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INTRODUCTION

Cardiovascular diseases (CVD) are known as one of the main causes behind the
premature deaths and disability in Western societies. CVD is a complex trait
influenced by the interplay of multiple genes as well as controllable (stress, salt
and alcohol consumption, diet, weight and exercise) and uncontrollable (age,
sex, family history, and ethnic background) including environmental
determinants. Many genetic loci are known to be involved in the etiology of
CVD causing both monogenic and complex forms of the disease. The most
commonly known risk factor leading to the development of stroke, myocardial
infarction and congestive heart disease, heart failure, peripheral vascular disease
and end-stage renal disease is the adverse changes of blood pressure levels
(European Society of Hypertension-European Society of Cardiology, 2003).
Studies among multiple families and twin cohorts propose that the approximate
inheritance of CVD is diverse ranging from 17% up to 66% (Fischer, et al.,
2005; Levy, et al., 2007a; Zdravkovic, et al., 2002; Tobin, et al., 2005a;
Wienke, et al., 2001).

Despite of the knowledge of multiple disease susceptibility loci leading to
CVD many loci are still yet to be described. Recent advances in mapping and
genotyping DNA variants together with a better understanding of genetic
variations in individuals as well as in populations has broadened the studies of
human disease. The success in finding genes underlying human genetic diseases
is greatly dependent on the used markers and their physiological location in the
genome. Variations within coding regions are known to have a high impact on
causing defects directly on gene expression level compared to the rest of the
genomic sequence. In addition to protein coding sequence several other
genomic regions like promoter (Jin, et al., 2008; Liu, 2010 ; Yan, et al., 2010)
and conserved non-coding regions have been shown to have also a remarkable
role in gene expression processes (Dermitzakis, et al., 2005; Paul, et al., 2007;
Reid, et al., 1990; Rowntree, et al., 2001). Genetic analysis based on linkage
and association studies have revealed close to 200 genomic risk loci each with a
potential small effect on CVD development (Adeyemo, et al., 2009; Arking and
Chakravarti, 2009; Harrap, et al., 2002; Org, et al., 2009; Samani, et al., 2007,
Wang, 2005; Wang, et al., 2009).

In this thesis, the literature review gives an overview of the most commonly
used genetic markers and approaches in mapping human genetic diseases,
description of the importance of selection of genomic regions in genetic studies
and the heritability of cardiovascular diseases focusing on hypertension and
coronary artery disease.

The experimental part of current study investigates the genetic variation
pattern within candidate genes known to have an impact on cardiovascular
disease susceptibility. This research included in silico CVD candidate gene
selection; variation detection within the human CVD candidate gene PNMT
(phenylethanolamine-N-methyltransferase) and in regulatory regions like



promoters and conserved noncoding regions (CNRs) of CVD candidate genes;
evaluation of the association of detected variations in PNMT and NCXI
(Nat/Ca2+ exchanger; sodium/calcium exchanger 1) genes with the prevalence
of essential hypertension and coronary artery disease as well as with serum
lipids and BP in two Eastern-European populations.
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I. REVIEW OF LITERATURE

I.1. Human genetic variations and their contribution
to human disease

During the past decade, a great knowledge has been achieved by studying
human genome and the nature of its genetic variability (Lander, et al., 2001;
Venter, et al., 2001). Revealing the complete sequences of four individual
diploid genomes (Bentley, et al., 2008; Levy, et al., 2007b; Wang, et al., 2008;
Wheeler, et al., 2008) has given even more insight about the number of existing
forms of genetic variations and their evolutionary background as well as
susceptibility to human diseases. Analyses of human genetic variations in
phenotypic differences have become one of the central efforts to understand the
function of the genes and genetic variants in predisposition to disease
development.

I.1.1. Genetic variation in the human genome

[.1.1.1. Diversity and distribution of human genetic variants

Human genome is estimated to consist of ~3 billion base pairs (bp) and code
over 20 000-25000 distinct protein coding genes (International Human
Genome Sequencing Consortium 2005). Comparison of two different human
genomes has been shown to exhibit high similarity (99.9%) to one another
differing only by 0.1% in DNA level. These differences are mostly represented
by the natural genetic variations and are used as markers in dissection of the
genetic basis of human disease. Genetic variants in the human genome can be
divided into two different nucleotide composition classes: single nucleotide
variants and structural variants (Table 1) (Eichler, et al., 2007; Frazer, et al.,
2009). First class includes variants where only a single base in DNA sequence
(A, T, G, or C) is altered. Second class, structural variants, occur when one or
more base pairs vary compared to other genomes resulting with changes in
DNA length caused by the insertion, inversion, deletion or duplication events of
DNA segment. Structural changes are generally composed of few bases up to
80kb in length (Levy, et al., 2007b). During the last years a new type of
variations called copy number variations (CNV) were discovered. CNVs are
classically defined as DNA segments greater than 1 kilo base pairs (kb) and
have been shown to play an important role in human diseases like autism
spectrum disorder (Sebat, et al., 2007) and schizophrenia (Walsh, et al., 2008).
CNVs have also been suggested as a major cause that may lead to structural
variation formation involving both duplications and deletions in DNA sequence
(Kidd, et al., 2008).
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First genetic markers used in studying human genetic disease were
restriction fragment polymorphisms (RFLPs), representing single nucleotide
variance in restriction enzyme recognition site (Chakravarti, 1984). Further,
microsatellites, like short tandem repeats (STR), composing of 2—6bp repeat
motifs and minisatellites (variable number of tandem repeats — VNTR) were
used in linkage analysis to identify disease loci within families (Walsh, et al.,
2008). Today the most widely used variations in genetic studies are single
nucleotide polymorphisms (SNPs) and are estimated to represent over 90% of
all genetic variants in the genome (Wang, et al., 1998). At least 11 million SNPs
are proposed to be located in the human genome where approximately 7 million
are suggested to be with minor allele frequency (MAF) of 5% (Kruglyak and
Nickerson, 2001). The vast majority of SNP are bi-allelic, although tri- and
tetra-allelic forms can also be found. Due to the binary property, SNPs are
widely used in association studies in automated high-throughput genotyping
technologies (Wang, et al., 1998). Furthermore, there are large-scale genotyping
platforms available such as Illumina 1M and Affymetrix 6.0 arrays, each
representing over one million SNPs mapped in the human genome. Based on
the high number of SNPs in the genome, several public recourses (i.e.
Haplotype Map (HapMap) Project, etc.) have been built up to provide
researchers with the information of their frequency estimates among different
populations (2005; Frazer, et al., 2007; Lander, et al., 2001; Venter, et al.,
2001).

Table 1. Examples of classes of human genetic variants modified from (Frazer, et al.,
2009)

Variation type Example
Single nucleotide ATTGGCCTTAACCCCCGATTATCAGGAT
variants: ATTGGCCTTAACCTCCGATTATCAGGAT

Structural variants:

Insertion-deletion ATTGGCCTTAACCCGATCCGATTATCAGGAT
variant ATTGGCCTTAACCC - - - CCGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTAACAGTGGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTCGGGGGTTATTATCAGGAT

ATTGGCCTTAGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTA ------- ACCTCCGATTATCAGGAT

Block substitution
Inversion variant

Copy number variant
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[.1.1.2. Small indels and their role in human complex traits

Insertion and deletion polymorphisms (indels) are considered as structural
variations being less than 1kb in size (Scherer, et al., 2007). Small indels are
estimated to be the second most frequent variation type in human genome and
their occurrence may lead to individual phenotypic differences. Recently, more
attention has been paid to the systematic study on mapping indels in the human
genome. Comparison of chromosome 22 in chimpanzee and human
chromosome 21 has revealed nearly 68 000 indels represented mostly by small
variants with the exception of number of larger ones sized up to 54 000bp
(Watanabe, et al., 2004). It has been estimated that human genome may harbour
approximately 1.5 million indels (Mills, et al., 2006). Re-sequencing of 330
genes with known biological role in lipid metabolism and DNA repair among
diverse humans revealed over 2000 small heterozygous indels with length range
between 1bp to 543bp (Bhangale, et al., 2006). Mostly because of the detection
inaccuracy the diversity of indels between individuals is still questioned. For
example, sequencing of three personal genomes discovered different number of
indels in the Venter genome (823 396 indels) (Levy, et al.,, 2007b), in the
Watsons genome (22 718 indels) (Wheeler, et al., 2008) and in the Han Chinese
genome (135 262 indels) (Wang, et al., 2008) that vary significantly.

There are several classes of indels known to exist in the human genome
(Table 2) where majority of indels are single base pair deletions or insertions
followed by monomeric or multibase repeat expansions. Remaining variations
are described either as transposon insertions or indels containing a random
DNA sequence.

Tabel 2. Classification of indels in the human genome. Modified from (Mills, et al.,
2006).

Indel class Examples

Single bases A; T (most common forms); C; G

Repeat expansions:

Monomeric (A)n; (T)n; (C)n; (G)n

Dimeric (AC)n; (GT)n; (TG)n; (CA)n; (TA)n; (AT)n; (CT)n; (AG)n;
(GA)n; (TC)n; (GO)n; (CG)n

Trimeric (AAT)n; (TTA)n; (ATT)n; (TAA)n; (AAG)n; (TTC)n; (TAT)n;

(AAC)n; (ATA)n; (TTG)n; (CAA)n; other (NNN)n
Tetrameric to Decameric
Transposon insertions
Other Indels containing random DNA sequence (~99%); mostly <100bp

If an indel occur in the protein-coding region it tends to be more deleterious
than SNPs. This is mainly because of their size and chance to alter amino acids
and affect the protein production. Therefore, the frequency of small indels in
coding areas has been correlated with the genes with lower selection pressure

13



(Chen, et al., 2007; de la Chaux, et al., 2007). There are several indels known to
cause human genetic disease (Table 3), mostly locating in the coding region as
well as in regulatory regions of genes (such as promoters). The best described
example causing human disease is a 3bp in-frame deletion (AF508) in cystic
fibrosis transmembrane conductance regulator gene (CFTR) leading to the
autosomal-recessive condition called cystic fibrosis (Saleheen and Frossard,

2008).

Table 3. Examples of indel variations leading to human genetic disease.

Gene Location Indel type Disease Reference
FMRI Xq27.3 (CGG)nrepeat  Fragile X mental (Penagarikano, et
expansion retardation syndrome  al., 2007)
HTT 4p16.3 CAG repeat Huntington disease (Aziz, et al., 2009)
MYBPC3 11pll1.2, 25bpdeletion  Heritable (Dhandapany, et al.,
gene cardiomyopathies and  2009)
encoding an increased risk of
region heart failure in Indian
populations
CCRS5 3p21.31  32bp deletion  incomplete HIV-1 (Rasmussen, et al.,
resistance, late onset of 2006; Sheppard,
Schizophrenia et al., 2002)
PAXS 2q12-q14, ACCC deletion Thyroid dysfunction (de Sanctis, et al.,
exon 7 (leads to 2004)
premature stop
codon)
GPIBA  17pl2, 27bp deletion  Severe bleeding (Othman, et al.,
gene disorder, platelet-type ~ 2005)
encoding von Willebrand’s
region disease
MMPI 11g22.3, G nucleotide Cancer (ovarian, lung, (Rutter, et al., 1998)
promoter insertion colorectal)
region
NFxB 4q24, ATGG indel Inflammatory bowel (Karban, et al.,
promoter disease ulcerative 2004; Lewander,
colitis et al., 2007)
BRCAI 17q21, Sbp deletion; breast and/or ovarian (Presneau, et al.,
exon 11  4bp insertion,  cancer 1998)
etc.
CFTR 7q31.2 8108bp deletion susceptibility to cystic  (Faa, et al., 2006)

(exon 2); 182bp
insertion (intron
1), etc.

fibrosis
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1.1.2. Approaches in mapping human disease

[.1.2.1. Linkage and association mapping

Majority of genetic variations in the genome are acting neutral as they are
located mostly in non-coding regions with no major effect on biological traits.
Alterations in DNA sequences which affect individual’s phenotype usually
locate to the protein-coding or regulatory sequences. These modifications may
possibly have an impact on a protein’s functional performance up to the loss of
function.

In order to map genetic variations behind human diseases two main
methodological approaches can be used: linkage and association studies
(Borecki and Suarez, 2001). In linkage studies the responsible trait loci are
assumed to cosegregate from parents to offspring with polymorphic markers at
a specific chromosomal region. This is based on the assumption that two loci
are physically closely linked (Agarwal, et al., 2005) and because of meiotic
recombination a marker that is showing segregation with the trait must be
nearby in the genome (Altshuler, et al., 2008) (Figure 1 A). During the
evolution cosegregation of two loci separated by longer distances might be
broken up by recombination. Linkage mapping is a powerful tool to identify
preferentially rare high-risk alleles contributing to the disease susceptibility. To
measure the significance of linkage, the logarithm of the odds/lod score is used
(Morton, 1955) to describe the recombination fraction between a genetic marker
and disease locus in terms of likelihood ratio. This is based on the null
hypothesis assuming no linkage between the marker and disease loci.

Association studies are based on a statistical correlation between a specific
genetic variation and a trait variation among sample of individuals (Risch and
Merikangas, 1996). Because of the effect of the locus variant on the trait
variant, this approach enables to measure actual causal risk factor (Borecki and
Suarez, 2001). Compared to the linkage analysis an association occurs in short
physical distances in the genome. To detect a positive association a large
number of common (polymorphic) genetic markers or a combination of markers
(haplotype) are required where each contribute with the moderate effects to the
disease susceptibility (Figure 1 B). The statistical evidence of association
between an allele and a phenotype may arise from the potential variant leading
directly to the disease phenotype and is correlated with or is in linkage
disequilibrium (LD) with the nearby causal allele. LD is termed as the non-
random association between the alleles of different loci (Weiss and Clark,
2002). Usually association studies are based on analysis of unrelated affected
(cases) and unrelated unaffected (control) individuals in the population (Cardon
and Bell, 2001). For example, if the prevalence of the allele is more frequent in
the cases compared to controls it will have high probability of being associated
with the diseases susceptibility. In genetic analysis both the linkage as well
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Figure 1. A study of segregation of the mutation (M) (ancestral) and a polymorphic
marker (A/T) with the disease from parents to offspring is called linkage analysis (A).
In this example a recessive mutation is segregating with the polymorphic marker allele
A. Affected individual in pedigree is marked in gray. Red arrows refer to the
recombination events during the segregation. In association analysis, the causal
mutation along with genetic markers is segregating through multiple generations among
randomly mating individuals within population (B). Different colors indicate to the
chromosomal regions segregating during the generations. Modified from (Cardon and

Bell, 2001).
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as the association studies may be used as complementary approaches to each
other (Hodge, 1993). to study complex genetic traits classically a candidate-
gene based association approach is used. This is based on testing the hypothesis
that specific gene(s) are associated with the disease risk (Jorgensen, et al.,
2009). The availability of high-throughput technologies combining with the
cataloging of common human genetic variants (like in dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/) or HapMap
(http://www.hapmap.org/cgi-perl/gbrowse/gbrowse)) have promoted a novel
hypothesis-free, genome-wide association strategy (GWAS) to identify novel
genetic contributors statistically linked to the disease (Frazer, et al., 2007).

I.1.2.2. Critical aspects in design of an association study

Despite of the great effort on technological and theoretical methods the genetic
background of human complex diseases is still largely unknown and remains to
be challenging. Considering the genetic association studies there are multiple
crucial aspects that may arise in studying the disease of interest: (a) sample
collection of properly defined phenotype and population of origin; (b) selection
of genetic markers and methodologies to describe and to test the presence of an
association (c) genetic heterogeneity, where a similar phenotype is caused by
different loci or allelic variants; (d) pleiotropy, where one gene may affect many
traits simultaneously (Altshuler, et al., 2008; Cardon and Bell, 2001,
Hirschhorn, et al., 2002). Compared to family-based studies, population-based
association studies of unrelated individuals could provide a more practical and
powerful tool for the detection of genetic loci related to complex diseases.
However, several problems have arisen from insufficient knowledge of
demographic history and population stratification, which can lead to biased or
spurious results. Therefore, it is essential to explore the unique genetic and
social history of the populations in detail to assure reliable results to be obtained
from the population-based association studies (Cardon and Palmer, 2003;
Pritchard and Rosenberg, 1999).

During the past years in GWAS a number of novel genetic factors linked to
the human diseases and continuous traits of biomedical importance have been
revealed (Hindorft, et al., 2009; Johnson and O'Donnell, 2009). GWA approach
has a great advantage to detect genetic variations throughout the human genome
with no prior knowledge of genes or regions with unknown biological pathways
potentially linked to the disease of interest. The limitation of GWA studies is
that they are classically based on common-disease common-variant (CD-CV)
hypothesis. This theory proposed that common disease-causing alleles are
present in all humans leading to the complex disease excluding the role of rare
variants. GWA results have explained only a small fraction of the burden
human diseases among the entire population (http://genome.gov/gwastudies/).
This suggests that common inherited variations are not likely to explain the
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majority of common human disease but rather by the remaining genetic
variations (for example rare or other forms of genetic (for example epigenetic
variations) or by their combined interactions in the genome level (Schork, et al.,
2009). A moderate success of GWAS may also be a result of an inadequate
coverage of genetic variations available in commercial genotyping arrays
mostly built up of SNPs tagged through LD from the HapMap collection and
comprise less than a half of the SNPs available in dbSNP database (Ku, et al.,
2010). Moreover these platforms do not comprise structural variations like
small insertions, deletions and CNVs identified in the human genome.

1.2. Regulatory regions in the human genome

Regulatory regions are DNA sequences where gene regulatory proteins
potentially bind and have a control over the gene expression processes. It has
been suggested that complex traits may result from noncoding regulatory
variants rather than coding variants altering protein structure as it is common for
monogenic diseases. Still, non-coding regulatory regions have been often
questioned because of their undefined role in the genome function and therefore
further investigation is needed (Glazier, et al., 2002).

I.2.1. Promoter regions as potential affectors
of human disease susceptibility

The most known regulatory DNA sequences are promoter regions where the
transcriptional process is regulated. Promoters are located upstream of a gene
and are composed of specific DNA segments termed as core and proximal
promoter regions. Core promoter is a minimal DNA segment surrounding the
transcription start site (70—80bp) sufficient for initiation of transcription.
Proximal promoter (up to —500bp according to ATG site) is composed of
sequences needed for binding of transcription regulatory factors to enforce the
transcription (Butler and Kadonaga, 2002). The exact length of the true
promoter region is gene-specific and can often be defined experimentally,
Promoters may locate a few hundred base pairs directly upstream of the site of
initiation of transcription or even as far 30-40kb from mRNA start site
(Pedersen, et al., 1999).

In addition, regulatory elements like enhancers or silencers can also enhance
or repress transcription upon interacting with transcription factors. These
regions may range from 60bp up to 900bp, locate anywhere in the genome and
stimulate or repress the transcription process. In genetic linkage and association
studies several cis- and frans-acting DNA variants have been identified that
potentially influence expression levels of human genes. Different alleles located
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of the cis- and trams-acting variants may have various influences on gene
expression profile (Cheung and Spielman, 2009) (Figure 2).

A. Cis (local) regulation

o _

B. Trans (distal) regulation ['\\‘:

i

Figure 2. Effects of cis- and trans-acting DNA variants on different expression levels of
genes. Polymorphic forms of regulators that act in cis (local) (A) or in trans (distal) (B)
to the target gene may lead to the lower or higher expression levels of the gene.
Modified from (Cheung and Spielman, 2009).

As indicated in Figure 2A, subjects with the C variant of the cis regulator (like
promoter region) have a higher expression level of the target gene than
individuals possessing the G variant. Similarly, individuals with the A variant of
the frans regulator (usually a DNA sequence that codes for a gene) have a
higher expression level of the target gene compared to the T variant (Figure 2B)
(Cheung and Spielman, 2009).

There are multiple examples where promoter variations have been shown to
be associated with the increased or decreased risk of human diseases. An
association study of human genetic variant (—-1535C>T) located in the promoter
region of visfatin gene have been shown to decrease the risk of CAD up to 40%
in CT+TT genotype carriers compared to CC genotype carriers in Chinese
population (Yan, et al., 2010). Among HIV-infected and CCR5432 homozygote
individuals, a CCR5432 59537-G/A promoter polymorphism possessing 59537-
A/A genotype have been found to be strongly associated with the low
translational efficiency of the CCR5A32 protein and with the loss of CCR5A32
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protective effects. The results provide an important insight into the mechanism
of resistance to HIV-1 infection and the pathogenesis (Jin, et al., 2008).
Examples of variations in promoter regions and their allelic combinations have
been shown to exist also between hypertension and promoter activity of several
human CVD candidate genes. In human SCNNIA, G allele of the regulatory
SNP (accession no. AF060910) have been shown higher promoter activity
compared to the A allele leading to the elevated the risk of hypertension (Iwai,
et al., 2002). Similarly, A/G polymorphism at —217 position of the AGT gene
showed higher promoter activity in the case of A allele resulting to the higher
binding affinity of transcriptional complex and increased expression level (Jain,
et al., 2005). Studies of the fertility in men have identified a G/T SNP
(rs10835638; —211 G/T) located in transcription start site of highly conserved
promoter region upstream of human FSHB (Follicle Stimulating Hormone
(FSH) beta) gene. The T allele of the SNP has been indicated to decrease the
mRNA production leading to decreased hormone formation in men and is
enriched among male partners of infertile couples (Grigorova, et al., 2008;
Grigorova, et al., 2009).

Regulatory sequences that might affect gene expression level may also be
found in introns. Multiple intronic regions have been identified possessing
regulatory regions leading to the different gene expression profiles. An example
of combined activity of the intronic site has been shown to be present in CFTR
gene expression levels, where the combination of different transcription factors
and cell differentiation and proliferation modifiers has an influence on the fate
of cell-specific expression (Paul, et al., 2007). Also, an alternative regulatory
element in the intron 1 of CFTR gene has shown to increase the intestinal
expression level in vivo (Rowntree, et al., 2001). Similarily, sequence elements
in HPRT gene have been identified both in the first and second intron of the
gene exhibiting an impact on expression in embryonic stem cells in humans
(Reid, et al., 1990).

Approximately 58% of mammalian genes are known to possess alternative
promoters and transcription start sites. Majority of genes harbour at least two up
to more than 20 alternative promoters (Carninci, et al., 2006). In a single gene,
multiple promoter regions may contain different transcription start sites and are
potentially related to tissue-specific gene expression. Genome-wide analyses of
human microarray data have provided evidence that alternative promoter are
positively associated with differential expression and disease susceptibility (Liu,
2010). This kind of high complexity of promoter regions in gene expression
profiles makes these regulatory units challenging to study in the etiology of
human disease.
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1.2.2. Conserved non-coding regions in human disease
development

Comparative genomics used in genetic studies has offered a great opportunity to
detect and to follow how genomes have been changing throughout the
evolution. One of the aims using comparative genomics is to detect
evolutionary conserved and functionally relevant sequence elements in the
genome. Evolutionarily conserved DNA sequences are classically termed as
DNA sequences exhibiting >70% identity over at least 100bp of ungapped
alignment of human compared to mouse DNA (Dermitzakis, et al., 2002;
DeSilva, et al., 2002). There are also ultra-conserved regions (UCR) existing in
the genome defined as DNA segments with 100% sequence identity (spanning
longer than 200bp) compared to rodents (Baira, et al., 2008; Bejerano, et al.,
2004).

For example comparing human chromosome 21 and mouse syntenic
sequences (segments of mouse chromosomes 10, 16 and 17) have revealed
numerous highly conserved regions (CNR). Furthermore, additional support for
conservation has been observed with other placental mammals like dog
(Dermitzakis, et al., 2003). Majority of these CNRs reside in non-coding
sequences, outside as well as within introns of the gene regions and comprise
approximately 1-2% of the human genome (Dermitzakis, et al., 2005). There
are over 327 000 CNR regions estimated to exist in human genome compared to
mouse genome, where 65% are proposed as intergenic and 35% are intronic
sequences (Giardine, et al., 2003). In recent years it has been shown that 3.5%
of noncoding DNA sequence is substantially conserved across diverse mammals
where also some regions have conservation with even more distant vertebrates
like chicken and fish (Bejerano, et al., 2004; Woolfe, et al., 2005). Evolutionary
analyses have also suggested that CNRs might be regulatory and have
functional role in the genome. Respect to their function, identified blocks may
be exons of unknown genes, non-coding RNAs, cis-regulatory regions, or
functional sequences of unknown significance (Dermitzakis, et al., 2002), and
also include areas that are neutrally evolving with the low substitution rate
(Dermitzakis, et al., 2005). Mutations or rearrangements in such conserved non-
coding regions can lead to the disruption of regulatory elements and direct
phenotypic effects (Rossi, et al., 2008).
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1.3. Heritability of cardiovascular disease (CVD)

1.3.1. Challenges in mapping the genetic component of
cardiovascular diseases

Cardiovascular disease (CVD) is known to be associated with the alterations in
heart, metabolism and blood vasculature and is a heterogeneous trait with the
global impact on human morbidity and mortality. CVD development involves
complex interplay of environmental and genetic risk factors leading to the
difference between patients and population groups. There are several modifiable
risk factors, mainly environmental: smoking, diet, exercise; and unmodifiable
risk factors, for example age, sex and birth weight that contribute to CVD
phenotype (Table 4.) (Goldstein, et al., 2006).

Table 4. Examples of physiological, metabolic and environmental risk factors for CVD.

Risk factors:
Modifiable:
Unmodifiable Metabolic environmental or
lifestyle
Gender Total cholesterol (TC) A Smoking
Age LDL-cholesterol (>2.8 mmol/l) Diet
Birth weight  HDL-cholesterol (<1.0mmol/l) Exercise
Genetic Total triglycerides (TG) (>1.7 mmol/l) Infection
background  Obesity Fetal environment

Systolic blood pressure levels (SBP) A¥ Air pollution
Diastolic blood pressure levels (DBP) A ¥ Alcohol consumption
Lp(a) levels A *

Homocysteine levels A

Fibrinogen levels A

C-reactive protein (CRP) level A

*Lp(a) — Lipoprotein(a)

Some of the factors are modifiable by adjusting personal dietary habits.
Lifestyle changes like exercise, smoking and alcohol consumption may also
increase the risk for CVD. To date, there is limited information of the role of
genetic risk factors underlying the complexity of cardiovascular diseases. In
family studies mutations in single genes have been shown to contribute to
severe CVD phenotype, like coronary artery disease and essential hypertension
(Table 5 and Table 6). Majority of cardiovascular diseases reflect multiple
components of larger number of genes each imparting with small genetic effect
to the disease risk (Arking and Chakravarti, 2009; Dominiczak, et al., 2005).
Contribution of several pathways to the progression and emerging of CVD
development have been indicated. For example, lipids, inflammation, oxidative
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stress, renin-angiotensin system, vascular remodeling, sympathetic nervous
system, electrolyte and sodium homeostasis pathways (Delles, et al., 2009;
Dominiczak, et al., 2005). Genes involved in these pathways have a potential
genetic role in CVD pathogenesis. During the recent advances in genotyping
technologies, GWA studies, have revealed approximately 160 loci and risk
factors associated with cardiovascular diseases (Arking and Chakravarti, 2009).
However, there are still many more genes and variations in the human genome
remained to be found and characterized in the pathogenesis of CVD.

1.3.2. Cardiovascular diseases relevant to this thesis:
essential hypertension and coronary artery disease

[.3.2.1. Genetics of essential hypertension (EH)

Hypertension is defined as the constant presence of high blood pressure
exceeding over 140 and/or 90 mmHg — a systolic pressure (SBP) above 140
with a diastolic pressure above (DBP) 90. Essential hypertension (Hypertensio
essentialis (primaria)-EH), also called primary hypertension, is a complex
disease with the prevalence ~27% exhibiting highest rate among people aged
45-69 years worldwide (Delles, et al., 2009; Lawes, et al., 2008). EH comprise
approximately 95% of all hypertension forms and has been shown to be
associated with an increased risk for cardiovascular disease (Cowley, 2006) like
stroke, myocardial infarction, heart failure (Staessen, et al., 2003), and may lead
to renal insufficiency (Rosario and Wesson, 2006). From family and twin
studies heritability of hypertension has been estimated from 25% up to 60%
(Cifkova, et al., 2003; Luft, 2001).

Studies of Mendelian disorders of primary effect on blood pressure
regulation have given a great opportunity to understand the molecular etiology
of the disease. There are in total 17 genes known to cause Mendelian forms of
hypertension and hypotension (Table 5) (Lifton, et al., 2001; Staessen, et al.,
2003). Detected mutations have been shown to affect directly the renal tubular
electrolyte transport functions, indicating to the physiological importance of
kidney in the blood pressure regulation (Lifton, et al., 2001). However, rare
alleles identified in Mendelian forms account for less than 1% of human
hypertension and have been shown only limited association with common forms
of the disease (Kato and Julier, 1999). Efforts on finding association with the
rare alleles of genes underling monogenic disorders and between common
forms of elevated blood pressure or hypertension have been successful with
WNKI (lysine deficient protein kinase 1) (Tobin, et al., 2005a), KCNJI
(potassium inwardly-rectifying channel, subfamily J, member 1), SLCI243
(solute carrier family 12 (sodium/chloride transporters), member 3), and
SLCI2A1 (solute carrier family 12 (sodium/potassium/chloride transporters),
member 1) (Ji, et al., 2008) genes in general population.
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Three main methods have been used to map genetic component underlying
the pathogenesis of hypertension: linkage and association based analysis and
eQTL (Binder, 2006). Until 2004 linkage studies have revealed 26 hypertension
candidate genes belonging to five broad classes, genes involved in: (i) renin-
angiotensin-aldosterone system, mostly on the genes involved in signal
transduction (like GNB3 — guanine nucleotide binding protein (G protein), beta
polypeptide 3) and salt/water handling (like ADDI— adducin 1 (alpha)); (ii)
adrenergic pathways; (iii) vascular and (iv) metabolism related genes (like
NOS3), and (v) genes with potential role in hypertension development
(Agarwal, et al., 2005; Delles, et al., 2009). Over 100 hypertension-related
QTLs (quantitative trait loci) have been revealed in genome-wide linkage
mapping across the genome (particularly chromosomes 1, 2, 3, 17 and 18) each
potentially contributing with a small effect to the disease phenotype (Cowley,
2006). Mainly because of the limited knowledge of the biological pathways,
gene functions, inconsistent phenotype (disease) determination, and influence of
environmental factors, no strong linkage was observed between these genes and
elevated blood pressure levels. In BRIGHT (The British Genetics of
Hypertension) study, using mostly affected sibling pairs, the analysis of
transmission of the disease loci showed several chromosomal loci associated
with hypertension like 6q (lod score 3.21; p=0.042), 2q, 5q and 9q (lod score
>1.57; p=0.017) (Caulfield, et al., 2003). Still, genes and causative genetic
variants in these regions are not yet identified.

To find genetic loci with potential impact on gene expression levels have led
to the eQTL (expression quantitative loci) approach using the combination of
the QTL mapping together with microarray technology. eQTL combines
expression profiling with linkage analysis in segregating populations and further
correlates them with phenotypes (Abiola, et al., 2003). An example of this kind
of study has identified multiple EH candidate genes (n=73) using inbred strains
from spontaneously hypertensive rat (SHR) and the Brown Norway (BN)
progenitor strains (Hubler and Scammell, 2004; Hubner, et al., 2005).
Experimental models with SHR stroke prone strain have derived several
candidate genes like KCNJI (encodes the potassium channel ROMKI1) (Tobin,
et al., 2008), WNKI1, WNK4 (lysine deficient protein kinase 4) (Newhouse, et
al., 2005; Tobin, et al., 2005a); ACE (angiotensin I converting enzyme) (Sayed-
Tabatabaei, et al., 2006) and ADD] (adducin 1 (alpha)) (Staessen and Bianchi,
2005) participating in renin-angiotensin-aldosterone system, and Na, K-ATPase
activity.

Several candidate gene based association studies have been conducted to
reveal polymorphisms in susceptibility to CVD. One of the first studies was
focused on screening polymorphisms in coding and/or flanking regions of 36
CVD genes among European populations (Cambien, et al., 1999). To date, over
160 genomic loci are described (http://genecanvas.idf.inserm.fr/infusions/
genecanvas/Genes/GenesList.php) with the potential susceptibility to CVD
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Table 5. Examples of genes known to be associated with monogenic forms of essential
hypertension, modified from (Cowley, 2006).

Gene Disease Mutations effect OMIM
CYPIIBI; Glucocorticoid- Ectopic expression of #610613
CYPI11B2 remediable aldosterone synthase activity ~ #124080

(cytochrome P450, hyperaldosteronism in adrenal fasciculata
subfamily 11B,
polypeptide 1

and 2)
11BHSD? Apparent Loss-of-function mutation #207765
(hydroxysteroid mineralocorticoid  resulting in excess stimulation
11-p excess of the mineralocorticoid
dehydrogenase)* receptor (MR); hypertension

mediated by increased renal

cortical collecting tubule

epithelial sodium channel

(ENaC) activity
NR3C2 Early-onset S810L missense mutation in ~ #605115
(mineralocorticoid  hypertension with  the ligand-binding domain
receptor severe exacerbation converts receptor antagonists
(aldosterone in pregnancy (such as progesterone) to
receptor) agonists
SCNNIB (sodium  Liddle syndrome De novo missense mutation of #600760
channel non- the B-subunit of ENaC
voltage-gated 1P
(epithelial))#
SCNNIG (sodium  Liddle syndrome Mutation in the y-subunit of  #600761
channel, non- ENaC that deletes the
voltage-gated 1y)# cytoplasmic C terminus,

resulting in excess sodium

retention

WNKI1; WNK4 Pseudohypoaldoster WNK serine—threonine kinase #145260

(protein kinase, onism type I1 defects resulting in
lysine deficient hyperkalaemia and
1 and 4)# hypertension
PPARG Diabetes mellitus ~ Mutations in peroxisome #601487
(peroxisome and hypertension proliferator-activated receptor-
proliferator v Loss-of-function mutation
activated resulting in insulin resistance
receptor-y)
Syndrome of Maternal inheritance causes a  Not yet
hypertension, cytidine substitution in the Identified
hypercholesterolae  mitochondrial tRNA
mia and
hypomagnesaemia

*autosomal recessive; #autosomal dominant
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traits (Arking and Chakravarti, 2009). Though, because of the knowledge of the
expression and function of the human genome is incomplete this approach may
fail to discover important, novel pathways, which could be detected in a
genome-wide scan. Also, multiple phenotypes caused by the pleiotropic effects
may decrease the detection of genetic variant underlying the disease
pathogenesis of interest.

The availability of HapMap data and advances in high density genotyping
platforms have enabled to run hypothesis free genome-wide association
approach to dissect the genetic background of CVDs. Several significant
associations have been observed with BP traits and hypertension in different
populations (Table 6). The two seminal genome wide association studies with
hypertension were conducted by Framingham Heart Study (FHS, 100K Project)
and WTCCC (Wellcome Trust Case Control Consortium) study to identify
genetic variations underling elevated blood pressure in humans (Burton, et al.,
2007; Levy, et al., 2007a). Moderate associations were observed between ten
loci and BP traits in FHS project and between hypertension (Levy, et al., 2007a)
and six genomic regions in WTCCC study (P>5x10") (Burton, et al., 2007).
However, none of these SNPs were common to the two studies. Loci identified
by WTCCC have shown no replication in Europeans and in Koreans (Ehret,
2010; Hong, et al., 2009). In the meta-analysis of the GWAS of hypertension
and blood pressure traits have identified multiple genomic loci exceeding the
genome wide significance level (P>5x10"") (Table 6). In CHARGE Consortium
(Cohorts for Heart and Aging Research in Genome Epidemiology) 13 SNPs
were significantly associated with SBP, 20 SNPs with DBP and 10 SNPs with
the state of hypertension (Levy, et al., 2009). In total eight loci were identified
and shown to associated with systolic and diastolic blood pressure levels among
individuals with European ancestry from the Global BPgen consortium
(Newton-Cheh, et al., 2009). In joint meta-analysis of both CHARGE and
Global BPgen data four loci attained genome-wide significance level for SBP,
six for DBP and one for hypertension (Levy, et al., 2009; Newton-Cheh, et al.,
2009).

Also, independent studies of different discrete populations have revealed
several susceptibility loci associated with BP traits. One study has been
performed to compare association of blood pressure traits and hypertension
risks between SNPs within different ethnic groups like Caucasians and
Koreans (Cho, et al., 2009; Hong, et al., 2010b). In total 27 loci exhibiting
P>4x10" significance level in Global BPgen (Caucasians Global Blood
Pressure Genetics) and CHARGE studies were analyzed among unrelated
individuals from KARE (Korean Association REsource) where only four loci
were associated with blood pressure and the risk for hypertension
(Hong, et al., 2009; Hong, et al., 2010a; Hong, et al., 2010b) (Table 6). Multiple
other GWAS have been conducted to study blood pressure traits and
hypertension in Amish, African Americans and European populations
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Table 6. Examples of GWAS results with susceptibility to BP traits and hypertension

Study Population Genes/loci identified Reference
Seminal studies
WTCCC* (500K British six loci showed moderate (P>5x107) (Burton, et
Affymetrix chip)  population association with hypertension: 1q43, 8q24, al., 2007)
(n=16179) 12p12, 12g23, 13q21, 15926
Framingham Heart Framingham 10 loci (for example in genes CAMK4, (Levy, et
Study (100K Heart Study Clorf118, TMEM144, UGT2A43, OPNS, al., 2007a)
Affymetrix chip)  families, US CDH13) showed moderate (P>5x10")
(n=1327) association with SBP and DBP.
Meta-analysis
CHARGE Individuals of 13 SNPs associated with SBP; 20 SNPs with (Levy, et
Consortium** European DBP and 10 SNPs with hypertension (i.e. in al., 2009)
ancestry ATP2BI1, CYP1741, PLEKHA7, SH2B3,
(n=29136) ATP2B1, TBX3-TBX5, ULK4 and ATP2BI)
Global BPgen*** 17 cohorts of genome wide association (P>5x107) at (Newton-
European eight loci near: MTHFR, CYP17A41 and Cheh, et
ancestry PLCD3 with SBP; FGF5, C100rf107, al., 2009)
(n=34433) SH2B3, CYP1A42,ZNF652 with DBP
CHARGE Individuals of  four loci associated with (P>5X10’8) SBP: (Levy, et
Consortium and European ATP2B1, CYP17A1, PLEKHA7, SH2B3, six, al., 2009;
Global BPgen ancestry with DBP: ATP2B1, CACNB2, CSK-ULK3, Newton-
joint meta-analysis (n=63569) SH2B3, TBX3-TBX5, ULK4, and one with ~ Cheh, et
hypertension: ATP2B1 al., 2009)
Population specific studies
Amish study Subjects of the  association with BP traits and SNPs located (Wang, et
(100K Affymetrix religious Amish within the STK39 gene al., 2009)
chip) isolate (n= 542
subjects)
The KORA Southern a susceptibility locus (rs11646213) located (Org, et al.,
GWAS Germany in CDH13 gene showed association with 2009)
(500K Affymetrix (n(S3)=1644; SBP, DBP and hypertension in KORA S3#
chip) n(S4=1830); and were replicated in KORA S4 and
Estonians HYPEST## cohorts
(n=1823)
African African Association detected with SBP and five (Adeyemo,
Americans study ~ Americans from genomic loci near PMSI, SLC24A44, et al., 2009)

on BP traits (600K the Washington YWHAZ, IPO7 and CACANA1H genes
Affymetrix chip) DC (n=1017)

KARE§ (500K Korean cohort  association detected between SBP and (Cho, et al.,
Affymetrix chip) (n=8842) variant (rs17249754) located near ATP2B1  2009)

gene
KARE replication Korean cohort  association detected with four loci in (Hong, et
using CHARGE  (n=8512) ATP2BI1, CSK, CYP17A1 and PLEKHA7 al., 2010b)
and Global BPgen genes
GWA data (500K
Affymetrix chip)

*Wellcome Trust Case Control Consortium (European origin)

**Cohorts for Heart and Aging Research in Genome Epidemiology (European origin)
***Global Blood Pressure Genetics Consortium (European origin)

§Korean Association REsource

#Kooperative Gesundheitsforschung in der Region Augsburg

## European population-based sample from Estoni
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(Adeyemo, et al., 2009; Org, et al., 2009; Wang, et al., 2009) (Table 6). In
Amish population a strong association has been detected between blood
pressure levels and common genetic variants in STK39 (a serine/threonine
kinase) gene resulting with the increase of 3.3 SBP/1.3DBP mmHg compared to
non-Amish (Wang, et al., 2009). In African American population a significant
association with genetic markers located near five genomic loci and SBP levels
have been described (Adeyemo, et al., 2009.) A novel susceptibility locus,
CDH13, encoding for the adhesion glycoprotein T-cadherin gene, have been
proposed in GWAS for BP traits and hypertension among European populations
(Org, et al., 2009). One of the striking features is that to date among the loci
identified in GWAS only a small proportion of the disease variability are
actually explained. Possible answers could be hidden behind the rare or
structural genetic variants that might identify potential susceptibility alleles or
their combination related to the development of hypertension and its related
traits.

[.3.2.2. Genetics of coronary artery disease

Coronary artery disease (CAD), also known as coronary heart disease (CHD), is
a complex inflammatory-metabolic disease influenced by multiple
environmental and heritable risk factors. CAD is the most common cause of
sudden death worldwide both in men and woman. Coronary arteries in the body
have a role to supply the heart with oxygen and other nutrients. The loss of
normal barrier function of endothelium of coronary artery can lead to the
progressive deposition of lipids and other substances in the blood resulting with
the development of plaque (Watkins and Farrall, 2006). The increased level of
plaque leads to the condition known as atherosclerosis which reduces the blood
flow through the vessels to the heart and may lead to the myocardial infarction
(MI) (Arking and Chakravarti, 2009; Watkins and Farrall, 2006) (Figure 3).

MI is a result of rupture of atherosclerotic plaque and the formation of
thrombus where heart suffers from severe damage of blood flow and oxygen
supply. CAD is known to be highly heritable, ranging around 40% up to 60%
but still only a proportion of the cases are described by the rare monogenic
effects. There are no certain monogenic forms known underlying the CAD
phenotype. Although, there are several intermediate phenotypes of rare
Mendelian diseases described to be involved in premature CAD development
(Table 7). It includes findings mostly linked to the heritable basis of
atherosclerosis and differences in of HDL and LDL cholesterol levels (Watkins
and Farrall, 2006).

Twin studies of fatal CAD events have shown differential heritability in men
and women. The age range between 36-86 years has higher risk for CAD
development; in men, 57%, and in women, 38% (Zdravkovic, et al., 2002).
Family history of myocardial infarction has been indicated as an independent
and important risk factor for premature CAD progression in humans (Assmann,
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et al.,, 2002; Lloyd-Jones, et al., 2004). There are potentially several other
unknown genetic risk factors that may contribute to the higher risk for CAD as
well as cholesterol and blood pressure levels. Most forms of CAD are
multifactorial in aetiology, extremely complex and poorly understood.

Q) Normal artery

Narrowed  Plaque
artery

Figure 3. An illustration of plaque genesis in human coronary artery. Adapted from
(http://www.nhlbi.nih.gov/) A. Normal artery and artery cross-section in the case of
normal blood flow. B. Plaque formation and lumen narrowing in coronary artery, also
called atherosclerosis. Atherosclerotic plaque formation is mainly predisposed by the
elevated TG, LDL and lowered HDL levels. Presence of plaque limits blood flow in
artery and results in myocardial infarction.

Several linkage based studies have been conducted to find genetic determinants
leading to CAD phenotype (Broeckel, et al., 2002; Francke, et al., 2001; Harrap,
et al., 2002; Wang, 2005). In candidate gene based linkage studies multiple
variations have identified to be associated with HDL and LDL levels leading to
the large phenotypic effects (Table 7). For example, both rare and common
sequence differences located in APOB (apolipoprotein B) and LDLR (LDL
receptor) genes have been associated with the concentration level regulation of
LDL in humans (Breslow, 2000). A linkage study among Icelandic individuals
identified ALOX5AP (arachidonate S5-lipoxygenase-activating protein) as a
susceptibility gene and the involvement of leukotriene pathway for myocardial
infarction and stroke. A four-SNP haplotype (HapA, spanning 33kb) located in
the gene showed two times higher risk (adjusted P value of 0.005) for
myocardial infarction and stroke compared to non-carriers. However, no

29



Table 7. List of genes known to be associated with monogenic forms of premature
coronary artery disease, modified from (Watkins and Farrall, 2006).

Gene Disease Mutations effect OMIM
LDLR Familial Defective binding of LDL  #143890
(LDL receptor) hypercholesterola by receptor

emia
APOB Familial defective Reduced binding affinity =~ #144010
(apolipoprotein B) APOB of APOB to LDLR
ABCGS5 (ATP-binding Sitosterolaemia Increased absorption of #210250
cassette, subfamily G, plant sterols
member 5) and ABCGS8

(ATP-binding cassette,
subfamily G, member 8)

ARH (autosomal recessive Autosomal Defective endocytosis of ~ #603813
hypercholesterolaemia recessive LDLR
protein) hypercholesterola

emia
APOAI (apolipoproteinAl) APOAI Deletion or loss-of- #107680

deficiency function mutation that

leads to very low HDL

ABCAI (ATP-binding Tangier disease Impared cholesterol efflux #205400
cassette, subfamily in macrophages (foam
A, member 1) cells)
CBS (cystathionine Homocystinuria ~ Homocysteine increases ~ #236200
B-synthase) thrombotic tendency
MEF2A (Myocyte Coronary artery A mutation in #608320
enchancer factor 2A) disease (ADCAD) transcription factor results

in dominant familial
vascular disease.

association was detected in an independent study between HapA and the risk of
myocardial infarction among British population (Helgadottir, et al., 2004). The
knowledge of participation of leukotriene pathway in CAD pathogenesis has
triggered several candidate-gene association studies to test large numbers of
candidate genes and their variants (Watkins and Farrall, 2006). Using whole
genome-linkage scan with microsatellites have identified multiple susceptibility
loci for CAD/MI on chromosome 14 (LOD= 3.9, P<0.05) (Broeckel, et al.,
2002); on 16p13 (LOD=3.06; P=0.00017) and 10g23 (LOD=2.06; P=0.00188)
among families of North-Eastern Indian origin (Francke, et al., 2001), and on
chromosome 2q36 (LOD=2.63; P<0.0001) in Australian families (VFHS —
Victorian Family Heart Study) (Harrap, et al., 2002).

The most frequently used method for identifying the susceptibility loci for
CAD/MI is candidate gene in combination with case-control based association
studies. Multiple QTLs in already known pathophysiological role in
atherosclerosis for example studies of apolipoproteins have been shown to be
associated with CAD (like lipoprotein A) (Lusis, et al., 2004). Additionally,
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multiple genetic variants have been identified in L7A (lymphotoxin-a) gene
with the susceptibility to myocardial infarction in Japanese cohorts (Iwanaga, et
al., 2004; Ozaki, et al., 2002) and in populations with white European ancestry
(The PROCARDIS Consortium., 2004).

Genome-wide association studies have revealed a common allele associated
with CAD located on human chromosome 9 (Burton, et al., 2007; Helgadottir,
et al.,, 2007; McPherson, et al., 2007; Samani, et al., 2007) (Table 8). The
9p21.3 region has been indicated to be associated with CAD among individuals
participated in the Ottawa Heart Study (OHS) (McPherson, et al., 2007) and
Icelandic patients with MI and is highly replicated in multiple other cohorts of
European descent from three cities from the United States: Philadelphia, Atlanta
and Durham (Helgadottir, et al., 2007). To date, using GWAS eight different
loci in multiple independent sample collections, have reached for genome-wide
significance (P>5x10"") with myocardial infarction (Kathiresan, et al., 2009)
(Table 8). Compared to the GWAS of BP traits and hypertension a fewer loci
with stronger associations as well as higher replication rate have been observed.
This might be explained by the better described as well as by fewer intermediate
phenotypes in the CAD pathogenesis than in hypertension or in BP traits.
Animal models describing the pathogenesis of CAD are limited. There are not
yet any well described animal models characterizing the CAD phenotype or the
plaque formation in coronary arteries (Watkins and Farrall, 2006).

Table 8. Examples of GWAS results in susceptibility to CAD

Study Population Genes/loci identified Reference
WTCCC* (500K British population Locus 9p21 (rs1333049, ) (Burton, et
Affymetrix chip) (n=16179); 1926 associated with susceptibility to  al., 2007,

CADcasesand  CAD (P>5x10%) Samani, et

2938 controls al., 2007)
GWAS on Icelandic Three SNPs (rs1333040, (Helgadottir,
Myocardial population: 4587  rs2383207, rs10116277) located et al., 2007)
Infarction cases and 12767  on 9p21 had OR 1.22 for the risk
(Illumina Hap300 controls allele and P ~1x10°
chip)
Ottawa Heart Caucasian cohort: Two SNPs (rs10757274 and (McPherson,
Study (OHS) 500 CAD cases  1s2383206) located in 9p21 et al., 2007)
(500K and 500 controls  showed significant association
Affymetrix chip) from Canada with CAD
International Individuals from  Six genetic association signals (Kathiresan,
study of MI US, Sweden, locate near 9p21.3: CXCLI2, et al., 2009)
(Affymetrix Finland, Spain, SMAD3, MTHFDIL, and MIA3,
6.0 chip) and Italy: 2967 near CELSR2 / PSRC1/SORTI,

cases of early- 2q36, and PCSK9 genes. Two

onset MI and novel susceptibility loci in

3075 controls PHACTRI and MRPS6/KCNE?2

genes.

* Wellcome Trust Case Control Consortium
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1.4. Cardiovascular candidate genes targeted
in this study

Based on the genomic location, linkage peaks, knowledge of association with
CVD and functional importance in CVD susceptibility, two human
cardiovascular candidate genes among 162 genes were selected for the current
study: PNMT (17q21-22) and NCXI (2p22.1) (Figure 4). Both of these genes
are known to have a significant role in pathogenesis of CVD in humans.

1.4.1. Human PNMT gene as a candidate gene for
cardiovascular disease

Several genetic studies have indicated an important role of chromosome 17 in
blood pressure regulation in humans, also both in mouse and rat syntenic
chromosomes (chromosome 11) and rat (chromosome 10) respectively, leading
to hypertension (Hilbert, et al., 1991; Julier, et al., 1997). One of the proposed
CVD candidate gene, a human PNMT. This gene is located at chromosomal
position 17q21-22 (Cui, et al., 2003) and contains only three exons and two
introns (Figure 4A). PNMT codes for phenylethanolamine-N-methyltransferase
which is a key enzyme in the last step of catecholamine biosynthesis, catalyzing
the synthesis of epinephrine from norepinephrine. PNMT is present in many
tissues throughout the body with higher concentration in the adrenal medulla
and the left atrium of the heart (Ziegler, et al., 2002). The adrenomedullar
hormone epinephrine has shown to transduce environmental stressors into
cardiovascular events like hypertension, adrenergic control of stress, metabolic
function, and energy metabolism. Therefore, mutations in this gene region have
suggested having an impact on cardiovascular system and leading to early
lethality. Still, no distinct clinical or metabolic phenotype with indication on
PNMT dysfunction as well as candidate mutation in PNMT has been reported
(Haavik, et al., 2008).

Although, the significant role of a 5upstream SNP in PNMT gene in
hypertension has been detected. Enrichment of the G-allele of PNMT-390
promoter variant (Figure 4A) among hypertensives (38.02%) compared to
normotensives (27.35%) was identified in African Americans (P=0.019). No
significant differences were observed in Greeks and Americans of European
decent (Cui, et al., 2003). Furthermore, for neurological diseases such as
Alzheimer disease and multiplex sclerosis, a protective effect of the
heterozygous status of two SNPs (—390/-184 GA/AG) have been indicated
(Mann, et al.,, 2001; Mann, et al., 2002). Both of the detected promoter
polymorphisms, SNP-184; SNP-390, have been previously shown to be
associated with Alzheimer disease (Mann, et al., 2001) and multiple sclerosis
(Mann, et al., 2002) as well as with the enrichment of G-allele of SNP-390 and
hypertension among individuals originated from America, with African decent
(Cui, et al., 2003).
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1.4.2. Human NCXI gene as a candidate gene
for cardiovascular disease

Human NCXI gene is located on chromosome 2p22.1 and consists of 12
alternatively spliced exons (Figure 4B) (Kraev, et al., 1996) that lead to the
formation of different tissue specific isoforms (Quednau, et al., 1997) with
different functional properties (Dunn, et al., 2002; Hurtado, et al., 2006). NCX1
is predominantly expressed in the heart, neurons and renal tubules, but also at
lower levels in other tissues, including the smooth muscle, skeletal muscle, lung
and spleen (Blaustein and Lederer, 1999). Na'/Ca™ exchanger (NCX1) is
known as bidirectional calcium transporter which is responsible for calcium
homeostasis in cardiac myocytes and in several other cell types, catalyzing the
exchange of one Ca®" ion for three Na" ions across plasma membrane. NCX has
shown to be responsible for 90% of Ca*" extrusion from the heart where the
exchanger is an important regulator of contractility (Noble and Herchuelz,
2007). Na'/Ca™ exchanger participates in regulation of vascular function and
therefore, alterations in the exchange process might lead to the CVD
development (Blaustein, 1993) like arrhythmias, heart failure (Schillinger, et al.,
2003) and salt-sensitive essential hypertension (Kokubo, et al., 2004).

Re-sequencing of the entire coding and promoter regions of NCXI gene in
Japanese population identified 15 wvariations where two upstream poly-
morphisms (—23200T>C and —23181T>C) were significantly associated
with the prevalence of hypertension in both men (P=0.04) and women (P=0.03)
(Figure 4B). The pathophysiological functional behaviors of these poly-
morphisms are still remained to be studied (Kokubo, et al., 2004). In Ncx1
—/— deficient mice the complete lack of exchanger activity may lead to the
severe alterations in heart development and embryonic lethality (Iwamoto, et
al., 2004).
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A. Structure of human PNMT gene (17q21-22)
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Figure 4. A. Genomic structure of human PNMT gene drawn to an approximate scale.
The 5' and 3'UTR have been indicated according to NCBI GenBank database (February
28, 2006 release). B. Genomic structure of human NCX/ in arbitrary scale adapted from
(Kokubo, et al., 2004).
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2. AIMS OF THE PRESENT STUDY

The aims of the present study were:

e to compile a list of cardiovascular disease (CVD) candidate genes to be used
in a series of studies exploring the genetic component of CVD in Estonian
and other European populations

e to conduct polymorphism screening in promoter and evolutionarily
conserved non-coding regions of selected CVD candidate genes in order to
identify potential gene regulatory variants

e to perform genetic association analysis between identified genetic variants in

selected CVD genes (PNMT, NCXI) and cardiovascular traits in two
Eastern-European populations
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3. RESULTS AND DISCUSSION

3.1. The selection of candidate genes
with a potential role in regulation
of cardiovascular phenotypes (Ref. I)

Candidate genes which are potentially involved in cardiovascular disease
(CVD) genesis were selected based on the information from literature reports
and different genome resources such as OMIM, NCBI GeneBank, NCBI
Locuslink and Ensembl. Based on the previous evidence of involvement in
CVD development, genetic and biological role in cardiovascular systems, a list
of 162 candidate genes was gathered for the further analysis for cardiovascular
traits (Additional Table 1). This list includes genes currently known to lead to
Mendelian forms of hypertension/hypotension (Table 5). Alterations in genes
with a primary effect on blood pressure regulation includeing SCNNIB and
SCNNIG genes leading to Liddle syndrome, CYPI1/B2 and CYP11B2 causing
glucocorticoid-remediable aldosteronism (GRA), [I/BHSD2 resulting in
apparent mineralcorticoid excess (AME), WNKI and WNK4 leading to
autosomal dominant and highly penetrant disorder as pseudohypoaldosteronism
type 2 (PHA2), and mutations in NR3C2 altering ligand-binding domain and its
function that leads to hypertension during the pregnancy. To better understand
the nature of the regulation of high blood pressure, genes associated with low
blood pressure like CYPIIB2, SLCI2A43, SLCI241, KCNJI1, CLCNKA,
CLCNKB, BSND, CYP17A41, CYP21A42 were also included in the selection. In
addition genes related to complex phenotypes of essential hypertension,
myocardial infarction, coronary artery disease as well as genes reported from
animal models, in human association studies, and near linkage peaks or
quantitative trait loci (QTLs) were added to the list. Among 162 genes 32.1%
were previously shown to participate in the development of essential
hypertension, 21.6% with coronary artery disease, myocardial infarction and
atherosclerosis, and 14.2% with changes in serum lipid levels (Table 9).

Table 9. Generic distribution of 162 CVD candidate genes of the study (Additional
Table 1)

Disease/trait involved Number of genes Percentage
Essential hypertension/hypotension; 52 32.1%
Blood pressure: SBP, DBP

Kidney/renal function, EH 44 27.2%
Coronary artery disease, myocardial infarction, 35 21.6%
atherosclerosis

Serum lipids: HDL, LDL, TG 23 14.2%
Metabolic Syndrome, obesity 19 11.7%
Genes with pleiotropic effects 35 21.6%
Other 45 27.7%
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Cardiovascular diseases are known for their high complexity with different
genetic polymorphisms in many genes leading to multiple phenotypes. Based on
their functional role, 21.6% of the listed genes show evidence of pleiotropic
effects on multiple cardiovascular phenotypes or traits making the detection of
causative variants underlying the disease even more complex to accomplish. For
example genetic variants located in LEP (leptin precursor), ADORA2A
(adrenergic, beta-2-, receptor, surface) and ADDI (adducin 1 (aplha)) genes
have shown association with the susceptibility to coronary artery disease and
essential hypertension. Additionally, 45 genes with an indirect implication to
CVD development like different receptors and ligands (for example 4AVPRIA,
AVPRIB (arginine vasopressin receptor 1A and 1B), and AVPR2 (Arginine
vasopressin receptor 2 (nephrogenic diabetes insipidus)) were included
(Additional Table 1).

Currently, there are no certain pathways known to be entirely responsible for
cardiovascular phenotype but based on functional role, a great majority of these
162 genes tend to cluster into three major organ systems: renal (salt handling),
heart and sympathetic nervous systems (Figure 5).

CARDIAC OUTPUT

Blood volume

extracellular fluid volume
arterial and venous compliance
resistance fo venous returns

HEART AND BLOOD VESSELS: NEUROENDOCRINE SYSTEM
ISTR]UCTU‘R[]‘\\[ D FUNCTION (hormones, sympathetic nervous system,
ocal autoregulation endocrine and paracrine system)
vascular ICﬂCtIVIly

cardiac contractivity

aorta and heart-wall thickness and morphology

microvessel density \

Renin-Angiotensin-Aldosterone System (RAAS)
adrenaline, noradrenaline

arginine vasopressin

atnal natriuretic peptide

Teactive oxygen species

nifric oxide

Defects in these systems may lead to cardiovascular disease

v KIDNEY STRUCTURE AND FUNCTION
pressure-natriuresis
tubular Na+ reabsorption
glomerulal filtration rate: urinary protein
renal blood flow
renal vascular resistance
morphology

Figure 5. Three organ systems known to be involved in CVD pathogenesis. According
to the reported functional roles and association to different cardiovascular pathways,
162 CVD candidate genes (Additional Table 1) can be divided among three major organ
systems: renal, heart and sympathetic nervous system. Defects in these systems have
been shown to influence CVD development in humans as well as in several model
organisms.
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A number of reports highlight multiple pathways and defects in these organ
systems indicating as important players behind CVD regulation (Delles, et al.,
2009; Dominiczak, et al., 2005; Floras, 1993; Helgadottir, et al., 2004).
g:Profiler analysis (Reimand, et al., 2007) clustered the majority of the 162
genes into seven distinct KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways involved in cardiovascular regulation: calcium signaling pathway,
hypertrophic ~ cardiomyopathy = (HCM), aldosterone-regulated sodium
reabsorption, neuroactive ligand-receptor interaction, renin-angiotensin system,
vascular smooth muscle contraction and type II diabetes mellitus (Figure 6).
Although genes and genetic variants underlying CVD have been thoroughly
investigated for years, many loci in human genome involved in complex
pathogenesis of CVD are still remained unmapped and undescribed.

vascular smooth
muscle contraction;
(n=41)

neuroactive ligand-
receptor interaction;
(n=40)

Figure 6. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway prediction
(g:Profiler) for all 162 known CVD susceptibility genes. In total seven distinct
pathways were observed: calcium signaling, hypertrophic cardiomyopathy (HCM),
aldosterone-regulated sodium reabsorption, neuroactive ligand-receptor interaction,
renin-angiotensin system, vascular smooth muscle contraction and type II diabetes
mellitus pathways
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3.2. CVD phenotype description and subject
selection criteria for polymorphism screening
and association studies (Ref. 11-1V)

Two types of CVD, coronary artery disease (CAD) and essential hypertension
(EH) were analyzed in detail among two Eastern-European populations: Czechs
and Estonians.

3.2.1. Sample collections used in the study

The collection of HYPEST (HYPertension in ESTonia) and CADCZ (Coronary
Artery Disease in CZech) sample sets were approved by the Ethics Committee
on Human Research of University of Tartu, Estonia and by the Ethics
Committee of Charles University—1st Faculty of Medicine, Prague, Czech
Republic. During the recruitment, all participants with Eastern-European
ancestry gave their written informed consent and filled out a self-administrated
epidemiological questionnaire including questions about their past and present
health together with lifestyle factors.

Subjects representing HYPEST case-cohort sample were recruited across
Estonia during 2004-2007 with the aim to evaluate risk factors for essential
hypertension and related cardiovascular traits (Org, et al., 2009). In this work a
subset of HYPEST collection (n=1122) (Table 10) including 470 individuals
with essential hypertension (n=470) and 652 healthy individuals as controls
were analyzed. Essential hypertension was diagnosed by a cardiologist during
the patients’ ambulatory visits or hospitalization at the North Estonia Medical
Center, Centre of Cardiology, or at the Cardiology Clinic, Tartu University
Hospital, Estonia while healthy individuals recruited from the long-term blood
donors across Estonia had no personal history of CVD and had never been
prescribed any relevant medications.

In the case of CADCZ cohort (n=670) (Table 10), individuals with coronary
artery disease (CAD, n=257) were recruited by the Cardiology Department of
the 2nd Clinic of Internal Medicine, Faculty Hospital Kralovské Vinohrady in
Prague Czech Republic (Janosikova, et al., 2003). Individuals with no personal
history of CAD, essential hypertension, MI, peripheral arterial disease, stroke,
and with no recorded prescription of related medications (n=413) were obtained
as controls from health clinics across the Czech Republic.
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3.2.2. Phenotype definitions used in the study

In total, 727 patients with cardiovascular phenotype and 1065 healthy
individuals were defined and analyzed to reveal the genetic component behind
the regulation of CVD and its related traits. Patients with essential hypertension
(n=470, Table 10) from HYPEST cohort were defined as follows: (a)
individuals with SBP>160 mmHg and DBP>100 mmHg readings and (b)
individuals diagnosed by blood pressure specialists or subjects with prescribed
antihypertensive medications. The matched normotensive control group (n=652,
Table 10) consisted of: (a) subjects with SBP<140 mmHg and DBP<90 mmHg
readings and (b) with no recorded prescription of antihypertensive medications.

Patients with CAD phenotype (n=257, Table 10) in CADCZ sample set were
diagnosed in accordance with WHO criteria (http://www.who.int/en), with one
or more large stenosis of a major coronary vessel confirmed by coronarography
in all subjects (Janosikova, et al., 2003). The exact diagnosis was prescribed by
clinicians in the Cardiology Department of the 2nd Clinic of Internal Medicine,
Faculty Hospital Kralovské Vinohrady in Prague Czech Republic and Czech
health clinics between 1998-2000. Healthy individuals (n=413, Table 10) in
CADCZ sample set were recruited by health clinics across Czech Republic and
represented with no personal history of CAD, essential hypertension, MI,
peripheral arterial disease, or stroke, and had never been prescribed any disease
related medications.

Subjects of CADCZ sample set were further subgrouped based on having
MetS (n=88) as growing evidence of MetS in regulation of CVD, specifically in
atherosclerotic diseases leading to CAD, has been reported (Kasai, et al., 2008).
MetS in CADCZ was defined using criteria appointed by the International
Diabetes Federation (http://www.idf.org): triglycerides>1.7mmol/L;
BMI>30kg/m2; SBP>130mmHg; DBP>85mmHg and HDL>1.29mmol/L.

Many end-stage phenotypes like renal insufficiency (Rosario and Wesson,
2006) and heart failure are known to affect CVD. To avoid false positive results
in association study, all subjects diagnosed with diabetes and renal diseases
were excluded from HYPEST and CADCZ sample sets. Furthermore, to
minimize the effect of severe obesity and age related risk factors, individuals
only with BMI <35 kg/m” and age <65 were analyzed. Reducing the impact of
the prescribed medications, two corrections described by Martin Tobin and Jun
Wu were applied for individuals who had taken antihypertensive or lipid
lowering drugs respectively (Tobin, et al., 2005b; Wu, et al., 2007).
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Table 10. Baseline characteristics of patient and control individuals in CADCZ and
HYPEST cohorts

HYPEST cohort CADCZ cohort

Characteristic . Healthy CAD Healthy

EH patients subjects patients subjects
Number of subjects 470 652 257 413

Mean (SD)

Age (years)' 43.9 (13.0) 39.0(4.9) 51.2 (8.1) 49.5(7.4)
Body Mass Index (BMI)
(ke/m’) 28.7(3.7) 24.4 (3.3) 27.9(3.3) 253 (3.1)
Systolic blood pressure
(SBP) (mmHg) 143.2 (17.6) 130.0 (22.7) 136.6 (19.2) 125.2(14.0)
Diastolic blood pressure
(DBP) (mmHg) 87.4(10.6) 81.0(14.6) 85.1(11.3) 80.3(9.3)
Total cholesterol
(mmol/liter) 5.6(1.1) 5.0(1.4) 5.4 (1.0) 5.6 (1.0)

High-density lipoprotein
(HDL) (mmol/liter)

Low-density lipoprotein
(LDL) (mmol/liter) 3.8(1.0) 33(1.1) 3.2(0.8) 3.4(0.9)

Tricylglycerols (mmol/liter)  1.8(1.6)  0.8(03)  2.1(1.3)  L5(LD)

1.5(04)  1.7(0.5) 12(03)  1.5(0.4)

'EH and CAD patients: age at the onset of disease; healthy subjects: age at the recruitment

3.3. Screening for novel genetic markers
in CVD candidate genes (Ref. I1-1V)

3.3.1. Selection of genomic regions and methods
for detection of genetic variants

In order to detect variations underlying the pathogenesis of cardiovascular
diseases, potential regulatory regions for the 162 originally selected genes were
defined and subjected to polymorphism screening.

Firstly, the entire PNMT gene was screened for variations potentially having
an impact on CVD pathogenesis. PNMT gene, located in chromosome 17, has
been identified as a significant gene involved in blood pressure regulation
(Knight, et al., 2003; Naber and Siffert, 2004; Rutherford, et al., 2001);
accordingly is considered as a candidate gene of high importance in CVD (Cui,
et al., 2003; Koike, et al.,, 1995). The entire PNMT gene (Chr.17q21-22,
3187bp) was subjected to polymorphism detection in hypertensive and
normotensive individuals among two Eastern-European populations (Figure 7).

Secondly, promoter regions defined among CVD candidate genes were
subjected for polymorphism screening. Promoter regions were assessed
according to NCBI GenBank sequences spanning from +100bp up to —500bp
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relative to mRNA transcription initiation sites, harboring both the core and
proximal promoter regions. As the accurate determination of the transcription
start site and the potential promoter region of the gene is difficult to identify,
only 29 genes out of 162 were subjected for further promoter polymorphism
screening among Eastern European population (Figure 7).

Thirdly, conserved noncoding regions (CNRs) of the CVD candidate genes
were analyzed among two Eastern European populations. Genomic regions
exhibiting >70% conservation of 100bp sliding window compared to mouse and
rat genomes were addressed. In total 105 CNRs located in 25 genes that fit the
above criteria and were further analyzed in the pathogenesis of cardiovascular
diseases (Figure 7, Additional Table 2).

Polymorphism screening of all selected genomic regions were assessed by
three alternative detection methods: re-sequencing (Sanger method), DHPLC
and DGGE assays. Direct sequencing was applied for variation screening of
core promoter regions of 29 human genes (given in bold in Additional Table 1)
and for human PNMT gene. DHPLC and DGGE applications were used to
identify potential regulatory variants within 105 CNR regions of 25 CVD genes
(are underlined in Additional Table 1). DHPLC is based on denaturation/
renaturation and analysis of formed heteroduplexes of genomic sequences.
DGGE is based on different melting properties of dsDNA in an increasing
gradient of denaturant (urea and formamide) at fixed elevated temperature.

3.3.2. Diversity and polymorphism pattern within
human PNMT gene and CVD candidate gene promoter
regions (Ref. 1I-11l)

3.3.2.1. Screening of genetic variation of human PNMT gene (Ref. Il)

The entire human PNMT gene was re-sequenced in hypertensive and
normotensive individuals with European ancestry with the aim to identify novel
hypertension-susceptibility polymorphisms. Re-sequencing of human PNMT
gene (3187bp; [GeneBank:J03280.1]) was performed among normotensive
(n=50) and hypertensive individuals (n=50) from HYPEST and CADCZ sample
sets (Figure 7). Samples included equally 25 normotensives and 25
hypertensives from both cohorts. The re-sequenced region spanned the entire
5’and 3'UTR regions (—882bp to +2305bp relative to ATG), three exons
(424bp, 208bp, 525bp), and two introns of the gene (Figure 4A). In total seven
SNPs along 3187bp region were revealed by re-sequencing, represented by
three rare genic polymorphisms and four upstream SNPs indicating to relatively
low variation (Ref. II: Figure 1, Table 2). Compared to NCBI reference
assembly (build no.131), there are 55 SNPs described to locate in PNMT gene
from which 15 were in coding regions. Detected variation pattern was similar in
both populations. No single SNP was exclusively present in hypertensive
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individuals. Only one non-synonymous mutation in exon 3 (SNP+1517; Ala-
>Thr) was detected, present in both normotensive (MAF=6%) and hypertensive
(MAF=4%) individuals. Apart from two upstream SNPs (SNP-184 A/G; SNP —
390 A/G) none of the other detected variations have been previously described
as common variants in human genome. Detected low variation pattern of the
entire human PNMT gene, described among 100 Eastern-European individuals,
may reflect the significant role of epinephrine in the regulation of
cardiovascular and metabolic functions. Also, neurons expressing PNMT have
been suggested to play a critical role in regulating the development and
maintenance of hypertension (Reis, et al., 1988).

3.3.2.2. Polymorphism screening in promoter regions
of 29 CVD candidate genes (Ref. Ill)

To describe the variation pattern of core promoter regions (+100bp up to —
500bp relative to mRNA transcription initiation site) in 29 CVD candidate
genes, 14 Estonian normotensive individuals were re-sequenced (Figure 7). In
total, 23 SNPs among 12 genes were detected ranging from one up to four SNPs
per core promoter region. The most variable core promoter regions were located
in CYPI11B2, IL1A and SLC14A2 genes, known to have duplicate copies in the
genome. No SNPs were detected in 17 (59%) out of 29 genes: ACE, ADDI,
ADD2, AGT, AGTR2, KCNJI, NPRI, HSDI11Bl, CLCNKB, KLKI, NR3C2,
CYP2142, SLC22A42, REN, ATP1A41, SCNNIB, and SLC8A41. Observed low
variation in these core promoter regions are in concordance with their crucial
role in the gene regulation processes. Majority of detected SNPs were
singletons or located in duplicated genes and therefore no further studies were
performed.

3.3.2.3. Diversity parameters of PNMT and 29 CVD gene promoter
regions (Ref. lI-l11)

Population genetics statistics were further used to estimate the evolutionary
pressure on human PNMT and on promoter regions of 29 CVD genes. The
variation pattern observed by re-sequencing of entire PNMT gene were the
lowest within introns, representing only one rare SNP (SNP +360) located in
intron 1 of PNMT gene (Table 11, Ref. II: Figure 1). Comparing diversity
parameters between intronic, exonic and upstream regions revealed that introns
exhibited >15 fold and >7 fold diversity reduction compared to 5° UTR and
exons respectively. In contrast, diversity between 5’ UTR and exons showed
only 2-2.5 fold difference (Table 11). Furthermore, second intron, spanning
only 114bp, of PNMT gene showed complete lack of diversity.
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Table 11. Sequence diversity parameters of human PNMT gene and the core promoter
regions of 12 cardiovascular disease candidate genes

Gene (region) No. SNPs 7' 0’ D’
PNMT gene
All Estonians® 6 0.00037 0.00036 0.04368
S d Hypertensives 0.00035 0.00035 0.01342
r:;‘;flnce Normotensives 0.00039  0.00042  —0.16433
(3187bp) All Czech 7 0.00027 0.00036 -0.56268
Hypertensives 0.0030 0.00042 —0.72287
Normotensives 0.00024 0.00035 —0.75219
All Estonians 2 0.00052 0.00050 0.07805
Hypertensives 0.00050 0.00039 0.51545
Exons Normotensives 0.00056 0.00058 -0.07671
(1157bp) All Czech 2 0.00052 0.00050 0.06616
Hypertensives 0.00054 0.00058 -0.13715
Normotensives 0.00050 0.00039 0.50566
All Estonians 1 0.00002 0.00018 —1.02786
Hypertensives NA NA NA
Introns Normotensives 0.00004 0.00021 —1.10280
(1065bp) All Czech 1 0.00007 0.00018 —0.68607
Hypertensives 0.00007 0.00021 -0.87191
Normotensives 0.00007 0.00021 —0.87191
All Estonians 3 0.00116 0.00066 1.38242
5" UTR Hypertensiyes 0.00114 0.00076 1.03138
region Normotensives 0.00120 0.00076 1.19760
(882bp) All Czech 4 0.00121 0.00088 0.74751
Hypertensives 0.00138 0.00101 0.83180
Normotensives 0.00099 0.00101 —0.03929
Promoter regions for 12 CVD candidate genes’
AGTRI 1 0.00082 0.00043 1.47
CYPI17A41 2 0.00058 0.00043 0.57
CLCNKA 2 0.00081 0.00086 —-0.11
CYPI11B2 3 0.00168 0.00085 2.02
NPR2 1 0.00042 0.00043 -0.018
BSND 2 0.00023 0.00043 -0.74
SAH 2 0.00071 0.00087 —0.38
SGK 1 0.00079 0.00043 1.36
SLCI243 1 0.00075 0.00043 1.216
SCNNIA 3 0.00167 0.00128 0.721
ILIA 2 0.0017 0.00086 2.02
SLC14A42 4 0.00133 0.00085 1.17

Estimation of nucleotide diversity per site from 'average pairwise difference among individuals
and “number of segregating sites (S); ‘Tajima's D statistics (Tajima, 1989); *n=25 for
normotensives, n=25 for hypertensives. *Regions spanning —500bp and +100bp relative to mRNA
transcription start point. Upstream regions possessing duplicate copies are indicated in bold.
Overview about genes and their genomic location is given in Additional Table 1. NA — not

applicable.
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Further Tajima DT neutrality test was used to test if the pattern of DNA
sequence variation in PNMT fit the expectations under hypothesis of neutrality.
Tajima’s D value is indicating to the difference between two estimates: 7 (per-
site heterozygosity derived from the average pairwise sequence differences) and
0 (Watterson’s 0, per-site heterozygosity based on the number of segregating
sites). Under neutral conditions 7n=0 and Tajima’s D=0. No statistically
significant difference was observed for the entire PNMT between observed ()
and expected (0) nucleotide diversity parameters.

Interestingly, analyzing nucleotide diversity of 29 re-sequenced promoter
regions of CVD candidate genes revealed similar low diversity with the average
variation m/bp =0.00040 as PNMT upstream region (Table 11). This pheno-
menon may refer to the selective constraint and/or the maintenance of functio-
ning promoter variants with differential effect on gene expressional level.

3.3.2.4. A potential regulatory unit
in intron | of human PNMT gene (Ref. Il)

Based on the low variation detected in human PNMT intron 1 and the possibility
of purifying selection in the region, in silico analysis was implemented to
explore the functional regulatory elements potentially important in the gene
regulation processes. Previously, a human-specific Glucocorticoid Responsive
Element (GRE) inserted by an A/u-element mediated transfer has been
described in PNMT intron 1 (Sasaoka, et al., 1989) (Figure 4A). In silico
analysis of the entire intron 1 region (951 bp) confirmed the insertion of GRE
element via Alu-sequence. Furthermore, using Matlnspector 2.2 software
(http://www.genomatix.de/en/produkte/genomatix-software-suite.html) together
with manual inspection of previously reported sequence motifs a human-
specific gene regulatory unit, a Glucocorticoid Responsive Unit (GRU) with
other cis-acting elements were predicted within PNMT intron 1 (Ref. II: Figure
2). Enhanced glucocorticoid (GC) response by the binding of other transcription
factors to adjacent binding sites to form Glucocorticoid Responsive Units
(GRUs) has been observed in a number of genes (Schoneveld, et al., 2004). The
regulatory role of GRU unit has been described in rat liver 6-phosphofiructo-2-
kinase (Pfk-2) gene targeted by both glucocorticoids and insulin (Pierreux, et
al., 1999) and also in mouse c-HA-ras gene where the regulation occurs jointly
by GRE and Estrogen Responsive Element (ERE) (Pethe and Shekhar, 1999).
Additionally, sensitivity for GC has been reported to affect PNMT promoter
activity in rat (Wong, et al., 1998) and bovine (Cahill, et al., 1996), and at least
one putative GRE has been identified for every species-specific PNMT gene.

Both, the detected low variation between normotensives and hypertensives
individuals together with predicted intronic regulatory unit incorporating
multiple TF binding sites, suggests that alterations in PNMT expressional
profile is not controlled by the polymorphisms located in the genic region but
rather by the complex role of expressional regulators of the gene.
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3.3.3. Variation patterns in conserved non-coding regions
of CVD candidate genes (Ref. 1V)

3.3.3.1. Conserved non-coding regions of CVD candidate genes

Conserved non-coding regions in 162 CVD candidate genes were defined and
screened among individuals from HYPEST and CADCZ cohorts with the aim to
detect regulatory variants affecting susceptibility to CVD and its related traits.
Web-based VISTA tools (http://genome.lbl.gov/vista/index.shtml) were used to
define conserved non-coding regions of 162 CVD genes presented in humans
compared to rat and mouse genomes. Conservation parameters proposed by
VISTA website were applied: 100bp sliding window and sequence identity
>70% compared to both rodents genome. In total 365 CNR regions were
detected between human, mouse and rat sequence comparisons (May 2004,
NCBI Build 33) (Tonisson, unpublished data). Based on the used technological
limitations of DHPLC and DGGE assays, sequence length (50-300bp) and
location (>200bp from the nearest exon), 105 regions were selected for further
polymorphism screening among 25 CVD genes (Kepp, unpublished data)
(genes and regions are given underlined in Additional Table 1 and 2). The
average length of 105 conserved regions was 140bp (range: 55-291bp) and for
PCR fragments 374bp (range: 249-505bp). The average conservation of CNRs
compared to rat was 75.9% and to mouse 76%.

3.3.3.2. Polymorphism screening in conserved non-coding
regions of CVD candidate genes

To increase the chance of finding genetic variations in susceptibility to human
CVD, only patients diagnosed with essential hypertension (n=22, HYPEST) and
coronary artery disease (n=24, CADCZ) were subjected for variation detection
among 105 selected CNRs from 25 CVD genes (Figure 7). To minimize
technological limitations like inappropriate PCR product (too long) and primer
design two complemental mutation screening methods were used: DGGE and
DHPLC. Information about the 105 regions and their inclusion/exclusion
criteria are given in Additional Table 2.

In total 39 genetic variations were detected among 15 CVD genes ranging
from 0-14 variations per gene (Table 12 and Additional Table 2, unpublished
data). Genes known to have structural isoforms of transcripts like NCXI,
WNKI, WNK4, SLC-genes and NEDD4L exhibited higher number of poly-
morphisms than genes known to have single transcripts in the genome. Majority
of the detected sequence differences were single nucleotide substitutions and
were presented as singletons or are available in commercial genotyping
platforms already presented in a large number of studies. Additionally, two
polymorphic indel variants were detected in CNR regions of human WNK/ and
NCXI genes. Sequence analysis revealed a novel polymorphic A/uYb8 element
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insertion into WNKI intron 10. This Alu-insertion was targeted for further
evolutionary and population genetic analyses as well as was explored for the
association with cardiovascular disease and the effect on the gene expression
profile multiple in European populations (Putku, Kepp, et., al manuscript in
preparation). The second, common 14bp indel (rs11274804) is located in NCX/
gene intron 2 (the first intron in the coding region). The localization of the 14bp
indel in the intron 2 raised the hypothesis about its potential effect on gene
expression and was targeted for further analysis in CVD phenotypes among
Eastern-European population.

Table 12. Conserved non-coding regions and variations detected among 25 CVD genes
(Kepp, unpublished data).

Analyzed Number

Gene Chromosom Genetic variants

No. Gene ID al location bp per  of CNRs detected in CNRs

gene  screened
1 ACE 1636 17923 298 1 1 (rs4316818)
2 ADDI 118 4pl6.3 349 3 0
3 ADD? 119 2pld-pl3 396 1 2 (noveté‘%g)’ novel
4 AGTRI 185 3q21-q25 505 1 0
5  ATPIAI 476  1pl3-11 479 1 0
6 GNB3 2784  12pl3 282 1 0
7 HSDIIBI 3290 1q32-q41 300 1 0
8 HSDIIB2 3291 16¢22 387 1 0
9 ILIA 3552 2ql4 393 4 1 (rs1304037)
10 KCNJI 3758 11q24 351 1 0
11 NCXI 6546  2p23-p22 367 16 14%

3 (two novel (G/A),

12 NEDD4L 23327 18¢21 361 13 154149609)
13 NPRI 4881  1q21-22 357 2 1 (novel (insT))
14 NPR2 4882 9p21-pl2 354 4 1 (rs13294295)
15 NR3C2 4306  4q31.1 384 12 1 (rs17582031)
16 REN 5972 1932 300 1 0
17 SAH 6296  16pl3.11 351 3 1 (rs1027457)
18 SCNNIA 6337 12p13 366 1 1 (novel (C/T))
19 SCNNIG 6340 16p12 332 1 0
20 SGK 6446 6923 357 1 0
21 SLCI241 6557 15q15-q21.1 374 8 2 (no"eéé%)T))’ novel
22 SLCI1442 8170 1%1%112.11- 388 3 1 (novel (T/C))
23 SLC2242 6582 6q26 383 2 1 (rs316021)
24 WNKI 65125 12p13 393 15 8*
25 WNK4 65266 17p21-q22 374 8 1 (novel (A/C))
In total 105 39

*Information about all the detected variants is in the Additional Table 2.
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3.3.4. Characterization of hypervariable region in NCXI
gene (Ref. V)

3.3.4.1. Identification of a hypervariable CNR region in NCX/ intron 2

The further study of the CNR region located in NCX/ intron 2 in the etiology of
CVD phenotypes in larger Eastern-European population sample set (n=1792,
Figure 7) revealed its hypervariable nature. Studied sample set included 470 EH
patients and 652 healthy subjects from HYPEST cohort and 257 CAD patients
and 413 healthy subjects from CADCZ cohort (Table 10). In addition to
identified common 14bp indel variant in both sample collections, three
alternative deletion polymorphisms: 5bp, 10bp and 43bp, one SNP (C/G) and a
duplication of 40bp segment with overlapping breakpoints, were detected by
DGGE method in the 348bp analyzed region (Figure 8). Genotyping among
1792 individuals revealed that the common variant, 14bp indel, was represented
with the allele frequency of up to 8.51%. Other detected variants were
represented as singletons. One of the novel variants, a 43bp deletion, showed
enrichment in HYPEST presented in 20 subjects of HYPEST compared to only
one in CADCZ cohort. Additionally, one of the HYPEST subject appeared a
heterozygote for both 14bp indel/43bp deletion (Ref. I'V: Figure 2 and Table 3).

3.3.4.2. NCXI 14bp indel as a human-specific deletion compared
to ancestral primate sequence

Description of the ancestral status of the NCX/ 14bp indel (rs11274804) was
performed by Clustal W2

(http://www.ebi.ac.uk/Tools/clustalw2/index.html)  using the consensus
sequences from two primate species, the common chimpanzee and rhesus
macaque. The analysis revealed that the ancestral primate variant is actually the
minor human allele containing the sequence of the previously described 14bp
indel (rs11274804). The major human variant, represented by the allele
frequency of 90.45% among Eastern-European subjects, has evolved through a
14bp human-specific deletion when compared to other primates (Figure 8).
Comparison also indicates that all the other detected short indel variants
surrounding the detected 14bp indel have possibly occurred on the
chromosomal variant carrying the human-specific 14bp heterozygous deletion.
Supportingly, all the alternative variants were absent from both chimpanzee and
rhesus macaque consensus sequences (Figure 8).

49
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Figure 8. Approximate location of insertion and deletion variants, one SNP and one
duplication detected in human CNR of NCXI intron 2. Indels confirmed by sequencing
in human NCXI gene, are depicted on green background and indels presented in in Nex/
genes of two primates, common chimpanzee and rhesus macaque are shown on purple
background. SNP is indicated in red, deletions in blue and duplications in orange color.

3.3.4.3. Short indels as a source of evolution
for the hypervariable regions

Short indels have been previously shown to represent a combination of micro-
deletion/micro-insertion events that give rise to the replacement of one or more
base pairs by others (Chuzhanova, et al., 2003). Indels tend to form preferably
in polymorphic sites of the genome where DNA sequence is more prone to
structural changes. Especially the regions undergoing double stranded DNA
breaks repair are more susceptible to higher mutation rate (Lercher and Hurst,
2002; Tian, et al., 2008). There is little known about the origin of indels due to
their complexity in length and mutational frequency. A potential sequence motif
has been reported, acting as an indel hotspot, representing GTAAG sites with
the high prevalence within genomic regions prone to indel events (Ball, et al.,
2005; Chuzhanova, et al., 2003). Comparing proposed motif with studied 348bp
region it appeared to occur on the reverse strand (GTAAG vs. CATTC) within
the 14bp indel (CATTCCCTCTCCAT). Furthermore, two additional CATTC
motifs were present at the studied hypervariable NCX1 intronic region (Ref. IV:
Figure 2b) indicating to the potentially higher mutational rate along this
sequence area.
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3.4. Association analysis of detected variants in two
candidate genes: PNMT and NCX| among two
Eastern-European populations

In the last part of my thesis, I tested the association of identified polymorphisms
located in two CVD candidate genes, PNMT and NCXI, with cardiovascular
traits among two Eastern-European cohorts HYPEST and CADCZ.

3.4.1. Human PNMT gene: no common genetic variants
associated with blood pressure regulation (Ref. II)

A study was conducted to test for the association of two common upstream
SNPs (SNP-184 (rs876493) and SNP-390 (rs3764351)) observed in human
PNMT gene with the prevalence of high blood pressure levels in two European
populations (25 normotensive and 25 hypertensive individuals from both
HYPEST and CADCZ cohorts). In allelic and genotypic differentiation tests
(Fishers’s exact test) among Estonians and Czech no significant differences
were observed in either study groups nor between normotensive and hyper-
tensive individuals (p>0.05). However, a significant excess of heterozygotes for
the two promoter polymorphisms was detected among hypertension patients in
a joint case-control analysis (Fisher exact test, p<0.05). These results support
the role of these polymorphisms in susceptibility to CVD. Previously, the two
polymorphisms have shown to be associated with hypertension African
American individuals (Cui, et al., 2003). In haplotype analysis (PHASE 2.1) no
significant differences were detected between normotensives and hypertensive
patients in both sample sets.

3.4.2. Human NCXI gene: association of 14bp indel variant
with cardiovascular traits (Ref. 1V)

3.4.2.1. Association of the 14bp indel with coronary artery disease

To test for the association of detected intronic 14bp indel variant (rs11274804)
with the pathogenesis of CVD, two main CVD phenotypes: essential
hypertension (HYPEST, cases=470 and controls=652) and coronary artery
disease (CADCZ, cases=257 and controls=413) were used (Figure 7).
Association was tested using logistic regression under additive and dominant
effect models including age, sex, and BMI as covariates. Significant evidence of
association was observed with NCXI intronic 14bp indel region and subjects
with the diagnosis of CAD from CADCZ cohort (P=0.0016, OR=2.02;
P=0.0018, OR=2.07; additive and dominant models, respectively) but not with
the patients diagnosed with essential hypertension in the Estonian HYPEST
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sample collection (P>0.1). Epidemiological studies have pointed out several
risk factors for CAD, including high level of low-density lipoprotein
cholesterol, low level of high-density lipoprotein cholesterol, high triglyceride
levels, and hypertension etc. (Lusis, 2000). Combinations of these risk factors
may lead to a condition named metabolic syndrome (MetS). MetS has been
implicated to be one of the important factors in CAD developmental processes
(Kasai, et al., 2008; Wassink, et al., 2008). Additional analysis of CAD patients
with  metabolic syndrome (International Diabetes Federation:
http://www.idf.org/) revealed even higher association (P=0.0014, OR=2.34;
P=0.0016, OR=2.41; additive and dominant models, respectively) compared to
CAD cases only (Table 13). After the correction for multiple testing
(significance level of Bonferroni correction was used), the risk remained
significant (a=0.05/11=0.0045) among CAD subjects with metabolic syndrome.

3.4.2.2. Association of the 14bp indel with quantitative
cardiovascular traits

To characterize the role of separate risk factors influencing the susceptibility to
cardiovascular disease, association of 14bp indel polymorphism with several
quantitative cardiovascular parameters including SBP, DBP, heart rate (HR),
intima media thickness (IMT), total cholesterol (TC), HDL, LDL and trigly-
cerides (TG) were tested (linear regression under additive and dominant
models). A marginal negative evidence was observed with heart rate (P=0.04,
beta= —1.6) and LDL (P=0.04, beta= —0.26) level among healthy European
individuals (Table 14, Table 15). Additionally, a supportive evidence among the
CAD sample set was detected with serum triglyceride levels (P=0.04,
beta=0.25; Table 15). These results support the previous evidence that higher
concentration levels of TG are an independent risk factor for CVD, foremost in
the CAD pathogenesis (Nordestgaard, et al., 2007). No significant association
was detected with other quantitative parameters either in separate or in meta-
analyses. In order to confirm the detected association of common 14bp indel
(rs11274804) polymorphism with CAD and its related metabolic risk factors
additional populations need to be examined. Moreover, it would also be challen-
ging to analyze other observed rare indel variants or their interactions with the
common 14bp indel across the intronic CNR region (348bp) in a larger CVD
sample sets. Also, functional studies would give an opportunity to reveal whet-
her the alternative NCXI intronic indel variants affect the alternative transcript
profile of the gene or not. In conclusion, the phenomenon of the enrichment of
the novel 14bp deletion in human genome may have been triggered from either
natural selection or genetic drift being advantageous in decreasing the risk for
CAD and the development of higher triglyceride levels. Similar observation
between human and chimpanzee has been pointed by the indels in immunity-
associated loci contributing to different responses to viral infections like in the
case of human immunodeficiency virus (HIV) (Tian, et al., 2008).
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3.5. Discussion

A classical method to search for the genetic risk factors of the disease of interest
is based on the hypothesis of previous knowledge of biological pathways
combined with the candidate gene approach. There have been doubts about the
reliability of candidate gene approach mainly due to the inadequate knowledge
of pathways but recent years have given great insight on this feature. Variations
detected within candidate genes as well as in regulatory regions within these
pathways may give new insight to the disease susceptibility in the studied
populations. Sequencing of one potential CVD candidate gene, the human
PNMT gene, among two European populations revealed low genetic variation
patterns representing only by seven SNPs compared to 55 polymorphisms
currently located in NCBI database. This kind of difference may raise a
question of the previous reliability of the available information in databases. By
contrast, to date the sequencing of 1000 genomes have revealed only 15 SNPs
along the entire human PNMT gene (http://www.ncbi.nlm.nih.gov/gene). The
identified variation pattern in the current study is concordant with the data from
1000 genome and indicates the important role of PNMT-synthesized
epinephrine in the regulation of cardiovascular and metabolic functions.

Comparative genetics studies have noted several essential gene regulatory
elements that are conserved among species (Drake, et al., 2006). Targeting the
evolutionarily conserved non-coding regions in candidate genes for complex
disease may pinpoint novel disease susceptibility variants and novel regulatory
elements contributing to gene expression profile. Majority of variations,
detected among conserved non-coding sequences of 25 CVD candidate genes in
the current study were rare, which is concordant with the purifying selection
acting on these regions. Similarly, low variation was also observed in promoter
regions of 29 genes where the highest number of SNPs was found in duplicate
genes.

Currently the most used hypotheses free approach GWAS, based on the
CD-CV analyses, is used to map loci in susceptibility to complex disease, where
SNPs are used as markers. To date, GWAS have provided hundreds of common
variants in susceptibility to complex traits. However, these results have shown
to explain only a small fraction of the inherited risk of complex disease. For
example, only ~5% of type two diabetes and ~10% of the Crohn’s disease, have
been explained by the common risk variants (Altshuler, et al., 2008). To
uncover the rest of genetic component of the inheritance of complex disease has
remained challenging. Currently rare alleles with severe effects have been
proposed to cause many medical conditions like breast and ovarian cancer
(BRCAI, BRCA2), hearing loss (Dror and Avraham, 2009), mental illness
(autism, schizophrenia) (Walsh, et al., 2008) and adverse changes in lipid
metabolism (Cohen, et al., 2004).

In addition to SNPs, studied extensively in etiology of complex diseases, a
whole-genome sequencing approach has unveiled several other unexplored
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genetic variants located in the human genome with potential impact on
susceptibility of human complex disease. These unexplored variants are mainly
structural variations that include large copy number variations, small insertions
and deletions. Structural variations in human genome are assumed to have
higher significance than single-nucleotide variations altering more than one
base pair in DNA sequence and therefore having a higher impact on gene
dysfunction as well as on disease development. Also, a number of these
mutations have likely no functional role in the genome acting neutral.
Polymorphism screening among CNR regions of CVD candidate genes revealed
two common indel variants located within intronic regions of NCXI and WNKI.
A 14bp indel located in NCXI intron 2 and a novel Alu-sequence in WNKI
intron 10. Genotyping of the CNR harbouring the 14bp indel of NCXI gene
revealed its hypervariable nature (represented by seven different alleles) and
showed association with the increased risk for CAD and elevated triglyceride
levels. Furthermore, the comparison of the hypervariable region with
chimpanzee and rhesus macaque genomes uncovered that the major human
variant was actually human specific deletion. Either natural selection or genetic
drift may have triggered the enrichment of 14 bp advantageous deletion variant
among humans. /n silico analysis of studied 348bp region revealed that majority
of detected variants had overlapping breakpoints with other variations (Figure
8) and harboured multiple sequence motifs previously shown to lead to higher
mutation rates. Consequently, genomic regions with indel heterozygosity are
shown to be prone to the double stranded DNA breaks and therefore are
targeted to mutational repair which in turn may lead to the higher mutational
rate (Lercher and Hurst, 2002; Tian, et al., 2008). Research among different
model organisms such as fruit flies and Caenorhabditis elegans, have shown
that indels comprise 16% up to 25% of all known genetic variations (Berger, et
al., 2001; Wicks, et al., 2001) and therefore, are expected to be abundant in the
same level in humans (Dawson, et al., 2001). In comparative analysis of
chromosome 22 in chimpanzee and human chromosome 21 have revealed
~68 000 indels, where the majority were small in size. An excess of ~300bp
regions, among identified indels in comparative analysis of chimpanzee
chromosome 22, were represented by the short transposable A/u-elements
(Watanabe, et al., 2004). Two Alu-sequences were also detected in PNMT and
WNKI1 genes. An ancient A/u-element insertion, in PNMT intron 1, revealed
potential regulatory role on gene expression profile. Similar, supportive
mechanisms have also been shown where 4/u sequences possessing regulatory
elements were inserted and now are acting as central control/enhancement of
transcription (Britten, 1996). The potential functional role of the young
polymorphic 4/u-sequence located in WNK1 intron 10 with cardiovascular traits
will further be studied among different European populations (Putku, Kepp,
manuscript in preparation).

To date performing a high throughput indel association studies are greatly
limited due to the unavailable detection technology. The whole-genome
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sequencing data from 1000 Genomes Project as well as other individual whole-
genome sequencing studies within and between different populations will reveal
considerable locus complexity and provide insight into the different mutational
processes that have shaped the human genome. The improved map of human
genetic variation will provide an invaluable opportunity to consider the analysis
of gene-gene, gene-pathway, gene-environment and genetic polymorphism-
polymorphism interactions to understand the complexity of human disease.
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CONCLUSIONS

Summary of conclusions of this study:

1. Selection of the genes from literature reports and databases with the
potential role in CVD pathogenesis revealed that the high number of
genes clustered among three major organ systems: heart, kidney and
sympathetic nervous system. The list include loci responsible for
monogenic and complex forms of high and low blood pressure, CAD,
metabolic syndrome and other related traits. Analysis of the gene
selection confirmed their importance in CVD development. Seven distinct
KEGG pathways with known role in CVD were defined: calcium
signaling pathway, hypertrophic cardiomyopathy, aldosterone-regulated
sodium reabsorption, neuroactive ligand-receptor interaction, renin-
angiotensin system, vascular smooth muscle contraction and type II
diabetes mellitus.

2. The characterization of the variation pattern of the human PNMT showed
low genetic variation along the entire gene. /n silico analysis of the
intronic regions of human PNMT gene identified a major human-specific
gene regulatory unit GRU inserted by A/u-mediated transfer. The detected
low variation pattern together with the in silico predicted regulatory
complex suggested that the differences in PNMT expression between
patients and controls may probably be determined not only by the
polymorphisms of this gene, but rather by the interplay of gene
expression regulators that may vary among individuals.

3. The screening for polymorphisms within promoter and conserved non-
coding sequences in selected CVD candidate genes showed relatively low
diversity among the two targeted Eastern-European populations. Detailed
characterization of CNR regions in human NCXI intronic region
identified a hypervariable genomic fragment harbouring multiple human-
specific polymorphisms enriched by short indels.

4. Studying the role of polymorphisms detected in human PNMT and
conserved non-coding regions located in NCXI genes in CVD develop-
ment revealed suggestive association with essential hypertension in
combined Eastern-European sample. An indel variant located in intronic
CNR of NCXI gene showed significant association with coronary artery
disease and was even higher between the indel variant and among patients
additionally diagnosed with metabolic syndrome in Czech population. A
suggestive evidence of association with indel variant and serum
triglyceride levels was observed in Czechs as well as with indel variant
and heart rate and LDL levels in healthy control individuals among both
cohorts.
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Current research, as well as other recent studies have shown that non-SNP
variations are a substantial source of polymorphism in humans and may have
larger role in complex disease (like CVD) than previously thought. The studies
of multiple cardiovascular traits refer to the pleiotropic role of human NCXI
gene where the same gene and variant (14bp indel) may affect different
cardiovascular traits simultaneously.
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SUMMARY IN ESTONIAN

Siidameveresoonkonna funktsioonis osalevad geenid: uued
parilikud DNA variandid Eesti ja TSehhi populatsioonides

Stidameveresoonkonna haigusi (SVH) peetakse ténapédeva iihiskonna iiheks
peamiseks enneaegse surma pohjustajaks, mis on sagedasemad (60—70%) iile 60
aastaste inimeste vanusegrupis. Taolise korge riski taga peituvad nii geneetilised
faktorid kui ka elustiilist ja keskkonnast tulenevad mdjutused. Olulisteks
keskkonnast tingitud riskifaktoriteks peetakse iilekaalulisust, vihest fiiiisilist
aktiivsust, liigset soola- ja alkoholitarbimist ning suitsetamist. Perekonna-
pOhised ja kaksikute uuringud on ndidanud, et SVH périlik komponent voib
varieeruda 17-66%ni. Geneetilised uuringud on tuvastanud, et erinevate SVHte
vormide kujunemiseni véivad viia mutatsioonid iihes geenis (iiksiku geeni ehk
monogeenne vorm) kui mitmetes geenides (multigeenne vorm) korraga. Selleks,
et kaardistada inimeste haigustega seotud geene on ldbi aegade kasutatud
inimese genoomis esinevaid geneetilisi markereid, millest kdige sagedasemad
on iihenukleotiidsed poliimorfismid (UNPd). UNP markeritel pdhinevate iile-
genoomsete aheldusanaliiliside ja kandidaatgeenide ning kogu genoomi
assotsiatsioooniuuringute tulemusel on kaardistatud mitmeid lookusi, mis on
olulised SVHte kujunemisel. Paraku pole aga senistel leidudel pdhinevad
funktsionaalsed uuringud nédidanud tihegi geeni v0i mitmeid geene hdlmava
metaboolse raja selget defineeritud rolli SVHte regulatsioonis. Uheltpoolt v3ib
see tuleneda ebapiisavast markerite vOi uuritavate genoomsete piirkondade
valikust ning teisalt uuritavate indiviidide (v3i populatsioonide) ja haiguse
fenotiiiibi erinevast miiratlemisest. Lisaks UNPdele, esineb genoomis ka veel
teisi geneetilisi markereid (mitme nukleotiidi muutusi hdlmavad struktuursed
variandid nagu insertsioonid, deletsioonid ja duplikatsioonid), mille rolli
inimese haiguste kujunemisel on oluliselt vihem uuritud.

To6 kirjanduse osa holmab iilevaadet inimese genoomis esinevatest marke-
ritest, geneetiliste haiguste kaardistamise meetoditest ja genoomis esinevate
regulatoorsete piirkondade kasutamisest multigeensete haiguste uuringutes.
Lisaks antakse iilevaade kahest uuritavast SVHst (essentsiaalne hiipertensioon
ja siidame koronaartdbi) ning nende kdesolevaks hetkeks teadaolevast geneeti-
lisest taustast.

T66 eksperimentaalne osa haarab jargmisi etappe: (i) stidame veresoonkonna
haigusi pohjustavate kandidaatgeenide valik in silico analiiisil; (ii) geneetiliste
varieeruvuste tuvastamine SVHte kandidaatgeenides: inimese PNMT geenis,
evolutsiooniliselt konserveerunud mittekodeerivates DNA regioonides ja
promootor piirkondades;

(ii1) kahes kandidaatgeenis, PNMT ja NCXI, tuvastatud geneetiliste varian-
tide assotsiatsiooniuuring SVH fenotiilipidega Eesti ja TSehhi populatsiooni
valimites.
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Uurimistdd peamised tulemused voib kokku votta jérgmiselt:

1. Pohinedes kirjanduses ja andmebaasides olevale infole tuvastasin 162
geeni, mida on varasemalt seostatud erinevate SVHte (madal ja kdrge
vererohk, EH, CAD jt.) monogeensete ja multigeensete haigusvormide
kujunemisega. Enamik neist geenidest on oma funktsiooni poolest seotud
kolme organsiisteemiga: neerud, siida ja siimpaatiline nérvisiisteem.
Lisaks jaotusid uuritavad geenid oma teadaoleva funktsiooni alusel
seitsme metaboolse raja vahel, mille rolli on SVHte kujunemisel oluliseks
peetud.

2. SVH kandidaatgeeni PNMT re-sekveneerimisel Eesti ja TSehhi
indiviididel ilmnes, et DNA jarjestuse varieeruvus terves geenis on
suhteliselt madal. Vodimalike transkriptsioonifaktorite seondumiskohtade
in silico ennustamisel ja lisaks inimese ning nériliste (hiir ja rott) geeni
piirkondade vordlemisel ilmnes, et inimese PNMT geeni esimesse intro-
nisse paigutub transkriptsiooni reguleeriv liksus. Identifitseeritud geeni-
ekspressiooni reguleeriv piirkond GRU on PNMT geeni lokaliseerunud
inimesespetsiifilise Alu-insertsiooni tulemusena. Nii tuvastatud madal
geneetiline varieeruvus kui identifitseeritud regulatoorne GRU annavad
pOhjust oletada, et SVH patsientide ja tervete kontrollide vaheline PNMT
geeni ekspressioonitasemete erinevus ei ole pohjustatud mitte ainult
geenis leiduvate poliimorfismide poolt, vaid ilmselt hoopis keerulisemas
koost6ds individuaalsete ekspressiooni reguleerivate tiksustega.

3. SVHte kandidaatgeenide geneetiliste varieeruvuste identifitseerimisel
ilmnes, et evolutsiooniliselt konserveerunud mittekodeerivates DNA
regioonides ning promotorpiirkondades esines madal DNA jérjestuste
varieeruvus. Analiiiisi kdigus tuvastasin iihe konserveerunud indiviiditi
vidga varieeruva piirkonna inimese NCX/ geeni teises intronis. Lisaks
esmalt tuvastatud 14bp indelile esines seal mitmeid teisi varasemalt
kirjeldamata indelite variante. Simpansi, reesusmakaagi ja inimese vasta-
vate genoomipiirkondade vordlemisel selgus aga, et tegemist on inimese
spetsiifilise deletsiooniga. Simpansil ja reesusmakaagil esinev variant on
inimesel esindatud minoorse alleelina.

4. Assotsiatsioonianaliilis kahes Ida-Euroopa populatsioonis (eestlased,
tSehhid) niitas tSehhidel seost NCXI geeni teise introni hiiper-
varieeruvasse alasse paigutuva 14bp indeli kandjastaatuse ja suurenenud
CAD haigestumise riski vahel. Risk oli veelgi kdrgem metaboolse siind-
roomiga CADi patsientidel. Lisaks esines seos ka 14bp indel variandi ja
trigliitseriidide tasemete vahel tSehhidel ning 14bp indel variandi ja HR ja
LDL tasemete vahel mdlema valimi tervetel kontrollidel.
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Nii kdesolev t66 kui ka varasemad t60d on ndidanud, et siiani vdhe uuritud
geneetilised variandid, nagu insertsioonid ja deletsioonid voivad omada palju
olulisemat rolli inimeste komplekshaiguste (nagu SVHd) kujunemisel kui seni
arvatud. Taoliste indel poliimorfismide esinemine inimese genoomi kindlates
regulatoorsetes piirkondades, nagu seda on promootorid, enhanserid ja intronid,
voivad viia geeniekspressiooni muutuseni ja seeldbi haiguse fenotiiiibi kujune-
miseni. Kdesolevas t60s tuvastatud NCX/ geeni indel variandi assotsiatiooni-
uuring erinevate SVH fenotiilipidega niitas tema potentsiaalset peiotroopset
rolli, kus iihes geenis asuv poliimorfism voib moju avaldada mitmele feno-
tiiltibilisele tunnusele korraga.
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APPENDIX

1. The human genetic variation data of PNMT gene from Ref. II is deposited in dbSNP
database under the accession numbers:
PNMT - SNP-702 262803330
PNMT —SNP-390 262803318
PNMT — SNP-591 262803319
PNMT - SNP-184 262803320
PNMT — SNP+360 262803321
PNMT — SNP+1520 262803322
PNMT — SNP+1587 262803323
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