wJ

World Journal of
Cardiology

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4330/ wjc.v8.i1.1

World | Cardiol 2016 January 26; 8(1): 1-23
ISSN 1949-8462 (online)
© 2016 Baishideng Publishing Group Inc. All rights reserved.

REVIEW

Genetics of coronary artery disease and myocardial

infarction

Xuming Dai, Szymon Wiernek, James P Evans, Marschall S Runge

Xuming Dai, Szymon Wiernek, Marschall S Runge, Division
of Cardiology, University of North Carolina at Chapel Hill,
Chapel Hill, NC 27599, United States

James P Evans, Department of Genetics, University of North
Carolina at Chapel Hill, Chapel Hill, NC 27599, United States

Author contributions: Dai X wrote the manuscript; Wiernek S
collected the literature and generated the up-to-date chromosomal
map; Evans JP and Runge MS extensively edited the manuscript.

Supported by NC TraCS to Dai X, No. 550KR91403; NIH T32
to Wiernek S, No. HL083828-04.

Conflict-of-interest statement: The authors declare no conflict
of interests for this article.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Xuming Dai, MD, PhD, Division of
Cardiology, University of North Carolina at Chapel Hill, 160
Dental Circle, CB # 7075, Chapel Hill, NC 27599,

United States. xmdai3@med.unc.edu

Telephone: +1-919-9666965

Fax: +1-919-9664366

Received: May 3, 2015
Peer-review started: May 3, 2015
First decision: August 4, 2015
Revised: October 18, 2015
Accepted: November 10, 2015
Article in press: November 11, 2015
Published online: January 26, 2016

Abstract
Atherosclerotic coronary artery disease (CAD) comprises
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a broad spectrum of clinical entities that include asymp-
tomatic subclinical atherosclerosis and its clinical
complications, such as angina pectoris, myocardial
infarction (MI) and sudden cardiac death. CAD continues
to be the leading cause of death in industrialized
society. The long-recognized familial clustering of
CAD suggests that genetics plays a central role in
its development, with the heritability of CAD and MI
estimated at approximately 50% to 60%. Understanding
the genetic architecture of CAD and MI has proven
to be difficult and costly due to the heterogeneity of
clinical CAD and the underlying multi-decade complex
pathophysiological processes that involve both genetic
and environmental interactions. This review describes
the clinical heterogeneity of CAD and MI to clarify
the disease spectrum in genetic studies, provides a
brief overview of the historical understanding and
estimation of the heritability of CAD and MI, recounts
major gene discoveries of potential causal mutations
in familial CAD and MI, summarizes CAD and MI-
associated genetic variants identified using candidate
gene approaches and genome-wide association studies
(GWAS), and summarizes the current status of the
construction and validations of genetic risk scores for
lifetime risk prediction and guidance for preventive
strategies. Potential protective genetic factors against
the development of CAD and MI are also discussed.
Finally, GWAS have identified multiple genetic factors
associated with an increased risk of in-stent restenosis
following stent placement for obstructive CAD. This
review will also address genetic factors associated with
in-stent restenosis, which may ultimately guide clinical
decision-making regarding revascularization strategies
for patients with CAD and MIL.

Key words: Coronary artery disease; Myocardial
infarction; In-stent restenosis; Genetics; Heritability;
Genome-wide association study; Atherosclerosis
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Core tip: This review provides the most comprehensive
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summary of the genetics of coronary artery disease
(CAD) and myocardial infarction (MI) research with
a complete, up-to-date chromosomal map of all CAD
and MI-susceptible genes. We discuss the existence
and significance of protective genetic factors against
atherosclerosis, CAD and MI. We also summarize the
current status of constructing genetic risk scores to
predict long-term risks of developing CAD and MI. In-
stent restenosis is a new challenge in cardiology. The
genetics of in-stent restenosis are also discussed in this
article.

Dai X, Wiernek S, Evans JP, Runge MS. Genetics of coronary
artery disease and myocardial infarction. World J Cardiol
2016; 8(1): 1-23 Available from: URL: http://www.wjgnet.
com/1949-8462/full/v8/il/1.htm DOI: http://dx.doi.org/10.4330/
wjc.v8.il.1

INTRODUCTION

Coronary artery disease (CAD) remains the number
one cause of death in industrialized society. CAD alone
caused approximately 1 of every 6 deaths in the United
States in 2010, Atherosclerotic CAD comprises a
broad spectrum of clinical entities that include asym-
ptomatic subclinical atherosclerosis and its clinical
complications, such as angina pectoris, myocardial
infarction (MI) and sudden cardiac death. In the early
1930s, Carl Miller in Oslo reported the co-segregation
of high plasma cholesterol, xanthoma and premature
coronary heart disease, providing early clues regarding
a genetic component of CAD and its association with
cholesterol™, Family clustering of CAD and MI has
subsequently been well recognized and documented.
Large twin studies have estimated the heritability of
CAD to be approximately 50% to 60%. Understanding
the genetic basis of CAD and MI will not only provide
insight regarding the pathogenesis of the disease
but also a basis for the development of preventive
and therapeutic strategies. Research investigating
the genetic architecture of CAD has proven to be a
difficult and costly task due to the heterogeneities
of clinical CAD and MI and its multi-decade complex
pathophysiological processes that involve both genetics
and environmental factors and their interactions.
Together with rapid advances in molecular technology
and computational capacities in genetics and genomics,
the recent decade has witnessed tremendous progress
in genetic and genomic studies of CAD and MI. This
article provides a comprehensive overview of the clinical
heterogeneity of CAD and MI, which are often assessed
in genetic studies; the heritability of CAD and MI; and
achievements in gene discoveries related to CAD, MI,
and in-stent restenosis. The development of a genetic
risk score (GRS) based on genetic risk factors related
to CAD and its initial success for predicting the life-long
risk of CAD is also discussed.
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HETEROGENEITY OF CAD

The heterogeneity of CAD and its clinical complications
introduce significant complexity in genetic studies.
Clinically, the presentation of atherosclerotic CAD
ranges from completely asymptomatic (subclinical
atherosclerosis), angina pectoris (typical or atypical,
stable or unstable), and silent MI to acute myocardial
infarction (AMI) or sudden cardiac death. The Fra-
mingham Heart Study (FHS) reported that one third
of all MI are unrecognized™. Based on autopsy, up to
50% of sudden deaths are due to MI™. In addition to
the broad spectrum of clinical presentations, the age
of onset of clinical symptoms varies dramatically. The
average age at the time of first MI is 64.9 years for
men and 72.3 years for women™. Although AMI is not
uncommon in young adults (< 40 years old), an initial
diagnosis of severe atherosclerotic CAD in octogenarians
is rather common and is often preceded by a long,
asymptomatic disease state.

Coronary artery atherosclerosis is the most com-
mon underlying pathological process responsible for
the majority of clinically significant CAD. Progressive
narrowing of the arterial lumen due to negative remo-
deling and expansion of the atheroma causes myo-
cardial ischemia and angina pectoris. The rupture of
a vulnerable atherosclerotic plaque, local activation of
thrombotic mechanisms with/without severe underlying
stenosis, local thrombosis formation and arterial
lumen closure are accepted as underlying mechanisms
of AMI. Coronary embolization of the thrombus,
spontaneous coronary dissection, myocardial bridging,
an anomalous origin and course of coronary artery,
and coronary spasm can cause clinical symptoms/
presentations that are similar to those of AMI. In
addition, some unusual clinical scenarios may cause
coronary insufficiency and myocardial ischemia, such as
adjacent tumor compression of coronary arteries and
systemic vascularitis involving coronary artery beds. In
addition, the locations of atherosclerotic stenosis along
the coronary tree vary significantly. Isolated aorto-
ostial stenosis (ostia of the left main or right coronary
artery) and bifurcation lesions are more apparent in
relation to turbulent flow and the endothelial response
to the flow dynamics. Diffuse atherosclerosis is more
commonly observed in patients with diabetes mellitus
(DM). The heterogeneity of the location of CAD within
the coronary tree may reflect a different set of genetic
influences on atherogenesis. The location-dependent
effects of PECAM-1 on atherogenesis in animal models
have been reported™, and the results suggest that the
heterogeneity of the location of atherosclerotic CAD may
represent different genetic influences of atherosclerosis
under different dynamic flow conditions.

These heterogeneities of phenotypic characterization,
pathological etiologies of CAD and MI and the complex
molecular and cellular pathogenesis of atherosclerosis
(summarized in Table 1) contribute to the difficulties
associated with the identification of genes that are
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Table 1 Heterogeneities in coronary artery disease/myocardial infarction

Clinical manifestation

Underlying pathology

Pathological processes of atherosclerosis

Asymptomatic stenosis

Stable or unstable angina pectoris
Silent MI

Acute MI (NSTEMI and STEMI)
Sudden cardiac death

Spontaneous dissection
Anomalous origin/course
Coronary spasm
Myocardial bridging

Atheroma positive remodeling
Atheroma negative remodeling
Plaque rupture/thrombosis
Critical stenosis/thrombosis
Embolization

Endothelial injury
Lipid deposition
Oxidative stress/response
Inflammation
Cellular proliferation/apoptosis
Foam cell formation
Matrix deposition/degradation
Plaque rupture/hematoma/thrombosis
Neovascular formation

MI: Myocardial infarction.

important for CAD and MI'®,

HERITABILITY OF ATHEROSCLEROTIC
CAD

Clinical and population-based studies have demon-
strated that genetic factors play important roles in CAD
and MI. The phenomenon of family clustering of CAD
was repeatedly reported in the 1950s and 1960s"-®.
Slack and Evans demonstrated that a history of early
onset ischemic heart disease (IHD) of first degree
relatives was significantly associated with and predicted
early onset IHD (< 55 in men and < 65 in women)™.
The subsequent FHS confirmed that a family history
of premature CAD, defined as the presence of a first
degree relative with a diagnosis of CAD at < 55 years
of age in men and < 65 years of age in women, is an
independent risk factor for CAD™”. The strength of
hereditary in determining the risk of CAD increases with
an increasing number of affected first-degree relatives
and with a younger age of onset™. In a multivari-
ate analysis, the extent of CAD based on coronary
angiography was also strongly associated with the
history of parental CAD independently of plasma lipids,
obesity, hypertension, cigarette smoking and alcohol
intake!>*1,

Twins have fascinated human communities and
provided invaluable opportunities to identify the genetic
component of diseases. Identical twins who con-
cordantly develop early onset, angiographically proven
CAD, in whom many of the same coronary arteries are
even involved, provide highly suggestive information
regarding the influence of genetics on CAD!*?%. Early
in 1967, Cederlsf et al** observed a concordance
of 21.7% of CHD history in monozygotic twins, as
compared with 6.1% in dizygotic twins. The Swedish
Twin Registry and Danish Twins Registry are the two
largest twin registries in the world. The Swedish Twin
Registry has captured all of the twins born since 1886
and includes 20966 twins. A longitudinal follow-up of
36 years found that if one twin died of CAD, the relative
risk of the development of fatal CAD in the second twin
was 8.1 for monozygotic twins (MZ, identical twin)®*!
and 3.8 for dizygotic twins (DZ, non-identical twin).
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The estimated heritability of CAD is 57% (50%-59%)
in male twins and 38% (25%-50%) in female twins®*?,
The influence of genetics is evident across the age
range of 36 to 86 years. The Danish Twins Registry (8000
twin pairs) reported an increased incidence of CAD and
CAD deaths in MZ twins of subjects with CAD compared
with DZ twins (44% vs 14%), with an estimated
heritability of 0.53 in males and 0.58 in females®", In
general, CAD is widely accepted to have a heritability of
50% to 60%.

Large-scale prospective, population-based epide-
miology studies, such as the Western Collaborative
Group Study'®, Health Professional follow-up study®®,
the Nurses’ Health Study™”, the FHS!”, the British
Regional Heart Study™, the German PROCAM study™?,
and the Utah Cardiovascular Genetic Research™”,
confirmed the strong independent association among
family, parental history of CAD and MI and the occur-
rence in offspring™*3, These genetic factors are
independent of traditional risk factors (TRF) for the
disease. TRFs, such as hypertension, diabetes mellitus,
hypercholesterolemia, low physical activity, obesity,
C-reactive protein, plasma homocysteine, and tobacco
use are well known to have their own complex genetic
components with individual heritability values that have
been estimated in twin studies®™. Figure 1 illustrates
the contribution of genetic factors directly or through
TRFs in the development and manifestation of CAD.
The collective effects of genetic factors, environmental
factors, and age determine the development of athero-
sclerotic CAD and its complications.

GENE DISCOVERY FOR CAD AND Ml

Early candidate gene and linkage analyses have iden-
tified numerous causal genes and mutations that
underlie rare, Mendelian monogenic CAD. Many of these
genes and mutations are involved in lipid metabolism.
Recently, a combination of a large pedigree of familial
CAD and high-throughput genomic sequencing tech-
nology led to the discovery of a panel of new possible
causal gene mutations for CAD. Table 2 summarizes the
genes and mutations that are considered to be causal
for atherosclerotic CAD.
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Table 2 Genes and mutations identified as causal for monogenic familial coronary artery disease

Categories Genes Chrom OMIM Mutations Ref. GWAS'
Monogenic CAD genes ST6GALNACS5 1p31.1 610134 G295A (p.*337Qext*20 stop-loss) [52] No
CYP27A1 2p35 606530 G674A (p. Arg225His) [51] No
MEF2A 15926.3 608320 21-bp del in exon 11 [34,38] No
LRP6 12p13.2 610947 G1079A (p. Arg611Cys) [44,159] No
T1298C (p. Asn433Ser)
Gene mutations cause high LDL receptor 19p13.2 606945 > 1000 variants [55] Yes
LDL PCSK9 1p32.3 603776 9 gain-of-function mutations [63] Yes
ApoB-100 2p24.1 144010 C10580G (p. Arg3527GIn) [59,60,84] Yes
C10800T (p. Arg3531Cys)
1rs515135

LDLRAPI, ARH 1p36.11 603813 ARHI: 432 ins A (p. FS170stop) [66] No

ARH2: G65A (p. Trp22ter)
Mutations cause low HDL ABCA1 9q31.1 205400 Many ABCA1 LoF alleles [78,158] Yes

Rs2230806 > A

LCAT 16q22.1 606967 > 80 mutations [160] Yes

Rs5923 1 CAD in Egyptians
Mutations cause high TG Apo C-II 19q13.2 207750 ApoCllst. Michael [85,86] No

p- GIn70Pro

'The association between the genetic variant and the risk of CAD and MI is also discovered in GWAS. GWAS: Genome-wide association studies; CAD:
Coronary artery disease; MI: Myocardial infarction; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; TG: Triglyceride; OMIM: Online

Mendelian Inheritance in Man.

50% =

- ‘Genetics
Obesity ~ 80%' JE—

<> 4

50%-60%

Atherosclerosis

CAD/MI

Age

Systemic inflammation

Homocysteine Coagulopathy
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57%
Diabetes 70% 57% 52%
75% o
Hypertension 54%

'Reported heritability of each risk factor
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y’
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>
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Figure 1 Atherosclerosis is a multi-decade pathological process involving complex interactions between genetics and environmental factors. The estimated
heritability of CAD and Ml is 50% to 60%. The heritability of each individual risk factor is indicated as a %. CAD: Coronary artery disease; MI: Myocardial infarction.

Monogenic CAD genes

Despite the clinical heterogeneity of CAD and MI as
described above, the phenomenon of familial clu-
stering of CAD and collections of large pedigrees with
multiple members in multiple generations provided
an opportunity to perform linkage analysis and gene
discovery. In recent years, three potential causal genes
and their responsible mutations for pedigrees with
apparent Mendelian autosomal dominant (AD) CAD
and MI have been identified (below and Table 2). The
common feature of these mutations is co-segregation
with the phenotype in the index kindred and a presence
in unrelated cohorts. Functional analyses of these
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genes also supported their potential involvement in the
pathogenesis of CAD and MI. However, the potential
roles of these familial CAD causal genes and mutations
in general population are unknown. Further validation
with additional pedigrees and experimental models is
warranted.

MEF2A: MEF2A is a transcription factor that belongs
to the monocyte enhancer factor (MEF) family. MEF2A
is expressed in blood vessels during embryogenesis as
an early marker of vasculogenesis and interacts with a
variety of molecules that are known to be involved in
cardiovascular pathogenesis. Wang et a**! performed a
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genome-wide linkage analysis of a large kindred group
consisting of 13 individuals and designated the first AD
CAD gene (adCAD1) at chromosomal location 15g26
within a region containing approximately 93 genes
including MEF2A. Considering the relevance of MEF2A in
vasculogenesis, sequencing of the MEF2A gene revealed
a 21-base pair deletion in exon 11 of the MEF2A gene
that was present in all 10 affected living members
but not in unaffected individuals®®". This D7aa MEF2A
mutation co-segregated with the CAD phenotype in
an AD manner in the index pedigree. Interestingly, the
same exon 11 deletion in MEF2A was reported in other
CAD individuals from different ethnic backgrounds?*>".,
Missense mutations in exon 7 of MEF2A, resulting in a
loss-of-function of MEF2A, were also found in premature
CAD individuals, but not in age-, ethnicity- and BMI-
matched controls lacking angiographic evidence of
CADP**)_ Further studies have demonstrated that the
deletion of 7 amino acid leads to defective trafficking of
MEF2A in a dominant-negative manner. Consequently,
MEF2A entry into the nucleus is blocked, which is crucial
for the ability of MEF2A to regulate gene expression.
It is plausible that functional abnormalities in D7aa
MEF2A lead to cellular abnormalities in endothelial
cells and vascular smooth muscle cells, which in turn
participate in processes associated with atherogenesis.
The discovery of the mutation in MEF2A in CAD re-
sulted in significant hope of genetic testing for CAD.
However, conflicting reports demonstrating the lack of
an association between MEF2A gene mutations and
CAD in other cohorts has raised doubts concerning a
causal role of MEF2A in CAD""*, In particular, two
individuals carrying the D7aa MEF2A mutation did not
appear to have CAD before the reported age of CAD
development, while members of the same family who
developed CAD carried the normal MEF2A gene™".
However, potential genetic or environmental modifiers
may reduce the phenotypic penetration. Polymorphisms
that do not change MEF2A transcriptional activation are
not associated with an increased risk of CAD™¥, and the
actual prevalence of functional MEF2A mutations in the
general population is not yet known.

Low-density lipoprotein receptor-related protein 6:
Mani et ai** studied a group of extreme outlier kindred
with an extraordinary prevalence of premature CAD
presenting an almost uniform presence of hypertension,
hypercholesterolemia, type II DM, obesity and an
absence of cigarette smoking in affected individuals.
The extreme familial clustering and segregation of
phenotypes (both premature CAD and risk factors) was
transmitted as a highly penetrant AD trait**. Genome-
wide linkage analysis revealed strong linkage between
the familial trait and markers of chromosome 12p,
which spans 750 kb and contains only six annotated
genes [ETV6, BCL2L14, low-density lipoprotein
receptor-related protein 6 (LRP6), MANSC1, LOH12CR1
and DUSP16]. Sequencing of the candidate gene LRP6
revealed the causal variant, a missense substitution
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of R611C in a conserved EGF-like domain of LRP6.
LPR6 functions as a co-receptor with Frizzle proteins
for Wnt ligands. Functional studies of the LRP6rs1ic
mutation revealed a dominant-negative decrease in
Wnt signaling. Although there was complete linkage of
LRP6rs11c and hypertension, high low-density lipoprotein
(LDL), TG and a prevalence of DM2 in the index kindred,
the frequency of LRP6rsi:c was very rare in general
population. Recently, a polymorphism in LRP6 intron
2 was found to be associated with the presence and
severity of angiographic CAD in a Chinese case-control
study™®'. A common variant of LRP6, rs2302685 (a non-
synonymous coding sequence SNP in exon 14, T>C,
p Ile1062Val), was initially found to be associated with
late-onset Alzheimer’s disease in Caucasians® followed
by carotid artery atherosclerosis™®” and, very recently,
CAD™. 1Ir1062Val variant reduces Wnt/p-catenin
signaling and anti-apoptotic activities in cultured cells
and arterial walls. Additional missense mutations in
the LRP6 gene that correlate to its extracellular domain
have been identified by the sequencing of exons and
the promoter of LRP6 in premature CAD patients
and controls in different Chinese cohorts. All of these
missense mutations cause loss of function (LoF) via
reduced Wnt signaling activity and attenuated human
umbilical vein endothelial cell proliferation in vitro™®.

CYP27A1: A large pedigree with well-defined familial
traits together with massive parallel sequencing
technology and bioinformatics computational and
statistical tools has dramatically accelerated the pace
of the discovery of disease-causing genes*?, The
identification of potential causative mutations in the
CYP27A1 gene that co-segregated with a familial AD
CAD phenotype is one recent example. Inanloorahatloo
et al® performed whole-exome sequencing of two
affected members in a large group of AD kindred
with premature CAD. An in silico un-biased algorithm
identified two candidate variants, c. G674A (p.
Arg225His) in CYP27A1 and c. A241T (p.lle81Phe)
in NTRK2, which were further sequenced in all of the
available members of the kindred. The variant c.G674A
(p. Arg225His) in CYP27A1 co-segregated with the
CAD status. The CYP27A1 gene encodes the sterol
27-hydroxylase involved in cholesterol and 25-hydroxy
vitamin D3 synthesis. The amino acid p. Arg 225
that was affected by the identified variant is highly
conserved in paralogous and orthologous proteins,
suggesting its functional importance. This variant was
not observed in 500 ethnically matched controls without
a history of cardiac disease. Furthermore, an additional
four disease-specific variants in the CYP27A1 gene
were discovered by sequencing the CYP27A1 exons in
7 out of 100 unrelated CAD patients. Although disease-
causing variants of the CYP27A1 gene were considered
relatively rare, potential disease-causing variants
reached up to 7% in Iranian patients with CAD. To date,
potential CAD-causing CYP27A1 variants have not been
reported in other populations, and the prevalence of
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these variants in the general population is unknown.
The mechanism underlying the possible causal role
of mutant CYP27A1 in atherosclerotic CAD remains
uncharacterized. Recently, CYP27A1-deficient mice in an
ApoE-deficient background exhibited a 10-fold reduction
of aortic atherosclerosis after challenge with a high-fat
diet associated with a 2-fold reduction of total plasma
cholesterol, LDL, and very low-density lipoprotein (VLDL)
as well as a 2-fold elevation of high-density lipoprotein
(HDL). These results suggested that CYP27A1 regulates
cholesterol homeostasis, and alterations of its activities
may subsequently lead to atherosclerosis™.,

ST6GALNACS: The ST6GALNACS gene is the newest
addition to the group of causal genes for familial
CAD. InanlooRahatloo et al*® studied a highly inbred
Iranian pedigree of AD premature CAD. Unbiased
GWAS combined with whole-exome sequencing of
two affected members identified a polymorphism,
G295A, in the ST6GALNACS gene that resulted in a
p. Val99Met mutation. Targeted sequencing of all of
the available members confirmed the co-segregation
between this variant and the CAD phenotype. A search
of ST6GALNACS5 mutations in other Iranians with
confirmed CAD revealed a p.*337Qext*20 mutation
in two unrelated patients with CAD (2 out of 160).
Interestingly, one of the patients who carried this
p.*337Qext*20 stop-loss mutation had one sibling
with CAD and two unaffected siblings; a genetic
analysis of the family again showed co-segregation
of the mutation with disease status. ST6EGALNACS
encodes sialyltransferase 7e, a member of the sia-
lyltransferase family. Sialyltransferases add sialic acids
(acetylated derivatives of neuraminic acid) to the
termini of carbohydrate chains in glycoproteins and
glycolipids. Elevated sialyltransferase activity in blood
cells and serum sialic acid levels™ are associated
with atherosclerosis and CAD. In vitro functional
studies of proteins encoded by these two mutated
ST6GALNACS5 genes revealed a two-fold increase
in sialyltransferase 7e enzymatic activity®. Given
that: (1) an un-biased approach was applied in the
identification of the ST6GALNAC5 mutation in a large
CAD pedigree; (2) convincing evidence demonstrates
the co-segregation of the ST6GALNACS5 mutation
with the familial CAD/MI phenotype; (3) additional
functional mutations have been identified in the
ST6GALNACS5 gene in unrelated CAD/MI patients and
families; (4) no functional variations were identified in
affected family members and unrelated controls; and
(5) the available evidence supports the notion that
sialic acid and sialyltransferase activity are involved in
the pathogenesis of atherosclerotic arterial disease,
it is reasonable to conclude that gain-of-function
mutations in ST6GALNACS, such as p. Val99Met and
p.*337Qext*20, are monogenic causal genes for
CAD. The prevalence of functional ST6GALNACS5 gene
mutations in the general population and in patients with
CAD is unknown. The mechanism by which mutant
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ST6GALNACS causes atherosclerosis and CAD and its
potential role in targeted therapy or in the prevention of
CAD remain unknown.

Monogenic lipid disorders

Serum lipid levels, particularly elevated LDL cholesterol
and HDL, are important risk factors for the development
of atherosclerotic CAD. Mutations in genes involved in
lipid metabolism have been identified and demonstrated
to be causal for dyslipidemia and related atherosclerotic
CAD and MI with variable penetration. These genes
and their mutations in association with CAD and MI
have been extensively reviewed in the literature®® and
are presented in Table 2. Depending on the primary
abnormality in lipid metabolism and its effects on CAD,
monogenic lipid disorders can be categorized into
primary elevated LDL (LDL receptor, ApoB-100, PCSK9,
and LDLRAp or ARH), a primary reduction of HDL (ApoAl
in primary hypoalphalipoproteinemia, ABCA1 in Tangier
disease, and the lecithin:cholesterol acyltransferase
(LCAT) gene in Norum disease and Fish-Eye disease),
and primary elevated triglycerides (TGs) (LPL, ApoC-II
in type Ib hyperlipoproteinemia and the ABCG5/8 gene
in Sitosterolemia).

Genes and variants that are the primary cause of
high LDL cholesterol: Mutations in genes encoding
the LDL receptor, apolipoprotein B-100 (an LDL receptor
ligand) and the pro-protein convertase subtilisin kexin
type 9 (PCSK9) cause AD familial hypercholesterolemia
(FH). Patients who harbor homozygous [low-density
lipoprotein receptor (LDLR)] mutations (1 in 1 million)
display a 6- to 10-fold increase in plasma LDL-C from
birth and experience CAD/MI in early childhood. The
early atherosclerosis observed in children who are
homozygous for FH is not associated with any other
risk factors that suggest that elevated LDL alone
can produce atherosclerosis in humans. Carriers
of heterozygous LDLR mutations, demonstrating a
frequency of 1/500 in the general population, display
a 2-fold increase in low-density lipoprotein cholesterol
(LDL-C) levels from birth and are at risk to suffer CAD
and MI at 30s years of age. Approximately 5% patients
with CAD and MI under the age of 60 years carry
heterozygous LDLR mutations. A total of 1741 sequence
variants (1122 unique variants) have been recorded
in the British Heart Foundation LDLR database™
(http://www.ucl.ac.uk/IdIr/Current/summary.php?s
elect_db=LDLR&show=sum). These mutations are
present in the form of exonic substitutions, small exonic
rearrangements, large rearrangements, promoter
variants, intronic variants, variant sin the 3’ untranslated
sequence, point mutations, splice site mutations, and
large deletions. These mutations are equally distributed
throughout the geneP**”), Genetic testing of all known
LDLR variants is available. This test is often considered
as the first step in a stepwise genetic analysis for FH
followed by tests to assess the ApoB-100 and PCSK9
genest™,
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Apo B-100 is a unique protein component in
lipoproteins originating from the liver (VLDL, IDL, and
LDL). Apo B-100 is also required for the synthesis,
assembly, and secretion of hepatic TG-rich lipoproteins,
and it binds to heparin and various proteoglycans
found in arterial walls. The most important function
of Apo B-100 is to bind the LDLR via its LDLR-binding
domain to mediate the clearance of LDL from plasma.
Two mutations in the Apo B-100 gene, C10580G (p.
Arg3527GIn)* and C10800T (p. Arg3531Cys), result
in the alteration of LDLR binding affinity. In addition,
these mutations cause familial ligand-defective
hypercholesterolemia (OMIM 144010) and are associated
with early atherosclerotic arterial disease!®. The
frequency in the unselected general population of the
Arg3527GIn and Arg3531Cys mutations is approximately
1 in 500 and 1 in 3000, respectively. Most recently,
by taking advantage of whole-exome sequencing
and linkage analysis of an AD hypercholesterole-
mia pedigree, a third mutation (p. Arg50Trp) was
identified®®".

Linkage analysis of two large French ADH pedigrees
resulted in the identification of two mutations in the
PCSK9 gene (1p34.1-1p32), which encodes a protein
that is also known as a neural apoptosis-regulated
convertase 1 (NARC-1), A total of 9 gain-of-function
mutations in PCSK9 genes in families with ADH have
been reported®, These mutations cause a decreased
number of LDLR, elevated levels of serum total and
LDL cholesterol, and phenotypes of tendon xanthomas,
premature CAD, MI and stroke. SNP rs11206510 (risk
allele T) located in the PCSK9 gene is also associated
with an increased risk of CAD and MI in an unbiased
GWAS study™. However, loss-of-function mutations in
PCSK?9 identified by exome sequencing of individuals
with extremely low LDL levels in the Atherosclerosis
Risk in Communities study (ARIC) and Dallas Heart
Study cohorts revealed that these mutations led to
hypocholesterolemia and were protective against CAD
and MI®™, Secreted PCSK9 protein functions as an
LDLR chaperone, binds to the EGF-A domain of the
LDLR, decreases receptor recycling to the cell surface
and promotes lysosomal degradation. Although the
contribution of the PCSK9 gain-of-function mutation in
ADH is rather small (< 3%), elucidation of the PCSK9
gain-of-function in ADH has shed light on the potential
for the development of cholesterol-lowering agents
by reducing the circulatory level of PCSK9 (PCSK9
inhibitors). These discoveries have resulted in the
development of PCSK9 inhibitors as novel cholesterol-
lowering agents.

Approximately 50 individuals of Mediterranean or
Middle Eastern origin carry homozygous mutations in
the autosomal recessive hypercholesterolemia (ARH)
gene. ARH (1p34-1p35) was subsequently cloned and
named LDL receptor adaptor protein 1 (LDLRAP1),
which encodes a phosphotyrosine-binding domain
protein and is required for LDLR internalization in
hepatocytes. Two mutations, 432insA in exon 4 causing
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FS170Stop (ARH1) and the nonsense mutation G65A
in exon 1 (p. trp22ter), account for most of the known
cases of ARH in Sardinia®®. The third mutant was a
result of an ancient recombination between ARH1 and
ARH2. In addition, 4 Italian ARH individuals from the
mainland carried homozygous ARH1. Overall, ARH
mutations are rare’®”,

Genes and variants that are primary causes of
low HDL cholesterol: Approximately 40% of patients
with CAD have a low level of high-density lipoprotein
cholesterol (HDL-C; < 40 mg/dL per current guidelines
or age and sex-adjusted plasma HDL-C levels below the
10" percentile). Prospective cohort studies also suggest
that low HDL-C is a significant, independent risk factor
for CAD. An estimated 50% to 70% of the variations
in HDL-C in the human populations are due to genetic
factors, and the majority remain undefined™®.

Apolipoprotein Al (Apo Al) is the major apolipo-
protein in HDL-C and is a key determinant of the
levels and metabolism of HDL-C. Apo Al functions as a
cofactor for LCAT, which is responsible for the formation
of most cholesterol esters in the plasma. Apo Al also
promotes the efflux of cholesterol from cells. ApoAI
mutations cause AD familial hypoalphalipoproteinemia.
The homozygous loss of ApoAI leads to a complete
absence of Apo Al and HDL-C levels < 5 mg/dL with
normal LDL-C and TG levels. Heterozygous LoF Apo
Al carriers have HDL-C levels that are approximately
50% less than normal HDL-C levels. ApoAl gene
polymorphisms are associated with decreased HDL and
an increased risk of premature CAD'®. Yamakawa-
Kobayashi et a’® analyzed sequence variations in the
ApOoAI gene in Japanese children with low levels of HDL
(below the first percentile in the general population)
and found 3 frameshift and 1 splice site mutation
with possible deleterious effects. They estimated the
frequency of hypoalphalipoproteinemia due to ApoAI
mutations to be 6% in subjects with low HDL cholesterol
and 0.3% in the general Japanese population”%.
The A164S variant of the ApoAI gene identified by
sequencing of the ApoAI gene in 190 Copenhagen City
Heart Study participants predicts an increased risk of
IHD [hazard ratio (HR) 3.2, 95%CI: 1.6-6.5], MI (5.5,
95%CI: 2.6-11.7) and overall mortality (2.5, 95% CI:
1.3-4.8). Despite comparable levels of plasma lipids
and lipoprotein, including HDL-C and ApoAI, in A164S
heterozygotes, heterozygous A164S carriers exhibit a
decrease in survival by more than 10 years (P < 0.0001)
compared with non-carrier controls'’*’?!, In addition,
two ApoAI variants (ApoAlraris and ApoAlmiano) were
associated with a reduced risk of CAD, suggesting the
occurrence of cardioprotective effects!’?,

The ATP-binding cassette transporter (ABCA1)
is involved in the initial phase of reverse cholesterol
transport and the egress of free intracellular cholesterol
and phospholipids from extrahepatic cells. Homozygous
LoF ABCA1 variants are causal factors for the rare
Tangier disease, which results in extremely low HDL-C
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levels, a 40% reduction of LDL-C compared with the
general population, and an increased risk of early
CADY*71. A total of 200 LoF mutations in the ABCA1
gene have been reported (http://www.hgmd.cf.ac.
uk/ac/gene.php?gene=ABCA1, last accessed on
August 6, 2014). Heterozygous carriers of the ABCA1
mutation exhibit an approximately 50% reduction in
HDL-C without alterations in the levels of LDL-C and an
increased risk of premature CAD"®. The frequency of
heterozygous carriers of ABCA1 mutations is estimated
as approximately 3:1000 in the general population”.
The R219K polymorphism in the ABCA1 gene is asso-
ciated with a reduced risk of CAD, suggesting that this
polymorphism provides protective effects against the
disease".

LCAT catalyzes the esterification of free cholesterol
with acyl groups derived from lecithin as an essential
step in the maturation of HDL-C. Homozygous LoF in
the LCAT gene causes rare autosomal recessive Norum
disease with very low HDL (< 5" percentile), elevated
TGs and decreased LDL-C. Greater than 80 genetic
variants in the LCAT gene have been identified and
reported to be associated with 29% of the individuals
with low levels of HDL-C in the Netherlands'®!. However,
the association between low levels of HDL-C caused
by LCAT deficiency and an increased risk of CAD is
not as certain as the associated risk of ApoAI”™”. This
phenomenon may be explained by the observation
that LCAT deficiency mainly causes decreased levels of
ApoAll. HDL particles containing ApoAl, but not ApoAll,
possess “anti-atherogenic” effects.

Genes and variants that are primary causes of
elevated TGs: Plasma TGs predominantly occur in the
form of intestinally synthesized chylomicrons (CMs),
remnants in the postprandial state and hepatically
synthesized VLDL in the fasted state. Plasma TG levels
are a polygenic trait and is influenced by environmental
factors and lifestyles, i.e., diet, physical activities
and tobacco use. Large epidemiological studies have
demonstrated that plasma TG concentrations are a
strong independent risk factor for CAD™",

Lipoprotein lipase (LPL) is the rate-limiting enzyme
in converting VLDL to LDL. Homozygous LoF mutations
in LDL genes cause LPL deficiency in rare (approximately
1 in a million) AR type I hyperlipoproteinemia chara-
cterized by marked hypertriglyceridemia with a
decrease in HDL and LDL, eruptive xanthoma, hepato-
splenomegaly, recurrent pancreatitis, and in some
cases, premature atherosclerotic arterial disease.
Greater than 100 LoF variants have been identified®”.
Sequencing data have suggested that rare LPL variants
are actually common in patients with elevated TG
levels'™l, Variants of LPL genes that are negatively
associated with plasma levels of TG, positively asso-
ciated with HDL and inversely associated with a risk of
CAD have also reported, suggesting potential protective
genetic variants against CAD™. ApoC-1I is an activator
of LPL. A homozygous LoF ApoC-II deficiency results in
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rare AD type Ib hyperlipoproteinemia with extremely
elevated TG and chylomicron levels in the plasma,
causing recurrent pancreatitis and, in some cases,
ApOClIst. vichael (GIN70Pro)®>! and other conditions™,
leading to premature ischemic vascular disease. The
significance of these mutations in general population
remains to be explored.

Sitosterolemia is characterized by hyperabsorption
and the retention of dietary cholesterol and sterols,
including plant and shellfish sterols, leading to high
levels of plant sterols in the plasma, the development
of tendon and tuberous xanthomas, accelerated athero-
sclerosis, and premature CAD. LoF mutations in ABCG5
(encoding sterolin-1) and ABCG8 (encoding sterolin-2)
cause sitosterolemia. All of the probands identified in
the sitosterolemia pedigree have homozygous muta-
tions in either ABCGS5 or ABCG8™. The prevalence of
ABCG5 and ABCG8 heterozygous carriers and their
effects on cholesterol metabolism and atherosclerotic
disease in the general population remain unclear.

Genes and polymorphisms associated with CAD

Monogenic traits and their causal genetics only explain
a small proportion of the genetics of CAD and MI. Prior
to the completion of human genome sequencing, CAD
and MI gene discovery largely employed pedigree-
based linkage analysis and positional cloning with the
limited availability of genomic markers. The Human
Genome Project, HapMap project, and 1000 Genomes
Project provided a reference of 3.2 billion nucleotide
base pairs of the human genome and 3 million
single nucleotide polymorphisms (SNPs) distributed
throughout the genome. These SNPs serve as high-
density genomic markers for the entire genome. The
developments of high-density microchips containing
millions of SNPs, high-throughput analytic technology,
and powerful biostatistics data mining tools have
permitted genome-wide association studies (GWAS).
GWAS is a non-hypothesis-driven, unbiased analysis
of the potential associations between traits of interest
(disease, phenotypes, etc.) and genomic markers
(SNPs) consisting of tens of thousands of cases and
controls™®, In 2007, SNPs located in 9p21 were
identified as strongly associated with CAD and MI based
on the results of four nearly simultaneous publications.
Numerous GWAS studies have been subsequently
conducted, involving tens of thousands of CAD and
MI cases and controls inclusive of a large spectrum
of demographic, geographic and ethnic backgrounds.
The largest meta-analysis of GWAS data reported
by the CARDIoGRAMplusC4D Consortium included a
total of 63746 CAD cases and 130681 control subjects
and confirmed/identified 46 CAD susceptibility loci®".
Together with a 6g21 locus that was identified in
the Chinese Han population by Wang et a/'®*! and
an additional 3 CAD susceptibility variants identified
by IBC 50K™, which were not confirmed in the
CARDIOGRAMplusC4D Consortium study, a total of 50
GWAS-identified CAD susceptibility genomic loci were
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Wound healing/maintenance of homeostasis

Limit lipid deposition/removal
(J LDL, THDL)

‘ Anti-oxidative stress

Anti-inflammation
Moderate inflammatory cell function

‘ Anti-proliferation/hyperplasia

‘ Matrix degradation/plaque stablization

‘ Thrombolysis/fibrinolysis

Endothelial injury/dysfunction

Lipid deposition/accumulation
(1LDL, | HDL)

Oxidative stress ‘

Local inflammation
Inflammatory cell dysfunction/apoptosis

Vascular cell hyperplasia ‘

Matrix deposition and remodeling ‘

Thrombosis/coagulation ‘

Athero-protective factors

Pro-atherogenic factors

A

Figure 3 The balance between athero-protective (A) and pro-atherogenic (B) factors involved in the development of atherosclerosis. Obstructive
atherosclerotic arterial disease results from the loss of balance between these two factors. A: A list of factors and processes that provide protective effects against
atherogenesis; B: A list of factors and processes that promote atherogenesis. HDL: High-density lipoprotein; LDL: Low-density lipoprotein.

either candidate-gene or genome-wide approaches.
The genes and mutations that are potentially causal for
monogenic CAD and MI families are also presented in
Table 2.

Post-GWAS challenges in CAD genetics

The ultimate goals of the study of the genetics of
CAD and MI are to reveal genes and their products
involved in the development of CAD and MI, understand
the molecular and cellular pathophysiology and
subsequently establish risk stratification strategies to
direct prevention and also develop effective therapeutic
approaches. Despite the total of 147 genes (Figure
2) with variants that are causative for or associated
with CAD and MI, these genes only explain less than
20% of the heritability of CAD and MI. Furthermore,
the biological functions and pathophysiological roles
of most of the gene variants and genomic loci are not
fully understood. Early attempts to use genetic risk
markers of CAD to predict long-term outcomes were
not successful, and many challenges remain before the
ultimate goal of understanding the genetics of CAD can
be realized.

Searching for unexplained heritability: GWAS is
based on the hypothesis of a “common disease, common
variant”. The sensitivity of GWAS in detecting a significant
association between genetic variants and traits is limited
to high frequency variants (5%)"®. Regarding CAD and
MI, most of the GWAS-identified variants individually or
in combination confer relatively small increments in risk
(1.1- to 1.5-fold) and explain only a small proportion of
heritability. The well-recognized sources for the missing
heritability of complex traits® " include: (1) larger
numbers of variants with a smaller effect that remains
to be identified; (2) a low minor allele frequency
(0.5%-5%) or rare variants (< 0.5%) with a larger
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frequency that are not detectable using the available
arrays; (3) structural variants (i.e., copy number of
variants due to insertion or deletions, inversions, or
translocation) are poorly captured by SNPs; (4) a
low power to detect gene-gene interactions; and (5)
an inability to detect gene-environment interactions
using the current GWAS methodology. Strategies
have been suggested and explored to overcome these
pitfalls, including: (1) analyzing phenotypically well-
defined cases and controls™”, increasing the numbers
of participants®, and utilizing extreme phenotype
groupsP®**°: (2) developing powerful biostatistics
tools to enrich the signal and detect sensitivities and
to capture the additive effects of variants, gene-gene
interactions and rare variants'°>'°*!; (3) integrating
available functional information, i.e., eQTLs, protein
structure/function predictions, and known pathways
and networks related to the traits, to prioritize GWAS
signals™® and performing integrative analyses™™®™; (4)
customizing fine mapping SNPs or use next-generation
sequencing regions of interest to capture rare variants
and structural variants; and (5) considering the epigeno-
mic regulation of gene expression.

Many current phenotypes are subjectively measured
and may represent numerous underlying biological
processes. Misclassifying a phenotype can reduce
power in GWAS relative to expectations based on power
calculations of idealized homogeneous populations.
Strong genotypic effects that are important in a small
homogeneous subgroup could have a small or even
negligible effect within an entire population!*®,

Functional annotation of known genes and
variants: Numerous genes and variants associated
with CAD and MI have been explored in the last two
decades. Candidate gene approaches (positional
cloning, linkage analysis, and candidate-gene asso-
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Table 3 Genetic variants associated with a reduced risk of
coronary artery disease/myocardial infarction (protective

factors against coronary artery disease/myocardial infarction)

Chr Gene Protective alleles Ref.
1p13 Rs599839 A>G C/G haplotype [161,162]
Rs646776 T>C
1q22 E-selectin G2692A; C901T [163]
1931 GLUL Rs10911021 T>C, TT allele [164]
1931 IL-10 G(-1082)A, GG genotype [165]
1p34 LRP 8 TCCGC [166]
2p21 ABCG 5/8 Rs41360247 [167]
3p25 PPARy2 Pro12Ala homo [168-170]
3p25 PPARy Cl61T [171]
3q27 Adiponectin Rs1501299 (G276T), TT allele  [172-174]
8q21 FABP4 Rs77878271 [175]
6p12.3 PLA2G7 R92H [176]
6p25.3 FXIII Val34Liu [177,178]
7q21.3 PON1/2 GIn192Arg [112,116]
79323 KLF14 Rs4731702 T/T allele [179]
7q36 INSIG1 Hap3 (T/G/A) [180]
9q31.1 ABCG1 G1051A, r219K, KK allele [78]
11g23.3 APOC3 R19X [181]
13q34 Fvil R353Q; QQ allele [182]
A2 allele (without a 10 bp
insertion)
16q13 FKN T280M allele; Rs4329913; [183,184]
Rs7202364
16924  NADPH p22phox C242T [185,186]
17p13.2 GP1ba Thr/Th; TT haplotype [187]
21g22.1 MRPS6 C699T (TT) or T1080C (CC) [64]

ciation analysis) provide a direct link between the
pathogenesis of CAD/MI and candidate genes. Variants
or chromosomal loci identified by GWAS however do
not associate with specific genes or pathways. Only
one-third of the 45 CAD loci reported in the largest
CAD and MI GWAS study contain a known functionally
relevant candidate gene®. The 9p21 locus is the CAD
locus discovered by GWAS and remains the strongest
association with CAD in the human genome. However,
the SNPs defining the 9p21 association with CAD are all
located in intergenic locations rather than in coding or
regulatory regions. Functional annotation of the 9p21
locus in association with CAD has focused on the two
closest protein-coding genes, CDKN2A and CDKNZ2B,
and an additional CDKNZ2B antisense noncoding RNA
(ANRIL). The systematic functional annotation of these
CAD and MI gene variants and loci will provide insight
regarding the pathophysiology of the disease. These
functional studies will require a combination of tissue,
cell and animal model systems as well as assessments
at the levels of gene expression, protein modification
and metabolism™”*%,

Protective genetic factors against CAD and MI:
Atherosclerosis is a multi-decade pathological process.
A simplified pathologic process (Figure 3A) includes:
(1) endothelial injury; (2) lipid particle deposition (fatty
streak formation); (3) local cellular and inflammatory
responses (early atheroma formation). The process
is followed by (4) atheroma progression with the
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formation and expansion of the necrotic core, fibrous
cap, matrix accumulation and various degrees of plaque
instability; and (5) intertwined with various degrees of
thrombosis formation®!. The standard human genetic
approach to CAD involves searching for genetic risk
factors or susceptibility genes for the disease. Could
genetic factors be protective against atherosclerosis
and CAD and MI? Protective genetic factor against
CAD and MI may antagonize the effects of genetic risk
factors and potentially explain a portion of the missing
heritability. The presence of protective genetic factors
will alter the predictive value for CAD and MI using risk
variants. The identification of protective genetic factors
may shed light on the mechanisms of CAD and MI and
further guide the development of strategies or therapy.

Clinical practice often encounters individuals of an
advanced age with multiple TRF for CAD and MI without
demonstrated angiographic evidence of CAD. The
offspring of centenarians have a significantly reduced
rate of cardiovascular complications!!”, The current
understanding of the pathophysiology of atherosclerosis
and CAD and MI supports the notion that the develop-
ment and progression of atherosclerosis is an accumu-
lating effect of the imbalance between athero-pro-
tective and pro-atherogenic processes (Figure 3B).
Approximately 500 genes reported in the literature have
been tested for their effects on atherogenic processes in
atherosclerosis-prone mouse models (ApoE deficiency
or LDL receptor deficiency with a high-fat diet) with
transgenic (gain-of-function), knockout (LoF) or both
genetic modifications. LoF mutations in approximately
half of these genes accelerate atherosclerosis in a
mouse model, whereas gain-of-function mutations
significantly reduced atherosclerosis. It is plausible
to suggest that these genes normally function as
protective factors against atherosclerosis. In contrast,
the remaining half of these reported genes exert pro-
atherogenic effects that are normal or consistent with
their gain-of-function mutations*!*! (a complete list
of these genes is available from the authors upon
request).

Most genomic association studies have been
designed to identify CAD/MI susceptibility genes or
polymorphisms. The largest genetic study to assess
the impact of common genomic variation on the risk
of CAD reported a total of 45 CAD susceptibility loci
and an additional 104 likely independent SNPs that
were associated with an increased risk of CAD and MI,
explaining approximately 10.6% of the heritability. No
protective variants were reported®". Candidate gene-
based association studies identified polymorphisms
that are significantly associated with a reduced risk of
CAD and MI (Table 3). However, the results obtained for
many of these potentially protective genetic loci against
CAD are conflicting.

HDL provides protection against atherosclerotic
CAD partially through its anti-oxidative effects. Serum
paraoxonase is responsible for most of the antioxidant
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properties of HDL. Human paraoxonase is encoded
by the family of PON1, PON2 and PON3 genes. Low
serum PON1 activity is associated with an increased
risk of CAD and its severity!"*>***, Many candidate gene
association studies have revealed that PON1 (Leu55Met,
GIn193Arg) and PON2 (Ser311Cys) polymorphisms are
associated with the risk of CAD™* and its angiographic
severity!"™, For example, an association study in a
single center of consecutive patients who underwent
coronary angiography revealed a significant dose-
dependent association of the PON1 genotypes (192 Q/R)
and serum PON1 (QQ192 > QR192 > RR192) as well as
an inverse association with systemic indices of oxidative
stress. In addition, 192 Q (QQ and QR) was associated
with a decreased risk of cardiovascular and all-cause
mortality™®. The PON1/PON2 haplotype comprising
M55, Q1192 in PON1 and Cys 311 in PONZ2 is associated
with a significant protective effect against the risk of
MI™!, PON1-deficient mice in an ApoE”" background
fed a high-fat diet exhibit significantly exaggerated
atherosclerosis compared with ApoE”" mice carrying
the wild type PON1 gene!'**'*¥), Germline transgenic or
transient adenoviral vector-mediated overexpression
of atheroprotective PON1 (55L/192Q) in ApoE”" mice
revealed protective effects against atherosclerosis with
ApoE”" without transgenic PON1™2°*2!1, Multiple layers of
evidence suggest that genetic polymorphisms in PON1
and PON2 lead to an increase in serum paraoxonase
activity that may provide protective effects against CAD.
However, the frequency of these variants in the general
population remains to be determined.

GENETIC RISK SCORE TO PREDICT THE
RISK OF CAD AND Mi

Primary prevention of CAD is gauged based on the risk
categories derived from the risk assessment with TRFs,
such as the Framingham risk score (FRS) in the United
States!*??, the SCORE risk equation in Europe!*®®, the
Reynolds risk score for women™* and the PROCAM
risk score in Germany™. The discovery of causal
genetic factors for monogenic CAD and MI, such as
monogenic lipid disorders, have made it possible to
perform clinical genetic screening of family members
and to provide enhanced primary prevention to carriers
of causal mutations. This approach has been shown to
be cost-effective’”. The association between genetic
polymorphisms and the risk of CAD and MI provides an
opportunity to use genetic information and develop a
GRS to improve the risk prediction of CAD and ML in the
general population and subsequently guide preventive
strategies. The GRS is calculated either in an un-
weighted manner by adding allele numbers (0 for no
risk allele, 1 for one allele and 2 for both alleles) with a
weighted GRS typically by using the reported effect sizes
from the reference studies as weights for the risk allele
counts or with a weighted GRS mean, which is derived
by dividing the sum of the weighted GRS allele counts
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by the number of the SNPs. The association of GRS with
the risk of the CAD endpoint has been assessed. Thus,
GRS is evaluated if the addition of GRS to the traditional
risk scoring model improves the discrimination mea-
sured using AUC or C statistics or results in risk
category net reclassification improvement (NRI). To be
clinically applicable, GRS must eventually be validated
in independent prospective studies. The expectations
are high'**®!, Research on this topic is growing. The
scientific community has provided guidelines regarding
the design, performance and reporting of studies
investigating genetic risk prediction!?”***, However, the
outcomes have been mixed.

Early in 2004, Humphries et al'**® reported a non-
significant improvement of the risk prediction power to
PROCAM risk score with the addition of ApoE genotype
information in the Northwick Park Heart Study I (NPHSII)
cohort (ROC increased from 0.65 to 0.67, P = 0.11).
The addition of genetic variants of IL6 and PPARx did
not result in any improvement of the CAD prediction
power of the PROCAM score!*®!. Chromosome 9p21.3
has demonstrated the strongest association with
CAD in GWAS studies. The addition of the genotype
of SNP rs10757274 A>G in the 9p21.3 locus did not
significantly improve the predictive value of the FRS,
but it improved the reclassification of coronary heart
disease (CHD) risk and guided primary prevention for
a high-risk population in a prospective study™. This
conclusion was subsequently confirmed in studies using
independent cohorts™* "%, Statistical modeling revealed
that larger numbers of genetic variants, higher odds
ratios (OR) and the genotype frequency of individual
variants can improve the discriminative accuracy of area
under the receiver operating characteristic curve (AUC)
using the genetic score to predict the risk of CAD and
MI'*3] The application of 100 established variants
with ORs ranging from 1.13 to 1.42 can achieve an
AUC of 0.76, which is comparable to most of the
currently used conventional risk scoring systems!**>l, A
rapid increase in the number of studies reporting the
development and validation of GRS to predict the risk of
CAD has been recently noted™****",

Morrison et al™*® calculated the GRS based on
the number of risk alleles of 11 CAD-associated SNPs
identified in the Atherosclerosis Risk in Communities
Study (ARIC) cohort and combined the results with
the ARIC Cardiovascular Risk Score (ACRS) to predict
CAD. These researchers found that the addition of GRS
to the traditional risk score significantly increased the
AUC to predict the risk of CAD in blacks and suggested
improved CAD risk prediction in whites!*®!, In a large
prospective cohort study with a median of 10.7 years
of follow-up, Ripatti et a/™** found that individuals
with a GRS in the top quintile derived from 13 multi-
locus SNPs of CHD exhibited a 1.66-fold increased risk
of CHD adjusting for TRF. However, the GRS did not
improve the C index over the TRFs and family history
or the net reclassification of risk categories. Paynter et
al**™ prospectively studied GRS from 101 SNPs in the
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large Women’s Genome Health Study with a median
follow-up of 12.3 years and found that the GRS did
not improve the discrimination or reclassification of
the ATP III risk score. Most recently, by choosing SNPs
that were repeatedly and reproducibly confirmed
in multiple GWAS studies using improved statistics
tools and systematic risk stratifications of TRFs,
GRS added significant predictive value to improve
risk predictions™**!, For example, Thanassoulis et
al**? constructed a GRS with 13 CAD risk SNPs and
assessed participants in the FHS. These researchers
not only confirmed the association between GRS and
incident CHD and a high coronary artery calcium score
(CAC) but also demonstrated that GRS modestly
but significantly improved the risk reclassification for
incident CHD and significantly improved the discri-
mination for a high CAC!***, However, the addition
of 16 newly discovered SNPs to the GRS (total of 29
SNPS) did not improve the performance of the GRS in
contrast to previous in silico computations™*. Tikkanen
et al™** derived a weight GRS using 28 SNPs associated
with risk for CAD and MI in the large FINRISK study
cohort with up to 19 years of follow-up for CHD. These
researchers discovered a highly significant independent
association between GRS and the risk of CHD. The
addition of GRS to TRF with and without a family history
significantly improved both the risk discrimination for all
end points and the reclassification of individuals in the
intermediate-risk category (clinical NRI = 27%). Similar
results were validated in additional independent cohorts.
Furthermore, this GRS was used as a novel risk marker
in the 2-stage population screening study Emerging Risk
Factors Collaboration. The addition of GRS screening
of individuals with intermediate risk per TRF screening
reclassified 19% of the group into the low- and 12%
into the high-risk category, who thus became eligible for
more aggressive primary prevention!*®!,

GRS derived from genetic variants associated with
TRF for CAD is generally confirmed by an associa-
tion with the disease, but it does not improve the
discrimination of CAD and MI derived from the TRF
assessment™*?, Kathiresan et a/**”! calculated genetic
scores for 5414 subjects in the Malmo Diet and Cancer
Study based on the number of unfavorable alleles of
nine SNPs with associations with LDL or HDL cholesterol
levels. In this study, the genetic score was an inde-
pendent risk factor for incident CVD over a median of
10.6 years of follow-up and modestly improved the
clinical risk reclassification (Adult Treatment Panel III,
ATP III classification) for individuals in the intermediate-
risk category (26% rate of reclassification). However,
this genetic score did not improve the risk discri-
mination*”), Isaacs et a/*® derived a GRS from 95
blood lipid loci with common genetic variants with
confirmed cumulative effects on subclinical athero-
sclerosis and clinical CAD and MI, but the score did
not improve the clinical AUCs in combination with FRS.
Similarly, Guella et al'**' analyzed a weighted GRS
based on the top SNPs in 12 loci in the hemostatic
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gene pathway and found a 2.69-fold increased risk of
early onset MI in subjects in the highest GRS quintile
compared with those in the lowest quintile’**). The
predictive value of this weighted GRS has not been
studied in a prospective study.

Compared with traditional risk assessment, the
advantages of GRS are evident and include the following
characteristics: (1) GSR is highly stable over a life
time. This information permits the early identification
of individuals who are at risk and the implementation
of early intervention; (2) Current technology allows
the simultaneous measurement of large numbers of
genetic variants; (3) The presence of specific genetic
risk alleles may provide information regarding targeted
preventive intervention; and (4) Most of the SNPs
identified by GWAS do not correlate with known TRFs.
SNP-based GRS offers complementary information
for risk prediction. GRS derived from CAD-associated
SNPs provides significant additional predictive power
that exceeds TRFs based on both AUC and NRI
criteria. Genomic technology has also reduced the
cost associated with genotyping a large number of
SNPs. It is reasonable to predict that the GRS of CAD
will eventually be a component of clinical practice.
A number of questions remain to be addressed: (1)
The potential difference of predictive values among
candidate gene approach identified variants vs GWAS
variants. Genetic association studies using a candidate
gene approach often consist of a small sample size
and cannot be replicated in different populations. The
minimal criteria for a genetic variant to be included
in CVD clinical risk management is recommended,
including a meta-analysis based on the data from a
minimum of three different independent studies that
comprise at least a total of 1000 cases**®’. Potential
causal variants for familial CAD and MI (Table 2)
are low frequency, high impact variants. The allele
frequencies in the general population remain to be
determined. The appropriate techniques to incorporate
these variants into the GRS remain to be addressed;
(2) Protective genetic variants against CAD and MI
can potentially attenuate predisposing effects of risk
alleles. The number and frequency of protective genetic
factors against CAD and MI in the population remain
be determined. It will be interesting to evaluate how
these protective variants influence the GRS calculation
and its predictive power; (3) Gene-gene interactions:
The synergistic effects between genetic variants have
been reported in association with the risk of CAD"***!,
Consideration of the combined effects in the GRS
model may facilitate risk prediction; and (4) Gene-
environmental interactions. The effects on the risk of
CAD and MI by certain environmental factors depend on
genetics in a “context dependency” fashion. In addition
to the overall calculated GRS, information about specific
genetic variants may guide personalized preventive
intervention. For example, the information obtained for
the ApoEe4 allele is associated with exaggerated CAD
and MI risk in tobacco smoker but not in non-smoker.
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Table 4 Genetic variants associated with the risk of in-stent restenosis

Chr locations Gene symbols Genetic polymorphisms Effects on risk of ISR Pathway involved Ref.
1p36.3 MTHFR C677T TISR Metabolism [188]
1q32.1 IL10 G(-2849)A; G(-1082)A; A4259G TISR Inflammation [189]
1p35.1 CX37 C1019T 1 ISR in men Inflammation [190,191]
2ql14 IL1B C(-511)T TISR Inflammation [192]
2ql14.2 IL-IRN T8006C ISR Inflammation [154]
3p21.3 GPx-1 C599T (rs1050450) TISR Thrombosis [193]
18179164 A>T 1 ISR [194]
3p24 KAT2B 156776870 G>C; rs2929404 T>C; TISR Epigenetic/ gene [194]
1517796904 T>C; rs4858767 G>C expression
3q24 AGTR1 rs5182 T>C 1 ISR Vascular homeostasis [194]
3q24 P2RY12 P2Y12 Haplotype H1 (5 P2Y12 ht-SNPs) TISR Thrombosis [195]
3q27 Adiponectin T(+45)G TISR Inflammation [196]
152242766
4q13 IL-8 A(-251)T + C(781)T 1 ISRS Inflammation [197]
4q28 FGB 151044291 T>C TISR Thrombosis [194]
5q12 CCNB1 rs350099 C>T (TT); rs350104 T>C (CC); TISR Cell cycling [198]
15164390 T>G (GG); 17 ISR
TT/CC/GG haplotype
5q31.1 CD14 C(-260)T TISR Inflammation [199]
5q34 miRNA-146a 152910164>G (G/C) 1 ISR Inflammation [200]
1rs2910164>G (C/C) ISR
6p21.3 TNFa T (-857)C +C(-1031)T T ISR Inflammation [201]
6p21.3 RAGE T(-374)A ISR Inflammation [202]
6q25.1 aER Pvull (C/T) > (TT) 1 ISR in women Cell cycling [203]
7q22.1 PAI-1 5G/5G 1 ISR (smoker) Thrombosis [204]
| ISR (nonsmoker)
7q36.1 eNOS 298C/T (p. Glu298Asp)(rs1799983>T); T(-786)C TISR Cell proliferation [193,205,206]
11q22.3 MMP12 rs12808148 C>T; rs17099726 G>T 1 ISR Matrix deposition [194]
11q22.2 IL-18 G(-137)T TISR Inflammation [207]
11q13.4 UPC3 C(-55C)T TISR Metabolism [208]
12p13.1 p27" (-838)AA L ISR Cell cycling [209]
12q13.11 VDR Block 2 AA haplotype TISR Metabolism [210]
rs11574027 T>G; rs11574077 G>A TISR [194]
13q12 ALOX5AP 1510507391 T>A; rs17216473 G>A TISR Lipid metabolism [211]
1517222814G>A ISR
17p13.1 p53 Arg72Pro TISR Cell cycling [212]
17q23.3 ACE D allele: no 287-bp Alu repeats insertion in TISR Cell cycling [29-32,213-215]
intron 16
19p13.2 ICAM-1 K469E TISR Cell-cell interaction [216]
21q22.3 CD18 C1323T | ISR Inflammation [217]
22q13.1 HO-1 > 29 TG repeats in promoter 1 ISR Oxidative stress [218]

ISR: In-stent restenosis.

It would be particularly important to advise smoking
cessation in ApoEe4 carriers'®®. Although, the inclusion
of ApoEe4 in the GRS calculation may overestimate the
risk for non-smokers.

GENETICS OF IN-STENT RESTENOSIS

Percutaneous coronary intervention (PCI), an effective
and safe alternative treatment modality for obstructive
CAD, has become one of the most commonly performed
therapeutic medical procedures since it was first per-
formed by Griintzig et al'*® in 1977 (http://www.ptca.
org/nv/timeline.html. Last accessed on 8/30/3014).
Restenosis, which is defined as a renarrowing of the
treated vessel area that equals or exceeds 50% of the
lumen in the adjacent normal segment, is an entity that
is produced with the birth of PCL. The process often
results in recurrent symptoms that require repeated
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intervention. Early experiences in balloon angioplasty
revealed a restenosis rate of greater than 50%. The
implantation of bare metal stents reduces the restenosis
rate to 20% to 30%, mainly via the elimination of early
elastic recoil and negative remodeling. The development
of drug-eluting stents (i.e., silorimus and paclitaxel
as prototype-eluting drugs) further reduced the rate
to 5% to 15%, as demonstrated in large randomized
controlled trials™®*. Despite the advancement of PCI
equipment and technology, late luminal loss due to in-
stent restenosis (ISR) remains the “Achilles heel” for
interventional cardiologists treating CAD.

ISR is a complex disease. Patient factors, such as
older age, hypertension, diabetes mellitus and a history
of restenosis, increase the risk of ISR, whereas
tobacco use decreases the risk. Lesion characteristics,
such as chronic total occlusion, a small vessel diameter,
long lesions, the degree of calcification, ostial/bifurcation

January 26, 2016 | Volume 8 | Issuel |



lesions, and restenosis lesions, are associated with
an increased risk of restenosis. Procedural-related
factors, such as multiple stents, bare metal stents,
small diameter and/or long stents, stent fracture,
under-expansion, and the presence of edge dissection,
increase the risk of restenosis!*”. The pathophysiology
of ISR is not fully understood. Compared with balloon
angioplasty, stent placement achieves greater acute gain
(greater lumen caliber), prevents acute elastic recoil
and plaque prolapse, and reduces negative remodeling.
However, greater injury to the deeper arterial layers, de-
endotheliarization and accumulating layer of platelets
and fibrin on the stent surface in association with stent
deployment trigger an increased inflammatory response
and wound healing process, which includes leukocyte
infiltration, cytokine and growth factor release, VSMC
activation and proliferation, and matrix production.
These processes result in neointimal hyperplasia,
the main process of ISR, and neo-atheroma forma-
tion during late luminal loss'™*®. It is well known that
these processes, in particular the cell cycle regulation
and inflammatory responses, involve a sophisticated
regulatory network consisting of a multitude of proteins.
The abundance, modification, and temporal and spatial
expression of these proteins are controlled by genetic
elements. Genetic factors are hypothesized to influence
the risk of ISR for individuals undergoing PCI with stent
placement.

Traditional epidemiological genetics has not yet
established the heritability of ISR. Candidate gene
association analyses using genetic markers, genomic
polymorphisms or SNPs have revealed many impor-
tant associations between genomic variants and the
risk of ISR. Table 4 summarizes the published gene
polymorphisms associated with the risk of ISR. These
genes participate in the regulation of the cell cycle
[CCNB1, p27kip1l, eNOS, miRNA-146a and p53); inflam-
mation (IL1B, IL1RN, IL8, IL18, TNFa, CD18, CD14,
ICAM1 and CX37]; oxidative stress (RAGE, eNOS and
HO-1); metabolism/hormonal regulation (ALOX5AP,
vitamin D receptor (VDR), a-estrogen receptor (oER),
methylenetetrahydrofolate reductase (MTHFR), adipo-
nectin, UPC3, and FBG) and coagulation/thrombosis
[factor V leiden, fibrinogen beta chain (FGB), GPx-1,
PAI-1, and P2RY12]; epigenetic regulation of gene
expression (KAT2B), matrix deposition and degradation
(MMP12); and the renin-angiotensin-aldosterone system
(RAAS) system (ACE and AGTR1), which is also related
to the maintenance of vascular hemostasis (ICAM-1).
Although most of the polymorphisms identified in these
genes are associated with an increased risk of ISR,
some genetic variants were found to have protective
effects against ISR, such as the TT genotype in exon
11 of CD18 (ITGB2), the A allele of ALOX5AP, the A
allele of the p27%' gene, the AA genotype at position
-374 of the RAGE promoter, the CC alleles in miRNA-
146a, and allele 2 (C allele) in the IL-1RN gene. There
are discrepancies in the literature reporting candidate
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gene-based association analyses and unbiased GWAS
studies that involve significantly heterogeneous cases
and controls as well as relatively small sample sizes">”.
Further validation and physiological annotation of most
of these associations between polymorphisms and the
risk of ISR in future studies will be essential.

Discoveries of genetic factors associated with the
risk of ISR will not only provide insight regarding the
molecular mechanisms underlying the pathogenesis
of ISR but also facilitate the development of novel
strategies or agents to prevent ISR. More importantly,
a complete understanding of genetic risks for ISR
will provide clinicians with prognostic information
to tailor revascularization strategies, PCI with sten-
ting or coronary artery bypass grafting (CABG).
Understandably, patients, in particular younger patients
with significant CAD who possess genetic risk factors
for ISR, will theoretically benefit more from CABG, and
patients carrying protective genetic factors for ISR may
benefit from PCI stenting to avoid surgery.
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