account for the majority of sexual dimorphism in CAD.

1.45 Oestrogens

It has repeatedly been hypothesised that oestrogens may offer a protective influence
against CVD in females. This association has been investigated extensively in animal
models of both AAA and CAD. Ailawadi et al. showed that aortic transplantation
between two male or female rats does not affect the rate of AAA development.
However, a female aorta transplanted into a male rat will develop AAA at the same rate
as male, rather than female, rats. This suggests that protection of the aorta given by the
female sex was lost (Thompson et al. 2009), indicating the possible role of female sex
hormones. Ovariectomised female rats had a significantly higher AAA growth rate than
control animals (Webb & Collins 2010). Likewise, rats injected with oestradiol showed
a significantly lower AAA growth rate than controls (Ailawadi et al. 2004). Although
endogenous oestrogens appear to offer protection in cross-sectional studies of CAD
(Tolbert & Oparil 2001), no investigations have been completed into their role in human
AAA development.

It is hypothesised that oestrogens may act through the reduction of MMP 9 (a
collagenase for collagen type IV) production from macrophages, thereby reducing the
collagen destruction, smooth muscle rearrangement and the inflammatory infiltrate seen
in AAA (Grootenboer et al. 2003; Ailawadi et al. 2004). Similarly, oestrogens alter the
action of oxidative stress and inflammation. Specifically, oestrogens reduce the action

of nuclear factor kappa-light-chain-enhancer of activated B cells (NFxb), oxidative
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stress and p38 mitogen-activated protein kinase (MAPK) (which regulates the action of
TNFa, IL 1, 4, 6 and 8 (Tollerud et al. 1990), and activate cardio-protective genes such
as peroxisome proliferator-activated receptor gamma co-activator 1-alpha gene (PGC-
1a), modulatory calcineurin interacting protein 1 gene (MClpl) and heat shock protein
72 gene (HSP72) (Bhupathy et al. 2010). Though few studies have been completed in
humans, it can be hypothesised that the same reduction in MMP 9 production and
protection of the aorta due to oestrogens may partially explain why women are at less
risk from AAA (Thompson et al. 2009). Levels of endogenous oestrogens may affect
risk factors for both CAD and AAA i.e. high endogenous levels of oestradiol and
estrone in healthy young men are identified as a negative risk factor of lipid profile
(Tomaszewski et al. 2008). Specifically, oestradiol was associated with decreased HDL-

C, while estrone was positively correlated with LDL-C (Tomaszewski et al. 2008).

1.4.6 Sexual dimorphism in cardiovascular risk factors

The cumulative effect of risk factors may explain the male predominance in diagnosis
of AAA and CAD. Though each of the risk factors outlined here is sexually dimorphic,
no one factor explains the extent of male disadvantage in AAA or CAD. It is plausible
that the relationship between each risk factor, i.e. the cumulative effect of increased
smoking, BP, testosterone and altered lipid profile on male physiology, may predispose
men to AAA or CAD. For AAA, this was shown in a cohort of 504 individuals (248
men and 256 women) where 90% of individuals diagnosed with AAA had at least one
of the following risk factors: history of atherosclerotic disease, history of smoking or
family history of AAA (Wanhainen et al. 2005). The risk of AAA increased with

number of risk factors present; just 4% of AAA patients had none of the risk factors,
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12% had one risk factor, 22% had two of the risk factors and 57% had all three risk
factors (Wanhainen et al. 2005). A similar phenomenon was proposed in CAD (Genest
et al. 1991). These observations show that increased number of risk factors in an
individual may increase risk of AAA and CAD (Wanhainen et al. 2005). Although just
three risk factors were investigated, it can be hypothesised that other sexually dimorphic
risk factors, such as hypertension and hyperlipidaemia may also act in a collective

manner.

1.4.7 Genetics and epigenetics

Various aspects of genetics are sexually dimorphic, ranging from epigenetic to gene
expression differences. Males are known to have higher levels of methylation at long
interspersed nuclear element 1 (LINE-1) sites (EI-Maarri et al. 2011) and changes in
epigenetics are known to predispose towards CVD (Gluckman et al. 2009; Handy et al.
2011). There are also significant differences in gene expression profiles between the
sexes. Of particular relevance are the differences observed in heart tissue (Isensee et al.
2008). However, the most fundamental difference between the sexes is the complement
of sex chromosomes (XY in males and XX in females). This major genetic difference

will be explored in detail in this thesis.

15 The Y chromosome

The human X and Y chromosomes (approximately 155,Mb and 60,MDb, in the reference
sequence respectively) evolved from a normally recombining autosomal pair.

Differentiation of the Y chromosome was initiated due to a mutation giving rise to the
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male-specific sex determining region, Y gene (SRY) giving it the key dominant role in
male sex determination (Sinclair et al. 1990). Recombination in this area was then
suppressed, probably through segmental inversion. Recruitment of further sex-specific
genes extended the area of suppressed genetic recombination to prevent potential loss of
function (Graves 1998). Recombination with the X chromosome was eventually
suppressed across 95% of the Y chromosome — this part of the Y chromosome is called
the male-specific region (MSY) (Skaletsky et al. 2003). Normal recombination was
restricted to segments found at the extreme ends of the sex chromosomes called
pseudoautosomal regions (PARS). In the absence of recombination events across the
majority of the Y chromosome, gene conversion (Chen et al. 2007) has been observed
to occur frequently (Rozen et al. 2003). In duplicated regions containing spermatogenic
genes, this process may be acting to retard the degeneration of genes by using a non-
mutated copy to ‘correct’ mutations in another copy; the mechanism for discriminating
mutated from non-mutated versions is not understood (Rozen et al. 2003).

The Y chromosome accounts for less than 2% of the genome (Vogt 2005); the
short arm of the Y chromosome (Yp) contains just 8 Mb of DNA while the long arm
(Yq) contains 14.5 Mb of euchromatic DNA (Skaletsky et al. 2003). The MSY contains
highly repetitive structural features including eight large palindromes (inverted repeats)
encompassing 5.7 Mb (palindrome 1 [1,450 kb], palindrome 2 [122 kb], palindrome 3
[283 kb], palindrome 4 [190 kb], palindrome 5 [496 kb], palindrome 6 [110 kb],
palindrome 7 [8.7 kb], palindrome 8 [6 kb]) (Skaletsky et al. 2003). The arms of the
palindromes contain unique, non-duplicated spacer sequences at their centre range from
9 kb to 1.45 Mb (Skaletsky et al. 2003). Further genetic characteristics include five
more widely-spaced inverted repeats (Skaletsky et al. 2003). Short tandem repeats

(STRs), tandem arrays of up to 30 copies of adjacent repeats of 1-7 bp length are
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common and polymorphic on the Y chromosome (Kayser et al. 2004), as they are
elsewhere in the genome. Many Y chromosome SNPs have been identified, of which
~600 have been used to construct a Y chromosome phylogenetic tree encorporating 311

haplogroups (Karafet et al. 2008).

1.5.1 Pseudoautosomal regions 1 and 2

The pseudoautosomal regions of the Y chromosome are located at the extreme ends of
Yp and Yq (PARL in Yp and PAR2 in Yq). These small regions recombine normally
with the X chromosome. Indeed, during male meiosis at least one recombination event
must take place within PAR1 (Delbridge & Graves 1999). PAR recombination rates
differ greatly with sex; recombination rates in PAR1 and PAR2 in females are
analogous to those found on the autosomes (outside of the telomeres and cetromere),
whilst the rate in males is significantly higher (Flaquer et al. 2008). The PAR regions
contain just 29 genes, with 24 genes in PAR1 and 5 genes in PAR2 (Flaquer et al.
2008). The PAR regions of the Y chromosome are not studied in this work (which is

based on the MSY).

1.5.2 The male-specific region (MSY)

The MSY encompasses approximately 95% of the length of the Y chromosome
(positions 2,699,520- 59,169,534 in the reference sequence) (Skaletsky et al. 2003) and
does not cross over with the X chromosome. There are three large regions of
heterochromatin in the MSY stretching across nearly 42 Mb, though are extremely
variable in length. Two of these regions are situated at the centromere (approximately
1Mb) and on distal Yp (~40 Mb, though extremely variable among males [Repping et

al. 2006]); both are constructed from massively amplified tandem repeats of low
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sequence complexity. The third block spans 400 kb, is formed from >3,000 tandem
repeats of 125 bp, and is situated in a long block of euchromatic sequence on Yq. Four
different repetitive sequences make up the heterochromatic sequences, and include; 171
bp alphoid, GGAAT, 125 bp repeats and one non-characterised repeat thought to be AT
rich. No part of the heterochromatin is known to be transcribed (Skaletsky et al. 2003).
The euchromatic sequence of the Y chromosome spans approximately 23 Mb (8
Mb on Yp, 14.5 Mb on Yq) (Skaletsky et al. 2003). These regions contain at least 156
transcriptional units, approximately half of which encode proteins. Of the 78 protein-
coding genes, 60 are organised into one of nine gene families, while the remaining 18
are present in single copy (Table 1.7). There are three forms of Y chromosome genes.
Firstly, X-transposed genes which show very high sequence homology (~99%) in both
exonic and intronic sequences with gene counterparts found on the X chromosome
(Skaletsky et al. 2003). These genes, containing both pseudogenes and protein-coding
genes, were transposed from the long arm of the X chromosome 3-4 million years ago,
while a subsequent Y chromosome inversion split this block into two separate locations.
Just two protein-coding genes, the testis specific transforming growth factor-induced
factor homeobox 2-like, Y-linked (TGIF2LY) and brain specific protocadherin 11 Y-
linked (PCDH11Y), are known to lie in this segment. The remaining X-transposed
sequence is composed from high density repeat elements such as LINE-1. Secondly, 27
coding X-degenerate genes and a number of pseudogenes represent surviving relics
from the autosomes from which the modern day X and Y chromosomes originated.
These genes show 60-95% sequence homology with their X chromosome counterparts.
Fourteen genes, including all 12 ubiquitously expressed genes, are thought to produce
functional proteins which are similar, but not identical to, those located on the X

chromosome (Skaletsky et al. 2003). The difference in protein isoforms between those
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derived from the X and Y chromosomes is particularly apparent in ribosomal protein
S4, Y-linked 1 (RPS4Y1) and ribosomal protein S4, Y-linked 2 (RPS4Y2), which are
full length homologs of the X-linked gene ribosomal protein S4, X-linked (RPS4X)
(Table 1.7) (Figure 1.5). CYorf15A and CYorf15B are homologs to the 5" and 3" regions
of CXorfl5. A total of 126 SNPs were identified in X transposed and degenerate genes
through direct re-sequencing of the reference sequences (mainly haplogroup R1b1b2)
(Krausz et al. 2004; Rozen et al. 2009). Finally, the remaining euchromatic sequences
are arranged into 7 ampliconic segments (palindromes) (10.2 Mb) and are identified
through their high similarity (99.9%) to other MSY sequences. These sequences contain
nine protein-coding families with copy numbers (in the reference sequence) ranging

from two (VCY, XKRY, HSFY, PRY), 3 (BPY2), four (CDY, DAZ), six (RBMY) and up to

-74 -



Table 1.7 The list of MSY genes

Symbol

Full gene name (Copy _Gene Category Expression
size (bp)
number)
Variable charge, Y-linked VCY (2) 744 Ampliconic Testis
TGFp-induced factor .
homeobox 2-like, Y-linked TGIF2LY (1) 987 X transposed Testis
Chromodor_nam protein, Y- CDY (4) 2,786 Ampliconic Testis
linked
Testis specific protein, Y- N .
linked 1 TSPY (35) 2,795 Ampliconic Testis
Basic charge, Y-linked, 2 BPY2 (3) 21,203 Ampliconic Testis
PTPN13-like, Y-linked PRY (2) 24,241 Ampliconic Testis
RNA binding motif protein, N .
Y-linked RBMY (6) 37,949 Ampliconic Testis
Heat shock transcription N .
factor, Y-linked 1 HSFY (2) 42,293 Ampliconic Testis
Deleted in azoospermia DAZ (4) 69,740 Ampliconic Testis
XK, Kell blood group
complex subunit-related, Y- XKRK (2) 46,372 Ampliconic Testis
linked
Amelogenin, Y-linked AMELY (1) 8,110 X degenerate Tooth
Thymosin beta 4, Y-linked | TMSBA4Y (1) 2,458 X degenerate | Ubiquitous
DEAD (Asp-Glu-Ala-Asp) -
box polypeptide 3, Y-linked DDX3Y (1) 16,372 | X degenerate | Ubiquitous
Eukaryotic translation
initiation factor 1A, Y- EIF1AY (1) 17,430 | X degenerate | Ubiquitous
linked
Chromosome Y open CYorfl5A (1) | 23,075 | X degenerate | Unknown

reading frame 15A
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Ribosomal protein S4, Y-

linked 2 RPS4Y2 (1) 24,965 | X degenerate | Ubiquitous
Rlbosoma_ll protein 54, Y- RPS4Y1 (1) 25,471 | Xdegenerate | Ubiquitous
linked 1
Lysine (K)-specific -
demethylase 5D KDMS5D (1) 41,074 | X degenerate | Ubiquitous
Zinc flng_er protein, Y- ZFY (1) 47,436 | X degenerate | Ubiquitous
linked
Protein kinase, Y-linked PRKY (1) 145,838 | X degenerate | Ubiquitous
Ubiquitin specific peptidase -
9, Y-linked USPIY (1) 159,609 | X degenerate | Ubiquitous
Ubiquitously transcribed
tetratricopeptide repeat UTY (1) 232,295 | X degenerate | Ubiquitous
aene. Y-linked
Sex determining region Y SRY (1) 897 X degenerate | Unknown
Tra”Sd“C'rl‘ifltl’(ztg)"'ke LY-1 TBLIY (1) | 180,998 | X degenerate | Unknown
Neuroligin 4, Y-linked NLGN4Y (1) | 323,013 | X degenerate | Unknown
Chro_mosome Y open CYorfl5B (1) | 15,522 | X degenerate | Unknown
reading frame 15B1 '
Protocadherin 11 Y-linked | PCDH11Y (1) | 741,999 | X transposed Brain

Gene copy numbers and sizes are based on the reference sequence (mostly belonging to

haplogroup R1b1b2, with a ~1-Mb segment encompassing the AZFa region deriving

from a haplogroup G chromosome). Gene size includes introns and 3" and 5° UTRs.

Data from UCSC (http://genome.ucsc.edu/)

35 in TSPY (Krausz et al. 2004). All nine protein-coding families are expressed purely

in the testis. Ampliconic genes, such as DAZ which have two gene copies in both

palindrome 1 and 2, are mostly found in palindromic regions. Likewise, CDY has two
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copies in palindrome 1 and 5. One protein-coding gene, TSPY, exists in 35 copies in the
reference sequence (Skaletsky et al. 2003), forming an array of 20.4-kb repeats account
for around 700 kb of the ampliconic region; it is polymorphic in copy number (Repping
et al. 2006). A number of non-coding gene families of unknown function are found in
the five inverted repeats, including testis-specific transcript (TTTY) 1, 2, 4, 7, 8, 18, 19,

21 and 22 (Skaletsky et al. 2003).
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Figure 1.5 Positions of MSY genes (Adapted from Skaletsky et al. 2003)
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Top bar represents the Y chromosome from Yp on the left to Yq on the right. SMCY is now known as KDM5D, DBY is now known as DDX3Y.
Gene families: TSPY, VCY, XKRY, CDY, HSFY, RBMY, PRY, BPY2, DAZ. Single copy genes: SRY, RPS4Y1, ZFY, TGF2LY PCDH11Y, AMELY,

TBL1Y, PRKY, USP9Y, DDX3Y, UTY1, TMSB4Y, NLGN4Y, CYorfl15A, CYorf15B, KDM5D, EIF1AY, RPS4Y2. Single copy transcription units:

TTTY16, TTTY12, TTTY8, TTTY9, TTTY1l, RBMY1A3P, TTTY20, TTTY15, CYorfl4, TTTY14, TTTY10, TTTY15. Transcriptional unit families:

TTTY23, CYorfl6, TTTY22, TTTYL, TTTY2, TTTY2L, TTTY7, TTTY8, TTTY9, TTTY6, TTTYL17, TTTY4, TTTY3, CSPGALY, GOLGAZ2LY.

Coloured blcoks represent: pink- X transposed, yellow- X degenerate, blue- ampliconic, red hash- heterochromatin, white- other.
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1.5.3 Y chromosome haplogroups

The MSY essentially acts as one block, being inherited by sons from fathers as an
indivisible unit. Sequence variants, ranging from SNPs and indels to STRs, in the MSY
can be used to reconstruct an evolutionary tree of the Y chromosome where each type of
Y chromosome can be traced back to a common ancestor, sometimes referred to as Y-
chromosomal Adam (The Y Chromosome Consortium 2002). Most commonly, the Y
chromosome evolutionary tree is constructed using specific binary markers (due to their
slow back and parallel mutation rates) which define stable Y chromosome
‘haplogroups’ (The Y Chromosome Consortium 2002; Karafet et al. 2008). The most
detailed and useful published haplogroup tree uses 599 SNPs and results in 311 Y
chromosome haplogroups (Karafet et al. 2008). STRs mutate at higher rates and can be
used to define very specific haplotypes within a haplogroup (de Knijff 2000). Two
current naming systems of Y chromosome haplogroups exist; the “Y Chromosome
Consortium” labelled the 18 major haplogroups A to R (The Y Chromosome
Consortium 2002) to which haplogroups S and T have now been added (Karafet et al.
2008). Sub-groups and halpotypes within each haplogroup were then named
numerically, for example E1, Ela and Elal. The secondary nomenclature identifies
each haplogroup via its terminal marker, for example, E-M81 (The Y Chromosome
Consortium 2002). All work in this thesis will utilise the naming system established by
the Y Chromosome Consortium.

Haplogroup prevalence varies globally; haplogroups A and B are predominantly
found in Africa, D and E in Africa and Asia, C in East Asia, Oceania and North
America, F and H in Asia, K in East Asia, Q in North East Asia and America, while R is
mostly found in Europe and West Asia (Figures 1.5-1.7). Haplogroups | and R are most

common in Europe with haplogroup | being found exclusively in Europeans (Rootsi et
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al. 2004; Karafet et al. 2008). Haplogroups K, F and P are superhaplogroups from
which other haplogroups are derived. Investigation of twelve specific Y chromosome
SNPs (SRY 10831, M35, M89, M201, M170, M304, M9, M45, M207, M173 and
M269) can characterise the twelve most common major European haplogroups
(BR[xE1b1lb1,F], E1blbl, G, I, J, R1a, and R1b1b2), and will also identify rare lineages
within F*, K*, P* and R* (Semino et al. 2000; Underhill & Kivisild 2007), and will be

used in all research performed in this study.
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Figure 1.6 Worldwide Y chromosome haplogroup tree (Karafet et al. 2008). Lineages found in Europe are highlighted by arrows and specific

lineage defined.
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Figure 1.7 Worldwide Y chromosome haplogroup prevalence (http://www.scs.illinois.edu/~mcdonald/WorldHaplogroupsMaps.pdf)*Note: E3b
Is now known as E1b1bl
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1.5.3.1 Common European haplogroups

Typically >50% of European men are designated as belong to haplogroup R, and most
commonly to sub-clade R1 (defined by M173) (Myres et al. 2011). In Europe, the two
most common sub-lineages of R1 are R1a in Eastern Europe (defined by M17) and R1b
in Western Europe (defined by M343). The most common R1 sub-haplogroup in Europe
IS R1b1lb2 (defined by M269) and is carried by approximately 110 million men,
predominantly Western Europeans (Balaresque et al. 2010; Myres et al. 2011; Sjodin &
Francois 2011) (Figure 1.8). The method of spread of this young haplogroup may have
occurred through either demic diffusion (i.e. the movement and expansion of Near-
Eastern farmers) or transmission of cultural innovation, including agriculture, to
existing populations that then expanded (Balaresque et al. 2010; Myres et al. 2011;
Sjodin & Frangois 2011). The correlation of microsatellite variance with longitude
rather than latitude means the most likely hypothesis is through Neolithic expansion
(Balaresque et al. 2010), though this has been contested (Busby et al. 2012), and the

area is controversial.

Approximately 18% of European men belong to haplogroup | (defined by
M170), a haplogroup specific to Europe (Rootsi et al. 2004). This haplogroup is thought
to have originated in Europe sometime before the last glacial maximum (approximately
24,000 years before present) (Semino et al. 2000), and at its height had a frequency of
40-50% in Scandinavian and Southern European populations (Rootsi et al. 2004).
Haplogroup | has a number of sub-clades (I1a, 11b, I1lc, I11d, I1e, I1f, 12) (Figure 1.6)
which show variable prevalence across Europe. Lineage I1b is most common in France
(Rootsi et al. 2004) (Figure 1.8). Interestingly, the sister group of haplogroup I,

haplogroup J, is relatively rare in Europe (Figure 1.9).
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Figure 1.8 Y chromosome haplogroup prevalence in Europe
(http://www.scs.illinois.edu/~mcdonald/WorldHaplogroupsMaps.pdf) Note: E3b is now
known as E1blbl
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1.5.4 TheY chromosome in disease
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The Y chromosome has been implicated in a variety of different pathogeneses ranging
from hypertension (Charchar et al. 2002) to autism (Serajee & Mahbubul Hug 2009).
Studies typically used methods such as haplogroup analysis and of specific variants

(e.g. the biallelic Hindl11(+/-) restriction fragment length polymorphism).

The Hindlll polymorphism, present in the alphoid repeat (DYZ3) near the Y
chromosome centromere, indicates the presence or absence of a 6kb repreated higher-
order alphoid unit that contains a diagnostic HindlIll restriction site (Mathias et al.
1994). Hindlll (+) approximately correlates with haplogroup P of the Y chromosome
(Mathias et al. 1994). Ellis et al. found that men with the Hindlll (+) variant had
significantly higher DBP than men with Hindlll (-) (81.2 mmHg vs. 83.2 mmHg) in an
Australian population of European origin (Ellis et al. 2000). Polish men with HindlIlI
(+) had significantly higher SBP and DBP (SBP +5.27 mmHg and DBP +3.14 mmHg)
then those with the other allele. The same association was observed in Scottish men
(Charchar et al. 2002). Shankar et al. showed that the association between this
polymorphism and BP is present early in life - Hindlll (-) was associated with increased
BP in young men (Shankar et al. 2007). However, Russo et al. found no evidence of
association with Hindlll (+/-) and BP or hypertension (Russo et al. 2006) in three
European populations (British, Belgian and Italian). These data highlight the
complicated relationship between the Y chromosome and BP.

A similarly complex relationship exists between the HindlIlI(+/-) polymorphism
and lipid levels. In this case only three studies have been completed; the first
demonstrated a relationship between Hindlll(-) and increased levels of TC and LDL-C
in two Polish populations (Charchar et al. 2003). Furthermore, a protective haplotype
encompassing this polymorphism was associated with lipid profile in African men

(Russo et al. 2008). No association between any measure of serum lipids and the
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Hindlll polymorphism was identified in three European populations (British, Belgian
and Italian) (Russo et al. 2006).

Association between the MSY Hindlll restriction site and BP and lipids suggests
that the Y chromosome may play a role in CVD. Haplogroup analysis of MSY is
currently viewed as the “gold standard” for Y chromosome association analysis. For
example, Sezgin et al. found that haplogroup | was associated with the rate of human
immunodeficiency virus (HIV) progression in 2,292 European Americans (Sezgin et al.
2009). Specifically, haplogroup | caused faster disease progression from HIV to
acquired immune deficiency syndrome (AIDS). Males with haplogroup | depleted
CD4+ cells more quickly than those with other haplogroups (Sezgin et al. 2009).
Certain 'Y chromosome haplogroups have also been found to predispose carriers
towards developing autism, indicating that a specific signature present only on the
“risk” haplogroup of the Y chromosome underlies at least part of the 4:1 male to female
ratio in diagnosis of autism (Serajee & Mahbubul Hug 2009). Arredi et al. have shown
that haplogroup E predisposes carriers to Y chromosome micro-deletions (b2/b4
deletion), implying that men with haplogroup E are more prone to chromosomal
rearrangements (Arredi et al. 2007). Significantly more men with haplogroup I1c than
other haplogroups were diagnosed with prostate cancer in 4,902 Swedish men
(Lindstrom et al. 2008). However, a secondary study (also in Swedish men) did not find

evidence of association (Lindstrom et al. 2008).

1.5.5 The role of the Y chromosome in CVD

Men have a significantly higher prevelence of CVD than age-matched women across a
variety of ethnicities. The presence of the Y chromosome exclusively in males underlies

the hypothesis that it may be responsible for male predisposition to CVD. Indeed, Y
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chromosome polysomy (e.g. 47, XYY) has been associated with increased
cardiovascular mortality in British men (Higgins et al. 2007). An analysis in the “British
Heart Foundation Family Heart Study” (BHF-FHS) has shown that haplogroup 1 is
over-represented in British men with early-onset CAD than controls free from disease
(20.5% in cases, 12.6% in controls) and that carriers of haplogroup I had increased risk
of CAD (OR 1.75; p= 0.04) (Charchar et al. 2012). There was no population
stratification in the BHF-FHS - multi-dimensional scaling of approximately 500,000
SNPs from previously conducted GWASs showed no significant differences in genetic
background between these with haplogroup | and those with all other haplogroups
(Charchar et al. 2012). This work was then replicated in a large prospective study “West
of Scotland Coronary Prevention Study” (WOSCOPS) (which is less susceptible to
confounding factors than cross-sectional studies) - haplogroup | was an independent
predictor of age-adjusted CAD (OR 1.45). Importantly, this association was
independent of all traditional CVD risk factors, including hypertension, LDL-C, HDL-
C, triglycerides, BMI, diabetes, glucose, alcohol consumption, smoking, socioeconomic
factors, or loci previously associated with CAD (OR 1.6). Meta-analysis of both cohorts
(n~3,000) revealed that haplogroup I increased risk of CAD by approximately 50% (OR
1.55) (Charchar et al. 2012). Unfortunately, no power calculation was completed for
any aspect of the study (Charchar et al. 2012). These data show that the Y chromosome
may significantly affect male predisposition to CAD. Further studies into the
mechanisms of this association could provide insights into the role of the MSY in health
and disease. Conventional CVD risk factors and male-associated/ sex-specific
phenotypes such as aggression and sex steroids represent possible drivers of this
association. As previously discussed, a complex relationship between the Y

chromosome and CVD risk factors such as hypertension and hyperlipidaemia exists.
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Thus, it is plausible that carriers of haplogroup | are predisposed to hypertension and/or
hyperlipidaemia and therefore are also predisposed to CAD. Aggression is widely
accepted as a major component of masculine behaviour and high levels of aggression
were associated with increased risk of CVD. Thus, if haplogroup | is associated with
increased aggression levels, the carriers of this lineage may be also more prone to CAD.
The same logic could apply to androgens. To date the possibility of a Y chromosome

effect on CVD risk factors, aggression or sex steroids has not been investigated.

1.5.6 The role of the Y chromosome in AAA

CAD, AAA and stroke are thought to possess similar molecular pathogenesis and
aetiology, and all fall under the umbrella term of CVD. This idea is supported by the
considerable (though not complete) overlap in risk factors between the diseases. It is
plausible that should haplogroup | of the Y chromosome predispose towards CAD,
haplogroup | may also predispose towards AAA and stroke. To date the role of the Y

chromosome has not been investigated in relation to AAA or stroke.

1.6 Hypothesis

I hypothesise that the association between the MSY and CAD may be, at least in part,
explained by a haplogroup | effect on conventional CVD risk factors and/or male-
associated/ sex-specific phenotypes, including aggression and sex steroids. Furthermore,
I hypothesise that haplogroup | of the Y chromosome is associated with significantly
altered expression of genes and pathways in cells relevant to CVD (monocytes,
macrophages, and kidney), possibly through changes in one of the ubiquitously
expressed MSY X-degenerate genes. Finally, | hypothesise that haplogroup | of the Y

chromosome may predispose its carriers not only to CAD, but also to AAA.
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1.7

Aims

Specific aims of this thesis include;

1. Analysis of the association between haplogroup | of the Y chromosome and

CVD risk factors (BMI, SBP, DBP, TC, HDL-C, LDL-C, glucose and
creatinine) (Chapter 3), aggression scores (anger, hostility, physical aggression,
verbal aggression and total aggression) and sex steroids (testosterone,
androstenedione, DHEA-S, oestrogen and oestradiol) in phenotypically normal
young males (Chapter 4).

A hypothesis-free transcriptome-wide investigation using RNA from human
monocytes and macrophages in search of changes in expression between

haplogroup | and other MSY lineages (Chapter 5).

. Analysis of the differences in ubiquitously expressed MSY gene expression

between males with haplogroup | and all other haplogroups in both human
macrophage and kidney RNA (Chapter 6).
Investigation of the prevalence of haplogroup I in men with AAA and controls

free from disease (Chapter 7).
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2 General methodologies

2.1 DNA Extraction

Peripheral blood was obtained from all participants by venipuncture. In all cases, DNA
was isolated from peripheral blood mononuclear cells. 4.5 ml of red blood cell lysis
solution (Qiagen, USA) was added to 4.5 ml of whole blood and inverted ten times
before being incubated at room temperature for 10 min. The lysate was then centrifuged
at 20009 for 10 min at room temperature. All but 5ul of the supernatant was discarded
and the same volume of lysis solution (Qiagen, USA) was added and the pellet
dislodged using a pipette tip. This mixture was incubated at 37°C for 1 hr, during which
the tube was inverted at 10 min intervals. The solution was allowed to homogenise for
between 12 hrs and 72 hrs. 1 ml of protein precipitation solution (Qiagen, USA) was
added and vortexed for 20 sec, before being centrifuged at 2000g for 10 min at room
temperature. The supernatant was subsequently poured into a tube containing 3 ml of
isopropranol (Qiagen, USA), inverted ~50 times and centrifuged at 2000g for 3 min at
room temperature. The supernatant was poured away and the tubes left to drain for 10
min. Once dry, 3 ml of 70% (v/v) ethanol was added and tubes were inverted ten times
before centrifugation at 2000g for 1 min at room temperature. Again, the supernatant
was discarded and the tubes left to drain for 10 min. 250 pl of DNA hydration solution
(Gentra Systems, USA) was added once dry, and incubated for 1 hr (65°C) during
which the tubes were agitated at 20 min intervals. Finally, the DNA solution was left to
cool overnight before being centrifuged at 2000g for 1 min at room temperature and

stored at -20°C.
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2.1.1 Measurement of DNA quantity and quality

DNA quality and quantity was assessed using a Nanodrop 8-sample spectrophotometer
ND-8000 (Fisher Scientific, UK). This technology measures DNA concentration
between 5 and 2000 ng/ul using different wavelengths of light projected through the
sample (depending on the absorbance of DNA compared to contaminants). A 260/280
ratio of 1.8 and a 260/230 ratio of 1.8-2.2 indicates a pure sample. The Nanodrop was
blanked using 2 pl of DNA hydration solution before 1 pl of each sample was loaded
for analysis. The concentration and purity of each DNA sample was measured. Those
with DNA concentrations <20ng/pl, a 260/280 ratio <1.6 or >2.0, or a 260/230 ratio
outside of the 1.7-2.3 range were discarded. The remaining samples were diluted to 15

ng/ul using DNA hydration solution before storage at -80°C.

2.2 Genotyping

The Tagman genotyping assay is used to differentiate between different allelic states of
SNPs through the use of coloured fluorophores. Commercially designed Tagman probe
mixes (such as those used here) contain two probes, with one probe designed to anneal
to each allelic state of a given SNP (e.g. one probe [VIC labelled] may anneal to the A
state and one [FAM labelled] to the G state of a bi-allelic SNP). Each probe is initially
attached to a quencher in order to prevent its fluorescence. Once the probe has annealed
to the DNA (SNP state allows the binding of one or both probes to DNA; homozygous
major allele, heterozygous, homozygous minor allele), polymerisation and DNA
amplification takes place using forward and reverse PCR primers provided with the

probes. The process of polymerisation removes the quencher from the probe allowing
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the probes to emit fluorescence that can be detected (Figure 2.1). In all cases, probe

sequences were BLASTed to ensure to off-target binding was unlikely to occur.

The “rs” number, “M” number (Y chromosome SNP identifier), SNP alleles and
probe sequences for each SNP genotyped in this project are listed in Table 2.1. A
master-mix containing 1,200 pl of Tagman genotyping master-mix (Quanta
Biosciences, USA), 800 ul of deionised water and 10 pl of specific probe mix (Applied
Biosystems, USA) was vortexed for 1 min. 5 pl of this master-mix was added to 1 pl of
each DNA sample placed on a 384-well plate (one DNA sample per well). At least four
negative controls (containing no DNA) and two positive controls (where the allelic state
was known) were placed onto each 384-well plate. The plate was then covered with a
film slip and centrifuged at 2000g for 1 min at room temperature. The assay reaction
was completed on a GeneAmp PCR System 9700 (Applied Biosystems, USA) using the
following program: 95°C 10 min then 45 cycles of 92°C for 15 sec each, and 60°C for 1
min, 72°C for 10 min. Depending on the SNP analysed, optimisation of the reaction
consisted of either the alteration of the cycle number or annealing temperature (Table
2.1). Fluorescence was detected using a 7900HT ABI Prism Sequence Detection System
(Applied Biosystems, USA), where genotype calls were automatically called and

checked by two independent, experienced scientists.

Optimisation of five genotyping probes (Table 2.1) was required. This involved
optimisation of annealing temperatures, denaturing temperatures, cycle number, and
master-mix magnesium concentration. Due to the high AT content of the Y
chromosome probes used, the decision was taken to reduce the annealing temperature
by two degree increments (from 60°C) to a minimum of 52°C to increase probe
efficiency. Both M89 (57°C) and M173 (52°C) worked sufficiently after this

optimisation. The remaining three probes required modulation of both annealing
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temperature and cycle number. In each case an extra annealing step (55°C) was added
alongside the standard annealing temperature of 60°C, whilst cycle number was

increased to 50.

In each cohort analysed, 10% of samples were independently typed to ensure

correct allocation of base calls. On average, a SNP call was altered every 400 samples.
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Figure 2.1 Tagman genotyping assay.

DNA template with G/A SNP to be
investigated.

Two forms of Tagman probe are
provided to differentiate between the
two allelic states. One probe is
fluorescently labelled with FAM and
one with VIC. Each anneals to one
version of the SNP. Probes also
contain a quencher which prevents
fluorescence of VIC and FAM until
the probes are annealed to DNA.

The DNA template (here containing
the G-allele) is denatured and the
assay components (forward and
reverse primers and appropriate
probe) bind.
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Individuals with the A
form of the SNP

Negative controls

(Whitecomb et al. 1998)

Individuals with the G
form of the SNP

Polymerisation occurs removing the
quencher and allowing FAM
fluorescence. showing the allelic
state here to be G.

VIC and FAM emit at different wave
lengths  allowing  differentiation
between SNP state.
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Table 2.1 Details of Tagman probes used in genotyping for Y chromosome haplogrouping

SNP

Amplification

. . 2
(rs number) Alleles Forward primer Reverse primer temperature ("C) (cycle
number)

M9 o ACCCTGAAATACAG | CTAAGTATGTAAGA 5 (45
(rs3900) AACTGCAAAGA CATTGAACGTTTGA

M35 e CAATACTCAGTGTC | GAACAACTAATCCA 5 (55)

(no rs number) CCAATTTTCCTTT | TGCAGACTTTCG

AGAGAGGATATCAA | GGCCTGGACCTCAG

M5 (rs2032631) G>A AAATTGGCAGTGAA AAGGA 60 (45)
TGGATTCAGCTCTCT | AGCAAAGGTAGCTG

M89 (rs2032652) C>T il g vl SPvatio 57 (45)
GCTCTTATTAAGTTA | GTGAGACACAACCC

M170 (rs2032597) A>C TGTTTTCATATTCTG ACACTGA 60 (45)
GCCATATAAATTTA | GATCCTGAAAACAA

M173 (rs2032624) A>C CTGTAACTTCCTAGA | AACACTGGCTTAT 52 (45)
GCAATAGTTACTAC | CAGCTTCATCCAAC

M201 (rs2032636) G>T TTGAGTTACTATATT | ACTAAGTACCT 55 (59)
TCCCTGAAGAAGGA | ACTTCAACCTCTTGT

M207 (rs2032658) A>G AAAAACGTTACA | TGGAAGATTATTCA 55 (59)
ATTTAAAGTGGATT | CACTATACTTCTTTT

M269 (rs9786153) T CTGTTACATGGTATC | GTGTGCCTTCTG 60 (45)
CAGTATGTGGGATT | AGAAATAAACAAAT

M304 (rs13447352) A>C TTTTTAGATGTGTTC | AACTTTCAAAACGT 60 (45)

SRY10831 (rs2534636) G>A AGTGA_‘FLCTTCGT%%%TTCTT GACACACAfTGCACCA 60 (45)
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2.3 RNA extraction

RNA extraction from kidney tissue was conducted using RNeasy mini kits (Qiagen,
USA). RNeasy kits isolate RNA based on the selective binding properties of a silica-
based membrane. All molecules longer than 200 nucleotides, including most mRNAs,
bind to the silica-based membrane (excluding rRNAs and tRNAs) from which they can

then be purified.

The apparatus was thoroughly cleaned using RNAase (Ambion, USA) and the
experiments were completed on ice to prevent RNA degradation. A maximum of 20 ug
of starting tissue was used providing a yield of ~30 pug of RNA. Tissue was suspended
in lysis buffer (700 ul of B-mercaptoethanol [Sigma-Aldrich, UK] in 70 ml of RTL
buffer [provided]) and homogenised using a rotor-stator homogeniser. The lysate was
centrifuged for 3 min at full speed, removed and used in all future steps. An equal
volume of 70% ethanol was added to the lysate and mixed. 700 pl of this mixture was
added to the membrane of the RNeasy spin column (which was placed in a 2 ml
collection tube) and centrifuged for 30 sec at 8,000g, room temperature (flow-through
discarded). Three wash stages were completed, in each of which the flow-through was

discarded:

1. 700 pl of RW1 buffer (provided) was added to the spin column and
centrifuged for 30 sec at 8,000g room temperature

2. 500 pl RPE buffer (provided) was added to the spin column and centrifuged
for 30 sec at 8,000g room temperature

3. 500 pl RPE buffer (provided) was added to the spin column and centrifuged

for 2 min at 8,000g room temperature
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The RNeasy spin column was placed in a 1.5 ml collection tube and 40 ul of RNase-free
water was added to the spin column membrane. After incubation for 1 min (room
temperature), the column was centrifuged for 1 min at 8,000g room temperature. The

resultant RNA-containing liquid was stored at -80°C.

2.3.1 Measurement of RNA quality and quantity

RNA quality and quantity was assessed using NanoDrop (Labtech) spectrophotometer
in a manner identical to that described in section 2.2.1.2. The 260 nm wavelength is
absorbed by RNA while the 280 nm wavelength is absorbed by sample contamination
(in particular proteins). A ratio of around 2.1 (260:280 nm) indicated a pure RNA

sample.

2.4 Reverse transcription PCR

Each reverse transcription PCR (RT-PCR) experiment converted 200 ng of mRNA to
cDNA for use in gene expression studies. All surfaces and equipment were cleaned with
RNase away (Ambion, USA) to prevent RNA degradation during the experimental
setup. A master-mix containing buffer, MgCl,, dNTPs, DTT (0.1uM), oligo sTs,
random hexamers, RNase inhibitor and MultiScribe RTase (concentrations Table 2.2)
(all reagents sourced from Applied Biosystems, USA except 0.1 M DDT which was
sourced from Invitrogen UK), was vortexed for 1 min and centrifuged at 12.2g for 1
min at room temperature. Relative volumes of each reagent used for one sample are
shown in Table 2.2. 1 ul mRNA was added to 7.6 ul deionised water (Applied

Biosystems, USA) and 11 ul of master-mix. Two negative controls were used; the first
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contained deionised water rather than mRNA, while the second contained all reagents
and mRNA other than RTase. Samples were vortexed for 1 min and centrifuged at
12.2g for 1 min at room temperature. Samples were subsequently incubated at 25°C for
10 mins, 42°C for 12 mins, and 85°C for 15 mins. This involved optimisation of
annealing temperatures, denaturing temperatures, cycle number, and master-mix

magnesium concentration. Samples were stored at -20°C on a short-term basis.

Table 2.2 Reagents of RT-PCR master-mix used to obtain 200 ng of mMRNA from renal

tissue
Reagent Volume (ul) Concentration
Buffer 4.0 10 x
MgCl, 2.0 25 mM
dNTPs 2.0 10 mM
DTT 2.0 0.1 uM
Oligo dT6 0.3 50 uM
Random hexamers 0.3 50 uM
RNase inhibitor 0.5 20 units/pl
MultiScribe RTase 0.3 50 units/pl

Relative volumes and concentrations shown.

2.5  The phylogenetic analysis of the Y chromosome

Phylogenetic analysis allows each Y chromosome to be assigned to a particular
haplogroup. Based on the hierarchical relationship of 11 specific MSY SNPs (Figure
2.2), the allelic state of each SNP was analysed in turn, beginning with SRY 10831, then
M35, and so on. Where the derived state of a SNP was identified, the Y chromosome
was placed in the appropriate group. For example, if the ancestral form of SRY

10831.1, M35, M89 and M201 but the derived form of M170 was identified, the Y
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chromosome would be classified as haplogroup 1. Once each Y chromosome was

assigned a haplogroup, the percentage prevalence of each haplogroup was calculated.

Figure 2.2 Phylogenetic tree showing markers analysed to define the common
European Y chromosomes. Haplogroups are arranged from [Y(XBR)] on the left to
(R1b1b2) on the right with colours representing different haplogroups (e.g. pink is
haplogroup R1b1b2). M and SRY numbers represent the terminal SNP dictating that

haplogroup. SRY 10831 is a recurrent mutation.

1

SRY
10831.1
M35 M89 . I I
M201 M170 M304 M9
Mas5
1
M207
- 1
M173
-1
SRY
10831.2
1
M269
[ vixer) || BR(xE1b1b1,F) || eibibl || P+ || 6 | [ o ||« ][ ] [ R1* || R1a || Rib1b2 |

(Rootsi et al. 2004)
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3 Haplogroup I of the Y chromosome and CAD risk factors

3.1 Introduction

Haplogroup 1 of the Y chromosome has been strongly implicated in the male
predisposition to CAD (Chapter 1 Charchar et al. 2012). One of the major questions that
remain to be answered is whether the effect of the human Y chromosome on the risk of
CAD is mediated, at least to some extent, by traditional cardiovascular and metabolic
risk factors, such as adiposity, BP, lipids or glucose. The analysis of WOSCOPS data,
where information on some of main cardiovascular risk factors was available, showed
that the effect of haplogroup 1 on CAD was independent of hypertension, LDL-C, HDL-
C, triglycerides, C-reactive protein (CRP), BMI, diabetes, glucose, alcohol
consumption, smoking and socioeconomic status (Charchar et al. 2012). However, this
analysis was limited only to one cohort of middle-aged Scottish men, many of whom
were on different types of pharmacological medications with a potential to affect
measurements of the examined phenotypes. In addition, several major risk factors were
only examined as categorised phenotypes (i.e. hypertension) rather than more
informative continuous traits (such as BP). Finally, it is difficult to extrapolate these
data into the young, apparently healthy male population prior to the development of

overt cardiovascular disease.

Interestingly, genetic variation within the MSY of the human Y chromosome has
previously been associated with cardiovascular risk factors in the general population.
Firstly, the alphoid Hindlll(+/-) polymorphism of the MSY has been associated with BP
in men from general Scottish (MIDSPAN Family Study) (Charchar et al. 2002) and
Australian (Victorian Family Heart Study) (Ellis et al. 2000) populations. Secondly, the

same polymorphism was associated with levels of LDL-C, TC/HDL-C ratio (a surrogate
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of small dense LDL-C particles) and paternal history of MI amongst young apparently
healthy Polish men from the general population (Charchar et al. 2004). An MSY
haplotype encompassing the Hindll1(+/-) restriction fragment length polymorphism was
also associated with HDL-C and triglycerides in men of African descent (Russo et al.
2008). Although not all reports showed association of the Y chromosome with BP
and/or lipid fractions (Russo et al. 2006), the collected body of evidence suggests that
the MSY may modulate cardiovascular risk.

The evidence discussed above means that it is reasonable to hypothesise that the
effect of haplogroup I on the predisposition to CAD may be meditated through a known
CAD risk factor. We therefore investigated the role of haplogroup | of the Y
chromosome in major cardiovascular risk factors, using samples from three young,

apparently healthy cohorts of European men recruited from the general population.
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3.2 Materials and methods

3.2.1 Materials

3.2.1.1 Young Men Cardiovascular Association (YMCA) Studies 1 and 2

The “Young Men Cardiovascular Association Study 1”7 (YMCA 1) consists of 1,157
biologically unrelated and apparently healthy males (mean age: 19.1 years) recruited in
Silesia (Southern Poland) (Charchar et al. 2004; Tomaszewski et al. 2007). The “Young
Men Cardiovascular Association Study 2” (YMCA 2) - an extension of YMCA 1-
recruited an additional sample of unrelated 597 young (mean age: 19.0 years) men in
Silesia (Tomaszewski et al. 2007). Clinical and biochemical phenotyping protocols of
each study were described in detail in previous publications (Charchar et al. 2004;
Tomaszewski et al. 2007). In brief, clinical history was collected using anonymised,
coded questionnaires. Recorded anthropometric measurements included height and
weight, as well as three consecutive BP measurements (Charchar et al. 2004;
Tomaszewski et al. 2007). Each subject underwent thorough biochemical phenotyping
(under fasting conditions) including analysis of fasting lipids (TC, HDL-C,
triglycerides), glucose and creatinine. LDL-C was calculated using the Friedewald
formula (which was appropriate for use as no readings were extremely high). Only 1.6%
and 0.3 % men in YMCA 1 and YMCA 2, respectively, were on antihypertensive
medication (Charchar et al. 2004; Tomaszewski et al. 2007), and none were prescribed
lipid-lowering medications. BP values from those on antihypertensive treatment were
adjusted for BP-lowering effect of therapy using a previously reported method

(Charchar et al. 2004; Tomaszewski et al. 2007).
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3.2.1.2 Genetic Regulation of Arterial Pressure of Humans in the Community
(GRAPHIC)
The “Genetic Regulation of Arterial Pressure in Humans in the Community”
(GRAPHIC) cohort consists of 2,037 healthy individuals from 520 European British
families (two parents, two offspring) recruited from the general population of Leicester,
UK (Tobin et al. 2008; Tomaszewski et al. 2010). A total of 1,028 men of European
ethnicity were recruited (516 fathers [average age: 53.8 years] and 512 sons [average
age 25.0 years]). Of 512 male offspring, 391 biologically unrelated individuals were
selected for this analysis; in families with two male offspring only the elder one was
included in this study. Clinical and biochemical phenotyping protocols were described
in detail elsewhere (Tomaszewski et al. 2010). In brief, clinical history was collected
through standardised questionnaires alongside anthropometric measurements (height,
weight and waist circumference). Each individual had his BP measured using both
clinic and 24-hr ambulatory monitoring (Tomaszewski et al. 2010). Blood samples were
obtained for the measurement of TC, HDL-C, glucose, and creatinine. LDL-C was
measured enzymatically. Amongst GRAPHIC men, 0.8% of sons and 52.6% of fathers

were on antihypertensive medication.

3.2.1.3 Bioethical approval

Written, informed consent was obtained from all subjects in all studies used here, in
accordance with the Declaration of Helsinki. All studies had approval from relevant

institutional ethical committees.
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3.2.2 Methodology

Details of DNA extraction and quality assessment, genotyping and Y chromosome

haplogrouping can be found in Chapter 2.

3.2.2.1 Assessment of normality

Each continuous trait (age, BMI, BP, lipid fractions, creatinine, glucose) was plotted
and assessed by eye for normality. Age, triglycerides and CRP showed skewed
distributions and as such were natural log-transformed before analysis. Each trait was
summarised using arithmetic means and SD (when normally distributed) or geometric
mean, which was calculated by multiplying each data-point and dividing the total by the

n™ root and 95% confidence intervals (CI) (for traits showing a skewed distribution).

3.2.2.2 Assessment of population stratification

The presence of population stratification was assessed in GRAPHIC using
approximately 1,700 ancestral SNPs genotyped using the HumanCVD BeadChip
platform (50K IBC array) (Keating et al. 2008). SNPs were chosen based on differing
allele frequencies between populations (European, Asian and African). SNPs were used
to calculate the genome-wide, identity-by state, distance matrix. This matrix was further
transformed with a non-metric, multidimensional scaling technique to visualise genetic
similarity between participants GRAPHIC against three HapMap populations (CEU
[European population]), JPT+CHB [Japanese and Chinese populations combined], YRI
[African population]). Assuming all test individuals were European, three separate

groups would be evident (with the test population positioned close to the CEU
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population). If the test population were not European, the coloured dots relating to this
population would be positioned elsewhere on the graph. GRAPHIC was also stratified
by Y chromosome haplogroup (I vs. all others) and the non-metric, multi-dimensional
scaling was then used to visualise the genetic similarity between the two groups. Where
the two groups overlapped, no population stratification was identified; a separation of
the two groups implies the presence of population stratification.

The presence of population stratification in YMCA 1 and YMCA 2 was assessed
using the extensively validated STRUCTURE program
(http://pritch.bsd.uchicago.edu/software.html) (Pritchard et al. 2000; Falush et al. 2003;
Falush et al. 2007; Hubisz et al. 2009). This method is based on the genotyping of 34
ancestrally informative SNPs (chosen for their differing allele frequencies between
ethnicities) (rs10141763, rs1024116, rs1084344, rs12913832, rs1321333, rs1335873,
rs142665, rs149844, rs1573020, rs16891982, rs182549, rs1886510, rs1978806,
rs2026721, rs2040411, rs2065160, rs2065982, rs2303798, rs2304925, rs239031,
rs2572307, rs2814778, rs3785181, rs4540055, rs5033240, rs5997008, rs722098,
rs727811, rs730570, rs773658, rs7897550, rs881929, rs896788, rs917118) and predicts
the likelihood of any one sample belonging to a predefined set of subpopulations (in this
case Asian, African and European). Reference population genotypes were downloaded
from http://spsmart.cesga.es/snpforid.php and examined cohorts were commercially
genotyped (KBiosciences, UK). The STRUCTURE software was run using length of
burnin period 200,000, number of MCMC reps after burnin 200,000 and expected
number of populations of 3 (Asian, African and European). These data were then

visualised using the “triplot” command in Stata.
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3.2.2.3 Genetic associations

Crude and age-adjusted linear regression was used to investigate the role of haplogroup
I in each CAD risk factor. Crude analyses were completed in these healthy cohorts so as
to allow the investigated traits to be researched without prior assumption of any
effectors (such as age). Age was found to be a significant confounder in all traits and as
such was added to the regression model before meta-analysis. The method of
haplogroup | vs. all other MSY haplogroups was used. Meta-analysis was conducted
when data were available for more than one cohort (BMI, SBP, DBP, TC, HDL-C,
LDL-C, glucose and creatinine was available for all three cohorts, triglycerides were
available in YMCA 1 and YMCA 2, CRP was available for GRAPHIC only) using a
random-effect, inverse-variance model in Metan script (Deeks et al. 2001). In all cases a
p-value if below 0.05 after Bonferroni correction indicated signficant association. Effect
sizes from each study were weighted inversely proportional to the variance of the effect
size. The B coefficient, standard error and p-values reflect the magnitude of the effect

size and statistical significance for the subjects from all cohorts.

Power calculations based on 5% and 10% change in phenotypes were completed

using http://www.statisticalsolutions.net/pss_calc.php.
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3.3 Results

3.3.1 Y chromosome haplogroup distribution in GRAPHIC, YMCA 1 and YMCA 2

Of 2,037 individuals recruited to GRAPHIC, 1,028 were male (Busset et al. 2011). Of
those, 516 represented fathers and 512 were sons (representing families with one son
and various families containing two sons) (Busset et al. 2011). For this analysis, 363
biologically unrelated sons were selected and gave a full set of genotypes necessary for
haplogroup resolution. In families with two male offspring, the elder brother was
selected for this analysis. A total of 1,068 men from 1,157 individuals recruited into
YMCA 1 and 509 of 597 men recruited into YMCA 2 provided a full set of genotypes

necessary for haplogrouping.

Of the 12 common European haplogroups, 5 MSY lineages were identified in
GRAPHIC (frequency ranging from 0.6 — 79.1%). Haplogroups | and R1blb2
accounted for ~93% of the lineages in the British population (GRAPHIC). A total of 10
and 11 Y chromosome lineages were identified in YMCA 1 and YMCA 2, respectively.
Haplogroups | and R1a accounted for ~72% and 75% of the lineages in these cohorts,
respectively (Figure 3.1). The prevalence of haplogroup | and Rla were different
between the cohorts (GRAPHIC and both YMCA cohorts) and in keeping with

published data (Semino et al. 2000; Figure 3.1).
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Figure 3.1 Phylogenetic tree of the Y chromosome and frequency of haplogroups in GRAPHIC, YMCA 1 and YMCA 2. %- percentage

prevalence. Haplogroups are arranged Y(XBR) on the left to R1b1b2 on the right. M and SRY numbers represent the terminal SNP

dictating that haplogroup. SRY10831 is a recurrent mutation.
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3.3.2  Analysis of population stratification

Analysis of population stratification in GRAPHIC was completed based on ancestrally
informative SNPs from across the genome. Figure 3.2A shows the GRAPHIC cohort
plotted in the context of three HapMap populations (CEU, JPT+CHB and YRI). A very
low level of separation was detected between the CEU HapMap individuals and those
recruited to the GRAPHIC cohort. The lack of significant separation shows that all
those included in this project were of European ancestry. Figure 3.2B illustrates the
level of genetic difference between carriers of haplogroup I and all others, based on the
same ancestrally informative SNPs. Significant population stratification would have
been indicated by a clear separation of carriers of haplogroup | and all others. However,
there was no separation between the two groups, indicating that there are no systematic

genetic differences between the two groups outside of the MSY.

STRUCTURE confirmed that all individuals recruited into YMCA 1 and
YMCA 2 are of European ancestry (Figure 3.3). Differing ancestry would have been
shown by a wider dispersal of data points away from the European corner of the triangle

plot.
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Figure 3.2 Assessment of population stratification in the GRAPHIC study based on 17,00 polymorphisms from across the genome,
genotyped using 50 IBC array. A. A matrix of identity-by-state distance was created in the GRAPHIC cohort and the three HapMap
populations (CEU, JPT+CHB, YRI). Coloured dots represent each population: blue- JPT+CHB cohort, green- YRI cohort, red- CEU
cohort, yellow- GRAPHIC cohort. The first two components that were obtained from the subsequent multi-dimensional scaling of the
matrix and used as co-ordinates to compare the relative distances between the four populations. B. Assessment of population structure
stratified by Y chromosome haplogroup (I vs. all others) of GRAPHIC cohort. Colours represent haplogroups: green- carriers of
haplogroup I, red- carriers of all other haplogroups. A matrix of identity-by-state distances was created and the first two components

obtained from the subsequent multi-dimensional scaling of the matrix were used as co-ordinates to generate a scatter plot.
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Figure 3.3 Analysis of population stratification in YMCA 1 and YMCA 2 based on the STRUCTURE program (using 34 validated

ancestrally informative SNPs); blue- Asian populations, green- African populations, red- European populations, orange- YMCA 1, purple-

YMCA 2.

African European

Asian
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3.3.3 Phenotype distribution and clinical characteristics

Summarised data from each cohort can be found in Table 3.1. With the exception of
age, triglycerides and CRP, all phenotypes were approximately normally distributed in
each cohort (Figure 3.4-3.6). In research such as this, it is widely accepted that age is
unlikely to be normally distributed and no action is required. Triglycerides and CRP
were log-transformed to provide a distribution closer to the expected “normal”
distribution. All characteristics measured showed levels analogous to those expected for

the age of the populations studied (data not shown).

Table 3.1 Clinical and demographic data in GRAPHIC, YMCA 1 and YMCA 2

Phenotype YMCA1 YMCA 2 GRAPHIC sons
N 1068 509 363
Age (years) 19.3 (3.5) 18.9 (3.3) 25.7 (5.0)
BMI (kg/m?) 22.9 (3.0 22.6 (3.0) 25.1 (4.1)
Clinic SBP (mmHg) 118.1 (13.2) 118.8 (13.2) 128.4 (13.0)
Clinic DBP (mmHg) 74.2 (7.9) 74.1(7.9) 76.4 (9.6)
TC (mmol/L) 4.3(0.9) 3.7(1.0) 4.6 (0.9)
HDL-C (mmol/L) 1.2 (0.3) 1.1(0.3) 1.3(0.3)
Triglycerides (mmol/L) 1.1(1.0-1.1) 0.9 (0.8-0.9) -
LDL-C (mmol/L) 2.6 (0.9) 2.2(0.8) 2.6 (0.7)
Glucose (mmol/L) 4.8 (0.7) 4.4 (0.8) 4.9 (0.8)
CRP (mg/L) - - 0.8 (0.70-0.81)
Creatinine (umol/L) 82.8 (11.1) 74.9 (9.8) 82.2 (10.1)

Data are means and standard deviations or geometric means and 95% confidence intervals
(triglycerides and CRP); n —number of subjects, BMI — body mass index, SBP — systolic blood
pressure, DBP — diastolic blood pressure, TC — total cholesterol, HDL-C — high density

lipoprotein cholesterol, LDL-C — low density lipoprotein cholesterol, CRP — C-reactive protein.
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Figure 3.4 Distribution of cardiovascular risk factors in GRAPHIC cohort (sons). BMI-
body mass index, SBP- systolic blood pressure, DBP- diastolic blood pressure, HDL-C-
high density lipoprotein cholesterol, LDL-C- low density lipoprotein cholesterol, CRP-

C reactive protein.
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Figure 3.5 Distribution of cardiovascular risk factors in YMCA 1. BMI- body mass
index, SBP- systolic blood pressure, DBP- diastolic blood pressure, HDL-C- high

density lipoprotein cholesterol, LDL-C- low density lipoprotein cholesterol.
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Figure 3.6 Distribution of cardiovascular risk factors in YMCA 2. BMI- body mass
index, SBP- systolic blood pressure, DBP- diastolic blood pressure, HDL-C- high

density lipoprotein cholesterol, LDL-C- low density lipoprotein cholesterol.
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Table 3.2 Statistical power calculations for cardiovascular risk factor data.

Phenotype Statistical power
5% Change 10% Change

BMI 1.00 1.00
SBP 1.00 1.00
DBP 1.00 1.00
HDL-cholesterol 0.81 1.00
Triglycerides 0.31 0.84
LDL-cholesterol 0.73 1.00
Glucose 1.00 1.00
Creatinine 1.00 1.00
CRP 0.04 0.05

Statistical power calculations for detection of a 5% or 10% change cardiovascular risk
factor values between carriers of haplogroup | versus all other haplogroups (at the 5%
significance level). Calculations were performed using an online tool

(http://www.statisticalsolutions.net/pss_calc.php).

3.3.4 Effect of the Y chromosome on CAD risk factors

No CAD risk factor was significantly associated with haplogroup | in the GRAPHIC
cohort (lowest P= 0.285 for glucose). Haplogroup | of the Y chromosome was
associated with LDL-C levels in both YMCA 1 and YMCA 2 (P= 0.034 and 0.054,
respectively). The direction of effect differed in each cohort; haplogroup | decreased
levels of LDL-C in YMCA 1 while increasing levels in YMCA 2. Interestingly, LDL-C
was the only phenotype to show any level of heterogeneity between studies. CRP was
available in the GRAPHIC cohort only and was not associated with haplogroup | (P=

0.291).

Meta-analysis of all three populations showed that the Y chromosome was not
associated with any of the traits analysed (lowest P= 0.397 DBP) (Tables 3.3- 3.11).

There was no heterogeneity in any of the traits between the three studies (other than
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LDL-C [P= 0.017]) (p values for BMI- 0.614, SBP- 0.896, DBP- 0.338, TC- 0.957,
0.098, HDL-C- 0.463, triglycerides- 0.955, LDL-C- 0.017, creatinine- 0.937, glucose-

0.318).
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Table 3.3 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup I of the Y chromosome and BMI

Cohort N B coefficient (SE) P value Weight (%0) Heterogeneity P value
GRAPHIC 363 0.498 (0.6) 0.395 11.00 -
YMCA1 1068 -0.127 (0.2) 0.601 66.74 -
YMCA 2 509 -0.055 (0.4) 0.888 25.26 -
Meta-analysis 1940 -0.040 (0.3) 0.830 100 0.830

SE- standard error.

Table 3.4 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and SBP

Cohort N P coefficient (SE) P value Weight (%) Heterogeneity P value
GRAPHIC 363 0.460 (1.9) 0.814 18.14 -
YMCA1 1068 -0.584 (1.1) 0.588 59.72 -
YMCA?2 509 -0.257 (1.8) 0.885 22.14 -
Meta-analysis 1940 -0.320 (1.2) 0.699 100 0.869

SE- standard error.
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Table 3.5 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and DBP

Cohort N B coefficient (SE) P value Weight (%0) Heterogeneity P value
GRAPHIC 363 1.454 (1.4) 0.292 13.70 -
YMCA1 1068 -0.726 (0.6) 0.257 63.32 -
YMCA 2 509 -0.744 (1.1) 0.485 22.98 -
Meta-analysis 1940 -0.430 (1.2) 0.397 100 0.338

SE- standard error.

Table 3.6 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and total cholesterol

Cohort N P coefficient (SE) P value Weight (%) Heterogeneity P value
GRAPHIC 363 0.074 (0.1) 0.544 23.27 -
YMCA1 1068 -0.112 (0.1) 0.147 57.47 -
YMCA?2 509 0.196 (0.1) 0.14 19.26 -
Meta-analysis 1940 -0.010 (0.1) 0.873 100 0.957

SE- standard error.
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Table 3.7 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and HDL-C

Cohort N B coefficient (SE) P value Weight (%0) Heterogeneity P value
GRAPHIC 363 1.181 (1.6) 0.466 0.02 -
YMCA1 1068 0.035 (0.1) 0.213 63.57 -
YMCA 2 509 -0.12 (0.1) 0.738 36.41 -
Meta-analysis 1940 0.02 (0.1) 0.426 100 0.463

SE- standard error.

Table 3.8 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and LDL-C

Cohort N P coefficient (SE) P value Weight (%) Heterogeneity P value
GRAPHIC 363 0.014 (0.1) 0.884 26.50 -
YMCA1 1068 -0.155 (0.1) 0.034 43.94 -
YMCA?2 509 0.172 (0.1) 0.054 29.56 -
Meta-analysis 1940 -0.014 (0.1) 0.779 100 0.017

SE- standard error.
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Table 3.9 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and triglycerides

Cohort N B coefficient (SE) P value Weight (%0) Heterogeneity P value
YMCA1 1068 0.018 (0.1) 0.736 21.41 -
YMCA 2 509 0.031 (0.1) 0.688 9.76 -
Meta-analysis 1577 0.012 (0.1) 0.609 100 0.880

SE- standard error.

Table 3.10 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and creatinine

Cohort N P coefficient (SE) P value Weight (%) Heterogeneity P value
GRAPHIC 363 -0.448 (1.4) 0.746 19.00
YMCA1 1068 0.025 (0.9) 0.978 49.59 -
YMCA 2 509 0.175(1.1) 0.874 3141 -
Meta-analysis 1940 -0.022 (0.6) 0.972 100 0.880

SE- standard error.
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Table 3.11 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and glucose

Cohort N B coefficient (SE) P value Weight (%0) Heterogeneity P value
GRAPHIC 363 0.135(0.1) 0.285 14.66
YMCA1 1068 -0.026 (0.1) 0.669 64.63 -
YMCA 2 509 -0.113 (0.1) 0.289 20.71 -
Meta-analysis 1940 -0.02 (0.1) 0.677 100 0.880

SE- standard error.
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34 Discussion

It was hypothesised that an established, sexually dimorphic CAD risk factor was
associated with haplogroup | of the Y chromosome, and as such, may underlie the
increased risk of CAD in carriers of haplogroup. The data shown here refute this

hypothesis.

3.4.1 Y chromosome haplogroup distribution and analysis of population stratification

in the GRAPHIC cohort and YMCA 1 and YMCA 2 cohorts

The distribution of Y chromosome haplogroups in all cohorts studied were in keeping
with published Y chromosome data (Capelli et al. 2003; Charchar et al. 2012). It is well
established that in British cohorts (such as GRAPHIC), haplogroups | and R1b1b2
account for between 70 and 95% of the haplotypic variance (Semino et al. 2000;
Charchar et al. 2012). Conversely, in Polish cohorts (such as YMCA 1 and YMCA 2)
the majority of individuals are those from haplogroup | or R1a (Semino et al. 2000).
These differences in haplotypic variation were confirmed here. Meta-analysis of the
differing cohorts is applicable as the overall prevalence of haplogroup | (the research

haplogroup) is consistent across the ethnicities.

Analysis of population stratification was completed in all three cohorts using
two differing methods. Both forms of analysis confirmed that all individuals used here
were of European origin. While analysis investigating genomic differences between
carriers of haplogroup I and all others was not possible in YMCA 1 and YMCA 2 due to
the method of population stratification analysis used, no evidence of systematic genetic

differences were identified in the GRAPHIC cohort. These data have confirmed that in
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this cohort the only observable systematic genetic difference between carriers of

haplogroup | and all others is the lineage of the Y chromosome.

3.4.2 The association of haplogroup | with CAD risk factors

At the 5 and 10% change level all analyses other than CRP were sufficiently powered.
There was no association between haplogroup | of the Y chromosome and any of ten
sexually dimorphic CAD risk factors (BMI, SBP, DBP, TC, HDL-C, LDL-C,
triglycerides, creatinine, glucose and CRP) , either in the analysis of individual cohorts

or during their meta-analysis (after correction for multiple testing).

These data provide important support for the previously proposed hypothesis
that the association between haplogroup | of the Y chromosome and CAD is
independent of traditional cardiovascular risk factors (Charchar et al. 2012). Indeed,
using cohorts un-confounded by medications and continuous measures of
cardiovascular risk (BP, LDL-C, HDL-C, glucose or CRP) it was shown that no risk
factor was associated with haplogroup | of the Y chromosome in apparently healthy

men.

The absence of association between the Y chromosome and CRP in this analysis
is particularly important, given that the immunity hypothesis of atherosclerosis is
becoming increasingly accepted and that CRP is a recognised surrogate of

cardiovascular risk (Ridker 2004).

Our data also reveal that other correlates of CAD not included in the original
observation (Charchar et al. 2012) such as renal function, are not associated with Y

chromosome lineages amongst young apparently healthy men. Indeed, circulating levels
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of creatinine, a clinically recognised measure of renal function, was not associated with
any of the Y chromosome lineages. Creatinine was used as a measure of renal function
instead of estimated glomerular filtration rate (eGFR) because a significant proportion
of YMCA 1 and YMCA 2 men were aged <18 years and the MDRD eGFR equation is
not validated as a measure of renal function in this age category. Irrespective of the
measure used to estimate it, renal function is associated with the risk of CAD and
cardiovascular mortality in the general population (Hallan et al. 2007; Di Angelantonio
et al. 2010). There is also apparent evidence of sexual dimorphism in susceptibility to
renal disease with men showing higher incidence of chronic kidney disease and faster
progression to end-stage renal disease than women (Iseki et al. 1996; Evans et al. 2005;
Tomaszewski et al. 2009). The absence of association between the common Y
chromosome lineages and circulating levels of creatinine suggests that the Y
chromosome is not likely to drive the biological mechanisms underlying this

phenomenon.

3.4.3 Conclusions

Taken together, our results show that the | haplogroup of the Y chromosome, which has
been previously linked to increased risk of CAD, is not associated with conventional

cardiovascular risk factors prior to development of overt CVD.

3.4.4 Future work

Future work should include an analysis of cohorts with differing ethnic backgrounds.
Indeed, studies involving a variety of ethnicities would further clarify if the Y

chromosome (rather than simply European haplogroups) has a regulatory role in CAD.
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Furthermore, efforts should be made to investigate the role of the Y chromosome in
other sexually dimorphic CAD risk factors. Many of these risk factors were not
available in this study, including smoking, alcohol intake and other markers of

inflammation.

3.4.5 Major limitations

3.4.5.1 Haplogroup I vs. all other haplogroups

Work outlined here represents a follow-up study to previously published work
(Charchar et al. 2012). As such, the method of analysis used here focused on
comparison of haplogroup | against all other lineages of the Y chromosome, and was
found to be consistent with previous publications (Charchar et al. 2012). Furthermore,
this approach reduces the possibility of over-interpreting these data and reduces the risk
of type 1 errors. However, as a relatively conservative method, the effects of other Y
chromosome haplogroups on CAD risk factors may have been overlooked. While less
conservative methods, such as analysis of variance or grouping together of haplogroups
(such as grouping the entire R branch into one group) would help increase statistical
power, such methods are not in line with previously published data (Charchar et al.
2012), are less conservative and have major limitations. The major problems with this
form of analysis include the possibility that the cause of a statistically significant result
(i.e. which haplogroup) would remain unclear, and means that over-interpretation of

these data is imminently possible.

It is plausible that an investigation of more precisely defined Y chromosome
haplogroups (for example haplogroup 11, 12ala, 12alb, 12a2a, 12a2b and 12c rather than

I) may highlight a role for the Y chromosome in cardiovascular risk factors (for
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example, one sub-lineage may drive the detected association between haplogroup | and
CAD). While possible, the loss of statistical power brought about by dividing
haplogroup | into its sub-lineages in the cohorts used here makes this investigation
impossible. This limitation may be addressed through the use of larger cohorts, as
proposed in future work. While this may provide interesting data, historically, the
association between a specific haplogroup and a disease state is lost upon analysis of

sub-lineages (Sezgin et al. 2009).

3.4.5.2 Method of meta-analysis

Meta-analysis based on B coefficient and standard error was deemed most appropriate
here. While an argument can be made to complete meta-analysis based on p-value,
which can be useful when a significant level of heterogeneity is detected, this method
does not take into account the direction of effect, and as such, is a less robust method

(laonnidis & Lau 1999).

The two cohorts used here were of Polish origin, however, the initial association
between haplogroup | of the Y chromosome and CAD was identified in two British
cohorts. While the comparison of Y chromosome analyses across European cohorts is
generally accepted (Stouffs et al. 2011; Charchar et al. 2012), it is possible that the
association made between haplogroup | of the Y chromosome and CAD might have
been UK-specific. Therefore, the mechanism of action may not be identified in cohorts
of differing ancestry. To test this hypothesis, further British cohorts with appropriate
phenotyping would be required. Unfortunately, such cohorts (apart from GRAPHIC)
were not available during the duration of this project. Nonetheless, it should be noted

that the haplogroup | prevalences in Britain and Poland are largely similar (Semino et
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al. 2000; Rootsi et al. 2004) and will have undergone many of the same evolutionary
pressures. It is therefore reasonable to assume that haplogroup | would predispose all
carriers to CAD (regardless of country of origin). Further discussion on the ancestry of

populations used can be found in Section 8.5.2.

3.4.5.3 Population stratification

All the populations used here underwent some level of analysis of population
stratification. Due to the availability of ~1,700 ancestrally informative SNPs in the
GRAPHIC cohort, a multi-dimensional scaling approach was used. This represents a
well-established and validated method of assessing the presence of population
stratification (Charchar et al. 2012). Conversely, the STRUCTURE computer package
was used to assess population stratification in YMCA 1 and YMCA 2. The length of
burnin period and number of MCMC repetitions were both set at 200,000. Both
parameters were selected because previous work has demonstrated those variables result
in the most consistent data, given the computing resources that were available (data not
shown). While this method does not indicate if there are significant genetic differences
between carriers of haplogroup I and all others in these cohorts, it does confirm that all
individuals were of one ethnic background (European). Future work should include

analysis of differences in autosomal signatures in these cohorts.
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4 Haplogroup I of the Y chromosome and “male-associated” and/or “sex-

specific” phenotypes

4.1 Introduction

The results from the analysis of association between the Y chromosome and traditional
cardiovascular risk factors presented in the previous chapter clearly indicate that these
phenotypes are unlikely to act as major mediators of the haplogroup | effect on CAD
risk. One of the biologically most plausible, and perhaps most intuitive, potential
mechanisms underlying this association are highly heritable, intermediate phenotypes
strongly linked to male sex and/or sex-specific action. Perhaps the strongest biological
candidates are aggressiveness and sex steroids, which have significant genetic
component and strong sex specificity (Barrett-Connor 1995). Aggression is well
accepted to be a male-dominated trait; significantly more men are described as of Type
A personality (defined as having higher aggressiveness, competitiveness, hostility and
time urgency), while women more are more commonly of Type B personality (defined
as reflective and nurturing) (Barrett-Connor 1997). Previous studies have found that
male traits such as anger, hostility, time urgency and anxiety were associated with
increased risk of MI (Haynes et al. 1978; Haynes & Feinleib 1980; Barrett-Connor
1997). Furthermore, meta-analyses of twin studies showed that approximately 50% of
the inter-individual variation of aggressiveness is genetic (Miles & Carey 1997; Rhee &
Waldman 2002). Likewise, it is well accepted that the concentrations of sex steroids
(including testosterone and oestradiol) are significantly different at all stages of life
between men and women (Ober et al. 2008). At birth testosterone is at its percentage
maximum in both sexes and drops dramatically. This drop is followed by a significant
increase in testosterone in males (to ~40% of maximum), however, no increase in

testosterone is witnessed in females. Similarly, oestradiol increases in females (to ~30%
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of maximum) while remaining low in males (~10% of maximum in males) (Ober et al.
2008). During puberty, oestradiol increases to maximum in both the sexes, while
testosterone increases significantly more in males (to ~100% of maximum) (Ober et al.
2008). Testosterone remains at ~5% of maximum in females. This difference in sex
steroid concentration remains across the reproductive life. At menopause (~50 years)
oestradiol falls significantly in females (levels are maintained in men), while
testosterone falls slowly in men to ~50% of maximum by age 85 years (testosterone
remains very low, ~5% of maximum, in females across this time) (Ober et al. 2008). It
is well established that sex steroid levels vary significantly between the sexes, however,
it is also well defined that inter-individual variation in sex steroid levels is common.
Bogaert et al. found that up to 65% of the inter-individual variation in testosterone is
accounted for by genetic factors (Bogaert et al. 2008; Vanbillemont et al. 2009).
Furthermore, both aggression and sex steroids have been strongly implicated in the

pathogenesis of CAD (further details can be found in Chapter 1).

Though no analysis of the human Y chromosome has ever been completed in the
context of these “male-related” or “sex-specific” phenotypes, evidence from animal
models supports a hypothetical role for the Y chromosome in regulation of both
aggression and sex hormones. Firstly, the Y chromosome has been repeatedly
implicated in aggression in murine models; Gatewood et al. found that female mice
carrying an SRY-deleted Y chromosome had significantly higher aggression levels than
wild-type female mice, similar to those found in males (Gatewood et al. 2006).
Similarly, the Y chromosome was associated with sex steroids through its function in

sex determination (Wilhelm et al. 2007).

Thus, it is reasonable to postulate that aggressiveness and/or sex steroids may be

the causative mechanism(s) underlying the observed association between haplogroup |
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of the Y chromosome and CAD. Through the analysis of two cohorts containing
phenotypically normal, apparently healthy young men, the potential association between

haplogroup | and five measures of aggressiveness and sex steroids levels were

investigated.
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4.2 Materials and methodology

4.2.1 Materials

4.2.1.1 Aggression scoring and sex steroid measurement in YMCA 1 and 2

Aggression was assessed using the validated Buss-Perry aggression questionnaire (Buss
& Perry 1992). This improved version of the well-documented “Buss and Durkee
inventory” (Buss & Durkee 1957) has been used in a number of investigations
(Meesters et al. 1996; Nakano 2001; Garcia-Leon et al. 2002; Tsorbatzoudis 2006; Shah
et al. 2009), and has been extensively evaluated for validity and reliability (Harris
1997). The questionnaire assesses four dimensions of aggression using a 29-question
analysis, including an assessment of physical aggression, verbal aggression, anger and
hostility (Buss & Perry 1992). Each facet of aggression represents a different reaction
being measured. For example, hostility is an internal feeling while anger has external
consequences. For each facet of aggression, the participants were asked to score the
degree to which they agreed or disagreed with a statement on a scale of 1-5 (1= this is
uncharacteristic of me, 5= this is very characteristic of me). Physical aggression scores
from the questionnaire can range from 9-45, verbal aggression from 5-25, anger from 7-
35, and hostility from 8-40. Total aggression score was calculated as a sum of the scores
from each facet of aggression. In each case, a higher score represented higher levels of
aggression (Buss & Perry 1992). A total of 606 men from YMCA 1 and 477 men from
YMCA 2 completed the Buss and Perry questionnaires anonymously. A Cronbach’s o
coefficient (Vernon & Roberts 1981) was calculated as 0.77 and 0.84 for YMCA 1 and
2, respectively and confirmed these data had good internal consistency. The
questionnaire used can be found at http://psychology-tools.com/buss-perry-aggression-

questionnaire/.
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Sex steroid levels, including total testosterone, DHEA-S, androstenedione, estrone
and oestradiol were measured in 933 men from YMCA 1 (Tomaszewski et al. 2009a,
Tomaszewski et al. 2009b). Circulating concentrations of sex steroids were measured
using a 1,470 Wallac Wizard Gamma and commercially available radio-immunoassays
(TESTO-RIA-CT, ESTRONE-RIA-CT, ANDROSTENEDIONE-RIA-CT, DHEAS-
RIA-CT, all Biosource, Belgium). Each assay was highly specific and the cross-
reactivity of a measured hormone with other sex steroids was minimal (generally below
1.0%). Consistent with the previous studies that examined oestradiol concentrations in
male populations (Orwoll et al. 2006; Tivesten et al. 2006), an ultra-sensitive RIA kit
designed specifically to measure oestradiol in men and children was used. The
thresholds of detection of the assay used to evaluate oestradiol, estrone, total
testosterone and androstenedione were 7.34 pmol/L, 11.84 pmol/L, 0.17 nmol/L, 0.03
ng/ml, respectively. On average, intra- and inter-assay coefficients of variation were
4.1% and 5.5% (total testosterone), 5.4% and 8.2% (total oestradiol), 6.3% and 8.6%
(estrone), and 3.9% and 7.5% (androstenedione), respectively. These coefficients were
comparable with indicators of intra- and inter-assay variation in other large-scale
population studies that used RIA assays to measure sex steroids in men (Feldman et al.

2002; Orwoll et al. 2006).

4.2.2 Methodology
Details of DNA extraction and quality assessment, genotyping and Y chromosome

haplogrouping can be found in Chapter 2.

4.2.2.1 Assessment of normality
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All facets of aggression and each sex steroid were plotted and assessed by eye for
normality. While all aggression measures were normally distributed, all sex steroids
showed skewed distributions and were natural log-transformed before analysis.
Potential differences in demographic/clinical profile between those who completed the
aggression questionnaire and those who did not were compared using Student’s t test.
The consistency of aggression scores between YMCA 1 and YMCA 2 was also assessed

using Student’s t test.

4.2.2.2 Assessment of population stratification

Details on assessment of population admixture in both YMCA 1 and YMCA 2 can be

found in Chapter 3.

4.2.2.3 Descriptive statistics

All normally distributed traits were summarised using arithmetic means and SD, while
log-transformed data were described using geometric mean, which was calculated by

multiplying each data point and dividing the total by the n root and 95% CI.

4.2.2.4 Genetic associations

Both crude and age-adjusted linear regression was used to assess association between
haplogroup | and each facet of aggression (comparison of carriers of haplogroup I vs. all
other haplogroups). The meta-analysis was conducted using a fixed-effect, inverse-

variance model in Metan script (Deeks et al. 2001). Effect sizes from each study were
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weighted inversely proportional to the variance of the effect size. The B coefficient,
standard error and P-values reflect the magnitude of the effect size and statistical

significance for the subjects from all cohorts of the examined associations.

Crude, age- and fully-adjusted (age, BMI, TC and HDL-C) linear regression was
used to assess the association of haplogroup | of the Y chromosome and natural log-

transformed sex steroids.

Power calculations based on 5% and 10% change in phenotypes were completed

using http://www.statisticalsolutions.net/pss_calc.php.

Bonferroni correction was used to correct for multiple testing.
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4.3 Results

4.3.1 'Y chromosome haplogroup distribution

607 and 477 men recruited into YMCA 1 and YMCA 2, respectively, completed and
returned the questionnaires with aggression assessment. Of these, 562 (YMCA 1) and
436 (YMCA 2) had DNA of sufficient quality and quantity for this analysis. Sex
steroids (total testosterone, androstenedione, DHEA-S, oestradiol, estrone) were
measured in a total of 933 individuals recruited into YMCA 1, of which 861 had DNA
of sufficient quality and quantity for genetic resolution of the Y chromosome

haplogroups.

Ten haplogroups were identified in YMCA 1 (percentage prevalence 0.4—
52.7%), and ~73% of the lineages were accounted for by haplogroups | and R1a. A total
of 11 haplogroups were found in YMCA 2 (percentage prevalence 0.2-59.6%), with

~77% of men assigned into either haplogroup | or R1a (Figure 4.1).

4.3.2 Assessment of phenotypic differences between those with and without available

aggression phenotype

After correction for multiple testing, there were no clinical differences between men
who completed the aggression questionnaire and those who did not in either YMCA 1

or YMCA 2 (Table 4.1).
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Figure 4.1 Y chromosome haplogroup distributions in the subsets of YMCA 1 and YMCA 2 individuals used in Chapter 4. %- percentage

prevalence. Haplogroups are arranged from [Y(XBR)] on the left to (R1b1b2) on the right. M and SRY numbers represent the terminal SNP

dictating that haplogroup. SRY10831 is a recurrent mutation.
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Perry questionnaire and those who did not in YMCA 1 and YMCA 2

Table 4.1 Demographic and clinical characteristics of those who completed Buss and

Phenotype | Available | Unavailable | P value
YMCA 1
N 607 550 -
Age (years) 18.9 (2.9) 19.7 (4.1) 0.089
BMI (kg/m?) 22.6 (3.0) 23.1 (3.1) 0.215
Clinic SBP (mmHg) 118.7 (13.3) 117.3 (12.9) 0.345
Clinic DBP (mmHg) 74.6 (7.9) 73.8 (7.9) 0.517
TC (mmol/L) 4.1 (0.9) 4.3 (0.9) 0.033
HDL-C (mmol/L) 1.2 (0.3) 1.1(0.3) 0.614
Creatinine (umol/L) 82.0 (11.7) 83.8 (10.5) 0.753
Glucose (mmol/L) 4.9 (0.7) 4.7 (0.7) 0.402
YMCA 2
N 477 120 -

Age (years) 18.9 (3.6) 19.4 (3.3) 0.226
BMI (kg/m?) 22.5(3.0) 23.1(3.1) 0.861
Clinic SBP (mmHg) 118.6 (13.7) 122.4 (11.8) 0.369
Clinic DBP (mmHg) 74.4 (8.3) 74.3 (7.3) 0.388
TC (mmol/L) 3.7(1.1) 3.8(0.7) 0.932
HDL-C (mmol/L) 1.1 (0.3) 1.1 (0.2) 0.734
Creatinine (umol/L) 74.2 (10.1) 79.6 (8.3) 0.548
Glucose (mmol/L) 4.4 (0.8) 4.5 (0.6) 0.390

Data are means and SD; p value-statistical significance of a difference between two
groups calculated by a two tailed Student’s t test, n — number of individuals, BMI —
body mass index, SBP — systolic blood pressure, DBP — diastolic blood pressure, TC —

total cholesterol, HDL-C — high-density lipoprotein cholesterol.

4.3.3 Difference in aggression between YMCA 1 and YMCA 2

There were no statistically significant differences in aggression scores between those

recruited to YMCA 1 and YMCA 2 (Table 4.2).
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Table 4.2 Mean values for five parameters of aggression in YMCA 1 and YMCA 2

Aggressive trait YMCA1 YMCA 2 P value
N 562 436 -
Physical aggression 24.5 (6.3) 24.9 (6.0) 0.285
Verbal aggression 16.0 (3.7) 16.2 (3.3) 0.387
Hostility 22.9 (5.4) 23.1(5.2) 0.531
Anger 18.6 (5.7) 18.8 (4.7) 0.391
Total aggression 82.0 (15.4) 83.1(14.1) 0.239

Data are means and SD, p value — statistical significance of a difference between two

groups calculated by a two-tailed Student’s t test.

4.3.4 Analysis of population stratification

There was no evidence of population stratification in the subset of YMCA 1 or YMCA

2 individuals available for this analysis. The details of this analysis can be found in

Chapter 3 (Figure 3.3, and section 3.3.2).

4.3.5 Phenotype distribution

All aggression measures in both YMCA 1 and YMCA 2 showed approximately normal

distributions (Figure 4.2 and 4.3). All sex steroid distributions were skewed and

therefore were log-transformed before analysis (Figure 4.4).
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Figure 4.2 Distribution of aggression scores (YMCAL1)
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Figure 4.4 Distribution of sex steroids levels in YMCA 1
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Table 4.3 Statistical power calculations for aggression and sex steroids data

Phenotype Statistical power
5% Change 10% Change
Aggression
Physical aggression 0.83 1.00
Verbal aggression 0.90 1.00
Anger 0.75 1.00
Hostility 0.85 1.00
Total aggression 0.98 1.00
Sex steroids
Oestradiol 0.25 0.73
Androstenedione 0.25 0.73
Estrone 0.17 0.52
DHEA-S 0.21 0.63
Total testosterone 0.28 0.79

Statistical power calculations for detection of a 5% or 10% change in aggression
(n=1,124) and sex steroids (n=861) values between carriers of haplogroup | versus all
other haplogroups (at the 5% and 10% significance level). Calculations were performed

using an online tool (http://www.statisticalsolutions.net/pss_calc.php)

4.3.6 Effect of the Y chromosome on aggression scores

While no evidence of association was identified between haplogroup | of the Y
chromosome and any facet of aggression in YMCA 1, two suggestive associations were
identified in YMCA 2 [P= 0.078 and P= 0.067 in physical aggression (Table 4.5) and
verbal aggression, respectively (Table 4.6)]. The meta-analysis of values from YMCA 1
and YMCA 2 showed that haplogroup | was associated (at the nominal level of
statistical significance) with reduced verbal aggression scores (P= 0.016). However, this
finding did not survive correction for multiple testing (Table 4.6). No evidence of
heterogeneity was identified between both cohorts for total aggression (P= 0.674),
physical aggression (P= 0.365), verbal aggression (P= 0.762), hostility (P= 0.530) or

anger (P=0.548) (Tables 4.4- 4.8).
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Table 4.4 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and total aggression

Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
YMCA1 562 -1.370 (1.7) 0.433 57.72 -
YMCA 2 436 -2.498 (2.0) 0.221 42.26 -
Meta-analysis 998 -1.85(1.9) 0.164 100 0.674

SE- standard error.

Table 4.5 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and physical aggression

Cohort n B coefficient (SE) P value Weight (%) Heterogeneity P value
YMCA 1 562 -0.520 (0.7) 0.459 60.35 -
YMCA 2 436 -1.529 (0.9) 0.078 39.65 -
Meta-analysis 998 -0.92 (0.8) 0.092 100 0.365

SE- standard error.
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Table 4.6 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and verbal aggression

Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
YMCA1 562 -0.672 (0.4) 0.111 56.48 -
YMCA 2 436 -0.863 (0.5) 0.067 44.52 -
Meta-analysis 998 -0.760 (0.4) 0.016 100 0.762

SE- standard error.

Table 4.7 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup I of the Y chromosome and hostility

Cohort n B coefficient (SE) P value Weight (%) Heterogeneity P value
YMCA 1 562 0.225 (0.6) 0.728 57.22 -
YMCA 2 436 0.845 (0.7) 0.258 42.78 -
Meta-analysis 998 0.490 (0.6) 0.315 100 0.530

SE- standard error.
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Table 4.8 Age-adjusted fixed-effect inverse-variance meta-analysis between haplogroup | of the Y chromosome and anger

Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
YMCA1 562 -0.403 (0.6) 0.505 56.12 -
YMCA 2 436 -0.950 (0.7) 0.164 43.88 -
Meta-analysis 998 -0.640 (0.6) 0.155 100 0.548

SE- standard error.
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4.3.7 Effect of the Y chromosome on sex steroids — YMCA 1

There was no evidence of association between haplogroup | and sex steroids in men
from YMCA 1. The lowest fully adjusted nominal association (P= 0.170) was

calculated for oestradiol (Table 4.9).
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Table 4.9 Association between haplogroup I of the Y chromosome and 5 major sex steroids — YMCA 1

A

Estrone (pmol/L)

Sex steroids I Others P value * P value” P value

n 153 708 - - -
Total testosterone 17.1 (16.5- 17.8) 17.8 (16.5- 19.2) 0.351 0.388 0.506
Androstenedione 2.5 (2.4- 2.6) 2.5(2.3-2.7) 0.834 0.912 0.989
DHEA-S (umol/L) 6.6 (6.3- 6.8) 6.7 (6.1- 7.3) 0.701 0.665 0.601
Oestradiol (pmol/L) 67.6 (65.2- 70.0) 70.2 (65.4- 75.5) 0.323 0.293 0.170
127.7 (122.8- 132.7) | 126.9 (114.9- 140.2) 0.895 0.977 0.856

Data are geometric means and 95% confidence intervals, p value® — level of crude statistical significance, p value’- age-adjusted level of

statistical significance calculated from regression analysis, P value “— age, BMI, total cholesterol and HDL-C adjusted level of statistical

significance, DHEA-S- dehydroepiandrosterone sulphate.
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4.4 Discussion

To identify the mechanism of association between haplogroup | of the Y chromosome
and CAD, the effect of this haplogroup on “sex-associated” and “sex-specific”
phenotypes was investigated in a series of experiments highlighted in this chapter. No
relationship between the Y chromosome and any facet of aggression or sex steroid was
identified. These data indicate that these traits are unlikely to drive the association

between haplogroup | and increased predisposition to CAD.

4.4.1 Y chromosome haplogroup distribution

The prevalence and distribution of Y chromosome haplogroups in both YMCA 1 and
YMCA 2, including the high prevalence of haplogroup Rla, were in keeping with
published data.There was no evidence of population stratification in YMCA 1 or
YMCA 2 (Knowler et al. 1988; Lander & Schork 1994; Ewens & Spielman 1995). This
is reassuring because population stratification is known to inflate the false positive rate.
Furthermore, no statistically significant differences in demographic or clinical
phenotypes by haplogroup were identified in either YMCA 1 or YMCA 2 (further

details in Chapter 3).

There were also no systematic differences between individuals with available
aggression data and those without such data in YMCA 1 or YMCA 2. Cronbach's a
coefficient showed that the assessment of aggression had good internal consistency in
both cohorts. There were also no differences in aggression scores of those recruited into
YMCA 1 compared with YMCA 2. These data imply that the cohorts were not subject

to recruitment bias and were phenotypically homogenous.
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4.4.2 The effect of haplogroup | on aggression levels

The meta-analysis of five facets of aggression across the two cohorts revealed only a
suggestive association between haplogroup | of the Y chromosome and verbal
aggression, which was not significant after correction for multiple testing. The role of
the Y chromosome in personality has been indicated in a number of studies (Lovell-
Badge 2005). For example, men with an 47,XYY karyotype had more criminal
convictions, were diagnosed more frequently with antisocial personality disorder or
were alcoholic more commonly than men with a normal karyotype (G6tz et al. 1999).
This finding suggested a role for the Y chromosome in personality phenotypes such as

aggression.

The results from YMCA 1 and YMCA 2 are is in agreement with Shah et al.
who investigated 159 Pakistani men and found no association between the Y
chromosome and aggression levels (Shah et al. 2009). Though haplogroup | of the Y
chromosome was not individually investigated in this study (due to its absence in the
study population), the lack of association between other Y chromosome haplogroups
and aggression adds to evidence that the genetic variation in the human Y chromosome
is not associated with human aggression (Shah et al. 2009). Similarly, a study using Y
chromosome STRs near the DYZ3 loci also failed to demonstrate its association with

antisocial personality disorder in men with alcoholism (Kittles et al. 1999).

There are significant differences in methods between these studies that may
account for some of the discrepancy in association between the Y chromosome and
aggression. Firstly, a number of different phenotypes were used across the studies.
Aggression was used as the main phenotype in the negative study shown here alongside

studies by Shah et al. and Gatewood et al.. Conversely, Kittles et al. and Gotz et al.
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used antisocial personality disorder as the main phenotype. Studies in murine models
using reported association with the Y chromosome and aggression (Gatewood et al.
2006). Indeed, it is plausible that the Y chromosome is involved in determining

aggression level in rodents but not humans.

It should also be stressed that studies that reported a positive association
investigated either the whole Y chromosome or Y chromosomes with specific deletions
(human studies; Y chromosome polysomy [GOtz et al. 1999]; murine models - SRY
negative Y chromosomes [Gatewood et al. 2006, Toot et al. 2004]). Conversely, all
negative studies investigated only the MSY (through haplogroups such as the approach
used here and by Shah et al. or through analysis of certain aspects of Y chromosome
variation including STRs) [Kittles et al. 1999]). It is plausible that a gene or transcript in
the PAR regions may underlie the association between the Y chromosome polysomy
and antisocial behaviour (Gotz et al. 1999) and aggression (Gatewood et al. 2006, Toot
et al. 2004). Previous work in murine models has indicated that steroid sulfatase (STS),
a gene which resides in the PAR region, correlated with aggression scores in mice (Le
Roy et al. 1999; Gatewood et al. 2006). The orthologous gene cannot underlie the
association between Y chromosome polysomy and antisocial/aggressive phenotypes in
men, however, due to the degradation of STS to a pseudogene in humans (Yen et al.

1987).

4.4.3 The effect of haplogroup | on sex steroid levels

No evidence of association between haplogroup and sex steroids was identified. This
finding is important for several reasons. Firstly, there is general assumption in the wider

scientific community that the human Y chromosome is a major regulator of sex
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hormones, particularly androgens, through its role in sex differentiation (Angelopoulou
et al. 2006; Velasco et al. 2011). There are data that, to some extent, support this
hypothesis. Aksglaede et al. found that after puberty, the complement of sex
chromosomes in boys may play a role in regulation of testosterone levels (Aksglaede et
al. 2007) since individuals with XXY and XX combinations had significantly lower
average testosterone compared to men with a normal sex chromosome constellation
(XY) (Aksglaede et al. 2007). Interestingly, a microdeletion in the azoospermia factor ¢
(AZFc) region is associated with increased levels of testosterone (alongside follicle
stimulating hormone [FSH] and luteinizing hormone [LH]) and infertility (Pandey et al.
2010). These investigations analysed the sex chromosomes using a significantly
different method to that used here; Aksglaede et al. investigated the effect of XY
polysomy, while Pandey et al. investigated specific Y chromosome variation (Pandey et
al. 2010). The study presented here represents the first phylogenetic analysis of the Y

chromosome haplogroup in relation to sex steroid levels.

4.4.4 Conclusions

Phenotypes previously perceived as “male-associated” or “sex-specific”, including
aggression and sex steroids, are not associated with haplogroup | of the Y chromosome
in the cohorts used here. As such these phenotypes are unlikely to underlie the
association between haplogroup | of the Y chromosome and increased risk of CAD

(Charchar et al. 2012).

4.45 Future work

The findings from this analysis derive from cohorts recruited in one country (Poland).

As such they will require replication in independent cohorts of different origin.
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Furthermore, an investigation into other common European haplogroups with regard to

these phenotypes may prove fruitful.

It is also plausible that other “male-associated”/ “sex-specific” phenotypes not
investigated here may underlie the association between haplogroup | of the Y
chromosome and CAD, and should be investigated. Examples of other such sexually

dimorphic biological phenotypes include, for example, height and muscle mass.

4.4.6 Major limitations

4.4.6.1' Y chromosome analysis

It is plausible, though unlikely, that a smaller lineage of haplogroup I may affect
aggression or sex steroid levels (further details can be found in Chapter 3.4.5.1).
However, due to limited sample numbers in each individual haplogroup I lineage, this

analysis was not able to be completed here.

4.4.6.2 Cohorts

The decision was made to investigate the potential role of the Y chromosome on “male-
associated”/ “sex-specific” traits in young, healthy individuals. Our analysis provides
significant analysis into the role of the Y chromosome in various traits which were not
subject to confounding by external forces such as antiypertensive treatment. While this
study was sufficiently powered to detect small changes in aggression score, only larger
changes in sex steroids would have been identified. To rectify this limitation, larger

sample sets are required, however, at the time of writing these were not available.
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4.4.6.3 Ethnicity

The original association between the Y chromosome and CAD was identified in British
cohorts. Therefore, the use of Polish cohorts may be perceived as a limitation. An
investigation using British cohorts with aggression and/ or sex steroids data would be
more optimal. Unfortunately, such cohorts were not available during the duration of this
project. As explained in Chapter 3, the prevalences of haplogroup | in Britain and
Poland are very similar and thus the difference in cohort ethnicity is not expected to be
a significant limitation (Semino et al. 2000; Rootsi et al. 2004). Further information can

be found in Section 8.5.2.

4.4.6.4 Sex steroid analysis

The five sex steroids investigated here represent the major biochemical products of the
sex steroid pathway. It is plausible that haplogroup | may exert its effect on sex steroids
(and therefore predisposition to CAD) elsewhere in the pathway and therefore not be
captured in this analysis. The unavailability of sex hormone binding globulin (SHBG)
levels prevented the analysis of free, biologically active hormonal fractions. The
analysis of the free testosterone and oestradiol, would increase the reliability of the
analysis (Tomaszewski et al. 2009). Similarly, the effect of fat mass on hormone level is
widely accepted, and while the use of BMI provides a good estimate of fat mass in
young, apparently healthy men (Pietrobelli et al. 1998; Tomaszewski et al. 2009), waist
circumference would have been a better estimate of abdominal obesity (relevant to sex
steroids analysis as a site of aromatase synthesis) (Pietrobelli et al. 1998; Tomaszewski

et al. 2009).
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General limitations of radio-immunoassays (which were used to measure all sex
steroids used here) include hook effects (resulting from high antigen concentration),
heterophilic antibodies, human anti-mouse antibodies and cross reactivity. However,
this method of sex steroid measurement is widely accepted within the field (Feldman et

al. 2002; Orwoll et al. 2006; Tivesten et al. 2006).
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5 Effect of haplogroup 1 of the Y chromosome on the monocyte and

macrophage transcriptome

5.1 Introduction

It has been demonstrated that haplogroup I increases the risk of CAD (Charchar et al.
2012). This association is unlikely to act through traditional cardiovascular risk factors
or “male-typical” or “sex specific” phenotypes (Chapters 3 and 4), yet the mechanisms
underlying this association remain elusive. Genome-wide transcriptome data provide a
snap-shot of the expression level of multiple genes in a given cell type (Allocco et al.
2004). Through the parallel measurement of expressed genes, genome-wide
transcriptome data allow hypothesis-free experiments (including differential expression
analysis, disease association and pathway analysis) to be conducted (Allocco et al.
2004). Genome-wide transcriptome technology was originally developed from Southern
blotting, in which fragmented DNA is attached to a substrate and probed (Makos et al.
1992). The first reported use of this technology investigated 378 bacterial colonies in
analysis of gene expression levels of normal and cancer genes (Augenlicht et al. 1982).
This was swiftly followed up by the analysis of over 4,000 human sequences comparing
colonic cancer cells with healthy cells (Augenlicht et al. 1987; Augenlicht et al. 1991).
While early arrays were formed by spotting cDNAs onto filter paper using a pin
spotting device, the first reported use of miniaturised “chip” arrays was in 1995 (Schena
et al. 1995). This method of study became widely used; the search term “transcriptome
analysis” in PubMed retrieves over 75,000 papers at the time of writing. Importantly,
analysis of genome-wide transcriptome data has the potential to identify if haplogroup I
of the Y chromosome alters the expression of a single gene or the expression of an
entire pathway in a given cell type. Pathway analysis integrates normalised data from

transcriptomic arrays with gene annotations in order to detect changes in the expression
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of networks of molecules (Curtis et al. 2005). Pathway analysis ranges from the simple

use of gene ontology to those based on complex statistical analysis.

The aim of this chapter is to conduct a hypothesis-free investigation, using
genome-wide transcriptome data from cells relevant to CAD (monocytes and
macrophages), in order to identify which genes or pathways (through the use of linear
regression analysis and gene set enrichment analysis [GSEA]) show differential
expression in carriers of haplogroup | compared to carriers of all other Y chromosome

lineages.
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5.2 Materials and methodology

5.2.1 Materials

5.2.1.1 CARDIOGENICS Transcriptomic Study (CTS)

The “CARDIOGENICS Transcriptomic Study” (CTS) was a multi-centre collaboration
that recruited 917 (458 healthy and 459 CAD/MI patients) individuals from five
European centres (Schunkert et al. 2011). Patients recruited in Leicester (n=161),
Libeck (n=102) and Regensburg (n=122) all had validated MI within the previous 6
months. Cases recruited in Paris (n=74) were angiographically diagnosed with CAD.
All healthy individuals were blood donors recruited in Cambridge (UK) as a part of the
Cambridge Bioresource. Medical history of patients with CAD/MI was taken alongside
BP measurements using digital BP monitors (with an appropriately sized cuff after a
minimum of 10 min rest and with an interval of at least 3 min between readings). A
sample of peripheral blood was collected for all individuals for monocyte isolation and

culture (for further DNA and RNA extraction and baseline blood chemistry [cases

only]).

5.2.1.2 Bioethical approval

Written, informed consent was obtained from all subjects in all studies used here, in
accordance with the Declaration of Helsinki. All studies had approval from relevant

institutional ethical committees.
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5.2.2 Methodology

5.2.2.1 Genotyping and haplogrouping
All details regarding genotyping and Y chromosome haplogrouping of all samples can

be found in Chapter 2.

5.2.2.2 Descriptive statistics

Age, BMI, weight, height, SBP and DBP were summarised using arithmetic means and
SD. Differences between traits between carriers of haplogroup 1 and all other

haplogroups were analysed using Student’s t test.

5.2.2.3 Population stratification

Population stratification was examined in a manor akin to that described in Chapter 3
using the GRAPHIC cohorts. Population stratification was investigated using multi-
dimensional scaling of genome-wide SNP data in PLINK. Genome-wide SNP data were
obtained using the Human 610 Quad Custom array (Illumina, USA). SNPs failing
standard quality filters [minor allele frequency - MAF<1%), Hardy-Weinberg
equilibrium y2 p<0-001 and call rate <95%] were removed. This was followed by
pruning SNPs in LD (r>>0-2) to leave approximately 35,000 SNPs. The pruned set of
SNPs was used to construct a matrix of identity-by-state an used in multi-dimensional

scaling (further detail in Chapter 3).
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5.2.2.4 Measurement of genome-wide transcriptome levels

Transcriptome-wide analysis was conducted using RNA extracted from macrophages
and monocytes for each individual. All experiments described in this study were
completed using only male patients recruited in Leicester and controls from Cambridge
(n=255). Genomic DNA was collected from peripheral monocytes using standardised
Qiagen kits and genotyped either at the Wellcome Trust Sanger Institute on the Human
610 Quad Custom Array (594,398 SNPs and 66,049 CNVSs), or the SNP&SEQ
Technology Platform at Uppsala University, using the Sentrix Human Custom 1.2 M
array (1,115,839 SNPs and 80,128 CNVs) (Rotival et al. 2011; Wallace et al. 2012).
RNA extraction was also standardised; monocytes were isolated from 30 ml of
peripheral blood using positive selection with CD14+ microbeads (Miltenyi), as
specified in the manufacturer’s instructions (purity was measured using flow
cytometry). Half of the monocytes underwent RNA extraction (monocytes were lysed in
Trizol, RNA was extracted in chloroform and ethanol, washed in RNeasy columns, and
incubated with DNase | before extracting in RNase-free water) (Johnson et al. 2011,
Rotival et al. 2011; Wallace et al. 2012). The other half of the monocytes were
activated to macrophages using macrophage colony stimulating factor (M-CSF) and
RNA extracted using the same method (Johnson et al. 2011; Rotival et al. 2011;
Wallace et al. 2012). Each sample was analysed using the Illumina Human Ref 8 v3.0
bead chip array. The array contains 79-nucleotide oligonucleotide sequences
immobilised to beads held in wells on the surface of the array (van Gelder et al. 1990;
Pease et al. 1994; Nuwaysir et al. 2002). The 5 50 bases of the oligonucleotides had
sequences complementary to known gene sequences (available in public databases). The
remaining 3 region of the probe represented a molecular “address” allowing

unambiguous identification of each oligonucleotide during analysis (van Gelder et al.
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1990). Probes were designed so as to ensure; a lack similarity to other genes, an absence
of highly repetitive sequences, correct sequence complexity, self-complementarily for
hairpin structure prediction, appropriate melting temperature and uniform distance from
the 3" region of the transcript under analysis. Each probe was present on the array in
many copies, allowing significant redundancy (van Gelder et al. 1990). After
hybridisation, array images were scanned using the Illumina BeadArray Reader, and
probe intensities were extracted using the Gene expression module (version 3.3.8) of the
Illumina BeadStudio software (version 3.1.30) (Johnson et al. 2011; Rotival et al. 2011;
Wallace et al. 2012). Raw intensities were processed using the lumi (Du et al. 2008; Lin
et al. 2008) and beadarray (Welcome Trust Case-control Consortium 2007) packages in
R (R Development Core Team 2010). All array outliers were excluded and only arrays
with high concordance in terms of gene expression measures (pair-wise Spearman
correlation coefficients within each cell type 0.85) were included in the analyses

(Johnson et al. 2011; Rotival et al. 2011; Wallace et al. 2012).

5.2.2.5 Single-gene analysis of genome-wide transcriptome data

The effect of haplogroup | on genome-wide gene expression levels in both monocytes
and macrophages was investigated using linear regression (adjusted for age, CAD status
and centre of recruitment). The correction for multiple testing was calculated using
false-discovery rate (FDR) [QVALUE software (http://genomine.org/qvalue)] with a

threshold of 0.2 to identify suggestive associations.
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5.2.2.6 Validation of gene(s) from transcriptome-wide analysis

Gene(s) showing significant association with haplogroup | were replicated in 48
available macrophage samples. The significant drop in sample number was unavoidable

because of severely restricted RNA availability.

Gene expression assays measure the relative concentration of cDNA (from
MRNA as described in Chapter 2) in any given tissue. In all cases, FAM-labelled
TagMan probes were used for each gene of interest and normalised by the expression of
the housekeeping gene B-microglobulin (B2M) (control gene) (VIC-labelled). Analysis
was completed on the 7900HT Sequence Detection System (Applied Biosystems,
USA). Control genes (also known as endogenous controls) should have a constant RNA
transcription level across the different experimental conditions (in this case those with
haplogroup | and all other haplogroups), and be sufficiently abundant across the
different research tissues (in this case monocyte, macrophage) (Popovici et al. 2009).
While any stably expressed gene can be selected as a control gene, the most common
choice is from a range of housekeeping genes (involved in pathways such as glycolysis,
protein folding and the cytoskeleton) or ribosomal RNAs (including 18S rRNA). While
there are other common choices of control genes (including ribosomal protein, beta
actin, peptidylpropyl isomerase and glucuronidase ), B2M is widely accepted to have
good expression levels in a number of tissues, including those used here.

Due to the sensitivity of gene expression assays to minor changes in experiment
set-up, it is recommended that all samples be analysed in triplicate. However, due to the

scarcity of RNA input all samples were analysed in duplicate.
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The contig sequence (sequence where the probe binds) for the IF16 probe used
here was: CTGCAGAGCCTCGGGGCTGGTGGCA. Probes of interest were assessed
for correct functioning using a serial dilution of cDNA input. 11 ul of TagMan gene
expression master-mix (Applied Biosystems, USA) was added to 1 pl probe of interest
or control gene and 9 ul of cDNA (one reaction at each concentration of the cDNA
serial dilution; 80 ng/ul, 40 ng/ul, 20 ng/ul, 10 ng/ul, 5 ng/ul). This was incubated
following the protocol: denaturing at 50°C for 2 min, further denaturing at 95 °C for 10
min, 50 cycles of 95 °C for 15 sec each and 60 °C for 1 min. A standard line graph of
delta cycle threshold (dCT) against log of cDNA input was constructed. All probes were

validated and showed an efficiency of >80%.

5.2.2.9 Analysis of the effect of haplogroup I on expression levels of interferon 6 (IF16)

in macrophage tissues

Gene expression analysis of IF16 followed the same protocol outlined above although at
one cDNA concentration (20 ng/ul), in duplex (both probe of interest and control gene
in one cDNA sample) and in duplicate. A negative control (containing water rather than
cDNA) and two positive controls of known RNA abundance were used. Data were
expressed as cycle threshold (CT) and dCT (average probe of interest minus average
control gene). All individuals were split into two groups based on Y chromosome
haplogroup status (I vs. all others), and the fold-difference in mean expression was

calculated using the formula =2-difference indct
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5.2.2.10 Pathway analysis- Gene Set Enrichment Analysis

GSEA was used to identify pathways differentially regulated in carriers of haplogroup |
compared to all other haplogroups. GSEA evaluates a gene list, ordered by effect size
(e.g. based on P coefficients), at the pathway level. GSEA aims to establish if an input
gene set tends towards the top (up-regulated) or bottom (down-regulated) of a pathway.
Input files were generated using effect size scores (P coefficient from linear regression),
one score per probe. These input data were used in GSEA “pre-ranked” mode
(Subramanian et al. 2005). Data were analysed using Kyoto Encyclopaedia of Genes
and Genomes (KEGG) contained within the Molecular Signatures Database (v3.0) (a
collection of annotated gene sets) and 1,000 permutations. This analysis provides a
number of measures of association including; an enrichment score, normalised
enrichment score, P-value and FDR. The enrichment score is calculated as a running
statistic; as GSEA reaches a gene included in the pathway the score is increased, as
GSEA reaches a gene not in the pathway the score is decreased (the increment increased
or decreased depends on the correlation of the gene with the phenotype (Subramanian et
al. 2005). The normalised enrichment score is the enrichment score normalised for the
size of the pathways investigated (normalised enrichment score= actual enrichment
score/ mean enrichment score against all permutations of these dataset) (Subramanian et
al. 2005). P-values illustrate the level of nominal significance of the difference in

expression of a given pathway between two groups.

Enrichment Map (v1.0) (Merico et al. 2010) plugin for Cytoscape (v2.8.0)
(Cline et al. 2007) was used to analyse and pictorially represent the degree of gene
overlap in those pathways significantly deregulated in carriers of haplogroup I (P=0.99

FDR<0.2, overlap coefficient >0.3).
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5.3 Results

5.3.1 Y chromosome haplogroup distribution in CTS

A subset of the CTS cohort that consisted of men recruited in Leicester and Cambridge
were used in this investigation (n=255) (Charchar et al. 2012). Of the ten haplogroups
represented in the CTS subset (haplogroup prevalence ranging from 0.4-63%),
haplogroups | and R1b1b2 accounted for approximately 85% of the observed lineages

(21% haplogroup I, 63% haplogroup R1b1b2) (Figure 5.1).

5.3.2 Clinical and demographic characteristics of CTS by Y chromosome haplogroup

There were no statistically significant differences in clinical or demographic data
between those with haplogroup | and those from all other Y chromosome lineages

(Table 5.1).
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Figure 5.1 Y chromosome haplogroup distributions in CTS. Percentages-prevalence of each haplogroup represented in CTS. Haplogroups

are arranged from [Y(xBR)] on the left to (R1b1b2) on the right. M and SRY numbers represent the terminal SNPs that define specific

haplogroups. SRY 10831 is a recurrent mutation.
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Table 5.1 Clinical

and demographic data from individuals in CTS stratified by

haplogroup
Phenotype I Others P value
N 54 201 -
Age (years) 54.2 (7.5) 54.3(7.1) 0.138
BMI (kg/m?) 27.4 (3.9) 27.5 (4.5) 0.971
Weight (kg) 86.5 (12.7) 86.3 (13.8) 0.966
Height (m) 177.9 (6.3) 177.5 (6.1) 0.438
SBP (mmHg) 127.6 (17.5) 135.6 (18.7) 0.939
DBP (mmHg) 77.4 (7.9) 82.7 (10.6) 0.138

Data are means (SD). P value-level of statistical significance for a difference in a

phenotype between carriers of haplogroup I and all other haplogroups calculated by a

two-tailed Student’s t test, | — carriers or haplogroup I, Others — carriers of all other

haplogroups, n — number of subjects, BMI — body mass index, SBP — systolic blood

pressure, DBP — diastolic blood pressure.

5.3.3 Analysis of population stratification

All CTS subjects were of European ancestry, as shown by the appearance of the CTS

subjects in the same cluster as the CEU HapMap population (Figure 5.1A). There were

no systematic difference in autosomal SNP distribution between carriers of haplogroup |

and men from all other lineages, as shown by the complete interspersion of data points

from these groups (Figure 5.2B).
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Figure 5.2 Analysis of population stratification in CTS. A. A matrix of identity-by-state distance was created in the CTS subset and the

three HapMap populations (CEU, JPT+CHB, YRI). Coloured dots represent each population: blue- JPT+CHB, green- YRI, red- CEU,

yellow- CTS. The first two components obtained from the subsequent multi-dimensional scaling of the matrix were used as co-ordinates to

compare the relative distances between the four populations. B. Assessment of population structure stratified by Y chromosome haplogroup

(1 vs. all others). Colours represent haplogroups: green- carriers of haplogroup I, red- carriers of all other haplogroups. A matrix of identity-

by-state distances was created and the first two components obtained from the subsequent multi-dimensional scaling of the matrix were

used as co-ordinates to generate the scatter plot.

A

Dimension one

0 05

-05

-05
Dimesion two

Dimension one

05

-05

-05

0
Dimension two

05

- 169 -



5.3.4 Genome-wide transcriptome analysis

Of 24,526 probes present on the bead chip, 12,480 were either absent in both monocytes
and macrophages or failed quality checks, leaving 12,145 probes (representing 10,082
genes) available for study. Both single-gene and pathway analysis was completed using

this dataset.

5.3.4.1 Genome-wide single-gene transcriptome analysis in monocytes

No single gene showed a differential expression between carriers of haplogroup I and
all other haplogroups in monocytes at the genome-wide level of significance (107).
However, one gene, cytoskeleton associated protein 5 (CKAPS5), showed a nominal

level of differential expression (Table 5.2).

5.3.4.2 Genome-wide single-gene transcriptome analysis in macrophages

While no genes reached genome-wide significance, 33 genes showed a nominal level of
differential expression between carriers of haplogroup | and carriers of all other
haplogroups in macrophages (Table 5.3). IFI6 showed the most statistically significant
up-regulation in carriers of haplogroup 1 (P= 0.000059). Approximately 20% of the
differentially regulated genes were associated with the immune system (i.e. integrin alL
[ITGAL], butyrophilin subfamily 3A1 [BTN3A1] major histocompatibility complex
class 1A [HLA-A], heat shock protein 1 [HSPD1]) (Table 5.3). A number of genes
relating to protein synthesis and the cell-cycle were also differentially regulated (Table

5.3).
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Eleven genes up- or down-regulated in macrophages from men with haplogroup
| survived correction for multiple testing (FDR<20%) (Table 5.4). Three genes were up-
regulated in carriers of haplogroup | while 8 were down-regulated. Four of these 11
genes were associated with various immunological diseases (IFI6 in psoriasis (Szegedi
et al. 2010), eukaryotic translation initiation factor 2 and subunit 1 alpha [EIF2S1] in
hepatitis B (Zhang et al. 2006), cytochrome P450, family 27, subfamily A and
polypeptide 1 [CYP27A1] in asthma (Bossé et al. 2009; Li et al. 2011), and ITGAL in
inflammatory bowel disease (Koch et al. 2010). Four genes were associated with CAD:
purinergic receptor P2X, ligand-gated ion channel, 4 [P2Rx4] through association with
central fat mass (Wilson et al. 2006), CYP27A1 through cholesterol balance (Luoma.
2008), protein tyrosine phosphatase type IVA and member 3 [PTP4A3] in the
progression of cardiac hypertrophy (Matter et al. 2001), and ITGAL, which shows
increased expression in those with CAD (Rahimi et al. 2003). Detailed information on
differentially regulated genes surviving correction for multiple testing can be found in

Table 5.4.

5.3.5 Validation of IFI16

In an effort to validate the effect of haplogroup I on the macrophage expression level of
IF16, RT-PCR was completed on 48 of the samples used in the transcriptome analysis.
No association between haplogroup | of the Y chromosome and expression of IFI6 (P=

0.924) was identified.
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Table 5.2 Differentially regulated genes in monocytes: nominal level of statistical significance

Gene symbol Gene name P value | B coefficient (SE) Functional overview
CKAP5 CytOSke;fé‘t’Qir?sssoc'ated 0.00011 |  0.097 (0.02) Organisation of spindle poles.

SE — standard error, P value-level of statistical significance for a difference in expression between haplogroup | and others (adjusted for

age, BMI and centre of recruitment). Functional overview from Gene cards (www.genecards.org).

Table 5.3 Differentially regulated gene in macrophages: nominal level of statistical significance

Gene symbol Gene name P value | B coefficient (SE) Functional overview
Interferon. a-inducible Shows cytokine activity and is involved
IF16 > 0.000059 0.363 (0.09) in the immune response and anti-
protein 6 -
apoptosis.
Eukaryoic translation Catalyses the first regulated step of
EIF2S1 initiation factor 2, subunit | 0.000061 0.112 (0.03) yses cguiated step
lo protein synthesis initiation.
P2RX4 Purinergic receptor P2X, 1 319 -0.271 (0.07) Ligand-gated ion channel
ligand-gated ion channel, 4 ' ' ' '
Carbamovl-nhosphate Trifunctional protein associated with the
CAD Yl-pnosp 0.00013 -0.131 (0.03) enzymatic activities of pyrimidine
synthetase 2 ) i
biosynthesis.
An endoribonuclease which
MGC71993 Ribonuclease, RNase K 0.00017 -0.117 (0.03) preferentially cleaves ApU and ApG

phosphodiester bonds.
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Cytochrome P450, family

Monooxygenases which catalyse
reactions involved in drug metabolism

CYP27A1 27, subfamily A, 0.00019 -0.213 (0.06) q hesis of various linids includi
olypeptide 1 and synthesis of various lipids including
P cholesterol and steroids.
Protein tyrosine Stimulates progression from G1 into S
PTP4A3 phosphatase type IVA, 0.00019 -0.044 (0.01) phase. Enhances cell proliferation, cell
member 3 motility and invasive activity.
PDIAS Protein disulfide isomerase | 4 55019 | 0,188 (0.05) Protein metabolism.
family A, member 5
ALKBH7 AlkB, alkylation repair |, 5359 -0.141 (0.04) Unknown,
homolog 7
Related RAS viral (r-ras) Plasma membrane-associated GTP-
RRAS2 oncogene homolog 2 0.00021 0.122 (0.03) binding protein with GTPase activity.
Has roles in leukocyte-endothelial cell
interaction, cytotoxic T-cell mediated
killing, and antibody-dependent killing
by granulocytes and monocytes,
Integrin, alpha L (antigen adhesion of cytotoxic T cells to their
ITGAL gC[Sll?A g 0.00022 -0.191 (0.05) target cells, leukocyte intercellular
(p180) ; . : O
adhesion through interactions with its
ligands, lymphocyte co-stimulatory
signalling, intercellular binding and
delivers co-stimulatory signalsto T
cells.
Open reading frame
C120RF45 chromosome 12 0.00035 -0.165 (0.05) Unknown.
AK1 Adenylate kinase 0.00041 0.205 (0.05) Adenine nucleotide composition.
CBS Cystathionine-B-synthase | 0.00044 |  -0.350 (0.05) Catalyses the conversion of

homocysteine to cystathionine.
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http://www.genenames.org/data/hgnc_data.php?hgnc_id=1550

Butyrophilin, subfamily 3,

Involved in the MHC- associated genes
that encode type | membrane proteins

BTN3Al member Al 0.00053 -0.119 (0.10) with 2_extrace||u|_ar immunoglobulin
domains and an intracellular B30.2
domain.
FBXO10 F-box protein 10 0.00056 -0.161 (0.03) Protein- ubiquitin ligase.
Nudix (nucleoside
NUDT16 diphosphate linked moiety | 0.00058 -0.115 (0.05) RNA de-capping enzyme.
X)-type motif 161
TPT1 Tgmour protein, 0.00058 0.060 (0.03) Calcium blndlr_lg an_d microtubule
translationally-controlled 1 stabilisation.
Open reading frame
C220RF36 chromosome 22 0.00064 -0.115 (0.02) Unknown.
PEPD Peptidase D 000065 | -0.122(0.03) | recyelingof proline and controf of the
production of collagen.
TMEM147 Transmemlbé{?”e Protein | 0.00070 |  -0.126 (0.04) Unknown.
Family with sequence
FAM134A similarity 134, member A 0.00074 -0.122 (0.04) Unknown.
Activates homologous to the E6-AP
NDE|P2 Nedd4 famlly interacting 0.00076 0.145 (0.04) Carbox_yl '_I'(_ermlnus_domaln-contalnlng
protein 2 E3 ubiquitin-protein ligases and may
modulate eGFR signalling.
Class I molecule which plays a central
HLA-A Major histocompatibility 0.00079 -0.173 (0.04) role in the immune system by presenting
complex, class I, A peptides derived from the endoplasmic
reticulum.
aarF domain containing
ADCK5 Kinase 5 0.00081 -0.070 (0.05) Unknown.
. Molecular chaperone for proprotein
SCG5 Secretogranin V (782 0.00081 0.415 (0.02) convertase, preventing its premature

protein)

activation in the regulated secretory
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http://www.genenames.org/data/hgnc_data.php?hgnc_id=26442
http://www.genenames.org/data/hgnc_data.php?hgnc_id=26442
http://www.genenames.org/data/hgnc_data.php?hgnc_id=26442

pathway.
TROVE? TROVEng%rE::”Zfam"y' 000081 |  0.108 (0.10) Binds small cytoplasmic RNAS,
G elongation factor, Mitochondrial translation elongation
GFM1 mitochondrial 1 0.00082 0.108 (0.03) factor.
ITGAG Integrin, 06 0.00082 0.225 (0.07) Cell adhesion ar_ld ceI_I surface mediated
signalling.
Transcription factor activating
ZNF410 Zinc finger protein 410 0.00084 -0.115 (0.03) transcription of matrix-remodelling
genes during fibroblast senescence.
Proteasome (prosome, Cleaves peptides in an adenosine
PSMA2 macropain) subunit, atype, | 0.00084 0.101 (0.03) triphosphate (ATP)/ubiquitin-dependent
2 process.
Involved in the folding and assembly of
HSPD1 Heat shock 60kD§1 protein 0.00085 0.164 (0.05) imported proteins to thg mltoghondrla
1 (chaperonin) and may have a role in the innate
immune system.
FAM116B Family with sequence | g6 0.169 (0.05) Unknown,
similarity 116, member B

SE — standard error, P value-level of statistical significance for a difference in expression between haplogroup | and others (adjusted for

age, BMI and centre of recruitment). Functional overview from Gene cards (www.genecards.org).
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Table 5.4 Function of genes showing differential regulation in macrophages (FDR<0.2)

Up/down

Relevance to immunological diseases and/or

Gene symbol Gene name regulation Gene size (bp) CAD
r . Over-expressed in psoriasis (Szegedi et al. 2010).
IFI6 Interferon, o inducible 1 6,158 Inhibits hepatitis C sub-genomic replication (ltsui
protein 6
et al. 2009).
Eukaryotic translation . . .
EIE2S1 initiation factor 2, subunit | 26,489 rs3759756 mfl_uences I_FN response in hepatitis B
Lo patients (King et al. 2002).
Purinergic receptor P2X, . . .
PORX4 ligand-gated ion channel, l 24,250 Associated with central fat mass (Wilson et al.
4 2006).
CAD Carbamoyl-phosphate ! 26,403 Unknown.
synthetase 2
MGC71993 Ribonuclease, RNase K ! 2,054 Unknown.
Cytochrome P450, family Associated with asthma and atopy (Bosse et al.
CYP27A1 27, subfamily A, ! 33,545 2009). Involved in physiological maintenance of
polypeptide 1 cholesterol balance (Luoma et al. 2009).
Protein tyrosine Related to the progression of cardiac hypertrophy
PTP4A3 phosphatase type IVA, ! 9,614 by inhibiting intracellular calcium mobilisation in
member 3 response to angiotensin 1l (Matter et al. 2001).
Protein disulfide Inhibition of lymphocyte surface- associated
PDIA5S isomerase family A, ! 158,166 protein-disulfide isomerases which blocks HIV:

member 5

cell fusion (Barbouche et al. 2003).
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ALKBH7

AIkB, alkylation repair

2,597

Unknown.

CD11A (p180)

homolog 7
RRAS? Related RAS viral (r-ras) 81.264 Unknown.
oncogene homolog 2
Associated with inflammatory bowel disease
(Frenzel et al. 2002). Involved in the
development of experimental autoimmune
ITGAL Integrin, aL (antigen 50,524 encephalomyelitis (Dugger et al. 2009). Required

in virological synapse formation involved in

HIV-1 spread (Jolly et al. 2007). Increased

expression in advanced CAD (Rahimi et al.
2003).

All genes survive correction for multiple testing (FDR<20) after age, body mass index and centre adjusted differential expression analysis

(I vs. all others). Bp — base pairs, CAD — coronary artery disease, IFN — interferon y, HIV- human immunodeficiency virus. All genes are

differentially expressed in macrophages only.
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5.3.6 Gene Set Enrichment Analysis

No individual KEGG pathways were differentially regulated between carriers of
haplogroup | and all other haplogroups in monocytes. However, 30 pathways were
differentially regulated in macrophages. Detailed information on the function of each
pathway is in Table 5.6. ~30% of the differentially regulated pathways were involved in
the immune system (KEGG IDs: 05330, 04612, 05310, 05320, 05332, 04672, 05140,
05322, 04940, 05416) and primarily acted in B cells, T cells or macrophages.
Specifically, six down-regulated pathways were involved in autoimmunity, while four
up-regulated pathways were related to inflammation. Furthermore, 54% of the
differentially regulated pathways were previously associated with CAD (KEGG IDs:
04612, 05310, 04514, 05332, 04640, 04672, 04142, 00980, 05322, 04940, 04060,

04510, 04670, 04310, 05340, 00500, 05212).
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Table 5.5 Pathways showing significant differential regulation in carriers of haplogroup | in macrophages

Genes in pathway
KEGG . - (n) and genes
Pathway KEGG functl'onal pathway description and FDR 1 conveying thg Lead cell
important points regulated | major contribution
name X
to the enrichment
score
25: HLA-F, HLA-
DPB1, HLA-DMB,
05330: The consequence of the recipient's alloimmune HLA-A, HLA-DRA,
Allograft | response to non-self-antigens expressed by donor | 0.0001 ! HLA-DPAL, HLA- T cells
rejection tissues. DRB3, HLA-DQA1,
HLA-DRB1, HLA-
DRB5
52: CTSS, HSPA5,
Capturing, processing and presentation of HLA-G, LGMN,
04612: antigens to enable their recognition by T cells are HSP90ABL, IFI30,
Antigen the basis of adaptive immunity. Processing and HLA-F, HLA-DPB1, | Macrophages,
processing presentation of antigens (i.e. oxidised LDL-C) 0.0001 ! HLA-DMB, HLA-A, | dendritic cells,
and by antigen presenting cells is a well-recognised HLA-DRA, HLA- B cells
presentation process in the early stages of atherosclerosis DPA1, HLA-DRBS,
(Nilsson & Hansson. 2008). HLA-DQAL, HLA-
DRB1, HLA-DRB5
Chronic inflammation of airways initiated by T 19: HLA-DPBI,
HLA-DMB, HLA-
. cells and propagated by B cells, mast cells and
05310: . . : ) DRA, HLA-DPAL,
eosinophils. Asthma increases the risk of CVD 0.0001 ! T cells
Asthma . o . HLA-DRB3, HLA-
independently of traditional risk factors
(Appleton et al. 2009) DQAL, HLA-DRBI,
' ' HLA-DRB5
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5320:
Autoimmun
e Thyroid
disease

Activation of immune effector mechanisms
against self-antigens leads to the damage of
thyroid epithelial cells.

0.0001

26: HLA-F, HLA-
DPB1, HLA-DMB,
HLA-A, HLA-DRA,
HLA-DPA1, HLA-
DRB3, HLA-DQA1,
HLA-DRB1, HLA-
DRB5

T cells

04514:
Cell
adhesion
molecules

Integrin family, the immunoglobulin super
family, selectins, and cadherins are glycoproteins
expressed on the cell surface and playing a
critical role in haemostasis, the immune
response, inflammation, embryogenesis, and
development of neuronal tissue. Soluble CD54
levels are independently associated with
coronary artery calcium, aortic wall thickness
and aortic compliance. Soluble adhesion
molecules are related to risk of death from
cardiovascular causes among patients with
documented CAD (Blankenberg et al. 2001).

0.011

69: CD6, NCAM1,
MPZL1, HLA-F,
HLA-DPB1, ICAM2,
CD99, HLA-DMB,
HLA-A, HLA-DRA,
ITGAL, HLA-DPA1,
HLA-DRBS3, HLA-
DQAL, HLA-DRB1,
HLA-DRBS

Ubiquitous

00480:
Glutathione
metabolism

Glutathione is a major endogenous anti-oxidant
with an important role in defence against
reactive oxygen species. It contributes to

regulation of several fundamental biological
processes including DNA and protein synthesis
as well as cytokine production and immune
response.

0.048

36: MGST1, GPX3,
MGST2, GSTK1,
IDH1, GPX4,
GGCT, GSTP1,
MGST3, ANPEP,
PGD, SMS, GGT1,
GSTT1

Ubiquitous

00531:
Glycosamino
glycan
degradation

Major components of the extracellular matrix
and cell surface of most cell types are degraded
in lysosome by the concerted action of
exohydrolase activities following partial
catabolism by endoenzymes (Fuller et al. 2004).

0.197

15: NAGLU, HEXA,
HYAL2, SGSH,
HYAL3, IDUA

Ubiquitous
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26: HLA-F, HLA-
DPB1, HLA-DMB,

05332: Complication of allogenic transplantation driven HLA-A, HLA-DRA,
Graft versus | by immunocompetent donor T cells that attack 0.0001 HLA-DPA1, HLA- T cells
host disease the genetically disparate host cells. DRB3, HLA-DQA1,
HLA-DRB1, HLA-
DRB5
Blood cells originate from haematopoietic stem
04640: cells that differentiate into multi-lineage 55: CD37, ANPEP,
Hematopoiet | committed progenitor cells. Haematopoietic cell 0.06 HLA-DRA, HLA- Hematopoietic
ic cell lineage pathway is enriched in genes with prior ' DRB3, HLA-DRBL, stem cells
lineage evidence of association with CAD (Liu et al. HLA-DRB5
2011).
04672: Secreted 1g (immunoglobulin) A promotes 28: HLA-DPBL1,
Intestinal | immune exclusion by entrapping dietary antigens HLA-DMB, HLA-
immune and microorganisms in the mucus and 0.001 DRA, HLA-DPA1, B cells
network for neutralisation of toxins. Salivary IgA is ' HLA-DRB3, HLA-
IGA positively associated with CAD (Janket et al. DQAL, HLA-DRB1,
production 2010). HLA-DRB5
A disease with visceral and cutaneous S7: PTPNG,
: i . IFNGR1, JUN,
manifestations caused by an intracellular
_ . ) MYD88, HLA-DPBL,
05140: protozoan parasite of macrophages. Silenced T
) . A . HLA-DMB, HLA-
Leishmania cell activation leads to abnormal immune 0.01 Macrophages
) : . : DRA, HLA-DPAL,
infection response. This pathway contains 13 genes

showing prior evidence for association with
coronary artery disease (Liu et al. 2011).

HLA-DRB3, HLA-
DQAL, HLA-DRB1,
HLA-DRBS
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00980:

21: CYP2S1,

Metabolism One of the major pathways of xenobiotic
of biodegradation. Carriers of certain CYP “é?.?ﬁ gg_l_sglz ’
xenobiotics polymorphisms (e.g. CYP2C19*2) are at 0.062 MGSTS, EPHXl’ Ubiquitous
by increased risk of adverse cardiovascular events ’ ’
. AKR1C3, AKR1C2,
cytochrome (Jin et al. 2010). GSTT1
P450
Autoimmune disease associated with production
of auto-antibodies against self-antigens (DNA, 63: HLA-DPBL1,
05322: nuclear proteins and cytoplasmic components) TRIM21, HLA-DMB,
Systemic leading to inflammation, vasculitis, immune C1Q0B, HLA-DRA,
Lupus complex deposition and activation of 0.0001 H2AFY2, HLA- Plasma B cells
Erythemato | complement system as well as macrophage- and DPA1, HLA-DRBS,
us neutrophil-mediated tissue injury. Lupus is HLA-DQAL, HLA-
strongly associated with atherosclerosis (Handa DRB1, HLA-DRB5
2010).
Autoimmune destruction of the insulin- 28: HLA-F, HLA-
_ ) - DPB1, HLA-DMB,
04940: producing B-cell of the pancreatic islets by
. HLA-A, HLA-DRA,
Type 1 macrophages and cytotoxic T cells as well as
: A ; 0.0001 HLA-DPAL, HLA-
Diabetes non-specific inflammatory mediators. Young
. . . DRB3, HLA-DQA1,
Mellitus people with Type 1 diabetes often show early
. . ) HLA-DRB1, HLA-
signs of atherosclerosis (Trigona et al. 2010). DRB5
Myocarditis is a cardiac disease associated with
inflammation and injury of the myocardium. It 46: HLA-F, HLA-
results from various aetiologies, both non- DPB1, HLA-DMB,
05416: infectious and infectious, but coxsackievirus B3 HLA-A, HLA-DRA,
Viral (CVB3) is still considered the dominant 0.0001 ITGAL, HLA-DPAL, | Cardiomyocyte
myocarditis aetiological agent. Myocarditis may be caused HLA-DRB3, HLA-

by direct cytopathic effects of virus, a pathologic
immune response to persistent virus, or
autoimmunity triggered by the viral infection.

DQAL, HLA-DRB1,
HLA-DRBS
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Co-metabolism of several amino-acids: arginine,

00330: ornithine, proline, citrulline and glutamate. .
Arginine Elevated levels of amino acids and their products 31: GAMT, LAPS, -
. . . . 0.158 ABP1, GLS, AMD1, Ubiquitous
and proline increase cardiovascular disease. Conversely PAHAL MAOA
metabolism dietary supplementation with arginine may ’
reduce cardiovascular disease (Wu 2009).
28: ITGBS3,
05412: CTNNAL, ATP2A2,
Arrhythmog Inherited heart muscle disease caused by CACNB3,
enic right genetically mediated disruption of desmosomal 0.078 CACNA2D4, SGCB, Cardiomvocvte
ventricular | function and myocardial injury accompanied by ' ITGA5, ITGB1, yoeyt
cardiomyop inflammation. DSC2, ITGAV,
athy ITGB7, ITGB5, JUP,
CTNNBL1, ITGA6
114: TGFBR2,
TNFRSF12A,
IFNAL0, IL28RA,
Cytokines and their receptors are expressed in TN-IIZ-%IF;,QPEE/IFF);RZ
human atherosclerotic plaques and modulate ' '
04060 plaque development and stability (Tedgui & CSF;;T’%I&IGZ%SM
Cytokiﬁe' Mallat 20(_)6). Per_sistent increases in cytokines PDGFb CCR5 ’
. are associated with vascular dysfunction and ’ ’ -
cytokine . . 0.125 CSF3R, ACVR1, Ubiquitous
vascular disease such as atherosclerosis,
. receptc_)r abdominal aortic aneurysm, varicose veins and CXCL10, ACVR2A,
interaction ' IL13RA1, TNFSF15,

hypertension (Sprague et al. 2009). The pathway
is enriched for genes with prior evidence of
association with CAD (Liu et al. 2011).

TNFRSF1B, IL18,
CXCL5, CSF1R,
IL10RB, TNFSF14,
LEP, IL10, LEPR,
CCL2, CCR6, CCLS,
CCL5, IL1B, CCL7,
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CCL22, CCLAL1,
TNFRSF21

Progressive heart muscle disease with a

36: ADCY3, ITGB3,
TPM3, ATP2A2,
CACNB3,

Kl AU crowevasoce, |
. . . i ’ 0.111 PRKACB, ITGA5, | Cardiomyocyte
cardiomyop cytokines, viral genomes); may develop as a ITGBL TPM2
athy consequence of viral myocarditis (Tang et al. ' '
2010) ITGAV, TPM4,
' ITGB7, ITGB5,
ITGA6
04512: . om play COLG6AL, SPP1,
important role in tissue and organ
ECM X : . SDC2, ITGAV, -
morphogenesis and in the maintenance of cell 0.098 Ubiquitous
receptor ; . LAMC1, ITGB7,
. ; and tissue structure and function. ECM receptor
interaction | . . . - . ITGBS, CD36,
interaction pathway is strongly enriched in genes ITGAG

associated with CAD (Blackenberg et al. 2001).
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Focal adhesion regulates cytoskeletal/adhesion
dynamics and in consequence cellular shape and
motility. Molecules signalling within this

108: ITGAS,
PPP1R12A, PDPK1,
PDGFC, ILK, PTK2,

BIRC2, MYLDO,
PIK3R1, ITGB1,
COLG6A1, RAPGEF1,
PAK2, ROCK1,

04510: pathway are targets for drugs used in treatment
Focal of acute coronary syndromes (Kraemer 2000; 0.115 VASP, BIRC3, TLNI, Ubiquitous
. ) _ R VCL, SPP1, RHOA,
adhesion Curtiss 2009; Cox et al. 2010; Liu et al. 2011).
. . - PRKCA, PPP1CB,
There is a very strong enrichment of this
) : . i ITGAV, RAP1B,
pathway in genes with prior evidence of ROCK?2 VAV3
association with CAD (Liu et al. 2011). PIK3CG, LAMCL,
CCND2, ITGB?,
ITGB5, CCND1,
CTNNBL1, ITGA6
41: PGAM1,
_ . ALDOA, ALDH3A2,
Glycolysis is the process of converting glucose
_ ) : ALDH3B1, HK3,
00010: into pyruvate and generating small amounts of
. - . . . . HK1, DLAT, PFKM,
Glycolysis ATP and nicotinamide adenine dinucleotide -
- ! 0.093 ALDOC, PGM2, Ubiquitous
gluconeogen (NADH). Gluconeogenesis is a synthesis of
. GAPDH, LDHA,
esis glucose from non-carbohydrate precursors and
essentially a reversal of glycolysis PDHAL DLD,
' PGK1, LDHB,
PKM2, HK2
: . : 33: ITGB3, TPM3,
05410: | GOC Cers with cardiomyocyt ypert ophy ATP2A2, CACNES,
Hypertrophi raers wit yocyte hypertropny, CACNA2D4, SGCB,
myofibrillar disarray, and interstitial fibrosis. .
C : : ; 0.109 ITGAS, ITGB1, Cardiomyocyte
. Hypertrophic cardiomyopathy pathway is
cardiomyop g . 4 . . TPM2, ITGAV,
enriched in genes showing association with A 2
athy coronary artery disease (Liu et al. 2011) PRKAAL TPM4,
y artery ' ' ITGB7, ITGBS,
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ITGA6

04670:
Leukocyte
transendoth
elial
migration

Leukocyte migration from the blood into tissues
is vital for immune surveillance and
inflammation. During this diapedesis of
leukocytes, the leukocytes bind to endothelial
cell adhesion molecules (CAM) and then migrate
across the vascular endothelium. A leukocyte
adherent to CAMs on the endothelial cells moves
forward by leading-edge protrusion and
retraction of its tail. In this process, alphalL
/beta2 integrin activates through vav 1 guanine
nucleotide exchange factor (Vavl), Ras homolog
gene family, member A (RhoA), which
subsequently activates the kinase p160ROCK.
ROCK activation leads to MLC phosphorylation,
resulting in retraction of the actin cytoskeleton.
Moreover, leukocytes activate endothelial cell
signals that stimulate endothelial cell retraction
during localised dissociation of the endothelial
cell junctions. Intercellular adhesion molecule 1
(ICAM-1)-mediated signals activate an
endothelial cell calcium flux and protein kinase
C, which are required for ICAM-1 dependent
leukocyte migration. Vascular cellular adhesion
protein (VCAM-1) is involved in the opening of
the endothelial passage through which
leukocytes can extravasate. In this regard,

0.11

68: PTK2, MYL9,
PIK3R1, ITGB1,
CLDNZ23, ROCK1,
VASP, PTPN11,
ITGAM, VCL,
RHOA, PRKCA,
RAP1B, CLDN14,
ROCK2, VAV3,
PIK3CG, NCF1,
F11R, CTNNB1

Leukocytes
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VCAM-1 ligation induces nicotine adenine
disphosphonucleotide, reduced (NADPH)
oxidase activation and the production of reactive
oxygen species in a Rac-mediated manner, with
subsequent activation of matrix
metallopoteinases and loss of VE-cadherin-
mediated adhesion. The rolling, adhesion and
transmigration of leukocytes across the
endothelial barrier into the intima is a major part

in liver and skeletal muscle. PPARP/A is

involved in lipid oxidation and cell proliferation.
PPARY promotes adipocyte differentiation to
enhance blood glucose uptake. PPAR have
effects on both metabolic risk factors and

vascular inflammation and are expressed in

of atherosclerosis development (Erriksson 2004).
42: TUBB2A,
05130: Enteropathogenic Escherichia coli (E. coli) and R-E)UCBPElG’YI\IVCIZE,;Al’
Pathogenic enterohaemorrhagic E. coli mediated ; Q -
Escherichia | colonisation and damage of intestinal epithelial ARPC4, RHOA, Epithelial cells
coli infection cells. PRKCA, ROCK?2,
TLR4, TUBA4A,
ARPC5, CTNNB1
PPARs are nuclear hormone receptors that are
activated by fatty acids and their derivatives.
PPAR has three subtypes (PPARa, B/A, and )
showing different expression patterns in
vertebrates. Each of them is encoded in a 44: ACSL3, PDPK1,
04310 separate gene and binds fatty acids and DBI, ILK, OLR1,
PP AR. eico_sanoid_s. PPAR« plays: a_role_in the clearapce ACOX2, FABP3, o
signalling of circulating or cellular lipids via the regulation PLTP, PPARG, Ubiquitous
of gene expression involved in lipid metabolism
pathway

ACADM, NR1H3,
ME1, CD36, ACSL1,
ACSL4, LPL, FABP4
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atherosclerotic lesions (Neve et al. 2000).

05340:
Primary
immunodefi
ciency

A heterogeneous group of disorders, which
affect cellular and humoral immunity, in addition
to non-specific host defence mechanisms
mediated by complement and cells such as
natural Killer (NK) cells. These disorders of the
immune system cause increased susceptibility to
infection, autoimmune disease, and malignancy.
Angina and myocardial infarction associated
with infusion in a patient with common variable
immunodeficiency. Coronary artery aneurysms
found in patients with hyper-IgE recurrent
infection syndrome (Ling et al. 2007). Intima
media thickness, an early predictor of
atherosclerosis, may be associated with
subclinical inflammation in children with
familial Mediterranean fever (Bilginer et al.
2008).

0.119

20: PTPRC, IL7R,
ADA, DCLRE1C,
BTK, AIRE

Phagocytes,
natural killer
cells
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00500:
Starch and
sucrose
metabolism

Two major dietary carbohydrates that influence
postprandial glucose levels. This can produce
undesirable changes in metabolic risk factors

such as blood triglycerides, TC and its
lipoprotein distribution, insulin and uric acid
which are risk factors for cardiovascular disease
(Reiser 1985).

0.109

20: AGL, HKS3,
PYGL, AMY2B,
HK1, PGM2L1,
UGDH, PGM2,
GBEL, AMY1A,
UGP2, HK2

Ubiquitous

05212:
TGFp
signalling
pathway

The TGF-B family members, which include
TGF-B, activins and bone morphogenetic
proteins (BMPs), are structurally related secreted
cytokines found in species ranging from worms
and insects to mammals. A wide spectrum of
cellular functions such as proliferation,
apoptosis, differentiation and migration are
regulated by TGF-B family members. TGF-3
family members bind to the Type Il receptor and
recruit Type I, whereby Type Il receptor
phosphorylates and activates Type I. The Type |
receptor, in turn, phosphorylates receptor-
activated Smads (R-Smads: Smad1, Smad2,
Smad3, Smad5, and Smad8). Once
phosphorylated, R-Smads associate with the co-
mediator Smad, Smad4, and the heteromeric
complex then translocates into the nucleus. In
the nucleus, Smad complexes activate specific
genes through cooperative interactions with
other DNA-binding and co-activator (or co-
repressor) proteins. Activation of TGFf pathway
in the vascular wall may have both pro-
atherogenic and anti-atherogenic effects (Xu et
al. 2010).

0.115

43: TGFBR2, ID3,
PPP2CA, BMPR2,
ACVR1, RBX1,
SMAD5S, SMAD?7,
ZFYVE16, ROCK1,
ACVR2A, MYC,
RHOA, ROCK2,
PPP2CB, ID2

Ubiquitous

See http://www.genecards.org for definitions of gene abbreviations.
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5.3.7 Analysis of overlapping genes in deregulated pathways

Nineteen pathways (FDR<0.2) showing differential expression in macrophages from
carriers of haplogroup | and those from different MSY lineages were interconnected by
common genes (including various major histocompatibility complex (MHC) genes and
interleukins) involved in immunity and inflammation. A pictorial representation of how
these pathways are connected through their differentially regulated gene sets is shown

in Figure 5.3.
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Figure 5.3 Gene overlap between differentially regulated pathways in carriers of haplogroup I in macrophages.

Hematopoietic cell lineage

Systemic Lupus Erythematosus

Autoimmune thyroid disease

Antigen processing and
presentation

Intestinal immune network
for IgA production

Hypertrophic
cardiomyopathy

Focal adhesion

Dilated cardiomyopathy

ECM receptor interaction ] Arrhythmogenic right
ventricular cardiomyopathy

Cytokine cytokine Leukocyte transendothelial migration
receptor interaction
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Immune pathways showing differential expression in macrophages from men of haplogroup I compared to carriers of all other haplogroups.
Statistically different pathways (FDR <0.2) are shown as a network (nodes represent KEGG pathways [red is activation, blue is repression],

colour intensity reflects the statistical significance, node size is a function of the number of genes in each pathway. Connections are drawn

between pathways (green) with genes in common (line thickness proportional to the overlap coefficient).
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5.4 Discussion

The mechanism of action predisposing carriers of haplogroup | of the Y chromosome to
CAD has so far remained elusive. Data shown here demonstrate the role of the immune
system as a mediator of the effect of haplogroup | of the Y chromosome on

susceptibility to CAD amongst British men.

5.4.1 Y chromosome haplogroup distribution

The haplogroup distribution of British individuals recruited to CTS is in keeping with
previously published data (Figure 5.1) (Capelli et al. 2003; Charchar et al. 2012).
Indeed, amongst British men the prevalence of haplogroups | and R1b1b2 were reported
at approximately 11% and 66%, respectively. There was no statistical difference in
prevalence of available clinical and demographic characteristics between carriers of
haplogroup I and all other haplogroups (Table 5.1). Analysis of population stratification
confirmed that all CTS subjects were of European descent (Figure 5.2). No systematic
differences in frequency of autosomal SNPs were identified between the individuals
carrying haplogroup | of the Y chromosome and those with all other haplogroups. These
data show that there are no systematic genetic or demographic differences between the
two groups. This finding is reassuring given the potential for inflation of false positive

results in data where population stratification is present.

5.4.2 Single-gene analysis of the monocyte transcriptome

The role of monocytes in the development and progression of CAD, together with the

recent associations of the Y chromosome to immune-based diseases (Sezgin et al.
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2009), have provided foundations to the hypothesis that immune system may explain
the relationship between the Y chromosome and CAD (Charchar et al. 2012).
Surprisingly, no single gene showed significant differential expression in monocytes
between carriers of haplogroup | compared to carriers of all other Y chromosome
lineages. These data imply that the mechanism through which the Y chromosome

predisposes to CAD is unlikely to be routed in unstimulated monocytes.

5.4.3 Single-gene analysis of the macrophage transcriptome

Haplogroup | of the Y chromosome altered the gene expression levels of a number of
genes in the macrophage transcriptome (Table 5.4). Though the significantly
differentially regulated genes did not reach genome-wide significance, they did survive
correction for multiple testing at the suggestive association level. Importantly, a number
of differentially regulated genes had previously been associated with CAD (P2RX4,
CYP27A1, PTP4A3 and ITGAL) and imply that the Y chromosome may exert its effect
on CAD through known pathways involving central fat mass and cholesterol. However,
the role of haplogroup | of the Y chromosome in lipid fractions and BMI has been
investigated in previous work (Chapter 3) and no association was identified. This
implies that though the presence of haplogroup | may affect expression these genes; it

may not be the major cause of the increased risk of CAD in carriers of haplogroup I.

A number of genes related to immunity or immunological diseases were either
up- or down-regulated in men with haplogroup | of the Y chromosome (EIF2S1,
CYP27A1, PDIAS and ITGAL). Potentially the most relevant of these genes is the
significant up-regulation of IFI6 in carriers of haplogroup I. IF16 (also known as G1P3)

is a gene induced by type 1 interferon (Tahara et al. 2005). Very little is known of the
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function of this protein; however, data have shown that this protein may have functions
in cell survival, potentially through the inhibition of mitochondria-meditated apoptosis
(Tahara et al. 2005). It is well accepted that interferon (both type 1 and 2) has an
important role in the pathogenesis of atherosclerosis (Lopez-Pedrera et al. 2010);
interferon is a well-known cytokine showing increased levels in atherosclerotic tissue
(Sprague et al. 2009; Lopez-Pedrera et al. 2010). Interferons, and their downstream
effector molecules such as IFI6, are thought to drive cellular inflammatory responses
through activation of endothelial cells, vascular smooth muscle cells, monocytes,
macrophages, lymphocytes, dendritic cells and mast cells (Gordon et al. 2003; Mehra et
al. 2005; Tedgui et al. 2006). The increased level of IFI16 in carriers of haplogroup |
may suggest that the downstream effects of interferon, through IFI6, may also be
increased in carriers of haplogroup I. Interestingly, an increased expression of
molecules induced by interferon, such as IFI6, is well documented in atherosclerosis
(Ehrt et al. 2001; Muhl et al. 2003; Lee et al. 2007; McLaren et al. 2009; Lopez-Pedrera
et al. 2010). However, the association between haplogroup | and IFI6 did not validate in
independent replication using a small subset of discovery samples. The very small
sample number (in comparison to the cohort in which this association was discovered)

is the most likely explanation for the lack of replication.

These data indicate that several genes associated with haplogroup | of the Y
chromosome are involved in the regulation of immune system and various
immunological diseases. It can therefore be hypothesised that haplogroup | of the Y
chromosome predisposes carriers to CAD through its effect on genes involved in the

immune system, particularly inflammation and autoimmunity.
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5.4.4 Pathway analysis of transcriptome data

5.4.4.1 Pathway analysis

Single-gene analysis has provided a glimpse of how haplogroup | of the Y chromosome
may alter expression of various genes and predispose carriers to CAD. However, it has
not provided a detailed insight into mechanisms that could drive the association
between Y chromosome and CAD. In an effort to further elucidate the effect of
haplogroup | of the Y chromosome on CAD risk, pathway analysis was completed.
Analysis of genome-wide transcriptome levels allows the simultaneous analysis of the

global gene expression and facilitates functional interpretation of the findings.

5.4.4.2 Pathways previously associated with CAD

While in monocytes no pathways were differentially expressed, in macrophages 30
pathways showed differences in expression between carriers of haplogroup | and
carriers of all other Y chromosome lineages. Three differentially regulated pathways
have previously been associated with CAD (leukocyte transendothelial migration
[hsa04670], focal adhesions [hsa04510], cytokine cytokine receptor interaction
[hsa04060]) (Eriksson 2003; Hagg et al. 2009). Leukocyte transendothelial migration
(hsa04670) was significantly up-regulated in carriers of haplogroup I. The process of
leukocyte movement through the endothelium has been heavily implicated in the
pathogenesis of CAD in both its early (Eriksson 2003) and late (H&gg et al. 2009)
stages. Specifically, Hagg et al. found that genes in the transendothelial migration of
leukocytes pathway were over-expressed in atherosclerotic tissue (Hagg et al. 2009).
Up-regulation of the “focal adhesions” pathway (hsa04510) highlights the importance

of cytoskeletal and adhesion dynamics in CAD. Cytoskeletal and adhesion dynamics
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significantly affect interactions between monocytes, platelets and the endothelium.
Without monocyte/platelet and endothelium interaction, monocytes cannot migrate into
the vessel to perpetuate CAD (Mitra et al. 2005, Curtiss 2009, van Gils et al. 2009).
Furthermore, a well-known mechanism in the development of CAD is the immune
cascade and balance between pro-inflammatory and anti-inflammatory cytokines
(Hansson & Libby 2006). The “cytokine: cytokine receptor interaction” (hsa04060)
pathway was up-regulated in carriers of haplogroup I, implying its dysfunction in these
individuals and possibly predisposing to CAD. Alongside the three pathways heavily
implicated in CAD, there are a number of other pathways hypothesised to be involved
in CAD that were differentially regulated by the presence of haplogroup | of the Y
chromosome. These include; lysosome (hsa04142) (Ryter et al. 2010), metabolism of
xenobiotics by cytochrome P450 (hsa00980) (Jin et al. 2010), peroxisome proliferator-
activated receptors (PPAR) signalling (hsa04310) (Zandberge & Plutzky 2007), primary
immune deficiency (hsa05340) (Dave & Hagen 2007; Ling 2007, Bilginer 2008), starch
and sucrose metabolism (hsa00500) (Reiser 1985), and the TGFp signalling pathway
(hsa05212) (Goumans et al. 2009). Similarly, four up-regulated pathways (focal
adhesions [hsa04510], cytokine-cytokine receptor interaction [hsa04060], hypertrophic
cardiomyopathy [hsa05410] and extra cellular matrix (ECM) receptor [hsa04512]) had
the strongest enrichment for genes associated with CAD (Liu et al. 2001; Charchar et
al. 2012) and have all been investigated for pharmaceutical inhibition to ameliorate or
reverse CAD (Eriksson 2003, Braunersreuther & Mach 2006; Curtiss 2009; Charchar et

al. 2012).
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5.4.4.3 Immune pathways

Though the modulation of established CAD pathways intuitively represents a likely
mechanism of action for the Y chromosome on CAD, a statistically more convincing
effect was identified in the immune system. Indeed, a number of pathways involved in
the adaptive immune system including; leishmaniasis (hsa05140), antigen processing
and presentation (hsa04612), and intestinal immune network for IgA (hsa04672), were
down-regulated in carriers of haplogroup I of the Y chromosome. Conversely, pathways
involved in self-recognition and autoimmunity, including autoimmune thyroid disease
(hsa05320) and type 1 diabetes (hsa09490), were significantly down-regulated in
carriers of the “risk haplogroup” (further detail Table 5.6). Furthermore, 19 of the
significantly deregulated pathways were interconnected by genes related to
inflammation and immunity (Charchar et al. 2012). Finally, both arrhythmogenic right
ventricular cardiomyopathy (hsa05412) and dilated cardiomyopathy (hsa05414) are
immune related and were identified as being down-regulated here (Cokkinos et al.

1985; Tentolouris et al. 2004).

Regulation of the immune system has been repeatedly implicated in the
pathogenesis of CAD (Hansson & Libby 2006; Charchar et al. 2012). Indeed, LDL
receptor-negative mice missing certain genes vital to the functioning of the immune
system resulted in poorer development of atherosclerosis compared to those with a fully
functioning immune system (Piedrahita et al. 1992). A similar response was identified
in severe combined inmmuno-deficient mice (Zhou et al. 2000). Evidence of a local, T-
cell-mediated adaptive immune response has been identified in human atherosclerotic
plaques. T cells are activated through their interaction with antigen-presenting cells
(including macrophages), which present antigens either from local pathogens or self

(Stemme et al. 1995; de Boer et al. 2000; Hansson & Libby 2006). These findings
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heavily relate to pathways associated with haplogroup | of the Y chromosome
including; leishmaniasis (hsa05140), viral myocarditis (hsa05416), antigen processing

and presentation (hsa04612) and intestinal immune network for IgA (hsa04672).

To date, the Y chromosome has been associated with several disorders related to
the immune system. Namely, carriers of haplogroup | are at a higher risk of AIDS
development in men infected with HIV. Compared to carriers of other haplogroups,
patients with haplogroup | also take longer to achieve HIV suppression on treatment
(Sezgin et al. 2009). Data from Sezgin et al. provided the first evidence that variation
within the Y chromosome may influence prevalence and predisposition to certain
immune diseases. Interestingly, numerous genes associated with HIV progression were
significantly deregulated in carriers of haplogroup I. Taken together, these data suggest
that the Y chromosome is a systemic immuno-modulatory force potentially
predisposing certain people to immune-based diseases through the action of

haplogroup-specific variants.

5.4.4.4 Other pathways

Though the modulation of the immune system is the statistically and biologically most
convincing potential mechanism of action emerging from the data shown here, seven
further pathways were also differentially expressed in carriers of haplogroup | of the Y
chromosome. Interestingly, three pathways relating to the metabolism of various amino
acids were deregulated in carriers of haplogroup | of the Y chromosome (glutathione
metabolism [hsa00480], glycine, serine and threonine metabolism [hsa00260], and
arginine and proline metabolism [hsa00330]). There are data showing specific

alterations in myocardial amino acid metabolism and oxidative stress in ischaemic heart
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disease (Mudge et al. 1976; Cavalca et al. 2009) indicating the possibility that
haplogroup | of the Y chromosome may also contribute to amino acid metabolism.
However, this is probably not the major mechanism through which the Y chromosome

predisposes to CAD.

5.4.5 Conclusions

Both single-gene and pathway analysis highlighted a role for the Y chromosome in the
regulation of the immune system. Specifically, carriers of haplogroup | of the Y
chromosome show increased expression of pathways related to inflammation and
decreased expression of pathways related to the adaptive immune system and
autoimmunity. Both of these mechanisms have been previously implicated in CAD.
Interestingly, the identification of this association in macrophages and not monocytes
implies that the Y chromosome exerts its effect on the predisposition of CAD at a stage

subsequent to cell differentiation from monocyte to macrophage.

5.4.6 Future work

Primarily this work requires replication in independent cohorts. However, at the time of
writing no such resource was available. Outside of replication, future research should
focus on investigations into which transcripts(s) of the Y chromosome contains the
genetic variant found only in carriers of haplogroup I and underlies the association
identified here. Furthermore, having identified that haplogroup I of the Y chromosome

does affect genome-wide expression levels, it is important to ascertain how this occurs,
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for example through a specific gene or transcript of the Y chromosome or effects on the

maintenance of DNA methylation.

Research into how the Y chromosome influences the regulation of the immune
system must also be completed. The implicated pathways suggest that haplogroup | may
modulate self-recognition and cell movement. As such, investigations into the rate at
which oxidised LDL-C are absorbed by macrophages and the rate at which monocytes

move across the endothelial barrier may prove interesting.

5.4.7 Limitations

5.4.7.1 Data analysis

As in the previous chapters the analysis here was completed on haplogroup | vs all other
haplogroups. Advantages and disadvantages of this approach can be found in section

Chapter 3.

5.4.7.2 Cohort size and gene number

Due to the variety of ethnicities recruited into CTS, approximately one third of samples
were appropriate for use here. While this represents a significant drop in sample
number, the power to detect small (and large) changes in gene expression should not be
significantly altered. Indeed, research is successfully completed on cohorts significantly
smaller than that used here. For example, Chalmel et al. utilised just 47 samples during

their investigation (Chalmel et al. 2012), while Voineaguet al. used just 36 (\Voineaguet
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al. 2011). This implies the 255 samples used here would most likely be sufficient to

reliably identify changes in the transcriptome in relation to the Y chromosome lineages.

Approximately 10,000 genes were investigated here. This is a significant
limitation of this study as it is plausible that one (or many) of the other ~10,000 genes
not investigated are associated with haplogroup | of the Y chromosome. While further
research into the remaining human genome may add to our knowledge of how the Y
chromosome influences cardiovascular risk, it is unlikely to significantly alter the
findings presented here given the high level of statistical significance obtained during
pathway analysis. Similarly, only one transcript of each gene was investigated.
Transcript and splice variation are known to affect ~50% of genes (Modrek & Lee
2002; International Human Genome Sequencing Consortium 2004) in the human
genome, and further investigation into individual splice variants may shed further light
the systemic actions of the Y chromosome. However, resources were not available to

complete this during this study.

5.4.7.3 Replication

The major limitation of this investigation is the lack of independent replication.
Transcriptome data are known to be difficult to replicate in the same samples, between
cohorts and between different platforms (Kuo et al. 2002). While some efforts can be
made to ensure data reproducibility, such as standardised extraction procedures,
homogenous populations (such as the CD14+ monocytes used here), duplication of
samples and correct normalisation, and standard inclusion criteria, independent
replication using a second cohort remains the “gold-standard” of validation. Due to the

lack of a suitable replication cohort, validation was not completed as part of this study.

- 202 -



However, recruitment of a similar cohort is currently underway at the University of

Leicester and this poses the ideal situation for data replication in the future.

5.4.7.4 Single-gene analysis

Any p-value below 107 is deemed statistically significant in genome-wide
transcriptome analysis, while suggestive associations are defined by P<10™. While the
use of these criteria reduces the risk of inflated type 1 errors, they also prevent the
detection of small to medium effect sizes. The use of a larger cohort size, such as that
used here, goes some way to ameliorate this limitation. Furthermore, pathway analysis
is a widely accepted method for increasing statistical power and detecting smaller

effects (Wang et al. 2010).

The investigation of gene expression, at both the single-gene and genome-wide
levels, assumes a linear correlation between mRNA production and level of protein
product. While this assumption is generally accepted, it should be kept in mind that this
may not be true of all genes. Mechanisms such as post-translational modification,
including methylation and acetylation, are well known to affect protein levels, and this

potential for variability is not incorporated in this type of study (Day & Tuite 1998).

5.4.7.5 Pathway analysis

GSEA was deemed the most appropriate pathway analysis above programs such as GO-
get, MAPP-finder and GO-cluster (Curtis et al. 2005). However, as with all statistical
packages, GSEA does have some limitations. Most importantly, GSEA depends on

good, highly reproducible data as the precise order and B coefficient assigned to each
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gene is vital to the analysis. A gene list which differs, even slightly, in order may
indicate a different set of pathways as significantly deregulated (Curtis et al. 2005). The
reliability of data used here is high due to the standardisation of protocols, replication of
samples and probes and the use of correct normalisation and gene inclusion criteria

(Charchar et al. 2012).

A widely discussed limitation of GSEA involves the possible lack of statistical
continuity during statistical evaluation. If the order of the input gene list is reversed
(meaning all up-regulated genes are down-regulated and vice versa), GSEA may not
indicate the same pathways as differentially regulated as identified in the original
research (Curtis et al. 2005). Though this can be perceived as a major problem in data
continuity, a full understanding of the software generating the enrichment score shows
that this is GSEA working correctly. While a statistically significant pathway score
implies enrichment in that pathway of differentially regulated genes, not all genes in the
pathway need to show changes in expression. As such, reversing the order of the genes
may cause normally expressed genes in the previously expressed pathway to be higher

(or lower) in the list leading to a smaller enrichment score.

The decision was taken to execute GSEA in “pre-ranked” mode rather than the
standard mode (meaning the gene list uploaded was ranked by the user rather than
GSEA) as the use of the “pre-ranked” mode is generally accepted to be more
statistically robust (Curtis et al. 2005). Similarly, only those pathways containing
between 5 and 500 genes were analysed, as the normalisation process completed by
GSEA is not accurate for very small or very large gene sets. However, analysis of
pathways with between 5 and 900 genes did not alter statistical significance of the
pathways shown here (data not shown). The KEGG pathway repository was chosen as it

represents the most accurate and well maintained repository. Though using other
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pathway repositories, such as chromosomal positions, alongside KEGG may have
generated further hits, it is doubtful that knowledge would have been gained as KEGG
is well accepted to be the most well maintained and validated repository. Finally,
statistical significance was based on FDR, rather than simply p-value, to reduce the risk

of false positive findings.

5.4.7.6 Tissue type

It is plausible that during the isolation of monocytes from whole blood and subsequent
mRNA extraction was subject to an element of contamination from o and B globin
mMRNA (Vartanian et al. 2009). The effect of this contamination was limited as far as
possible through the use of magnetic micro-beads in the isolation of monocytes

(Vartanian et al. 2009).

All work was completed in cells known to be of high relevance to CAD, namely
monocytes and macrophages. Both monocytes and macrophages are integral in the
development of atherosclerosis, particularly initiation and progression (Ley et al. 2011),
through increased inflammation and production of foam cells (Shantsila & Lip 2009).
Modified LDL-C causes endothelial cells to express adhesion molecules and chemo-
attractants which recruit monocytes (amongst other cells) to the damaged area (Yan &
Hansson 2007; Ley et al. 2011). Upon recruitment, monocytes directly interact with
both the endothelium and myocardium, causing further cardiac tissue damage and
further promoting monocyte recruitment to the area (Shantsila & Lip 2009). Monocytes
are heavily involved in the activation of the inflammatory cascade through the synthesis
of pro-inflammatory cytokines. Monocytes also secrete a variety of MMPs which have

been implicated in plaque destabilisation (Shantsila & Lip 2009). Once monocytes have
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migrated through the arterial wall, they differentiate into macrophages. The primary
systemic role of macrophages under normal physiological function is the
handling/removal of altered self-components. In atherosclerosis, macrophages recognise
oxidised LDL-C as non-self and phagocytose it to produce lipid-laden foam cells that
ultimately form the initial stage of CAD - the fatty streak lesions (Yan & Hansson
2007). While it is accepted that these cells are highly relevant in development of CAD,
it is also known that they represent a disparate collection of cells (including
CD68/CD14" and CD68'/CD14") (Waldo et al. 2008). It is plausible that only one
subset of macrophages is affected by haplogroup | of the Y chromosome. A further
study investigating specific subpopulations of macrophages may improve statistical

significance of both single-gene and pathway analysis.

While monocytes and macrophages are both easily accessible (through
venipuncture) and highly important in CAD development, the investigation of other
cells related to this disease may further explain the role of the Y chromosome in CAD.
Of particular interest is diseased coronary artery tissue and vascular endothelial cells

(Hansson 2005).
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6 Association between haplogroup I and MSY gene(s) — gene expression

analysis

6.1  Introduction

Having identified that haplogroup | of the Y chromosome predisposes carriers to CAD
through the modulation of the immune system, | have hypothesised that the driver of
this association resides within the coding regions of the MSY. It has previously been
shown that various Y chromosome sequence alterations, including SNPs and micro-
deletions, can be haplogroup-specific (for example, two SNPs (TBL1Y+519-96 and
USP9Y+3283-72), are mapped specifically to haplogroup | [Rozen et al. 2009], and that
micro-deletions resulting in severe oligospermia were significantly more common in
carriers of haplogroup E [Arredi et al. 2007]). In light of this, it is plausible that
haplogroup | may be linked to variants in one or more MSY gene(s), which is/are not
present in any other haplogroup and contribute to CAD through
immunity/inflammation. As previously described in detail (Chapter 1), the MSY
contains ten testis-specific gene families, ten ubiquitously expressed genes, two tissue-
specific genes and five genes an unknown expression profiles. The MSY genes are
traditionally classified into three groups; two X-transposed genes, sixteen X-degenerate
genes, and nine protein-coding families of varied expression patterns (Skaletsky et al.
2003). While testis-specific genes are believed to play a primary role in
spermatogenesis and testis development (Noordam & Repping 2006), it is unknown
what, if any, systemic function the remaining MSY genes hold. Without further study,
this knowledge limitation prevents the identification of which MSY gene(s) may
underlie the previously identified effect of haplogroup I of the Y chromosome on the

immune system and predisposition to CAD.
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The ten ubiquitously expressed genes (TMSB4Y, DDX3Y, EIF1AY, RPS4Y1,
RSP4Y2, KDM5D, ZFY, PRKY, USP9Y, UTY1), two tissue-specific genes (PCDHY and
AMELY) and five genes with unknown expression profiles (SRY, TBL1Y, NLGN4Y
CYorfl5a; CYorfl5b) were examined in human macrophages and kidney (as chronic
kidney disease is a major risk factor for CAD and kidney function is a well established
surrogate predictor of CAD [Hallan et al. 2007] risk implying both known and unknown
pathways associated with the kidney maybe implicated in CAD pathogenesis) tissue to
see if their expression differs between men from haplogroup | and those from other
lineages of the Y chromosome. Due to very limited availability of RNA, only genes

associated with haplogroup I in macrophages were investigated in monocytes.
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6.2  Materials and methodology

6.2.1 Materials

6.2.1.1 Subset of CTS

RNA was available from 48 men recruited to CTS. Further details on CTS can be found

in Chapter 5.

6.2.1.2 Silesian Renal Tissue Bank (SRTB)

The “Silesian Renal Tissue Bank” (SRTB) is an ongoing recruitment of individuals
electing for unilateral nephrectomy due to non-invasive renal cancer, and currently
contains 63 individuals (38 men) (Tomaszewski et al. 2011, Tomaszewski et al. 2007).
All patients were recruited in Silesia (Poland) and all were of white European ancestry.
Renal tissue samples were taken from the unaffected (by cancer) pole of the kidney
immediately after surgery and placed in RNAlater (Ambion, Austin, Tex), before being
preserved at —80°C (Tomaszewski et al. 2011, Tomaszewski et al. 2007). An average of
three BP measurements (after 10 min of rest) was also recorded using a cuff size
adjusted to the arm circumference. Each patient was classified as hypertensive or
normotensive in accordance with the guidelines set out by the International Society of
Hypertension (Whitworth et al. 2003). 30 men had DNA and RNA of sufficient quality

and quantity for use in this study.
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6.2.1.3 Western Poland Kidney Project (WPKP)

The “Western Poland Kidney Project” (WPKP) is an on-going study collecting human
renal tissue from patients who undergo unilateral nephrectomy for non-invasive renal
cancer. A detailed medical history and anthropometric measurements (height and
weight) were recorded alongside BP measurement (using an automatic digital BP
monitor after 10 min of rest, using cuff size adjusted to the arm circumference).
Hypertension was defined as SBP and/or DBP >140/90 mmHg on 3 separate occasions
and/or remaining on anti-hypertensive treatment (European Society of Hypertension
Guidelines). Renal tissue from the unaffected pole of the kidney was preserved in
RNAlater at -80°C (Ambion, Austin, Tex) immediately after surgery. 14 men had DNA

and RNA of sufficient quality and quantity for use in this study.

6.2.1.4 Bioethical approval

Written, informed consent was obtained from all subjects in all studies used here, in
accordance with the Declaration of Helsinki. All studies had approval from relevant

institutional ethical committees.

6.2.2 Methodology

6.2.2.1 Sample genotyping and haplogrouping
All details regarding genotyping and Y chromosome haplogrouping can be found in

Chapter 2.
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6.2.2.2 Descriptive statistics

Age, BMI, SBP and DBP measurements from individuals recruited to CTS were
summarised using mean and SD. Age, BMI, SBP, DBP and hypertension from both
kidney cohorts in conjunction (SRTB and WPKW) using mean, SD and percentage
prevalence. Student’s t test was used to assess the difference in continouous clinical

characteristics between those with haplogroup | and all other haplogroups.

6.2.2.3 Analysis of population stratification in CTS subset
Analysis of population stratification was completed in the CTS subset used here using

the method outlined in Chapters 3 and 5.

6.2.2.4 Analysis of sequence similarity between 16 MSY genes and their X
chromosome homologs
During this investigation it was of paramount importance that only RNA transcripts
originating from the Y chromosome (and not their X chromosome homologous
counterparts) were measured. To ensure that sufficient differences between the
sequences of the MSY ubiquitously expressed genes on the Y chromosome and X
chromosomes existed, an analysis of sequence similarity between X and Y was
completed (Table 6.1). Secondly, after generation of the gene expression code, the

contig sequence was BLASTed to ensure no off-target binding would likely occur.
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Table 6.1 Sequence similarity between MSY genes and their X chromosome homologs

Similarity between X and
Homologue on X i
Y chromosome gene chromosome Y gene transcript
sequences (%)
UTY1 UTXx 94
PRKY PRKX 95
CYorfl5A CXorfl5 96
USP9Y USP9X 92
NLGN4Y NLGN4X 99
AMELY AMELX 93
SRY SOX3 10
PCDH11Y PCDH11X 98
TBL1Y TBL1X 93
DDX3Y DDX3X 96
RPS4Y2 RPS4X 83
RPS4Y1
KDMS5D SMCX 87
CYorf15B CXorfl5 92
ZFY ZFX 95
EIF1AY EIF1AX 92
TMSB4Y TMSB4X 94

The X chromosome homolog of RSP4Y1 and RSP4Y2 is one gene.

6.2.2.5 Analysis of the difference in gene expression of 16 MSY genes between carriers

of haplogroup I and all others

All information related to gene expression, probe validation and experimental set—up
can be found in Chapter 5. Relative expression levels of 16 MSY (TMSB4Y, DDX3Y,
EIF1AY, RPS4Y1, RSP4Y2, KDM5D, ZFY, PRKY, USP9Y, UTY1, PCDHY, AMELY,
SRY, TBL1Y, NLGN4Y, CYorfl5a, CYorfl5b) genes was compared between carriers of
haplogroup | and all other haplogroups in macrophages and kidney tissue. Due to

limited RNA availability, only those gene(s) showing association with haplogroup I in
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macrophages were investigated in monocytes. Contig sequences of MSY gene probes
can be found in Table 6.2. In each case female controls were used to ensure only Y

chromosome transcripts were being targeted by each probe.

6.2.2.6 Analysis of co-regulation of significant MSY genes

Should gene expression levels of more than one gene be identified as associated with
haplogroup 1, an investigation into their co-regulation will be completed using

Pearson’s correlation coefficient.
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Table 6.2 Gene expression probe sequences

Gene Contig sequence
UTYl TTAAATTTCTACAGAATGGTTCTGA
PRKY ACGCGCTGGTCACCATGGGCACTGG
CYorfl5A GAGGTGAATTTCCAAGATCAGCATA
USP9Y GATTGTATGCTGGAGATCATGAAGA
NLGN4Y ATGGGATTTTCTGACGTAAGATTTT
AMELY AAGCAGGAGGAAGTGGATTAAAAGA
SRY GGCGAAGATGCTGCCGAAGAATTGC
PCDH11Y ACTACGAACTAATTAAGAGTCAAAA
TBL1Y GGACTGGAACAGTGATGGAACACTA
DDX3Y GACCAGCAATTTGTTGGTCTTGACC
RSP4Y2 TCAAATTTGACACAGGCAATGTATG
RSP4Y1 TTATCAAATTTGATACAGGCAATTT
KDM5D GGTCAGGTGGCCAGGATGGACACTC
CYorfl5B CAAGCAGGAAACGGAAAAGCTGACA
ZFY TACCTAATGATTTCGTTGGATGATG
EIF1AY GCCCAAGAATAAAGGTAAAGGAGGT
TMSB4Y CAAAGAAACTATCGAACAGGAGAGG

6.3 Results

6.3.1 Y chromosome haplogroup distribution in CTS, SRTB and WKPK

Only a subset of the CTS samples used in Chapter 5 had both macrophage and
monocyte RNA of sufficient quantity and quality to be used here (n=48). Six Y
chromosome haplogroups were represented in this subset of CTS with prevalence
ranging from 2.1-62.5% (Figure 6.1). The analysis of SRTB and WKPK was conducted
jointly in all available men recruited into both studies (n=45). Six Y chromosome
haplogroups were represented in SRTB and WPKP and their prevalence ranged from

2.2-55.6%.
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Figure 6.1 The prevalence of Y chromosome haplogroups in CTS, SRTB and WKPK. SRTB and WKPK analysed in conjunction.

Haplogroups are arranged from Y(XBR) on the left to R1b1b2 on the right. M and SRY represent the terminal SNP that defines each

haplogroup. SRY 10831 is a recurrent mutation.
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6.3.2 Distribution of clinical and demographic characteristics in CTS and kidney

cohorts stratified by Y chromosome haplogroup

There were no statistically significant systematic differences in demographic or clinical

data between carriers of haplogroup | and carriers of all other lineages in either CTS or

in the kidney cohorts (Table 6.3).

Table 6.3 Clinical and demographic characteristics of the CTS (subset) and SRTB and

WKPK (analysed in conjunction)

Phenotype [ | Other P value
CTS

n 14 34 -
Age (years) 55.8 (6.0) 54.1 (6.0) 0.380
BMI (kg/m?) 27.3 (3.5) 29.2 (4.8) 0.221
SBP (mmHg) 127.8 (15.1) 136.1 (21.5) 0.215
DBP (mmHg) 78.2 (7.0) 84.2 (11.5) 0.083

SRTB and WPKP

n 5 40 -
Age (years) 63.0 (7.2) 61.1 (10.1) 0.687
BMI (kg/m?) 28.7 (6.0) 27.2 (3.4) 0.401
SBP (mmHg) 129.3 (14.7) 140.1 (11.3) 0.059
DBP (mmHg) 80 (10) 91.4 (38.9) 0.521
Hypertension(%6) 66.0 80.1 0.518

Data are means and standard deviations or percentages. P-value — statistical significance

of difference in a phenotype between carriers of haplogroup I and all other haplogroups,

n- number of subjects, BMI- body mass index, SBP- systolic blood pressure, DBP-

diastolic blood pressure.
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6.3.3 Analysis of population stratification

There was no evidence of population stratification in 48 CTS men with biological
material available for this analysis (Figure 6.2). There were no data available to

examine the presence of population stratification in the kidney cohorts.

6.3.4 Analysis of 17 ubiquitously expressed MSY genes in macrophages

All probes were successfully validated and showed efficiency of 81-99% (data not
shown). mMRNA from 15 of 17 MSY genes analysed was detected in macrophage RNA;
PCDHY and SRY showed no expression (Table 6.4). Amongst those detected was
AMELY, a gene with expression profile previously described as tooth-bud-specific
(Table 6.4). Of the 15 MSY genes expressed in macrophages, two genes (UTY1 and
PRKY) showed a significant difference in expression level between carriers of
haplogroup | and men from all other lineages. Indeed, both UTY1 and PRKY showed a
significant reduction in expression in carriers of haplogroup | when compared to men
who belonged to other MSY lineages. This difference was apparent in both crude and
age-adjusted analysis (UTY1 age-adjusted P=0.0001, fold difference= 0.92, PRKY age-

adjusted P=0.001, fold difference= 0.92) (Figure 6.3).
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Figure 6.2 Analysis of population stratification of the CTS subset. A. A matrix of identity-by-state distance was created in the CTS subset
and the three HapMap populations (CEU, JPT+CHB, YRI). Coloured dots represent each population: blue- JPT+CHB, green- YRI, red-
CEU, yellow- CTS. The first two components obtained from the subsequent multidimensional scaling of the matrix were used as co-
ordinates to compare the relative distances between the four populations. B. Assessment of population structure stratified by Y
chromosome haplogroup (I vs. all others). Colours represent haplogroups: green- carriers of haplogroup 1, red- carriers of all other
haplogroups. A matrix of identity-by-state distances was created and the first two components obtained from the subsequent

multidimensional scaling of the matrix were used as co-ordinates to generate a scatter plot.
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Table 6.4 Analysis of the association between haplogroup I and the expression of 17 MSY genes in macrophages

MSY gene CT dCT I dCT Other P value* P value’
n 48 14 34 - -
USP9Y 31.0 (1.3) 8.3 (1.0) 8.2 (0.8) 0.618 0.510
DDX3Y 29.3 (1.2) 6.1 (0.7) 5.8 (0.6) 0.085 0.147
PCDH11Y NOT EXPRESSED
NLGN4Y 3653(17) | 139(17) | 133(39) | 0.581 0.433
SRY NOT EXPRESSED
PRKY 31.1(1.0) 8.2 (0.8) 7.6 (0.6) 0.004 0.001
uTY1 31.3(1.3) 8.4 (0.6) 7.8 (0.6) 0.001 0.0001
TBL1Y 26.0 (5.0) 3.6 (1.0) 3.3(0.9) 0.327 0.636
AMELY 24.6 (1.6) 3.6 (1.1) 3.1 (0.6) 0.066 0.113
TMSB4Y 35.3 (1.5) 10.0 (2.3) 11.1 (0.9) 0.014 0.012
EIF1AY 27.9 (0.8) 4.2 (0.5) 4.2 (0.5) 0.868 0.630
CYorfl5A 32.9 (1.5) 9.4 (1.0) 9.4 (0.9) 0.895 0.664
CYorf15B 31.9 (1.5) 8.7 (1.4) 8.6 (1.5) 0.885 0.625
RPS4Y1 26.9 (1.8) 3.6 (0.5) 3.3 (0.6) 0.069 0.562
RPS4Y?2 23.6 (3.6) 3.1 (0.4) 3.3(0.8) 0.403 0.221
KDM5D 33.4 (1.3) 10.5 (1.9) 9.6 (2.2) 0.198 0.605
ZFY 30.5(1.2) 7.1(0.7) 7.1(0.8) 0.929 0.402

Data are average CT, dCT and standard errors; P value” — level of statistical significance in crude analysis, P value’ level of statistical

significance in age-adjusted analysis.




Figure 6.3 Association between haplogroup | expression of UTY1, PRKY and AMELY in macrophages. Data are age-adjusted dCT
residuals. P-value - age-adjusted statistical significance for a difference in expression level between carriers of haplogroup | and all other

lineages.
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6.3.5 Analysis of UTY1 and PRKY in monocytes

Due to limited availability of monocyte RNA, only UTY1 and PRKY were investigated
in this cell type. There was no evidence of association between haplogroup | and
expression levels of either gene in monocytes after age adjustment (Table 6.5, Figure

6.4) (age-adjusted P=0.611 and 0.181 for UTY1 and PRKY, respectively).
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Table 6.5 Effect of haplogroup I on expression level of UTY1 and PRKY in monocyte RNA

MSY gene CT dCT I dCT Other P value* P value’
n 48 14 38 - -
UTY1 32.9(0.9) 8.9 (0.6) 9.1 (0.8) 0.441 0.611
PRKY 32.6 (1.1) 9.1(0.4) 10.0 (0.5) 0.0008 0.181

Data are average CT, dCT and standard errors; P value” — crude analysis, P value’ — age-adjusted analysis.
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Figure 6.4 Association between haplogroup I and expression of UTY1 and PRKY in monocytes. Data are age-adjusted dCT residuals, P-
values - age-adjusted statistical significance for a difference in expression level between carriers of haplogroup I and all other lineages.
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6.3.6 Analysis of 17 ubiquitously expressed MSY genes in the human kidney

Of the 17 MSY genes investigated, mMRNA from 16 genes was detected in the kidney
tissue (RPS4Y1 showed no expression). UTY1l showed a borderline age-adjusted
association with haplogroup | of the Y chromosome (P= 0.022). However, this
association did not survive correction for multiple testing (Table 6.3 and Figure 6.5).
Interestingly, mMRNA from AMELY was also detected in this tissue (Table 6.6 and

Figure 6.5).
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Table 6.6 Association between haplogroup | and expression of 17 MSY genes in kidney tissue

MSY gene CT dCT I dCT Other P value* P value’
n 45 5 40 - -
USP9Y 31.0(3.5) 5.0 (1.1) 5.3 (1.4) 0.677 0.335
DDX3Y 30.2(4.0) 6.0 (2.5) 4.6 (1.4) 0.089 0.283
PCDHY 35.1(4.0) 8.8 (2.6) 9.2 (3.1) 0.807 0.512
NLGN4Y 31.4(3.3) 4.6 (1.7) 4.0 (2.5) 0.618 0.938
SRY 33.0(1.8) 11.0 (1.0) 9.0 (2.9) 0.144 0.177
PRKY 33.2(3.1) 8.1(0.7) 7.4 (2.5) 0.621 0.781
UTY1 32.6(4.8) 8.8 (5.9) 59 (2.2) 0.033 0.022
TBL1Y 37.4(2.7) 11.6 (2.8) 13.2(2.2) 0.143 0.242
TMSB4Y 34.1(3.3) 7.7 (1.0) 7.2 (1.8) 0.622 0.904
AMELY 36.6(1.4) 13,5 (2.3) 13.9 (2.0) 0.926 0.987
EIFIAY 28.1(3.1) 2.6 (0.4) 2.1(L.1) 0.255 0.209
CYorf15A 32.1(4.2) 5.9 (1.1) 4.8(2.2) 0.342 0.523
CYorf15B 33.6(4.2) 5.2 (1.0) 5.3 (2.3) 0.941 0.980
RPS4Y1 NOT EXPRESSED
RPS4Y2 39.0 (0.8) 10.8 (0.5) 12.4 (1.7) 0.206 0.597
KDM5D 343 (2.1) 6.2 (2.0) 6.9 (1.8) 0.477 0.919
ZFY 335 (3.1) 5.3 (0.6) 6.4 (1.3) 0.059 0.245

Data are average dCT and standard errors; P value” — level of statistical significance from the crude analysis, P value’ — level of statistical

significance from age-adjusted analysis.
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UTY1

Figure 6.5 Association between haplogroup | and expression of UTY1 and PRKY in the kidney. Data age-adjusted dCT residuals. P value

shows age-adjusted statistical significance for a difference in gene expression level between carriers of haplogroup | and all other lineages.
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6.3.7 Analysis of co-regulation of PRKY and UTY1 in macrophages

The dCT of UTY1 and PRKY show a significant linear correlation in macrophages (r=

0.49, P=0.0005).

Figure 6.6 Analysis of linear co-relation between PRKY and UTY1 in macrophage RNA
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6.4  Discussion

Haplogroup | of the Y chromosome predisposes carriers to CAD through its effect on
the immune system, most likely at the stage of monocyte differentiation into
macrophage. A significant reduction in expression levels of both UTY1 and PRKY in
macrophages identified here may underlie this association through an as yet undefined

mechanism.

6.4.1 Y chromosome haplogroup distribution and clinical demographics

Haplogroups 1, Rla and R1blb2 accounted for approximately 93% of the Y
chromosome lineages in both CTS and the kidney cohorts (93.8 and 93.4%,
respectively). R1b1b2 was the predominant haplogroup in CTS (British men), while
Rla was most common (62.5 and 55.6% respectively) in the kidney cohorts (Polish
men) (Figure 6.1). The observed differences in haplogroup prevalence were expected
and in keeping with published Y chromosome haplogroup data for both Poland and the

UK (Charchar et al. 2012).

There were no statistically significant differences in clinical or demographic
data between carriers of haplogroup | and all other haplogroups in either CTS or the

kidney cohorts (Table 6.1).

There was no evidence of population stratification in the subset of CTS used
here, indicating that the only genetic difference between the groups was Y chromosome
haplogroup. This is in keeping with previous data from this cohort (Chapter 4)
(Charchar et al. 2012). No data were available to assess population stratification in

either SRTB or WKPK.
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6.4.2 UTY1 and PRKY are differentially regulated in carriers of haplogroup | of the Y

chromosome

Both UTY1 and PRKY were significantly down-regulated in carriers of haplogroup | in
comparison with carriers of all other haplogroups in macrophages. The lack of effect in
monocytes is particularly intriguing given the findings from the previously completed
pathway analysis (Charchar et al. 2012). Indeed, this study showed that haplogroup I
was associated with immunity and inflammation at the stage of monocyte differentiation

to macrophage (Charchar et al. 2012).

6.4.2.1 UTY1

UTY1 is one of three MSY genes known to encode a male-specific minor
histocompatibility epitope (alongside KDM5D and USP9Y) (Vogt et al. 2000). The
resultant peptide is thought to be heavily involved in protein-protein interactions and
graft rejection (Simpson et al. 1997; Vogt et al. 2000). Minor histocompatibility
epitopes are either processed via the MHC class | pathways or presented in the context
of MHC class Il proteins where they are recognised by HLA-B60 restricted cytotoxic T
lymphocytes (Goulmy. 1997; Vogt et al. 2000). The 1,347 amino acids of UTY1 encode
a number of tetratricopeptide repeats potentially producing various polymorphic
intracellular proteins (Vogt et al. 2000; Warren et al. 2000). This gene has a large
capacity for splice variation and six UTY1 transcripts have been definitively identified
(Laaser et al. 2011). Transcript variation is generally found at the C terminal while the
N terminal remains ubiquitous (Vogt et al. 2000). The tissue-specific expression profile

of this gene is wide and includes; thymus, bone marrow, lymph node, brain, cerebellum,
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muscle, kidney, lung, prostate, testis, heart, thyroid, skin, monocytes and macrophages

(Vogt et al. 2000).

The association between reduced expression level of UTY1 and CAD, such as
that hypothesised here, is interesting assuming UTY1 and UTX have the same function.
The X chromosome homolog of UTY1 (UTX), which shows 86% similarity (Vogt et al.
2000), escapes X inactivation in females implying that normal physiological functioning
requires a “double-dose” of the resultant peptide (Greenfield et al. 1998). Mortality and
morbidity resulting from CAD is significantly higher in those women with only one
functioning X chromosome, such as in those with Turner Syndrome (Greenfield et al.
1998). Turner Syndrome (45X-) affects 1 in 2,500 live births (Aligeti & Horn 2007) and
Is associated with increased osteoporosis, type 2 diabetes mellitus and CAD. It has been
repeatedly hypothesised that the resultant haploinsufficiency of those genes which
routinely escape X inactivation, such as UTY1, may be the cause of these pathologies in
those with Turner syndrome (Greenfield et al. 1998). While it would be tempting to
assign an association between decreased levels of UTY1 and increased risk of CAD in
those with Turner Syndrome, these data must be interpreted in context of high
prevelence of CVD risk factors in these patients (28% and 50% of patients with Turner
syndrome have hypertension and hyperlipidemia, respectively) (Kozlowska-
Wojciechowska et al. 2006). However, the data shown here add to the emerging body of
evidence suggestive of reduction in a Y homolog of a gene which escapes X
inactivation as a potential contributor to increased risk of CAD in men. Indeed, reduced
levels of UTY1 in human macrophages associated with haplogroup | of the Y
chromosome may hypothetically contribute to down-regulation of adaptive immunity
and heightened response to inflammation — mechanisms linked to CAD. The changes in

expression of a minor histocompatibility complex, such as UTY1, may translate into
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changes in the immune system (von Boehmer & Hafen 1986). This hypothetical
association is in keeping with data from the transcriptome analysis -
immune/inflammatory pathways were identified at differentially regulated between
carriers of haplogroup I and men with other lineages of the MSY (Chapter 4). Thus, the
down-regulation of UTY1 in macrophages of carriers of haplogroup I may be interpreted
as a biologically plausible mechanism for how haplogroup I of the Y chromosome could
increase risk of CAD (Cokkinos et al. 1985; Piedrahita et al. 1992; Stemme et al. 1995;
de Boer et al. 2000; Zhou et al. 2000; Tentolouris et al. 2004; Hansson & Libby 2006).
Interestingly, non-synonymous polymorphisms in UTY1 are common (Vogt et al. 2000).
It is therefore also tempting to speculate that haplogroup I-specific sequence alteration
in UTY1 may indeed lead to a reduction in gene expression level in macrophages. Give
the 14% sequence divergence between UTY1 and UTX it is difficult to hypothesise if the
two genes may have the same, or differing function. Research into functional

conservation, including primate work, may shed light on this..

6.4.2.1.1 UTY1 and methylation

The most attractive hypothesis emerging from data shown here is that down-regulation
of UTY1 (a minor histocompatibility complex) in macrophages may link the immune
system and the Y chromosome and translate into the increased risk of CAD. An
alternative hypothesis revolves around the epigenetic effect of the Y chromosome and
potentially UTY1. The X chromosome homolog of this gene (UTX), which escapes X
inactivation, is a well-known histone 3 lysine 27 demethylase implicated in
development, self-renewal and cell differentiation through the modulation of

transcription factors including HOX (Liu et al. 2012). It is plausible that UTY1 also
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harbours epigenetic effects. The role of the Y chromosome in immune modulation
through epigenetic modulation has been shown in various animal models (Teuscher et
al. 2006; Lemos et al. 2008; Spach et al. 2009; Lemos et al. 2010; Case et al. 2012). Of
particular interest is the significant modulation of immune-related genes resulting from
natural variation in heterochromatin (Lemos et al. 2012). Previous data from animal
models and the fact that a gene with potential histone demethylase activity (UTY1)
shows differential regulation between carriers of haplogroup I and all other haplogroup
implies a possible role for epigenetics (including DNA methylation and nucleosome
placement) in the Y chromosome modulation of the immune system (Teuscher et al.

2006; Lemos et al. 2008; Spach et al. 2009; Lemos et al. 2010; Case et al. 2012).

6.4.2.2 PRKY

PRKY showed a significant reduction in expression level in carriers of haplogroup I.
PRKY is a transcribed pseudogene as it lacks exon 6 and the last nucleotide of exon 5
(which causes a frame-shift mutation). This mutation causes the loss of the last 31
amino acids of the kinase domain and a complete loss of the PKC C-terminal domain.
As a result of these genetic losses, PRKY transcripts are liable to nonsense-mediated
decay. The expression of this gene is wide — it was found in the thymus, bone marrow,
spleen, lymph node, brain, spinal cord, cortex, cerebellum, heart, muscle, kidney, lung,
colon, monocytes and macrophages, amongst others. However, no functional properties
of this transcript have been identified to date. The primary function of the protein kinase
family, of which PRKY is a part, is to modify proteins through phosphorylation of OH

groups found on serine and threonine (Manning et al. 2002; Hanks 2003). The lack of
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documented biological function and likelihood of transcript decay make PRKY an

unlikely driver of the association between haplogroup | and immunity.

6.4.3 Co-regulation of UTY1 and PRKY

A relatively high level of mRNA correlation was observed between UTY1 and PRKY
(r~0.5). It has been repeatedly documented that genes showing a high correlation in
MRNA expression profile are likely to be regulated by a common element or
transcription factor (Allocco et al. 2004, Ideker et al. 2001). Allocco et al. identified in
yeast that a correlation coefficient of ~0.8 gave a 50% chance that two genes share a
common regulator (Allocco et al. 2004). While the correlation observed here falls well

below this “cut-off” value, this may be due to interspecies differences.

6.4.4 Conclusions

Data presented here indicate that a currently unidentified haplogroup I-specific
sequence alteration significantly decreases the expression levels of both UTY1 and
PRKY in macrophages. It can be hypothesised that the sequence alteration affecting
expression of these genes resides in either the regulation element of MSY common for
both UTY1 and PRKY. Further work is required to identify this variant. A logical
extrapolation of these data suggests that the identified gene down-regulation may link
haplogroup | to immune system (identified in Chapter 4), predisposing carriers of

haplogroup | to CAD.
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6.4.5 Future work

The work presented here represents the first step into identifying which transcript(s) of
the Y chromosome underlie the effect of haplogroup | on the immune system and
predisposition to CAD. Future work is likely to involve the identification and
quantification of specific transcripts originating from both UTY1 and PRKY in an effort
to isolate the transcript and the functional variant which decreases gene expression
levels in carriers of haplogroup I. Given the high number of none coding RNAS
originating from the Y chromosome (Jehan et al. 2006) research into the expression of

these by haplogroup may prove interesting.

6.4.6 Novel expression profile of AMELY

Data shown here represent the novel identification of AMELY mRNA in cells and
tissues other than the tooth bud. To date, only limited investigations into MSY gene
expression profiles have been completed, none of which have identified the presence of
AMELY outside of the tooth (Lau et al. 2000), where it is involved in bio-mineralisation
during tooth enamel development (Fincham et al. 1991; Salido et al. 1992). AMELY
mRNA was identified in 46 of the macrophage and 35 kidney samples used here.
Interestingly, two macrophage samples (~4%) and ten kidney samples (~20%) did not
show evidence of AMELY mRNA. This is potentially due to the AMELY deletion, a
well-documented mutation involving the loss of the AMELY gene in some males;
however, the recorded population frequencies of this are significantly lower than that

seen here (Mitchell et al. 2006; Iwase et al. 2007).
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Data shown here imply that AMELY may have a more systemic role than
previously hypothesised and serves as a reminder of how little is known of the true

function and expression profile of the MSY genes.

6.4.7 Major limitations

6.4.7.1 Cohort size

Only approximately 20% of the cohort used in the transcriptome-wide analysis
presented in Chapter 4 had RNA of sufficient quantity and quality for use here. While
this represents a significant drop in number and sample size should be maximised, it is
in keeping with the size of cohorts used in this form of analysis in the wider scientific

community (LeGoff et al. 2011, Thuny et al. 2012).

6.4.7.2 Statistical analysis

As with all analyses completed in this work, an approach of haplogroup | vs. all other
haplogroups was used. This has a number of advantages and disadvantages discussed in

detail in section 3.4.5.1.

6.4.7.3 Kidney tissue

Kidney tissue was gained from the none-diseased renal pole from those under going
nephrectomy for renal cancer. Normal histology of samples used here was identified
through various methods (including immunohistochemistry) and the effect of

maliganacy on work completed here is expected to be limited.
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6.4.7.4 Hypothetical presence of population stratification in the kidney cohorts

While the presence of population stratification was excluded in the subset of CTS used
here, no data were available for study in the two Polish kidney cohorts. As the two most
common Polish Y chromosome haplogroups (R1a and I) have significantly different
genetic backgrounds due to differing evolutionary and geographic pressures
(haplogroup 1 originated in the middle-east [Charchar et al. 2012, Semino et al. 2000],
while haplogroup R1a most likely originated from the Eurasian continent [Underhill et
al. 2010]) the presence of population stratification cannot be formally excluded.
However, to date, there has been no evidence of population stratification in any of the
cohorts analysed (Charchar et al. 2012). This implies that the risk and potential effect of
population stratification in this cohort is small. The definitive exclusion of population

stratification in both kidney cohorts should be completed in future work.

6.4.7.5 RNA extraction

While the RNA extraction kits used here are a widely accepted and validated method of
RNA extraction (Ishii et al. 2007), two limitations must be acknowledged. Firstly, the
kits do not capture mMRNAs below 200 nucleotides in length. This limitation has limited
effect on this research as the vast majority of Y chromosome mRNAs are over 200
nucleotides (Skaletskey et al. 2003). Should shorter RNAs be targeted in the future, a
specific RNA extraction kit must be used. Secondly, isolation of rRNA and tRNA is not
possible with this Kkit. This limitation has no effect on this study as investigation of
rRNA (the RNAs used for decoding mRNA to amino acid sequence) and tRNA was

outside the scope of this work. Furthermore, no ncRNAs were captured through this
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method. Given the high number of ncRNAs originating from the Y chromosome this

limitation should be rectified in future work.

6.4.7.6 Alternative methods of gene expression analysis

The use of Tagman probes in low-throughput gene expression analysis projects is
generally accepted to be the “gold-standard” of gene expression analysis (Giulietti et al.
2001). This is due to high specificity and fidelity of binding between the probes and
cDNA sequence, and the subsequent reduction in false positive rate (Giulietti et al.
2001). An alternative system, Sybr green, has a significantly lower binding specificity
and fidelity and a higher false positive rate (TagMan® Chemistry vs. SYBR®

Chemistry for Real-Time PCR). Tagman was therefore used in this study.

6.4.7.7 MSY testis-specific genes

Only those genes showing gene expression profiles outside of the testis were
investigated here (Skaletsky et al. 2003). This decision was based on the assumption
that genes not expressed in tissues relevant to CAD are extremely unlikely to affect
predisposition to disease. However, the identification of mRNA in macrophages
resulting from AMELY, a gene previously assumed to only be expressed in the tooth
(Skaletsky et al. 2003), casts some doubt over the reported expression profiles of MSY
genes. It is plausible that the 10 genes assumed to be testis-specific show a wider
expression profile which has not been documented. Based on this assumption, it is

possible that one of these genes could affect male predisposition to CAD. The
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possibility of testis-specific genes being expressed in macrophages, monocyte and

kidney tissue should be explored in future work.
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7 The Y chromosome and abdominal aortic aneurysms

7.1 Introduction

CAD and AAA have been proposed as different manifestations of the same disease
(atherosclerosis) (Grootenboer et al. 2003), and are known to share many environmental
and genetic risk factors. These include male sex, family history of disease (particularly
male), increased BMI, hyperlipidaemia and smoking (as explained in detail in Chapter
1). Possibly the most significant similarity between CAD and AAA is the over-
representation of the male sex at diagnosis. CAD has a ratio of ~2:1 between men and
women at diagnosis while AAA shows up to 6:1 male predominance. That AAA is male
dominated is best exemplified by screening programmes that target men exclusively
(Grootenboer et al. 2003, Ogata et al. 2005). Alongside the similarity in risk factors
between CAD and AAA, both diseases are thought to share a similar molecular
pathogenesis that leads to either an atherosclerotic plaque or aneurysm. Indeed, a
number of common pathways, including immunity and cell-cycle pathways, have been
identified in both disorders (Charchar et al. 2012, Lenk et al. 2007). Though the
function of the inflammatory infiltrate in the arterial wall is not completely understood;
it is thought to perpetuate or even initiate both diseases through the increased
production of proteins such as ILs, MMPs and TIMPs (Daugherty & Cassis 2004; Libby
& Theroux 2005; Pearce & Shively 2006; Watkins & Farrell 2006) (these processes are
explained in detail within Chapter 1). Furthermore, CAD and AAA share a significant
similarity at the genetic level. Several genes were associated with both CAD and AAA
including; ANRIL (Samani et al. 2007; Bown et al. 2008), ABO blood group locus
(Carpeggiani et al. 2010, Mahmoodi et al. 2012), chemokine (C-X-C motif) ligand 12
(CXCL12) (Samani et al. 2007, Ocafia et al. 2008) and disabled homolog 2 interacting

protein (DAB2IP) (Gretarsdottir et al. 2010; Harrison et al. 2012). This genetic overlap
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implies that there may be a common genetic cause of both CAD and AAA. Indeed, the
importance of paternal history in the strong sexual dimorphism of both diseases
suggests that their sexual inequality may be due to a genetic overlap. As previously
discussed in detail (Chapters 3, 4 and 5), haplogroup | of the Y chromosome was
identified as an independent risk factor for CAD, increasing risk of CAD by ~50% in its
carriers (Charchar et al. 2012). It can be hypothesised that this “male-specific” risk
factor is common between CAD and AAA, and possibly underlies the sexual
dimorphism of both diseases. | therefore used three British cohorts of men with AAA,
together with disease-free controls, to investigate if the Y chromosome is associated

with the male predisposition to AAA, in the same way as it contributes to CAD.
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7.2 Materials and methodology

7.2.1 Materials

7.2.1.1 Leicester Abdominal Aortic Aneurysm Cohort

The Leicester AAA cohort was recruited in Leicester, UK. Patients with AAA were
identified through three sources: an ongoing regional AAA screening program, a
vascular outpatient clinic and the vascular admissions unit at Leicester Royal Infirmary
between 2000 and 2009 (n=2,466). Unrelated healthy individuals were also recruited
through the AAA screening program (Bown et al. 2008). Both cases and controls were
screened for AAA using either ultrasonography or computed tomography. AAA was
defined as an abdominal aortic aneurysm >3 cm while healthy controls had a maximal
infrareanal aortic diameter of 2.5 cm. A complete medical history was obtained for each
individual, including smoking history, familial history of AAA or hypertension (defined
as >140/90 mmHg or existing BP lowering treatment), hyperlipidaemia (defined as TC
>5.5 mmol/L or existing lipid lowering treatment), diabetes mellitus or presence of
CAD. A peripheral blood sample was also taken for DNA analysis (Bown et al. 2008).
2,008 male individuals had DNA of sufficient quality and quantity available for use in

this study.

7.2.1.2 Leeds Abdominal Aortic Aneurysm Cohort

Patients with AAA were recruited from those attending the Leeds Vascular Institute
(Leeds General Infirmary). AAA-free controls were recruited from non-vascular
outpatient clinics (total n=472). Presence or absence of AAA was confirmed by
abdominal ultrasonography. Medical history and anthropometric measurements (height

and weight) were recorded using a standardised questionnaire. A peripheral blood
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sample for DNA extraction and blood biochemistry (including lipid profile) was secured
from each participant (Bown et al. 2011). 369 male individuals had DNA of sufficient

quality and quantity for use in this project.

7.2.1.3 Belfast Abdominal Aortic Aneurysm Cohort

Patients recruited into the Belfast AAA cohort were identified through in-patient and
out-patient clinics, as well as AAA screening lists at Belfast City Hospital. Controls
were recruited through the AAA screening program (total n=650). Presence or absence
of AAA was confirmed by abdominal ultrasonography. Medical history, anthropometric
data (height and weight) and a peripheral blood sample (for DNA extraction and
baseline blood chemistry [including lipids]) were obtained from each individual (Bown
et al. 2011, Bradley et al. 2011). 421 male individuals had DNA of sufficient quality

and quantity for use in this study.

7.2.1.4 Bioethical approval

Written, informed consent was obtained from all subjects in all studies used here, in
accordance with the Declaration of Helsinki. All studies had approval from relevant

institutional ethical committees.
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7.2.2 Methodology
7.2.2.1 Genotyping and Y chromosome haplogrouping

All details regarding genotyping and Y chromosome haplogrouping can be found in

Chapter 2.

7.2.2.2 Descriptive statistics

Age, dyslipidaemia, hypertension, history of smoking and prevalence of diabetes were
summarised using mean and SD and percentages in Leicester AAA cohort. Age, BMI,
HDL-C, LDL-C, current and ex-smoking prevalence were summarised in Leeds AAA
cohort using means, SD and percentages. Finally, age, BMI, dyslipidaemia,
hypertension, diabetes and history of smoking were summarised using means, SD and
percentages in Belfast AAA cohort. Difference in clinical characteristics was between
either cases and controls or haplogroup I and all others as assessed using Student’s t test

(continuous traits) or Chi? test (discrete traits).

7.2.2.3 Analysis of prevalence of Y chromosome haplogroups by ethnicity

Due to the difference in ethnicity of the three cohorts (two English cohorts and one Irish
cohort), a Chi? test was used to assess if the prevalence of six haplogroups (E1b1b1, I,

K*, J*, R1la and R1b1b2) differed due to ethnicity.
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7.2.2.4 Analysis of population stratification

The presence of population stratification in cases recruited to Leicester AAA cohort was
assessed using genome-wide SNP data from 670K BeadChips (Illumina, USA) (Bown
et al. 2011). The method of analysis was identical to that used in the assessment of CTS

(Chapter 3 and 5).

Analysis of population admixture in Leicester AAA cohort control samples and
Leeds AAA cohort was analysed in a manner identical to that used in the analysis of

YMCA 1 and 2. Details of this method can be found in Chapter 3.

7.2.2.5 Analysis of the role of haplogroup I in predisposition to AAA

Crude, age-adjusted and fully-adjusted (adjusted for age, treated hypertension and
history of smoking) linear regression was used to investigate the role of haplogroup I in
predisposition to AAA in all three cohorts. Meta-analysis of all three cohorts was
conducted using a fixed-effect, inverse-variance model in Metan script (Deeks et al.

2001) as described in Chapter 3.

7.2.2.6 Analysis of the role of the Y chromosome in predisposition to AAA

Five Y chromosome haplogroups (with prevalence over 2% in each cohort) were
examined for association with AAA in a manor identical to that detailed in Chapter

6.2.2.5.
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7.3 Results

7.3.1 Y chromosome haplogroup distribution in three AAA cohorts

Of the 13 common European Y chromosome lineages analysed here, all 13 were
represented in Leicester AAA cohort study, 12 were identified in Leeds AAA cohort
study and 10 were detected in the Belfast AAA cohort population (Figure 7.1). Of the
haplogroups identified, E1b1b1, I, K*, J, R1a and R1b1b2 had a prevalence greater than
~2% in all three cohorts. Haplogroups R1b1b2 (51%, 58% and 75% in Leicester AAA
cohort, Leeds AAA cohort and Belfast AAA cohort, respectively) and 1 (20%, 16% and
14% in Leicester AAA cohort, Leeds AAA cohort and Belfast AAA cohort,
respectively) accounted for between 71% and 89% of the haplotypic variance across the
three cohorts (Leicester AAA cohort: 71.4%, Leeds AAA cohort: 75.2%, Belfast AAA

cohort: 89.5%).
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Figure 7.1 Y chromosome haplogroup prevalence in Leicester AAA cohort, Leeds AAA cohort and Belfast AAA cohort. Leices-Leicester

AAA cohort, Leeds-Leeds AAA cohort, Belfast-Belfast AAA cohort, %-percentage prevalence. Haplogroups are arranged from Y (XBR) on

the left to R1b1b2 on the right. M and SRY numbers represent the terminal SNP dictating that haplogroup. SRY10831 is a recurrent

mutation.
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7.3.2 Distribution of clinical and demographic characteristics of populations,

stratified by case-control status and haplogroup (I vs. all others)

As expected, there was a significant difference in prevalence of various AAA risk
factors between AAA cases and controls. The prevalence of dyslipidaemia and
hypertension was higher in Leicester AAA cohort cases when compared to controls.
Dyslipidaemia, hypertension and smoking were more common in Belfast AAA cohort
cases compared to controls (Table 7.1). No statistically significant difference in any
clinical or demographic characteristic was observed between Leeds AAA cohort cases
and controls (Table 7.1). Conversely, there was no statistically significant difference
(after correction for multiple testing) in clinical or demographic measurements in any of

the three cohorts when stratified by haplogroup (I vs. all other haplogroups) (Table 7.2).
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Table 7.1 Distribution of clinical and demographic data of individuals recruited into

Leicester AAA cohort, Leeds AAA cohort and Belfast AAA cohort stratified by case-

control status

Leicester AAA cohort

AAA cases AAA-free controls P value
n 1025 983 -
Age (years) 72.9 (7.3) 66.9 (5.0) 0.832
Dyslipidaemia (%0) 342 (33) 201 (20) 0.0001
Hypertension (%) 567 (55) 374 (38) 0.0001
Current smoker (%) 134 (13) 101 (10) 0.052
Diabetes (%0) 92 (9) 101 (10) 0.326
Leeds AAA cohort
n 183 186 -
Age (years) 74.2 (8.1) 69.8 (7.5) 0.994
BMI (kg/m?) 27.1(4.2) 27.8 (3.8) 0.163
HDL-cholesterol 1.2 (0.3) 1.3(0.4) 0.937
LDL-cholesterol (mmol/L) 2.2(0.9) 2.6 (0.9) 0.783
Current smokers (%0) 42 (23) 32 (17) 0.193
Ex-smokers (%) 120 (66) 112 (60) 0.332
Belfast AAA cohort
n 184 237 -
Age (years) 72.1(6.7) 69.1 (4.2) 0.612
BMI (kg/m?) 26.4 (3.5) 26.3 (3.9) 0.342
Dyslipidaemia (%0) 86 (47) 89 (38) 0.001
Hypertension (%) 116 (63) 129 (54) 0.015
Diabetes (%) 25 (14) 42 (18) 0.448
History of smoking (%) 54 (35) 27 (11) 0.001

Data are means and SD or counts and percentages. P value - statistical significance of a

difference between cases and controls calculated by Student’s t test or Chi? test, n-

number of subjects, BMI-body mass index.
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Table 7.2 Distribution of clinical and demographic data of individuals recruited to

Leicester AAA cohort, Leeds AAA cohort and Belfast AAA cohort stratified by Y

chromosome haplogroup

Leicester AAA cohort

I Other P value

n 403 1605 -
Age (years) 70.1 (7.0) 69.8 (6.9) 0.324
Dyslipidaemia (%0) 103 (26) 406 (25) 0.490
Hypertension (%) 183 (45) 715 (45) 0.539
Current smoker (%) 50 (12) 168 (10) 0.604
Diabetes (%0) 31 (8) 156 (10) 0.157

Leeds AAA cohort

n 60 309 -
Age (years) 71.4 (7.8) 72.1(8.1) 0.257
BMI (kg/m?) 26.9 (4.4) 27.6 (3.9) 0.719
HDL-cholesterol (mmol/L) 1.2 (0.4) 1.1 (0.5) 0.356
LDL-cholesterol (mmol/L) 2.3(1.2) 2.1(1.2) 0.343
Current smokers (%0) 14 (23) 60 (19) 0.484
Ex-smokers (%) 33 (55) 199 (65) 0.190

Belfast AAA cohort

n 62 359 -
Age (years) 69.9 (5.6) 70.5 (5.7) 0.475
BMI (kg/m?) 26.1 (3.3) 26.4 (3.8) 0.095
Dyslipidaemia (%0) 13 (21) 127 (35) 0.013
Hypertension (%) 26 (42) 171 (48) 0.491
Diabetes (%0) 8 (13) 46 (13) 0.523
History of smoking (%) 9 (15) 46 (13) 0.838

Data are means and SD or counts and percentages. P-value - statistical significance of a

difference between contrasting lineages of the MSY calculated by Student’s t test or

Chi? test, n-number of subjects, BMI-body mass index.

7.3.3 Prevalence of Y chromosome haplogroups by ethnicity
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Of the six haplogroups represented in each cohort with a frequency >2%, only
haplogroups | and R1b1b2 showed significant differences in prevalence between

English and Belfast samples after correction for multiple testing (Table 7.3).

Table 7.3 Difference in prevalence of common Y chromosome haplogroups between

English and Irish men

Haplogroup English cohorts Belfast cohort P value

n 2367 421 -

Elblbl 78 (3) 7(2) 0.085

I 343 (15) 93 (22) 0.001

K* 36 (2) 4 (1) 0.501

J* 78 (3) 9(2) 0.285

Rla 118 (5) 14 (3) 0.165

R1b1b2 1411 (59) 316 (75) 0.001

Data are counts and percentages (over ~2% prevalence) stratified by origin (English
cohorts [Leicester AAA cohort and Leeds AAA cohort] and Belfast cohort [Belfast
AAA cohort]). P value - level of statistical significance in difference in prevalence of

each haplogroup calculated using Chi® test.

7.3.4 Analysis of population stratification

7.3.4.1 Population stratification in AAA cases recruited into Leicester cohort

Analysis of population stratification in AAA cases recruited to the Leicester AAA
cohort was completed using genome-wide SNP data. No systematic genetic differences
were identified between carriers of haplogroup | compared to carriers of all other
haplogroups (Figure 7.2b). The three outliers detected (Figure 7.2b) differed only

weakly from the remaining population and therefore were not excluded from further
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analysis. The multi-dimensional scaling of Leicester AAA cohort cases with three
HapMap populations as a reference confirmed that all recruited individuals were of

European ancestry (Figure 7.2a).

7.3.4.2 Analysis of population stratification in Leicester AAA cohort cases and Leeds

AAA cohort

The validated 34 SNP-based assessment of population substructure in Leicester AAA
cohort controls and Leeds AAA cohort showed that all individuals used in this analysis

were of European ancestry (Figure 7.3).
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Figure 7.2 Analysis of population stratification of AAA cases recruited into Leicester AAA cohort. A. A matrix of identity-by-state
distance was created in the Leicester AAA cohort cases and the three HapMap populations (CEU, JPT+CHB, YRI). Coloured dots
represent each population: blue- JPT+CHB, green- YRI, red- CEU, yellow- Leicester AAA cohort cases. The first two components
obtained from the subsequent multi-dimensional scaling of the matrix were used as co-ordinates to compare the relative distances between
the four populations. B. Colours represent haplogroups: green- carriers of haplogroup I, red- carriers of all other haplogroups. A matrix of
identity-by-state distances was created and the first two components obtained from the subsequent multi-dimensional scaling of the matrix

were used as co-ordinates to generate a scatter plot.
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Figure 7.3 Analysis of cohort ancestry- Leicester AAA cohort controls and Leeds AAA cohort. Colour points represent individuals. Green-
African reference samples, blue- Asian reference samples, red- European reference samples, orange- Leicester controls, purple- Leeds

AAA cohort. Individuals were plotted outside of the triangle to ease interpretation of high sample numbers.
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7.3.4.3 Analysis of association between haplogroup 1 of the Y chromosome and

prevalence of AAA in three British cohorts

Prevalence of haplogroup | of the Y chromosome across the three cohorts ranged from
10-21% and 12-19% in cases and controls, respectively (Table 7.3). There were no
statistically significant difference in prevalence of this haplogroup between those with
AAA and those without in any of three cohorts (Table 7.4). The fixed-effect inverse
variance age-adjusted meta-analysis confirmed that there was no relationship between

haplogroup | and prevalence of AAA in these cohorts (P= 0.693) (Table 7.4).
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Table 7.4 Analysis of association between haplogroup I of the Y chromosome and prevalence of AAA in three British cohorts

Cohort AAA cases (%0) AAA-free controls P value” P value’ P value®
Leicester AAA cohort 21.2 18.9 0.220 0.650 0.632
Leeds AAA cohort 15.2 18.1 0.489 0.815 0.644*
Belfast AAA cohort 10.3 125 0.499 0.530 0.913

Data are percentage prevalences of haplogroup I of the Y chromosome in AAA cases and AAA-free controls in each of the three cohorts

analysed. P value®- crude analysis, P value'- age-adjusted linear regression, P value®- fully-adjusted (age, treated hypertension, any

smoking) linear regression. *Adjusted for age and smoking only due to limited availability of phenotypes.

Table 7.5 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup | of the Y chromosome and

prevalence of AAA
Cohort n P coefficient (SE) P value Weight (%0) Heterogeneity P value
Leicester AAA 2008 0.024 (0.1) 0.849 74.44 -
Leeds AAA cohort 369 -0.150 (0.3) 0.612 12.42 -
Belfast AAA 427 -0.055 (0.3) 0.850 15.14 -
Meta-analysis 2804 -0.100 (0.2) 0.693 100 0.852

SE- standard error.
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7.3.4.4 Analysis of association between other Y chromosome haplogroups and the risk

of AAA in three British cohorts

Five Y chromosome haplogroups (other than haplogroup I) had an approximate
prevalence of >2% in all cohorts and sufficient power to detect small effects (Figure
7.1) and were chosen for further analysis (each individual haplogroup vs. all other
haplogroups). Unadjusted analysis in each cohort showed an association between
haplogroups R1a, R1b1b2 and prevalence of AAA in Leicester AAA cohort, while
haplogroup R1b1b2 was significantly associated with odds of AAA in Belfast AAA
cohort. However, neither of these associations retained significance in age and fully
adjusted analyses. No significant association was identified between any haplogroup

and AAA in the age-adjusted meta-analysis of all three cohorts (Tables 7.5- 7.9).
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Table 7.6 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup E1b1b1 of the Y chromosome and

prevalence of AAA
Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
Leicester AAA 2008 0.405 (0.3) 0.189 75.70 -
Leeds AAA cohort 369 -1.133 (0.7) 0.314 14.31 -
Belfast AAA 427 -0.854 (0.8) 0.113 9.99 -
Meta-analysis 2804 0.060 (0.4) 0.825 100 0.073

SE- standard error.

Table 7.7 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup J* of the Y chromosome and

prevalence of AAA
Cohort n B coefficient (SE) P value Weight (%) Heterogeneity P value
Leicester AAA 2008 -1.77 (0.3) 0.246 72.44 -
Leeds AAA cohort 369 0.074 (0.7) 0.925 12.42 -
Belfast AAA 427 -0.062 (0.7) 0.913 15.14 -
Meta-analysis 2804 -0.130 (0.5) 0.620 100 0.946

SE- standard error.
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Table 7.8 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup K* of the Y chromosome and

prevalence of AAA
Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
Leicester AAA 2008 -0.574 (0.5) 0.560 61.40 -
Leeds AAA cohort 369 0.371 (0.8) 0.762 24.05 -
Belfast AAA 427 0.308 (1.0) 0.634 14.55 -
Meta-analysis 2804 -0.220 (0.7) 0.573 100 0.511

SE- standard error.

Table 7.9 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup Rla of the Y chromosome and

prevalence of AAA
Cohort n P coefficient (SE) P value Weight (%) Heterogeneity P value
Leicester AAA 2008 0.064 (0.3) 0.811 63.47 -
Leeds AAA cohort 369 -0.637 (0.5) 0.199 22.48 -
Belfast AAA 427 0.723 (0.6) 0.162 14.25 -
Meta-analysis 2804 0.001 (0.4) 0.995 100 0.156

SE- standard error.
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Table 7.10 Age-adjusted fixed-effect inverse-variance meta-analysis of association between haplogroup R1b1b2 of the Y chromosome and

prevalence of AAA
Cohort n B coefficient (SE) P value Weight (%0) Heterogeneity P value
Leicester AAA 2008 0.076 (0.1) 0.502 68.12 -
Leeds AAA cohort 369 0.133 (0.2) 0.361 16.07 -
Belfast AAA 427 -0.182 (0.2) 0.562 15.81 -
Meta-analysis 2804 0.040 (0.1) 0.636 100 0.560

SE- standard error.
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7.4 Discussion

To date haplogroup | of the Y chromosome has been associated with ~50% increase in
risk of CAD (Charchar et al. 2012). Given the strong sexual dimorphism and molecular
and genetic overlap in pathogenesis of CAD and AAA, it was hypothesised that

haplogroup | of the Y chromosome could predispose its carriers to AAA.

7.4.1 Y chromosome haplogroup distribution and clinical demographics

R1b1b2 (50-80%) and I (10-20%) are the most common Y chromosome haplogroups in
England (Capelli et al. 2003). The prevalence of these haplogroups in both Leicester
AAA cohort and Leeds AAA cohorts is analogous to the published data (Figure 7.1).
Due to differing evolutionary pressures, the haplogroup distribution in Ireland shows
differences from that in England; namely reduced prevalence of haplogroup | and
increased prevalence of haplogroup R1b1b2 (Moore et al. 2005). These expected

differences were confirmed in the analysis here (Figure 7.1, Table 7.5).

As expected, there were significant differences in the prevalence of AAA risk
factors (including dyslipidaemia, hypertension and smoking) between cases with AAA
and controls. This is in keeping with published data on prevalence of AAA risk factors
(Grootenboer et al. 2009). Surprisingly, there was no statistical difference in diabetes
between cases and controls. Diabetes is a known protective factor in predisposition to
AAA (Grootenboer et al. 2003). That there was no difference in prevalence of diabetes
between cases with AAA and the controls used here is most likely due to the overall
decreased rate of diabetes in these cohorts compared to the expected value (expected

value ~30% [Howard et al. 1995]). There was no significant difference in clinical or
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demographic factors between carriers of haplogroup | compared with carriers of all

other haplogroups.

7.4.2 Association of haplogroup I of the Y chromosome and AAA

As previously discussed in detail (Chapters 1, 4 and 5), haplogroup | of the Y
chromosome acts as a “male-specific” risk factor for CAD and increases risk of CAD
by ~50% in its carriers. This effect is most likely mediated through the modulation of
pathways associated with autoimmunity and inflammation (Charchar et al. 2012).
Interestingly, both inflammation and autoimmunity have previously been associated
with development and perpetuation of AAA (Golledge et al. 2009). This is exemplified
in a study by Lenk et al. where 17 pathways heavily involved in the immune system
were found to be differentially regulated in aortic tissue of those with AAA compared
with non-aneurysmal aortic tissue (Lenk et al. 2007). Furthermore, there was ~50%
overlap in pathways identified as associated with AAA (Lenk et al. 2007), and those
identified as up- or down-regulated in carriers of haplogroup I (cell adhesion molecules,
focal adhesions, leukocyte transendothelial migration, type 1 diabetes mellitus, ECM
receptor interaction, hematopoietic cell lineage, antigen processing and presentation and
cytokine-cytokine receptor interaction (Lenk et al. 2007; Charchar et al. 2012). AAA
has frequently been hypothesised to represent an autoimmune disease (Hirose & Tilson
2001; Pearce & Shively 2006). These data strongly suggest that haplogroup | of the Y
chromosome may play a role in the male predisposition to AAA through modulation of
the immune system. However, data shown here indicate that there is no association
between haplogroup | and the risk of AAA in any of the three cohorts individually or in

their meta-analysis (Figure 7.4). These data also suggest that there are significant
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differences in the pathogenesis of CAD and AAA, and that the effect haplogroup I has
on the male predisposition to CAD is absent in AAA. This may be surprising given the
overlap in pathways associated with AAA and those in men with haplogroup I, yet these
data are in keeping with emerging evidence on differences in the genetics of AAA and
other forms of CVD. Indeed, there is a very small overlap in genetic loci identified as
affecting risk of CAD in various GWASs (Charchar et al. 2012) and in AAA. Just five
loci (ANRIL, ABO, CXCL12, LDLR, DAB2IP) were found to be associated with AAA
(Bown et al. 2008; Ocafia et al. 2008; Gretarsdottir et al. 2010; Hinterseher et al. 2011;

Owens et al. 2011; Harrison et al. 2012; Mahmoodi et al. 2012) and CAD.

7.4.3 Association of other European Y chromosome lineages and AAA

While haplogroup | of the Y chromosome does not predispose its carriers to AAA, it is
possible that another Y chromosome haplogroup may be associated with this disease.
Therefore, five common haplogroups with prevalence over ~2% (E1blbl, J*, K*, Rla
and R1b1b2) were investigated in relation to AAA. This analysis showed no evidence
of association between haplogroups E1blbl, J*, K*, Rla or R1b1b2 and AAA (meta-
analysis P= 0.825, P= 0.620, P= 0.573, P= 0.995 and P= 0.636, respectively). These
data suggest that, at least in populations from the UK, common European Y

chromosome haplogroups do not have a major role in the male predisposition to AAA.

7.4.4 Possible causes of the sexual dimorphism in AAA

While data shown here do not support the notion of a major role of the Y chromosome

in the male predisposition to AAA, a number of potential contributors could account for
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the sexual dimorphism in AAA. Arguably, the most significant of these is the over-
representation of smoking in males. Smoking represents the biggest risk factor for AAA
and significantly increases the risk of the disease (Teo et al. 2006). More men have a
history of smoking, and smoke more cigarettes than women; this means that the
prevalence of AAA in men may simply be a consequence of increased smoking in men
(Teo et al. 2006). A similar finding is observed in relative alcohol consumption (Singh
et al. 2001). Sex steroids may also have a marked effect on prevalence to AAA,
although the contribution of both androgens and oestrogens to AAA is disputed
(Tollerud et al. 1990, Henriques et al. 2008, Webb & Collins 2010, Wu et al. 2009,
Yeap et al. 2010). Similarly, the differences in the functioning of the immune system
between the sexes may affect male predisposition to AAA (possible causes of sexual
dimorphism are discussed in detail in Chapter 1). Furthermore, it is plausible that male-
dominated workplaces, including refuse collection and goods distribution, may increase
AAA prevalence in men by unknown mechanisms (Yusuf et al. 2004). However, there
is currently insufficient data available to either support or disprove this hypothesis. It is
most likely that the cumulative effect of sexually dimorphic risk factors cause the male
predominance in AAA diagnosis (Yusuf et al. 2004; Bloomer et al. 2012). Finally, it is
possible that a Y-chromosome-specific effect common to all European haplogroups
predisposes European men to AAA,; this would explain the sex-bias, and the failure to
find differences between European haplogroups. Studies of Y haplogroups (including C,
D and O) found at high frequency in Asian males could in principle be informative.
Finally, the role of the X chromosome in male-dominated diseases is widely accepted. It

is plausible that X-linked “recessive” alleles may increase risk of AAA in men.
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7.45 Conclusion

Data shown here do not support the hypothesis that the male-specific CAD risk factor,

haplogroup | of the Y chromosome, plays a role in predisposition to AAA.

7.4.6 Future work

Further studies into the potential role of the Y chromosome and predisposition to AAA

in other ethnicities (including Asian, where AAA is very rare) may prove interesting.

Due to lack of funds, analysis of population stratification in the Belfast AAA
cohort was not completed here. While this is unlikely to have significantly affected the

data here, the presence of this confounding factor should be formally discounted.

7.4.7 Major limitations

7.4.7.1 Cohort phenotyping

Recruitment of cases in all three cohorts was executed in both vascular clinics (criteria:
aortic diameter >3 cm) and emergency department (generally ruptured aneurysm
assumed to be >5.5 cm) (Bown et al. 2011). It is plausible that these systematic
differences in selection criteria may have resulted in a wide phenotypic spectrum (Biros
et al. 2011). Indeed, small aneurysms (those below 5.5 cm [Powell et al. 2011]) and
large/ruptured aneurysms may represent differing phenotypes (Powell et al. 2010), and
their joint analysis may dilute the power to identify the causative genetic factors.
Though possible, the same phenotypic spectrum has been successfully used in the

identification of other genetic effectors of AAA (Bown et al. 2008). While the separate
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analysis of small and ruptured aneurysms may prove fruitful, the numbers of rupture

AAA cases are low and thus difficult to collect.

7.4.7.2 Case-control studies

There are significant drawbacks which must be kept in mind when using case-control
studies. Firstly, the risk of confounding effects from both selection bias (where cases
and controls are recruited from separate groups) and recall bias (where information is
remembered with differing accuracy in case and control individuals) is an inherent
limitation of this type of analysis (Lewallen & Courtright 1998, Austin et al. 1994). The
efforts made to minimise such problems across the three cohorts included recruiting
control samples from the same screening programs (those who were validated as
healthy) and gaining medical history from medical notes. The fidelity of this
recruitment was based upon accurate and up to date medical records. The use of larger
cohorts, such as those used here, partially alleviates this problem, although very weak
effect associations may not be identified. The use of prospective studies would
obviously be more informative, however, the availability of these cohorts are very
limited (Li & Chiu 1996) and no such cohort with AAA as main phenotype was

available for this study.

As previously discussed, Y chromosome analysis using cohorts of differing
ethnicity can cause both false positive findings and prevent the identification of
associations due to hidden population stratification. Prevalence data of haplogroup I and
R1b1b2 show significant differences between the two origins studied here, although

these are in line with previous studies.
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7.4.7.3 Statistical analysis

7.4.7.3.1 Haplogroup analysis

As previously discussed (Chapter 3.4.5.1), it remains possible that a higher resolution
European lineage of the Y chromosome (e.g. 11) is associated with AAA. Further
statistical analysis into the association of Y chromosome sub-haplogroups in these
cohorts was not possible due to the small sample numbers which would be assigned to
each specific lineage. Similarly, it is plausible that a Y chromosome haplogroup not
analysed here predisposes its carriers to AAA (including F*, G, P*, R* and R1*); again
the same limitations of sample size prevented its investigation. However, given the very
low prevalence of these haplogroups, they are unlikely to account for a significant
proportion of the sexual dimorphism observed in AAA. It is also plausible that the Y
chromosome as a whole predisposes men to AAA, and given the haplogroup-specific

analysis completed here this effect would not have been identified.

While the use of covariate analysis is very important in genetic association studies,
its use can elicit problems. In this case, the use of smoking as a covariate, while
important due to the significant increase in AAA in smokers, could be problematic.
Generally, patient reporting of smoking levels and duration is unreliable and fraught
with inconsistencies (for example, having quit smoking yesterday may count as an ex-
smoker to one individual, whilst a second individual may require the subject to be
cigarette free for a number of months to be deemed an ex-smoker). A more reliable
measure of smoking uses blood cotinine levels, although this was only available for
Belfast AAA cohort samples. In an effort to keep statistical analysis as uniform as

possible, the decision was made to use history of smoking as the covariate.
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7.4.7.3.2 Population stratification

Assessment of population stratification was completed using two differing methods. A
full discussion of the limitations of these methods can be found in Chapter 3.
Importantly, due to lack of funds it was not possible to complete any form of analysis
for population stratification on the Belfast AAA cohort. While it is possible that
significant population stratification exists in this cohort, as the smallest of the three
cohorts the potential presence of population stratification would have only a very small
(if any) effect during meta-analysis. However, future work should include some form of

population stratification assessment in this cohort.
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8 Discussion

8.1  CAD as a predominantly male auto-immune disease

The involvement of monocytes and macrophages, cytokines, adhesion molecules and
bacterial products in the pathogenesis of CAD has led to its widespread acceptance as
an immunological disease (Chapter 1) (Libby & Theroux 2005; Watkins & Farrell
2006). Recent work has further revealed that CAD may result from a breach of self-
tolerance, and it is evident that atherosclerotic plaque auto-antigens are targeted by IgM
and 1gG (Nilsson & Hansson 2008). The formation of foam cells (lipid-laden
macrophages) is an auto-immune process whereby scavenger receptors on macrophages
detect and phagocytose endogenous oxidised LDL-C (Nilsson & Hansson 2008). Foam
cell formation and auto-antigen presentation further leads to an expansion of T and B
cell clones specific against LDL-C (amongst other modified endogenous structures)
(Palinski et al. 1989; Palinski & Witztum 2000). CAD risk factors such as smoking,
hypertension, hyperlipidaemia and diabetes may act through auto-immune pathways

that damage the arterial intima and increase oxidation of LDL-C (Ambrose et al. 2003).

CAD is more common in men than women, and this sexual dimorphism has
been documented in many populations (further detail in Chapter 1) (Lowry et al. 1983;
Ness & Aronow 1999; Tomaszewski et al. 2009; Roger et al. 2011). The potential
causes that may underlie this apparent male disadvantage in CAD include sex
differences in sexually dimorphic risk factors, relative concentrations of sex steroids
and traits traditionally perceived as typical for one sex such as aggression (further
details in Chapter 1, 3 and 4). However, none of these factors individually explains why
CAD is significantly more common in men than age-matched women, or indeed, why a

paternal history of CAD is one of the strongest risk factors for CAD (Miller 2012).
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8.1.1 TheY chromosome and CAD

Seminal work conducted by Charchar et al. revealed that the Y chromosome is
associated with risk of CAD (Charchar et al. 2012). Indeed, haplogroup | of the Y
chromosome increased the risk of CAD by ~50%, independently of known CAD risk
factors (further details can be found it Chapter 1) (Charchar et al. 2012). In an effort to
elucidate the mechanism through which this lineage of the Y chromosome predisposes
its carriers to CAD, a comprehensive investigation into the role of the Y chromosome in
CAD risk factors and “male-associated” or “sex specific” traits was completed (Chapter
3 and 4). In contrast to existing data showing the association between the Y
chromosome and lipid levels and BP (Ellis et al. 2000; Charchar et al. 2002; Shankar et
al. 2007; Russo et al. 2006), Y chromosome haplogroup had no effect on any of the
conventional CAD risk factors (further details in Chapter 3) in the general population.
The Y chromosome haplogroups also had no statistically effect on levels of aggression
and sex steroids (Chapter 4). These data revealed that the association between
haplogroup 1 of the Y chromosome and CAD is not mediated by traditional
cardiovascular risk factors, sex steroids or “male-associated” / ’sex specific” traits. It is
most likely that haplogroup I increases risk of CAD through different mechanisms than

those studied before.

8.1.2 TheY chromosome and the immune system

At the time of writing, data on the role of the MSY in human health and disease were
extremely limited. Due to its haploid nature (present in single copy in physiologically
normal men), the Y chromosome is routinely removed from GWAS investigations. The

association between MSY and male-specific cancers (Ferlin et al. 2007) and infertility
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(Totonchi et al. 2012) is well-established, but there is a paucity of data on the role of
human Y chromosome in processes and disorders not directly related to male
reproduction. In an effort to delineate the pathways that underlie the association
between the Y chromosome and CAD risk, a hypothesis-free investigation based on
genome-wide transcriptome data was conducted. The results from this investigation
(Chapter 5) revealed for the first time that the Y chromosome haplogroup might directly
modulate the immune system. Indeed, pathways associated with inflammation and auto-
immunity associated with haplogroup | are hypothesised to predispose its carriers to
CAD (further details in Chapter 5). Furthermore, the decreased expression level of two
MSY genes (UTY1 and PRKY, further detail in Chapter 6) in carriers of haplogroup I,
implies that one or more of these transcript(s) may possibly contribute to modulation of

the immune system with a potential to increase the risk of CAD.

8.1.3 UTY1

UTY1 is a well-known X degenerate gene, primarily thought to be involved in self-
tolerance through the production of a male-specific minor histocompatability complex
(Simpson et al. 1997; Vogt et al. 2000). Data shown here provide further support for the
hypothesis that a decrease in expression level of UTY1 may be associated with general
immune dysfunction in carriers of haplogroup I (as highlighted in pathway analysis
Chapter 5). This could potentially lead to an increased risk of CAD through as yet

unknown mechanisms.
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8.1.3.1 UTY1 and the immune system

As previously discussed (Chapter 6), UTY1 is a well-known male-specific minor
histocompatibility complex protein thought to be involved in pathways such as graft
rejection. Minor histocompatibility complexes are a group of cell membrane allo-
antigens that trigger T lymphocyte proliferative and cytolytic activity (Perreault et al.
1990). Their primary role is to bind both exogenous and endogenous peptides for
presentation to T cell receptors (Perreault et al. 1990). Unlike MHC antigens, which are
recognised by both B and T lymphocytes, minor histocompatibility complexes are
recognised only by T lymphocytes (Perreault et al. 1990). Research into the role of
minor histocompatibility complexes in disease is currently restricted to graft vs. host
disease (Sun et al. 2007) and miscarriage disorders (Christiansen et al. 2011). However,
elements of this pathway have also been associated with CAD. A number of small
studies have associated variants in MHC (which are heavily involved in both innate and
adaptive immunity) with CAD (Swanberg et al. 2005) and a large multi-centre meta-
analysis identified that one SNP (rs3869109) in a locus containing HLA-C, HLA-B and
HCG27 was associated with CAD (Davies et al. 2012). The MHC system and minor
histocompatibility complexes are inextricably linked, implying that variation in minor
histocombatibility complexes, such as reduced gene expression of UTY1l, may
predispose to CAD through pathways akin to those containing MHC SNPs associated
with CAD. Taken together, it is tempting to speculate that the reduced gene expression
level of UTY1 in carriers of haplogroup I may translate into changes in the immune
system that ultimately may predispose to CAD through the disruption of self-tolerance.
This hypothesis is further supported by data showing that single X chromosome women
(those with Turner syndrome) have higher rates of CAD than individuals with normal

karyotype counterparts. Given that UTX escapes X inactivation, a decreased gene
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expression level of this gene, and potentially its Y chromosome counterpart as seen in
carriers of haplogroup I, may be the root cause of increased levels of CAD in those with
Turner syndrome (Greenfield et al. 1998; Kozlowska-Wojciechowska et al. 2006).

However, this hypothesis requires significant further research.

8.1.3.2 The origin of the haplogroup I specific variant of UTY1

While it is most likely that the disease-causing variant of UTY1 occurred on the Y
chromosome following haplogroup | divergence from the remaining Y chromosome
phylogenetic tree, it is possible that the underlying sequence variation was transferred
from the X chromosome during aberrant translocation during meiosis. It is widely
accepted that the MSY does not recombine with the X chromosome during meiosis;
however, there are reports disputing this. It has been shown that recombination can
occur between the X and Y chromosome outside of the PAR regions, at recombination
“hot-spots” such as the PRKY/PRKX and VCY loci (Trombetta et al. 2010; Rosser et al.
2009). The transfer of genetic information resulting from aberrant recombination during
meiosis implies that a mutation generated on the X chromosome may be transferred to
the Y chromosome (one haplogroup). Due to the lack of frequent recombination, a
mutation on the Y chromosome may remain while its X chromosome counterpart is
repaired. It is possible that a mutation originating from the X chromosome may underlie
the differential expression of UTY1 in carriers of haplogroup I, and ultimately the
predisposition to CAD of its carriers. However, without further knowledge of the

location of the mutation, the origin of such a mutation remains speculative.
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8.14 PRKY

Protein kinases are a large group of regulatory enzymes known to alter substrate
properties through the phosphorylation of serine, threonine or tyrosine residues (Hanks
& Hunter 1995). Specifically, PRKY and its X chromosome homolog, PRKX, are cyclic
AMP protein kinases that mediate physiological responses elicited by hormones,
regulate gene expression and activate transcription factors including NFxB
(Zimmermann et al. 1999; Pearce et al. 2010). Fully functioning protein kinases contain
up to three regulatory domains (the activation segment, turn motif and hydrophobic
motif) (Yang et al. 2002; Komander et al. 2005). However, no evidence of the turn
motif has been identified in either PRKY or PRKX, nor does PRKY contain a
hydrophobic motif (Pearce et al. 2010). Specifically, PRKY is a transcribed pseudogene
with no documented function (as discussed in section 6.4.1.2.2) while PRKX is involved

in cellular differentiation and epithelial morphogenesis.

Due to the broad action of protein kinases their involvement in pathologies is
wide. To date, proteins contained in the cyclic AMP pathway have been associated with
a number of diseases ranging from cancer (Carpten et al. 2007) to diabetes (Sakamoto et
al. 2003). However, PRKY and its X chromosome homolog have only been implicated
in infertility and sex reversal resulting from a genomic translocation during
recombination (Schiebel et al. 1997; Jobling et al. 1998; Rosser et al. 2009). While a
number of protein kinases have been associated with atherosclerosis (Liu et al. 2012)
and heart failure (Chaanine & Hajjar 2011; van Heerebeek et al. 2012), no such

association has been identified between PRKY or PRKX and CAD.

The lack of documented function of PRKY strongly implies that the identified

association is biologically non-functional. However, it is possible that a haplogroup I-
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specific mutation or genomic variant of PRKY does predispose carriers to CAD. As with
UTY1, it is plausible that this mutation may have arisen on the X chromosome and
transferred to PRKY during an aberrant crossing-over event, or a de novo mutation may
have occurred on the Y chromosome. Either possibility may result in a haplogroup-
specific inheritance pattern of the mutation. Without further detail of the location of the
mutation, this remains speculative. The potential effect of a mutation is difficult to
predict due to the lack of documented function of PRKY. However, the most plausible
action would affect the likelihood of transcript degradation through nonsense-mediated
decay. The mutation may also have an effect on gene expression through altered DNA
methylation patterns. The relatively close proximity of UTY1 and PRKY imply the
presence of a communal promoter which may harbour a variant specific to haplogroup

8.2  Therole of the Y chromosome in AAA

Following the successful identification of haplogroup | of the Y chromosome as a
significant risk factor of CAD, it was hypothesised that this haplogroup may act as a
risk factor for all CVD (details of this work can be found in Chapter 7). Given the
extreme sexual dimorphism and major immunological pathogenesis, AAA was chosen
to investigate the role of haplogroup I in other CVVD pathologies. Haplogroup | of the Y
chromosome was not associated with the predisposition to AAA. Furthermore, the
investigation of other common Y chromosome haplogroups showed that the Y
chromosome as a whole does not have an effect on the male predisposition to AAA in
European ancestry populations. These data add to the growing body of work stating that
the genetic background of AAA and CAD are significantly different (further detail in

Chapter 7).
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8.3  Therole of the Y chromosome in disease

Variation in the Y chromosome has now been associated not only with CAD but also
HIV infection, autism, BP and lipids (Ellis et al. 2000; Charchar et al. 2002; Russo et
al. 2006; Arredi et al. 2007; Shankar et al. 2007; Serajee & Mahbubul Hug 2009;
Sezgin et al. 2009). Work shown here indicates for the first time that the Y chromosome
may contribute to these diseases /phenotypes through its male-specific effect on the
immune system (of particular relevance in CAD and HIV infection). This finding has
important consequences for research into the pathogenesis of other male predominated,
immune-based diseases. To date, autoimmune diseases are widely accepted as being
female dominated (Amur et al. 2012). However, these data suggestive of the effect of
the Y chromosome on immunity including possibly self-tolerance imply that male-
dominated immune diseases, such as psoriasis (McCoombe et al. 2009), may be
associated with MSY. Furthermore, the association between the Y chromosome and the
immune system exemplifies how little is known of the functional potential of this small
portion of the human genome. It can be hypothesised that the Y chromosome has many
other, as yet unidentified, physiological effects which may alter disease prevalence and
response to treatment. While the sex chromosomes pose unique problems during genetic
research, our and other research have highlighted their importance in complex disease

and further research is required in order to fill this large knowledge gap.

-275-



8.4  Future work

8.4.1 Identification of the functional variant

The research discussed here represents the initial steps into elucidating how the Y
chromosome affects the immune system and predisposition to CAD.

A significant advance in understanding would be made should the functional
variant that underlies the association between haplogroup | and decreased expression of
UTY1 and/or PRKY be identified. The causal variant may reside within the sequence of
one of the two genes. Given the apparent co-regulation of both UTY1 and PRKY, it is
possible that the functional variant may lie within a communal promoter of these genes.
However, due to the genomic structure of MSY as one LD block, the functional variant
could potentially reside anywhere in the MSY. In an effort to further restrict the location
of the potential variant, an investigation into the expression level of each gene transcript
should be completed. Potentially, one specific transcript would show differential
regulation in carriers of haplogroup I, implying the variant resides in the variable
sequence of that transcript. Re-sequencing of the gene transcript could then be used in
an effort to identify single base mutations or small insertion/deletions.

While it is possible that only one transcript of the gene contains a functional
variant, it is also possible that a higher resolution lineage of haplogroup | (for example
lal) contains the functional variant. Though an investigation into the role of higher
resolution haplogroup I lineages was not possible here, the development of a larger
replication cohort may facilitate this investigation. An association between a higher
resolution lineage of haplogroup I and expression of UTY1 and PRKY would allow
further bioinformatic investigations into differences between the haplogroup I lineages
and may highlight potential functional variants in silico. Once the functional variant is

identified, either through gene transcript analysis or through sub-haplogroup analysis,
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functional experiments may be conducted to elucidate how this mutation impacts upon

the immune system.

8.5 General limitations

8.5.1 Y chromosome haplogroup analysis

The premises of this research are based on the assumption that the human MSY does
not recombine with the X chromosome, and as such is inherited intact between father
and son. While this assumption generally holds true, there is evidence for the
recombination that can occur between the X and Y chromosome outside of the PAR
regions, particularly at the PRKY (Rosser et al. 2009) and VCY loci (Trombetta et al.
2010). This raises the fundamental question of whether all men in a single haplogroup
are indeed identical at the Y chromosome sequence level. However, until further work
proves that recombination within the MSY frequently occurs, haplogroup analysis
remains the best method of Y chromosome investigation (Arredi et al. 2007; Serajee &

Mahbubul Hug 2009; Sezgin et al. 2009).

8.5.2 Ancestry of populations used

Whilst the cohorts used in this study were of European ancestry, there were some
differences in the specific country of origin. Specifically, YMCA cohorts as well as all
renal tissues (Chapter 6) were of Polish origin while one AAA cohort was recruited in
Ireland (Chapter 7). Theoretically, different population origins may contribute to an
increased risk of population stratification, which could lead to false positive
associations (Thomas & Witte 2002; Cardon & Palmer 2003). A well-known example

of population stratification leading to a spurious association is an analysis of a HLA
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haplotype and non-insulin-dependent diabetes mellitus in a cohort of European and
Pima Indian individuals (Williams et al. 1996; Thomas et al. 2002; Cardon et al. 2003).
It was found that a HLA haplotype increased risk of non-insulin-dependent diabetes
mellitus, however, the association disappeared when Pima Indians were investigated in
isolation. It was later found that both non-insulin-dependent diabetes mellitus and the
“risk” haplotype were much more common in Pima Indian than European individuals,
indicating significant population stratification within the study group (Cardon et al.
2003). While prevalence of Y chromosome haplogroups is known to vary widely across
geographical populations, the prevalence of haplogroup I in the populations studied here
were consistent across populations (ranging from 10-20% prevalence in the general
population). Given the consistent prevalence of haplogroup | and the common ancestral
background from which all haplogroup I carriers would have originated, the difficulties

in analysis of the different ancestral populations is limited.

8.5.3 Hidden population stratification

With the exception of the Polish kidney cohorts and Belfast AAA cohort, all study
cohorts underwent some form of analysis of population stratification. Two widely
validated methods of population stratification were used; the benefits, drawbacks and a
comparison of each method can be found in Chapter 3. No level of population
stratification was identified in any of the cohorts investigated. However, the presence of
differences between carriers of haplogroup | and all other haplogroups was not
investigated in Leicester AAA cohort controls, Leeds AAA cohort, Belfast AAA cohort,
YMCA 1 or YMCA 2 due to financial constraints. While it is not impossible that there

are genetic differences between carriers of haplogroup | and all other haplogroups in

-278 -



these cohorts, no evidence of population stratification have been identified in cohorts
where a thorough population stratification analysis has been completed i.e. in BHF-FHS
and CTS (Charchar et al. 2012).

While population stratification within individual cohorts was assessed where
possible, there are no means of assessing the presence of population substructure
between different cohorts. However, there was no population heterogeneity in several

association analyses.

8.6  Other methods of Y chromosome analysis
While a significant amount of work has gone into developing and perfecting the Y
chromosome phylogeneic tree, there are major limitations in using it in the search for
positive genetic associations with both physiological traits and diseases (including
potential recombination within the MSY and use of smaller lineages). Though
limitations of haplogroup analysis do exist, there are few alternative methods of
analysis. One such alternative involves the use of STRs in the generation of haplotype
analysis. However, while this method can be used successfully in conjunction with
haplogroup analysis, when used in isolation it generally lacks statistical power, since
haplotypes based on STRs may be person- or family-specific. Similarly, the use of the
Y chromosome Hindlll restriction site has yielded important advancements in the
knowledge of Y chromosome biology; however, this method of analysis is only a very
crude assessment of variation within the MSY.

The use of mouse strains such as the Sry- mice (i.e. a Y chromosome where Sry
has been deleted) can potentially provide interesting data resulting from gene deletion.
However, identification of risk variants residing on the mouse Y chromosome has the

same difficulties as their identification in human tissue. Animal models such as these
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are invaluable in downstream research, such as in identifying a potential role on UTY1
in the immune system, but have provided little benefit during the initial identification of
a risk genomic signature.

The development of next-generation sequencing may provide further insight into
the Y chromosome. However, Wei et al. identified no potentially relevant sequence
variations in haplogroup 1 (Wei et al. 2012). Problematically, next-generation
sequencing highlights many hundred of SNPs within the MSY making haplogroup
resolution difficult. Potentially, STR analysis may be the way forward in identifiying Y

chromosome mutations with pathological relevance.
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9 Conclusions

Previous research has shown that haplogroup I of the Y chromosome significantly
increases risk of CAD in its carriers. Data shown here confirm that haplogroup | of the
Y chromosome is not associated with several major sexually dimorphic CAD risk
factors or traits typically described as “male-associated” or “sex-specific”. As such, the
modulation of these phenotypes is extremely unlikely to underlie the association

between haplogroup | and CAD.

In an effort to identify novel pathways that potentially link the Y chromosome
with CAD, a hypothesis-free experiment was conducted based on transcriptome-wide
analysis of human monocytes and macrophages of those with haplogroup I and all other
haplogroups. Inflammatory and auto-immune pathways in macrophages show
significant differences in expression level between carriers of haplogroup | and other Y
chromosome haplogroups. Both inflammation and auto-immunity have been previously
implicated in CAD. Interestingly, the identification of this association in macrophages
and not monocytes implies that the Y chromosome may exert its effect on the
predisposition of CAD at the stage of cell differentiation from monocyte to macrophage.
Furthermore, both UTY1 and PRKY were significantly down-regulated in macrophages
from carriers of haplogroup | when compared to men with other haplogroups. They may
represent potential drivers of the Y chromosome effect on the immune system and

cardiovascular risk.

Finally, it was found that the CAD risk haplogroup, haplogroup I, does not
increase the risk of AAA in its carriers, highlighting the differences in genetic

background and pathogenesis between CAD and AAA.
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This study reveals a completely new role of the Y chromosome in human
biology. Research shows that the Y chromosome has functions different from sex
determination and spermatogenesis, including a potential regulatory effect on the

immune system and cardiovascular risk.
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