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Abstract Genome-wide association studies for coronary
artery disease utilizing the case control association study
approach has identified 50 genetic risk variants associated
with coronary artery disease or myocardial infarction. All
of these genetic variants are of genome wide significance
and replicated in an independent population. It is of note
that 35 of these 50 genetic risk variants act through
mechanisms as yet unknown. These findings have great
implications for the pathogenesis of atherosclerosis, as
well as new targets for the development of novel therapies
for the prevention and treatment of CAD. The genetic
variant PCSK9 has already led to the development of a
monoclonal anti-body which is undergoing assessment in
phases I, I, and III clinical trials. This therapy shows very
promising results and since it increases removal of LDL-
C, it is complementary to current statin therapy. Assessing
the beneficial or deleterious effects of a lifelong exposure
to a genetic risk variant (Mendelian randomization) will
be an important adjunct to clinical trials.
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Introduction

Over the last four decades, attempts to define the genetics of
coronary artery disease have been restricted to that of rare
single gene disorders, primarily involving cholesterol. The
most striking observation of that era was by Brown and
Goldstein describing a mutation in the low-density lipoprotein
receptor responsible for familial hypercholesterolemia [1].
Only in the last decade has it been possible to pursue genetic
predisposition underlying complex multi-gene disorders, such
as coronary artery disease (CAD). This was heralded by the
development of high-density microarrays containing hun-
dreds of thousands of single nucleotide polymorphisms
(SNPs) as DNA markers and the requisite platforms to per-
form unbiased genome-wide association study (GWAS) [2].
This review focuses on this approach and its contribution to
the genetic architecture that underlies CAD.

Genome-Wide Association Studies (GWAS) for Coronary
Artery Disease

Genetic linkage analysis provided the resolution required to
map and identify genes responsible for rare disorders such as
familial hypercholesterolemia or familial hypertrophic cardio-
myopathy. It required genotyping with only a few hundred
DNA markers in pedigrees of two or three generations [3].
One can map the chromosomal location of the responsible
gene by detecting the markers that segregate with the disease
versus those that segregate with unaffected individuals.
Markers that are co-inherited with the disease would indicate
they are in close physical proximity to that of the responsible
gene. Knowing the approximate chromosomal location, one
can, through cloning and sequencing, identify the precise
mutation. It was recognized in the 1990s that while this
approach would be applicable for single gene disorders, it
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would not have the resolution for complex diseases in which
the phenotype results from a combination of multiple genetic
and environmental factors. Knowing there are multiple genet-
ic factors contributing, it was postulated that the effect of any
one genetic factor would have minimal to moderate effect on
the phenotype. This would require an approach utilizing un-
related individuals best suited to the case control association
study. In this approach, one compares the frequency of a DNA
marker in cases versus the frequency in controls. A marker
occurring statistically more frequent in cases, would be
interpreted to be in a region of DNA associated with increased
risk for the disease. The initial approach taken in the 1990s
was to select candidate genes on the basis of their function and
compare their frequency in cases and controls. While several
such studies were performed for many diseases including
CAD, there was the concern of the built in bias from prior
selection of the candidate [4]. The most desired approach
would be to have hundreds of thousands of markers evenly
distributed throughout the genome and chose those markers
occurring more frequently in cases without any prior bias. To
have adequate resolution, such an approach is now referred to
as a genome-wide association study (GWAS), would require a
DNA marker at intervals throughout the genome of at least
every 6000 base pairs of the 3.2 billion base pairs present in
the genome [2]. This would require a minimum of 500,000
markers and sample sizes for both cases and controls of
several thousand individuals.

The development of the high-density microarray contain-
ing initially 500,000 SNPs and subsequently 1 million single
nucleotide polymorphisms (SNPs) facilitated the first com-
plete unbiased GWAS [2]. Given the number of hypotheses
being tested, a statistical correction is necessary to account for
false positives. The conventional accepted statistical correc-
tion for genome significance is the Bonferroni method using
<0.05/1,000,000=5 % 10" [5]. To meet this statistical stringen-
cy would require large sample sizes of several thousand. The
resolution afforded by a GWAS is to detect SNPs occurring at
a frequency of >5 % in the population. Even with massive
sample sizes, GWAS does not have the resolution to detect
SNPs having a frequency of <5 %. As these findings are based
on a case-control association study by comparing the frequen-
cy of a SNP in cases with that of controls, it is only an
association and must be replicated in an independent and
appropriate population. Thus far 50 genetic variants associat-
ed with risk of CAD have met this degree of stringency.

9p21 Risk Variant and Coronary Artery Disease
The initial observation that emerged from GWAS for CAD
was the discovery of an association between a DNA sequence

variation on chromosome 9p21 and coronary artery disease
(CAD) [6, 7]. Since its initial description in 2007, associations
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between 9p21 risk variant and other vascular phenotypes have
been described, including intracranial aneurysms, intra-
abdominal aortic aneurysms and stroke [8]. The 9p21 risk
variant is the most studied and typifies most of the features
of the newly discovered genetic risk variants for CAD.

The 9p21 risk variant for CAD is very common with 25 %
of the Caucasian population being homozygous for the risk
variant and 50 % of the population heterozygous [6]. Thus
75 % of the Caucasian population carries at least one copy of
the risk variant. While the risk imparted is modest, the high
frequency of 9p21 led to its confirmation in multiple GWAS.
The association has subsequently been described in multiple
ethnic groups including the Japanese [9], Korean [9, 10], and
South Asian [11]. However, the association has not been
replicated in African American populations [12]. Somewhat
surprisingly, and of great therapeutic interest, was the obser-
vation that the risk of 9p21 for CAD is independent of known
risk factors for CAD (e.g., cholesterol).

The 9p21 risk variant resides in a region of the genome
devoid of annotated protein coding genes. The risk variant
resides in a long non-coding RNA (IncRNA) of 126,000 bps,
antisense non-coding RNA at the INK4 locus (ANRIL). This
sequence lies adjacent to the genes that encode the cyclin-
dependent kinase inhibitors CDKN2A and CDKN2B [13]. In
mice targeted deletion of the analogous DNA region results in
reduced expression of CDKN2A [14], however, these mice
did not develop an atherosclerotic phenotype. The CDKN2A
and CDKN2B are inhibitors of the cell cycle and are known to
inhibit cellular proliferation. Since smooth muscle prolifera-
tion is part of atherosclerosis, inhibition of their expression
may enhance proliferation of atherosclerosis. Of note, the
murine sequence shares only 50 % homology with that of
humans [14]. In vitro and in vivo studies show inconsistent
results with respect to whether the 9p21 risk variant is associ-
ated with mRNA expression of CDKN2A and CDKN2B [13,
15, 16]. Genetic transmission of genes is random and each
gene is thus inherited independently. However, genes that are
in close physical proximity may be co-inherited and are re-
ferred to as being in linkage disequilibrium.

Following sequencing of the region, other SNPs that are in
linkage disequilibrium with the original CAD-risk SNPs have
been identified. Two of these SNPs exist in a binding site for the
transcription factor STAT1, a transcription factor induced by
interferon-gamma [17¢]. The haplotype that contains SNPs con-
ferring CAD risk disrupt STAT1 binding; knockdown of STAT 1
by short interfering RNAs increased CDKN2BAS expression in
cells homozygous for the non-risk allele but not in those homo-
zygous for the risk allele (i.e., with disrupted STAT1 biding
sites) [17¢]. This led to the hypothesis that 9p21 may mediate its
risk for CAD through interferon gamma [17¢]; however, it was
subsequently shown that the effect of interferon gamma is
independent of the 9p21 risk variant [18¢]. The mechanism by
which 9p21 mediates its risk is yet to be elucidated.
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While the mechanism whereby 9p21 mediates its risk
remains unknown, its site of action is more clearly elucidated.
Studies in patients having undergone coronary angiography
with or without myocardial infarction (MI) have shown the
9p21 risk variant to be associated with coronary atherosclero-
sis but not with MI [19]. This has been consistently observed
in multiple studies [20-22]. Several studies have also docu-
mented 9p21 risk variant to be associated with progression of
coronary atherosclerosis [19, 22, 23] based on the number of
vessels involved, however, this has not been a consistent
finding [9, 21]. All of these studies are cross-sectional analy-
sis, while it may require a longitudinal study to definitively
solve this controversy. It is reasonable to conclude that 9p21
risk variant acts at the vessel wall in association with coronary
atherosclerosis and is not associated with plaque rupture or
thrombosis.

Common Features of Genetic Risk Variants for CAD

Following the description of the association of the 9p21 risk
variant with coronary artery disease, several other variants
were described [3]. Given the modest risk effect of these
genetic variants, it was recognized that sample sizes would
have to be larger than initially expected. As a consequence,
members of several international consortia contributed pa-
tients and resources to a large meta-analysis. The largest of
these consortia is Coronary Artery Disease genome-wide
Replication and Meta-analysis (CARDIoGRAM) [24]. This
study initially included 87,000 subjects, of whom 22,000 were
CAD cases and 65,000 controls. CARDIoGRAM identified
13 new risk variants for CAD while confirming ten others that
had been previously described [25]. CARDIoGRAM expand-
ed its population to over 200,000 and recently identified
another 15 risk variants with confirmation of a total of 46
[26¢¢]. Four other genetic risk variants for CAD from inde-
pendent investigators have also been identified [27, 28]. A
total of 50 genetic risk variants for CAD have been discovered
and confirmed in independent populations (Table 1).

Several features have now emerged that are common to all
of'these genetic risk variants for CAD. They are very common
with over 50 % of them occurring in 50 % of the population
and over 30 % occurring in 75 % or more of the population
(Table 1). Secondly, the extent of increased risk for any one
genetic variant is minimal, with an average increased relative
risk of 17 %. Most of the genetic variants occur in non-protein
coding regions, indicating their effect is regulatory, acting on
downstream or upstream protein coding regions. Their effect
on DNA regions on other chromosomes must also be consid-
ered. Perhaps the most important finding is that 35 of the 50
genetic risk variants act independent of known risk factors by
mechanisms that are, as of yet, unknown.

Myocardial Infarction Versus Coronary Artery Disease

In all GWAS studies, the phenotype is either confirmed myo-
cardial infarction or the presence of >50 % obstruction in one
or more of the coronary vessels. The two phenotypes are
treated as similar since a myocardial infarction is essentially
always due to plaque rupture and thrombosis superimposed on
underlying obstructive coronary artery atherosclerosis. Nev-
ertheless, it is expected that certain genetic risk variants will
mediate their risk solely through myocardial infarction or
atherosclerosis. It is reasonable to expect there are separate
genetic variants predisposing to thrombosis, such as the ABO
locus that does not contribute to atherosclerosis per se. Sim-
ilarly, genetic variants predisposing to plaque rupture may be
distinct from those associated with the pathogenesis of ath-
erosclerosis or the formation of thrombosis. It is worth noting
that only one genetic risk variant was observed to be associ-
ated with MI per se, namely, the blood group locus occupied
by either A, B, or O (Table 1). Epidemiological studies since
the 1960s have indicated increased risk for MI is associated
with blood group A and B, the GWAS studies confirmed that
A and B have a relative increased risk of about 20 % for MI,
but blood group O was not associated with any risk for CAD
or MI [20]. The genes A or B encode for a transferase that
transfers a carbohydrate moiety onto von Willebrand’s factor.
The longer half-life predisposes to thrombosis and would
account for the increased risk for MI associated with A and
B blood groups. However, blood group O while it encodes for
the same transferase has been mutated such that the enzyme
now lacks activity resulting in no change in the half-life of von
Willebrand’s factor and thus imparts no increased risk for MI.
In the recent nurses population study [29], it was confirmed
that blood group A or B associated with increased risk of
about 10 %, while if you have two copies of A or B or AB, the
risk is increased by about 20 %. It has also been shown that in
individuals with blood group A or B, the plasma half-life of
the vWF is prolonged by about 25 % [30]. While there are no
current recommendations on how to manage individuals with
blood group A or B, future concern will be related as to
whether they should receive anti-platelet therapy following
coronary by-pass surgery or the insertion of permanent artifi-
cial devices such as stents or prosthetic valves.

Utility of Genetic Risk Variants in the Prevention of CAD

While identification of the novel variants is of scientific inter-
est and identification of the mode by which they act will likely
yield valuable insights with regard to pathogenesis of disease,
the value of their application in prevention will depend on
demonstrating genotyping improves risk prediction above and
beyond that achieved by standard risk-prediction models.
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Table 1 Chronological list of 50 genetic variants (genome-wide significant) associated with coronary artery disease or myocardial infarction

Chromo-sonal location SNP Nearby genes Risk allele Odds ratio (95 % CI)
frequency (allele)

Risk variant associated with LDL cholesterol
6q25.3 1s3798220 LPA 0.02 (C) 1.92 (1.48-2.49)
2p24.1 rs515135 APOB 0.83 (G) 1.03
1p13.3 1rs599839 SORTI 0.78 (A) 1.29 (1.18-1.40)
19p13.2 rs1122608 LDLR 0.77 (G) 1.14 (1.09-1.19)
19q13.32 1s2075650 APOE 0.14 (G) 1.14 (1.09-1.19)
2p21 1s6544713 ABCG5-ABCGS 0.29 (G) 1.07 (1.04-1.11)
1p32.3 11206510 PCSK9 0.82 (T) 1.15(1.10-1.21)

Risk variant associated with HDL cholesterol
6p21.31 112205331 ANKS14 0.81 (C) 1.04

Risk variant associated with triglycerides
8q24.13 rs10808546 TRIBI 0.65 (A) 1.08 (1.04-1.12)
11q23.3 1s964184 ZNF259, APOA5-44-C3-A1 0.13 (G) 1.13 (1.10-1.16)

Risk variant associated with hypertension
12q24.12 1s3184504 SH2B3 0.44 (T) 1.13 (1.08-1.18)
10q24.32 12413409 CYP1741, CNNM2, NT5C2 0.89 (G) 1.12 (1.08-1.16)
4931.1 157692387 GUCYA3 0.81 (G) 1.13
15926.1 rs17514846 FURIN-FES 0.44 (A) 1.04

Risk variant associated with myocardial infarction
9q34.2* 1579459 ABO 0.21 (C) 1.10 (1.07-1.13)

Risk variant mechanism of risk unknown
9p21.3 4977574 CDKN2A4,CDKN2B 0.46 (G) 1.25(1.18-1.31) to

1.37 (1.26-1.48)

1g41 1517465637 MIA3 0.74 (C) 1.20 (1.12-1.30)
10q11.21 rs1746048 CXCLI2 0.87 (C) 1.33 (1.20-1.48)
2q33.1 1s6725887 WDR12 0.15 (C) 1.16 (1.10-1.22)
6p24.1 112526453 PHACTRI 0.67 (C) 1.13 (1.09-1.17)
21@22.11 1$9982601 MRPS6 0.15(T) 1.19 (1.13-1.27)
3q22.3 1s2306374 MRAS 0.18 (C) 1.15 (1.11-1.19)
10p11.23 2505083 KIA4A41462 0.42 (C) 1.07 (1.04-1.09)
1p32.2 rs17114036 PPAP2B 091 (A) 1.17 (1.13-1.22)
5¢31.1 12706399 IL5 0.48 (A) 1.02 (1.01-1.03)
6q23.2 rs12190287 TCF21 0.62 (C) 1.08 (1.06-1.10)
7q22.3 1rs10953541 BCAP29 0.75 (C) 1.08 (1.05-1.11)
7932.2 rs11556924 ZC3HCI1 0.62 (C) 1.09 (1.07-1.12)
10g23.31 rs1412444 LI 0.34 (T) 1.09 (1.07-1.12)
11q22.3 1974819 PDGF 0.29 (T) 1.07 (1.04-1.09)
13q34 14773144 COLA4AI, COL4A42 0.44 (G) 1.07 (1.05-1.09)
14q32.2 rs2895811 HHIPLI 0.43 (C) 1.07 (1.05-1.10)
15g25.1 1rs3825807 ADAMTS7 0.57 (A) 1.08 (1.06-1.10)
17p13.3 1s216172 SMG6, SRR 0.37 (C) 1.07 (1.05-1.09)
17pl1.2 rs12936587 RASDI, SMCR3, PEMT 0.56 (G) 1.07 (1.05-1.09)
17q21.32 146522 UBE2Z, GIP ATP5G1, SNF8 0.53 (T) 1.06 (1.04-1.08)
5p13.3* rs11748327 IRX1, ADAMTSI16 0.76 (C) 1.25[1.18-1.33]
6p22.1* 16929846 BTN241 0.06 (T) 1.51 (1.28-1.77)
6p24.1° 1s6903956 Cé6orfl05 0.07 (A) 1.65 (1.44-1.90)
6p21.3 3869109 HCG27 and HLA-C 0.60 (C) 1.15
121 14845625 IL6R 0.47 (T) 1.09
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Table 1 (continued)

Chromo-sonal location SNP Nearby genes Risk allele Odds ratio (95 % CI)
frequency (allele)

Chr4 rs1878406 EDNRA 0.15(T) 1.09
Tp21.1 1rs2023938 HDACY 0.10 (G) 1.13
2pll.2 rs1561198 VAMPS5-VAMPS 0.45 (A) 1.07
Chr2 152252641 ZEB2-AC074093.1 0.45 (A) 1
Chr5 1273909 SLC2244-SLC2245 0.14 (C) 1.11
6p21 rs10947789 KCNK5 0.76 (T) 1.01
626 14252120 PLG 0.73 (T) 1.07
8p22 rs264 LPL 0.86 (G) 1.06
13q12 1s9319428 FLT1 0.32 (A) 1.1

A adenine, C cytosine, C/ confidence interval, G guanine, OR odds ratio, SNP single-nucleotide polymorphism, 7' thymine

* Variant identified only in Japanese; ° Variant identified only in Han Chinese

¥ The risk variant at 9934.2 is associated with myocardial infarction, but not with coronary atherosclerosis.

Ripatti et al. investigated genetic risk scoring based on the
first 13 SNPs described in GWAS [31]. They found this
genetic score identified 20 % of a European population that
were at a 70 % increased risk of a first coronary event.
However, genetic risk scoring did not improve the C index
over traditional risk factors and family history nor did it have
an effect on net reclassification improvement.

Thanassoulis et al. used genetic risk scoring (13 SNPs) in
the prediction of coronary artery calcium (CAC) and incident
CHD [32]. Consistent with Ripatti’s observation, genetic risk
scoring did not improve discrimination for incident CAD.
However, significant improvements in risk discrimination
and reclassification were observed in the prediction of high
CAC.

Benefits Emerging from Discovery of Genetic Risk
for CAD

While the search for addition genetic risk variants for CAD
continues, a major finding has already immerged, namely, that
several factors contributing to the pathogenesis of atheroscle-
rosis are yet to be discovered. Over two-thirds of the genetic
risk variants for CAD mediate their effect through mecha-
nisms other than cholesterol or blood pressure (Table 1). The
molecular pathways are yet to be elucidated. These pathways
will provide new targets for the development of novel therapy.
It is now evident that comprehensive prevention and treatment
of coronary atherosclerosis and its sequelae must include
therapy to counteract these genetic risk factors.

In Table 1 it is indicated that seven of the genetic risk
variants are associated with plasma LDL-cholesterol. One of
these variants is due to mutations in PCSK9 located on chro-
mosome 1 (1p32.3). PCSK9 increases the degradation of the

LDL receptor [33]. Since the major mechanism responsible
for removal of LDL-C from the plasma is the LDL receptor, it
is associated with increased plasma LDL-C. Loss of function
mutations in PCSK9 was shown to be associated with lower
plasma levels of LDL-C and decreased mortality and morbid-
ity from CAD [34]. An anti-body inhibiting the action of
PCSKO9 has undergone evaluation in phase I and II clinical
trials, with very promising results, which are now being
further evaluated in phase III clinical trials [35-37]. This
therapy has been shown to be complementary to that of
statins, as expected since statin therapy inhibits the synthesis
of cholesterol while inhibiting PCSK9 results in more rapid
removal of LDL-C from the plasma. One can expect other
such novel therapies to lower plasma cholesterol will emerge.
It is reasonable to expect that significant insight will be
obtained from the homeostasis of cholesterol through pursu-
ing the actions of these new genetic variants related to the
regulation of plasma lipids and the risk of CAD

Conclusion

GWAS has led to the description of multiple novel CAD loci.
This has improved our understanding of the genetic architec-
ture that underlies CAD and its related phenotypes. These
variants account for only about 20 % of expected CAD
heritability. Future directions will include 1) description of
novel variants through larger meta-analyses, the identification
of rare variants that impart profound biologic effect by tech-
niques including next-generation sequencing and whole-
exome capture; 2) and description of the mechanisms that
underlie the association of these SNPs with CAD; 3) re-
assessment of the role of genotyping in risk prediction follow-
ing description of further variants.
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