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Abstract

Coronary heart disease remains the leading cause of death in the Western World. The advent of
microarray and next-generation sequencing technologies has generated multidimensional data sets
allowing for new pathophysiological insights into this complex disease. To date, genome-wide
association studies (GWAS) have identified 152 associated loci and 320 candidate genes
contributing to the genetic risk of coronary artery disease (CAD) and acute myocardial infarction
(AMI). The majority of single nucleotide polymorphisms (SNPs) mediate their risk by unknown
mechanisms. A functional analysis based on Gene Ontology and KEGG pathways of candidate
genes that are associated with CAD/AMI-SNPs showed the strongest evidence for genes
regulating cholesterol metabolism. Additional clusters were significantly enriched for pathways
which play prominent roles during AMI and the development of atherosclerotic plaques in
vascular tissue, including focal adhesion/extracellular matrix interaction, TGF-f signaling,
apoptosis, regulation of vascular smooth muscle contraction, angiogenesis, calcium ion binding,
and transcription factors. A systems genetics approach which incorporates genetic risk with gene
expression data, metabolomic data, and protein biochemistry into genome-wide network studies
holds promise to elucidate the complex interplay between genetic risk and environmental factors
for coronary artery disease.
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Genetic Risk of Coronary Artery Disease: From Monogenic Diseases to
GWAS and Beyond

In monogenic disorders, including autosomal dominant hypercholesterolemia, caused by
mutations either in LDL receptor [1, 2], apolipoprotein B (APOB) [3], or proprotein
convertase subtilisin kexin type 9 genes (PCSK9) [4], a single mutation confers a very high
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risk of premature coronary artery disease (CAD) and acute myocardial infarction (AMI).
Studies of these very rare monogenic, inherited disorders have proven invaluable in
identifying genes that play key roles in the disease process. However, in the vast majority of
cases, CAD and AMI are polygenic disorders which are additionally influenced by
environmental factors. In 2007, two independent groups demonstrated the first genetic risk
variant for CAD/AMI located on the short arm of chromosome 9, referred to as 9p21. This
locus has now been replicated in 10 genome-wide association studies (GWAS)
(Supplemental Table 1). Homozygotes and heterozygotes have a 50% and 25% increased
risk for premature CAD, respectively. In recent years, GWAS have shed light on many of the
specific genetic risk alleles for CAD/AMI. The National Human Genome Research Institute
(NHGRI) Catalog of Published GWAS provides a publicly available, manually curated
collection of published GWAS assaying at least 100,000 single nucleotide polymorphisms
(SNPs, occurring at a frequency of greater than 1% in the general population) and all SNP-
trait associations with p < 1x107° [5]. At the current time, 29 GWAS studies are included
that identified more than 150 genomic loci associated with CAD and AMI in different
populations (Supplemental Table 1). Most of these loci have small effect sizes with Odds
Ratios (ORs) in the 1.1 — 1.3 range. In each case, despite the often large numbers of loci
identified, only a small proportion of the phenotypic variance is explained: it has been
estimated that the 152 known CAD-associated variants explain <10.6% of the genetic
variation across the population [6]. While more common SNPs are often only associated
with small increases in risk, the recent availability of whole-exome sequencing has enabled
identification of rare variants (minor allele frequency <1%), which often have larger effects
than common variants. For instance, Kathirasan et al., found rare LDOLR and APOA5 alleles
conferring a 4.2 and 2.2-fold increased risk of myocardial infarction, respectively [7].

In addition to SNPs and rare variants, the heritability could partly be also explained by
structural variations. These represent insertions, deletions, duplications, copy-number
variants (CNVs), inversions and translocations, which typically affect DNA between 1
kilobases to several megabases in length and are mostly found in non-coding regions of the
genome. Yet, tests of common (>1% allele frequency) and rare CNVs failed to identify
associations with risk of AMI [8].

An additional mechanism of heritability that is not caused by changes in the DNA sequence
involves alteration in the epigenome, including aberrant DNA methylation and histone
modifications. Recent studies suggest that epigenome-wide changes are associated with
CAD occurrence in men. Specifically, COL14A1 and MMP9I DNA methylation levels were
associated with CAD and age of onset of CAD [9].

Functional Analysis of CAD-associated SNPs

Only a handful of SNPs are exonic and cause non-synonymous missense substitutions,
thereby directly altering the amino acid protein sequence. Most of the genetic risk variants
for CAD are located in DNA sequence that do not code for protein. Figure 1 shows that
genomic location of 214 SNPs associated with CAD, highlighting that more than 85% of
SNPs are located either in introns or intergenic regions. Given the non-coding nature of most
SNPs associated with CAD/AMI (Figure 1), translating results from GWAS studies into
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biological function has proven challenging. A functional analysis based on evidence from
gene co-expression, protein-protein interaction networks, experimental evidence and text-
mining showed strong evidence for a central cluster consisting of genes/proteins regulating
cholesterol metabolism (Figure 2 and Supplemental Figure 1).

In addition to cholesterol metabolism, functional analysis based on Gene Ontology and
KEGG pathways using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) [10] indicated that SNPs associated with CAD and AMI are significantly enriched
for genes involved in focal adhesion/extracellular matrix interaction, TGF- signaling,
apoptosis, regulation of vascular smooth muscle contraction, angiogenesis, and calcium ion
binding (Figure 3), all of which have been implicated to play prominent roles during the
development of an atherosclerotic plaque in vascular tissue. Of particular interest are gene
classes for which the mechanistic link to the atherosclerotic disease process is not
immediately obvious. For instance, gene loci involved in transcriptional processes like
alternative splicing and RNA polymerase Il transcription factor activity were
overrepresented in CAD/AMI-SNPs. These transcriptional regulators could act in concert
with aforementioned traditional risk factors like cholesterol metabolism, as, for instance,
Cefalu and colleagues recently identified two splicing mutations affecting both the donor
and the acceptor splice sites of the same intron of the APOB gene resulting in two truncated
APOB fragments and the total absence of APOB [11]. Yet, for the majority of these loci, it is
unclear whether they are merely a marker of atherosclerosis or whether they play a role in
the pathogenesis of the disease.

Of note, given the 3 billion base pairs that comprises the human genome, genome wide
association studies using a 500,000 SNP array will, on average, result in a genetic marker
every 6,000 base pairs. Thus, rather than individual SNPs, GWAS studies identify
haplotypes of SNPs associated with a higher risk for CAD/AMI. Hence, rather than exerting
its effect on an adjacent exon of the same gene (via changing splice sites or effects on
transcriptional efficiency), an intronic SNP could be in linkage disequilibrium with a second
SNP that changes the function of a neighboring, but more remote gene. The intergenic
location of the many of these common variants suggests that they mediate their increased
risk indirectly by regulating other DNA sequences through intergenic transcription factor
binding sites, enhancer regions, or noncoding RNAs. Of interest, one SNP identified in
African-American individuals is located within a long non-coding RNA (LINC00333) [12].
However, previous analyses have shown that intergenic regions, despite harboring the largest
fraction of trait/disease-associated SNPs blocks (TAS), were significantly depleted for TAS
blocks [13]. This is consistent with the assumption that intergenic regions, although
containing important regulatory sequences, have the smallest ratio of functional to total
DNA. In line with this idea, we noted that many of the aforementioned pathways are
significantly enriched in genic, but not in intergenic SNPs (Figure 3). The only pathway
which was significantly enriched in genic and intergenic SNPs was cholesterol transport/
metabolism (Figure 3).
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Promises and Limitations of GWAS Data

GWAS data have played a prominent role in the discovery of novel candidate genes for
CAD/AMI. As a priori knowledge of the biological pathways involved in the disease process
is not required, GWAS are largely unbiased. Interpretation of GWAS data, however, is
complicated by the fact that a genomic location rather than a specific gene is identified. As
most SNPs are located in non-protein coding sequences which could influence the disease
process by altering the expression of neighboring (or remote) genes, the biological role of a
given SNP is usually not immediately obvious. Therefore, integration of additional data,
including expression quantitative trait loci data, protein interaction, and experiments to
identify epistatic interactions with modifier genes will be important to elucidate whether a
specific locus plays a role in the disease process. Ultimately, it needs to be stressed that
GWAS studies detect association and not causation and, thus, while a given SNP may be
useful for risk prediction, it may not play a prominent role in the pathophysiology of the
disease.

Additionally, for any particular trait, the cumulative effects of multiple SNPs only explains a
small fraction of an individual’s risk for the trait [6]. In order to account for the large
number of SNPs and to minimize false positives, large study populations with hundreds or
thousands of well-phenotyped subjects are required. Interpretation of the results also need to
take into account different ethnic backgrounds, as results obtained in a population of
European ancestry generally cannot be extrapolated to another, e.g. Asian or African-
American populations.

One of the greatest promises in the field have been associated with the rise of high-
throughput technologies, including next-generation sequencing (NGS). As NGS platforms
become more widely available, they will help to address the question how rare variants
contribute to the disease risk and help to pave the path to personalized medicine. Yet, large-
scale exome and genome-wide sequencing is expected to yield numerous SNPs, missense
mutations and variants of uncertain significance (VUS), found only in individual patients
and families. The challenge of interpreting NGS data will be to define objective criteria for
pathogenicity of individual variants. A much more sophisticated understanding of genetic
and environmental modifiers will be necessary for the interpretation even of large effect size
variants [14].

Transcriptomic Biomarkers of Acute and Recurrent Myocardial Infarction

Disease-associated SNPs and thus, the genetic risk, are stable throughout the course of a
lifetime. However, the risk for a specific phenotype is influenced by complex gene—gene and
gene—environment interactions which are missed by examining the genomic SNPs alone.
Examination of the transcriptome has been proposed as a way to capture dynamic
environmental influences and assess the risk for CAD/AMI. This approach is complicated
by the fact that the transcriptome is highly dynamic and can exhibit significant changes
within minutes [15]. Additionally, as causative genes are likely to be operational across
several tissues [16], it is currently unclear which cell types would be most informative as
biomarkers. Several blood cell subpopulations, including whole blood, monocytes, and
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circulating endothelial cells have been proposed as targets for transcriptomic analyses. Given
that these circulating cells play an active role in the pathogenesis of CAD [17, 18] and can
be obtained by phlebotomy, blood-based gene expression signatures have the potential to
facilitate risk assessment in CAD/AMI. Proof-of-concept studies in animal models have
demonstrated that RNA blood biomarkers can serve as an appropriate surrogate for
cardiovascular disease [19].

The first data on the predictive value of a blood-derived gene expression signature in CAD
came from the CardioDx Corus®CAD signature. The GeneDx score, comprised of the
peripheral blood cell expression levels of 23 genes, was initially developed to discriminate
obstructive from non-obstructive CAD in >1,100 patients [20-22]. This score was later also
found to be associated with the composite primary endpoint of major adverse cardiac events
(MACE) and revascularization over 1 year follow-up [22]. To determine molecular
signatures at the time of AMI associated with long-term outcomes, a recent whole-genome
expression microarray analysis collected blood samples within 48 hours of an AMI. Patients
were then followed for 18-months, comparing those with (n = 5) and without (n = 22) any
recurrent myocardial ischemia [23]. Despite comparable clinical baseline characteristics, this
analysis identified more than 550 differentially-expressed genes. Bioinformatic analysis of
this differential gene-set for associated pathways revealed that recurrent AMI events are
associated with modulation of cholesterol transport genes that include ABCA1, CETP,
APOAL, and LDLR as well as a decreased expression of genes involved in the
developmental epithelial-to-mesenchymal transition pathway [23]. The importance of
cholesterol transport genes in the pathogenesis of CAD is reinforced in a second study,
examining the differential transcript expression in monocytes of young men with premature
CAD vs. those from controls matched for age, sex and smoking status without a family
history of cardiovascular disease. By whole genome expression arrays, two (ABCAI and
ABGC4) of only three differentially expressed genes in CAD cases vs. controls were again
involved in cholesterol metabolism [24].

The value of peripheral blood gene expression signatures in defining the prognosis of
CAD/AMI patients is also highlighted in a recent study, examining 338 patients with
suspected or confirmed CAD undergoing cardiac catheterization [25]. When the patients
were followed for a mean 2.4 years, a specific blood gene expression profile was associated
with a significant risk of cardiovascular death. A significant overlap between this signature,
related to inflammation and altered T-cell signaling, and gene expression in AMI was noted,
suggesting that altered expression levels of both pro-inflammatory/pro-thrombotic and anti-
inflammatory mediators could play a role in the disease process. Yet, given the small
samples sizes of these studies, these results can only be regarded as preliminary until they
are validated in larger cohort studies with the tens of thousands of participants needed to
achieve a sufficiently high number of CAD/AMI events and to account for the inherent
variability of clinical variables in human samples.
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Is CAD Genetics ready for Prime-Time? Considerations for the Practicing

Cardiologist

While a thorough history, including a family history, should be part of the initial medical
evaluation, considerable uncertainty exists regarding the value of genetic testing. In the
circumstance where several first-degree relatives are affected, a cardiovascular geneticist
should be part of the medical team to identify possible Mendelian inheritance patterns. In
cases with a high pre-test probability, i.e. when a Mendelian inheritance pattern of premature
CAD is suggested, genetic testing may be justified. In most cases, however, modern genetic
testing offers only little added value over traditional risk factors (family history of premature
CAD, LDL - cholesterol level, smoking, diabetes mellitus, and hypertension). For instance,
addition of a genetic risk score based on SNPs associated with CAD modestly improved
discrimination and reclassification beyond traditional risk factors in white participants of the
ARIC Study, however, no significant improvement was seen in the Rotterdam Study and
Framingham Offspring Studies [26—28]. While several studies have confirmed the ability of
a multilocus genetic risk score derived from validated markers to identify people at higher
risk of CVD, these scores have not yet convincingly demonstrated clinical utility and
improved patient outcomes [26—28] and randomized controlled trials to guide
implementations of genetic testing are lacking. Thus, the 2013 Scientific Statement of the
American Heart Association (AHA) on “Genetics and Genomics for the Prevention and
Treatment of Cardiovascular Disease” state that the “routine genotyping of genetic markers
in the primary prevention of cardiovascular disease (CVD) cannot be recommended at the
present time”[29].

As CAD represents a polygenic disease with complex interactions at the genetic, epigenetic
and environmental level, prospective and large collections of tissue samples in well-
phenotyped populations which integrate different layers of genomic, epigenomic,
transcriptomic, proteomic, and metabolomic data using a systems biology approach are
necessary. Additionally, future studies are needed in order to prospectively examine whether
the combination of traditional risk factors, common and rare gene variants identified by
genome-wide association studies, peripheral blood gene expression and epigenetic data will
translate to improved risk assessment and better patient outcomes, by identifying individuals
at very high risk for adverse outcomes in whom aggressive lifestyle modification and
therapeutic intervention should be considered.

Conclusions

Genome-wide association studies (GWAS) have identified 152 genomic loci with 320
potential candidate genes contributing to the genetic risk of CAD and AMI. A functional
pathway analysis of candidate genes associated with CAD/AMI-SNPs showed the strongest
evidence for genes regulating cholesterol metabolism, however, genes involved in focal
adhesion/extracellular matrix interaction, TGF-p signaling, apoptosis, angiogenesis, and
transcriptional processes were also enriched. The prominent role of altered cholesterol
metabolism is also underscored by transcriptomic signatures associated with recurrent AMI
events and poor long-term outcomes which include many cholesterol transport genes. Future
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studies are needed to show that results obtained from GWAS and functional genomics
translate into strategies for risk prediction and personalized interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relationship of 214 SNPs associated with coronary artery disease and myocardial infarction

to nearby genes.
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Figure 2.
Protein-protein interaction network of 320 genes associated with SNPs for CAD/AMI based

on the STRING v9.1 database [30]. For better legibility, only proteins which display
interactions with other proteins are shown (the full protein-protein network is shown in
Supplemental Figure 1). There is strong evidence for a central cluster consisting of proteins
regulating cholesterol metabolism (blue circle). Additional clusters include proteins involved
in focal adhesion/extracellular matrix interaction (black circle: FNI, FLT1, COL4A1,
COL4AZ, VEGFA, ITGA1l, LAMCZ, PDGFD), and TGF- signaling (red circle: £E2F4,
CDKNZB, CDKNZA, SMADS3, PITX2). Proteins interconnected by K-means clustering are
colored. Edges, i.e. predicted functional links, consist of up to eight lines: one color for each
type of evidence (STRING v9.1 integrates experimental, predicted and transferred
interactions, together with interactions obtained through text mining).
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Figure 3.

Functional analysis with fold enrichment of genic vs. intergenic SNPs compared to expected
rate against the whole genome. While cholesterol transport pathways were enriched in genic
and intergenic regions, other pathways including focal adhesion, anti-apoptosis, regulation
of smooth muscle (SMC) proliferation, angiogenesis, alternative splicing and RNA
polymerase Il transcription factor (TF) activity were enriched for SNPs in genic regions
only. * indicates p<0.05.
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