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Abstract

Purpose of review—Caoronary artery disease, including its most severe complication myocardial
infarction, is the leading cause of death; however, its genetic studies lag behind other diseases. Many
advances have recently been made, however, and these are reviewed here.

Recent findings—~Positional cloning based on genome-wide linkage analysis with large families
identified the first non — lipid-related disease-causing gene, MEF2A (encoding a transcriptional
factor), for coronary artery disease and myocardial infarction. The MEF2A mutations may account
for up to 1.93% of the disease population; thus, genetic testing based on mutational analysis of
MEF2A may soon be available for many coronary artery disease/myocardial infarction patients.
Genome-wide association studies identified significant association for myocardial infarction with
the LTA gene (encoding lymphotoxin-c), and a follow-up study found that an LTA-interacting gene,
LGALS?2 (encoding galectin-2), is also a susceptibility gene for myocardial infarction. Studies that
employ genome-wide linkage scans with hundreds of small nuclear families have identified new
susceptibility genes for coronary artery disease and myocardial infarction, including ALOX5AP
(encoding 5-lipoxygenase-activating protein) associated with myocardial infarction and stroke and
PDE4D (encoding phosphodiesterase 4D) for ischemic stroke.

Summary—Genetic studies provide new insights into the pathogenesis of coronary artery disease
and myocardial infarction. Future studies will focus on identification of new disease-causing genes
and susceptibility genes, exploration of the molecular mechanisms by which mutations cause
coronary artery disease/myocardial infarction, and gene-specific therapies for patients.
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Introduction

In the United States alone, more than 300,000 people die suddenly from a cardiac cause each
year. Coronary artery disease (CAD) represents the most important cause of sudden cardiac
death. More than 80% of sudden cardiac deaths are caused by atherosclerotic CAD, and the
remaining 20% of cases are caused by other diseases including cardiomyopathies, left
ventricular hypertrophy, long QT syndrome (LQTS), Brugada syndrome, aortic valve disease,
and other cardiac disorders [1]. In the past decade, many research groups including the author’s
group have contributed to many exciting advances in the genetic studies of cardiovascular
disease. To date, disease-causing genes have been identified for estimated 50-70% of cases of
hypertrophic cardiomyopathy, 20% of dilated cardiomyopathy, 50-75% of LQTS, 25% of
Brugada syndrome, and some cases of congenital heart disease. In the case of LQTS and
Brugada syndrome, commercial genetic testing is now available. Most importantly, genetics
of LQTS and Brugada syndrome is leading a paradigm shift in cardiovascular medicine, known
as the ‘right drug/therapy for the right patient’ or ‘personalized medicine.” For example, LQTS
patients with potassium channel KCNQZ1 mutations respond to B-blockade; those with
potassium channel KCNH2 mutations respond to p-blockade and increased serum potassium;
sodium channel SCN5A-positive LQTS patients respond to sodium channel blockers; and
symptomatic LQTS and Brugada syndrome patients (SCN5A positive) will benefit from
implantation of implantable cardioverter-defibrillators [2—4].

Genetic studies of CAD and Ml are lagging behind other cardiovascular disorders. The major
reason for the limited success in the field of CAD/MI genetics is that CAD or Ml is a complex
disease, which is believed to be caused by many genetic factors, environmental factors, and
interactions among these factors. Indeed, many risk factors have been identified for CAD/MI,
including smoking, advanced age, male gender, diabetes mellitus, high systolic blood pressure,
personal history of angina pectoris, family history of CAD or Ml, high-fat diet, infectious
agents, obesity, increased plasma total and low-density lipoprotein (LDL) cholesterol,
increased plasma triglycerides, and decreased plasma high-density lipoprotein (HDL)
cholesterol [5-11]. Among these factors, family history is one of the most significant
independent risk factor for CAD/MI [5,12]. Twin studies also suggest that genetic factors
contribute to the development of CAD and MI [13]. All these support the hypothesis that
genetic factors contribute to the development of CAD and MI. A high death rate, late-onset
characteristics of CAD and M, and complications by phenocopy in families also present major
challenges in genetic dissection of this important disease.

The most frequently used method for identifying the susceptibility genes for CAD and MI has
been candidate gene case-control association studies. Methodologically, this is the easiest
approach by which a candidate gene is selected based on its potential involvement in CAD/
MI. Single-nucleotide polymorphisms (SNPs) are identified in the gene and genotyped in a
group of patients (cases) and controls. The frequencies of SNP alleles or genotypes are then
analyzed. An allele or genotype is associated with the disease if its occurrence in the cases is
significantly different from that in the controls. The results from the candidate gene association
studies should be interpreted with caution as many of these studies are compounded by the
selection bias of cases and controls, population admixture, imperfect matching of cases with
controls, phenotyping errors, and small sample sizes in some studies. Numerous case-control
association studies were carried out and variants in many genes have been implicated in
increasing or decreasing the susceptibility to CAD or Ml (for reviews, see Shenetal. [7], Wang
and Pyeritz [9], and Wang and Chen [10,11]). Inconsistent results among different studies and
a lack of replication in most of the numerous possible associations with CAD and M1, however,
lead to debate about the true association of some genes with the disease.
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Despite the pessimism discussed above, exciting discoveries have been made in the field of
CAD/MI genetics in the past couple of years and are advancing the field significantly.
Significant progress has been made in mapping and identifying disease-causing genes and
susceptibility genes for CAD or MI using genome-wide linkage analysis with large families
or hundreds of small nuclear families and genome-wide association studies. This article
reviews advances of the molecular genetics of CAD and Ml since 2003.

Disease-causing genes for coronary artery disease and myocardial infarction

We can classify the genes that are associated with complex human diseases such as CAD and
Ml into three major categories: disease-causing genes, susceptibility genes, and disease-linked
genes. Disease-causing genes are the genes that are directly responsible for the pathogenesis
of disease when mutated. In this case, the mutations are clearly defined or well established as
the primary cause of the disease. For example, mutations in potassium channel genes
KCNQ1 and KCNH2 cause LQTS [14,15] and cardiac sodium channel gene SCN5A mutations
cause Brugada syndrome [16]. Disease-causing genes have great predictive values and can be
used directly for genetic testing. Susceptibility genes are the genes that increase or decrease
the risk of developing disease and may or may not cause the disease in the context of other
genetic and environmental factors. Mutations or SNPs in these genes are present in both normal
and diseased populations, but the frequencies differ in the two populations. For individuals,
susceptibility genes have less predictive value for the development and prognosis of the disease.
Disease-linked genes are the genes that are connected to the disease by molecular biologic,
microarray, or proteomic analyses, but their relation to the disease as a cause or a consequence
is not established. Some disease-linked genes may serve as biomarkers for the disease. The
disease-causing genes for CAD and Ml are discussed in this section, and susceptibility genes
and CAD/MI - linked genes are discussed in the next two sections.

Disease-causing genes for disorders in lipid metabolism, a high risk factor for coronary
artery disease

Disease-causing genes have been identified for familial hypercholesterolemia and Tangier
disease, both of which increase risk of premature arteriosclerosis and CAD.
Hypercholesterolemia is characterized by elevation in levels of plasma cholesterol bound to
LDL, tendon xanthomas, and atheroma and can be caused by mutations in the LDL receptor
(LDLR) gene [17], the ApoB-100 gene [18], the proprotein convertase subtilisin/kexin-type 9
gene (PCSK9) [19,20], the cholesterol 7-a-hydroxylase gene (CYP7AL) [21], and the ARH gene
[22]. Tangier disease is a rare disorder characterized by the absence of HDL cholesterol from
plasma and deposition of cholesterol esters in the reticuloendothelial system, with
splenomegaly and enlargement of tonsils and lymph nodes, hepatosplenomegaly, and
peripheral neuropathy [23,24]. The gene for Tangier disease has been identified as ABCAL,
which encodes a member of the ATP-binding cassette transporter family involved in the efflux
of lipids from peripheral cells to ApoA-1 forming nascent HDL particles [23,24].

Disease-causing genes for coronary artery disease and myocardial infarction

Only one disease-causing gene, MEF2A, encoding a member of the MEF2 family of
transcription factors, has been identified for primary CAD and M1 without other accompanying
clinical features like hypercholesterolemia and Tangier disease (Table 1) [25-31]. This
discovery was selected as one of the American Heart Association’s top 10 advances for 2004
(http://www.americanheart.org/presenter.jhtml?identifier=3027694). We hypothesized that in
single large families with CAD and MI, the disease behaves as a monogenic disorder and the
disease-causing gene can be mapped and identified by typical positional cloning with model-
based linkage analysis. To test this hypothesis, we performed a genome-wide linkage scan in
a large family with 13 patients who displayed an autosomal dominant inheritance pattern of
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CAD and MI. The study led to the localization of the first genetic locus for autosomal dominant
CAD and M1 on chromosome 15926 (adCAD1) [25]. Further molecular genetic studies
established MEF2A as the gene causing CAD and Ml in the family, and a 21-basepair deletion
was identified in the last exon of MEF2A (exon 11) in all affected members in the family but
not in the family members with normal phenotypes or in 119 individuals with normal
angiograms [25]. Functional studies demonstrated that the 21-basepair deletion disrupts the
transcriptional activation activity of MEF2A by a dominant-negative mechanism.

In a follow-up study, we performed mutation analysis in MEF2A with 207 independent CAD/
MI patients and 191 controls with normal angiograms. Three new MEF2A mutations were
identified in four patients, all in exon 7, but no mutations were found in the normal population
[26°°]. Different from the 21-basepair deletion identified in the earlier report, the three new
mutations suppress transcriptional activation activity of MEF2A by a loss-of-function
mechanism and are associated with a less severe form of CAD. The results suggest that up to
1.93% of all CAD/MI patients may carry a mutation in MEF2A, which makes genetic testing
for heart disease a step closer to reality. It is important to point out, however, that the current
study is still a small study with just over 200 patients, and more studies with large samples are
needed to validate the frequency of MEF2A mutations in the CAD/MI population.

The significance of identification of MEF2A as the first disease-causing gene for CAD and Ml
is twofold. First, it makes genetic testing possible for many individuals with a very high risk
for CAD and MI. Aggressive lifestyle modifications and pharmacologic strategies may be used
to delay or prevent the development of Ml in the gene carriers. Second, it provides a molecular
mechanism for the pathogenesis of CAD and MI. The results indicate that an early step in the
development of CAD and MI may involve deregulation of specific transcriptional programs
in the endothelium of coronary arteries. Our immunostaining study with an antibody for
MEF2A revealed that the MEF2A protein is highly expressed in the endothelium [25]. The
endothelium plays a protective role for coronary arteries and prevents the arteries from damage
by blood elements such as platelets and monocytes. Inflammation mediated by adhesion of
monocytes to the endothelium is considered to be critical to the pathogenesis of CAD, and
defective or abnormally developed vascular endothelium will be more susceptible to
inflammation and the formation of an atherosclerotic plaque, which may result in thrombosis,
MlI, and sudden death [25].

Our views of the pathophysiology of CAD and MI have evolved over time (Fig. 1). In 1970s,
the breakthrough discovery that mutations in the LDL receptor cause hyper-cholesterolemia
established a firm connection between lipids and CAD, and the disease was then considered
as adisease of lipid metabolism. In the 1980s, a frequent observation of restenosis in the clinical
setting prompted the view that CAD/MI is a disease of smooth muscle cell proliferation. In the
1990s, identification of inflammatory cells and other inflammatory molecules in the plaques
from human patients led to the prevailing view that CAD/MI is a disease of inflammation and
immune responses. The recent discovery of MEF2A as a disease-causing gene for CAD and
M1 and its high expression in the endothelium lead us to hypothesize that an early trigger for
the pathogenesis of CAD and MI may be dysfunction or abnormal development of the
endothelium, which increases susceptibility of the coronary arteries to inflammation, leading
to the development of CAD and MI. It is important to note that the last view remains a
hypothesis that needs further validation with more molecular biologic and genetic studies.

Our laboratory has recently studied several other large families with CAD and MI. Linkage
analysis with these families excluded MEF2A as the disease-causing genes in these specific
families (data not shown), which suggests that CAD/MI is genetically heterogeneous and more
disease-causing genes (adCAD2 and others; Table 1) are present and await to be mapped and
identified.
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Susceptibility genes for coronary artery disease and myocardial infarction

As discussed above, numerous case-control studies have been carried out to identify
susceptibility genes for CAD and MI. Genetic variants or SNPs in many candidate genes with
physiologic relevance to CAD and MI have been found to be associated with increased or
decreased risks for CAD and MI. Numerous possible susceptibility genes have been identified
for CAD and Ml [7,10]. Many of these studies need to be further validated or replicated as
false-positive results can be generated easily in a case-control association study due to selection
bias of cases and controls and population admixture. This article reviews only susceptibility
genes identified by genome-wide association studies and by positional cloning based on genetic
linkage analysis with small nuclear families.

Transcriptional factor gene USF1 and familial combined hyperlipidemia

Familial combined hyperlipidemia (FCHL) is present in about 20% of patients with CAD and
is characterized by elevated serum total cholesterol or triglycerides. A major susceptibility
locus for FCHL was mapped to chromosome 1g21-23 in a Finnish population [38]. Recently,
two synonymous SNPs in the USF1 gene were found to be significantly associated with FCHL
(P =0.00002) [39°]. USF1 encodes a transcriptional factor belonging to the basic helix-loop-
helix leucine zipper family and regulates genes involved in glucose and lipid metabolism,
including ABCA1 and apolipoproteins CIlI, All, and E [39°]. The characteristics of the
downstream genes regulated by USF1 make it an attractive gene for the pathogenesis of FCHL;
however, it remains to be determined whether the two SNPs associated with FCHL are the true
causative variants, a common problem with association studies.

Cytokine gene lymphotoxin-a and myocardial infarction

Development of a high-density SNP map covering the entire human genome makes it possible
to identify susceptibility genes for complex disease such as CAD and MI using genome-wide
association studies. For a genome-wide association study, 50,000-100,000 SNPs are estimated
to be sufficient to provide genome coverage, and a P value of <5 x 10~ was proposed to be a
cutoff value for achieving significance [40]. The first genome-wide case-control association
study for CAD and Ml was carried out using 92 788 gene-based SNPs with 94 Japanese patients
with MI. Positive SNPs with a nominal significance P value of 0.01 were then genotyped in
1133 MI cases and 1006 controls [33]. Three SNPs in the LTA gene (exon 1 10G/A, intron 1
252A/G, exon 3 p.Thr26Asn) were found to be significantly associated with a high risk of Ml
when they were homozygous (odds ratio = 1.69-1.78; P = 2.2 x 10 to 3.3 x 1079) [33].
Lymphotoxin-a is a cytokine that mediates immune responses and inflammation. The
functional effects of the three LTA SNPs associated with M1 were examined with some biologic
assays. SNP 252A/G in intron 1, but not SNP 10G/A in exon 1, increased expression of LTA
by 1.5-fold. SNP p.Thr26Asn in exon 3 increased expression of adhesion molecules and
cytokines including vascular cell adhesion molecule-1, intercellular adhesion molecule-1,
tumor necrosis factor, interleukin-1A, interleukin-1B, and selectin E by twofold [33]. The
results from functional studies strengthen the conclusion that LTA variants increase
susceptibility to MI.

Although the P value of 3.3 x 1076 from the Japanese study does not reach the proposed cutoff
value for significance for a genome-wide association study, it is one of the most impressive

P values that was ever achieved for case-control association studies for CAD/MI. Interestingly,
an independent case-control association study was carried out with 1891 Ml patients and 1798
controls, also from a Japanese population, but failed to identify any association between SNP
252A/G iniintron 1 or p.Thr26Asn in exon 3 of the LTA gene and MI [41]. SNP 252A/G in in-
tron 1 was also analyzed in a German population, and no association was detected with CAD
or M1 or with the risk of restenosis, death, or Ml after coronary artery stenting [42,43]. On the
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positive side, studies of more than 400 parental-proband trios families showed positive
association of SNP p.Thr26Asn in exon 3 with CAD in white Europeans [44]. Clearly, more
research, both genetic and functional studies, is needed to further test the association between
LTA SNPs and CAD/MI.

Lymphtoxin-a-regulatory gene LGALS2 and myocardial infarction

Ozaki et al. [37°°] performed a study to identify proteins that interact with LTA and found that
galectin-2 (encoded by the LGALS?2 gene), a member of the galactose-binding lectin family,
binds to LTA and regulates the extracellular secretion of LTA. One SNP, 3279C/T in intron
1, of LGALS2 was found to be significantly associated with Ml (odds ratio = 1.57, P = 2.6 x
107%), and the minor allele has a protective role against MI. Functional studies showed that the
minor allele T reduced expression of LGALS2 by 50%. Reduced expression of galectin-2 is
expected to decrease the extracellular level of LTA, leading to less inflammation and reduced
risk for MI. It will be interesting to test whether the association between LGALS2 and Ml can
be replicated in another independent Japanese population or other populations.

ALOX5AP (encoding 5-lipoxygenase-activating protein) and myocardial
infarction and stroke

A genome-wide linkage scan with 296 Icelandic families identified a suggestive linkage to Ml
on chromosome 13g12-13 in women — LOD score (log base 10 of the likelihood ratio under
the hypotheses of linkage and nonlinkage) = 2.86 [34°*] — but not in men (LOD score = 1.51).
ALOX5AP encoding 5-lipoxygenase-activating protein (FLAP) is located in the region and
became a good candidate gene. In a case-control association study with 779 Ml patients and
624 controls, a haplotype (HapA) involving four SNPs in ALOX5AP was found to be
significantly associated with M (relative risk of 1.80, P = 2.3 x 10, which remains significant,
0.005, after adjusted for the number of haplotypes tested) and also associated with stroke to a
lesser degree [34°°]. A different haplotype, HapB, involving four other SNPs of ALOX5AP was
significantly associated with M1 in a British population (relative risk of 1.95, P = 3.7 x 1074),
which provides supportive evidence for the association between ALOX5AP and MI. Before the
ALOX5AP report, the gene for 5-lipoxygenase (5-LO) was already shown to be involved in
susceptibility to atherosclerosis in mice [45] and was associated with carotid intimal-medial
thickness in a cohort of 470 healthy, middle-aged women and men from the Los Angeles
Atherosclerosis Study [46]. 5-Lipoxygenase is an enzyme that mediates the production of
leukotrienes, which are inflammatory mediators generated from arachidonic acid. All these
studies suggest that the 5-lipoxygenase pathway plays an important role in increasing
susceptibility to CAD and MI. It is important to note, however, that when the data from the
ALOX5AP study were analyzed separately for women where the original linkage was
identified, the significance level of the association with M1 was reduced to 9.8 x 1073, which
may become nonsignificant after adjusting for the number of haplotypes tested [34°°]. This
raises a possibility that there may be another gene that increases susceptibility to MI in women
under the 13g12-13 linkage peak.

Phosphodiesterase 4D gene and stroke

A genome-wide linkage scan in an Icelandic population mapped a susceptibility locus for stroke
on chromosome 5q12 (LOD score = 4.40) [31]. The susceptibility gene at this locus was
identified as PDE4D, a gene that encodes the phosphodiesterase 4D [32°]. The strongest
association was identified between different haplotypes of PDE4D and combined carotid and
cardiogenic strokes, the forms of stroke related to atherosclerosis. The role of PDE4D in
ischemic stroke is not clear, but the PDE4D protein degrades the second messenger CAMP, a
key signaling molecule involved in inflammatory responses of vascular cells to oxidized lipids
[32°]. The link between PDE4D and stroke is also supported by the finding that PDE4D is
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involved in susceptibility to ischemic brain damage in animal models [47]. As with other case-
control association studies, replication in an independent population will strengthen the
association between PDE4D and stroke.

Two other genetic loci have been identified for M1 on chromosomes 1p and 14q, and four
significant linkages were reported for CAD on chromosomes 24, 3q, 16p, and Xq (Table 1),
but the specific genes at these loci remain to be identified.

Disease-linked genes for coronary artery disease and myocardial infarction

New genomic and proteomic approaches have begun to identify genes whose expression is
linked to CAD and MI. Microarray analysis allows simultaneous analysis of expression of
thousands of genes in CAD tissues vs non-CAD tissues. As an example, expression of 49 genes
was newly linked to CAD, and these genes include intercellular adhesion molecule-2, PIM2,
ECGFL1, fusin, B cell activator (BL34, GOS8), Rho GTPase activating protein-4, retinoic acid
receptor responder, B2-arrestin, and many others [48]. Many other genes have been linked to
CAD by microarray analysis and have been extensively reviewed [49].

The first proteomic study of CAD was reported recently by the author’s group [50]. Proteins
from CAD and non-CAD coronary arteries were separated by two-dimensional gel
electrophoresis. Protein spots that showed different expression levels in two tissues were
excised from the gels and identified by mass spectrometric analysis. The results from the two-
dimensional gel analysis were confirmed by Western blot analysis. Expression of the ferritin
light chain was found to be significantly increased in the diseased coronary arteries by about
twofold. These results link the ferritin light chain gene to CAD and supports the ‘iron
hypothesis’ that proposes an association between excessive iron storage and a high risk of
CAD. Itremains to be determined whether an elevated ferritin level is a contributor or causative
factor for atherosclerotic CAD or is merely associated with the disease process. Nevertheless,
increased ferritin expression in coronary arteries may become a significant biomarker for
atherosclerotic CAD and may be developed as a diagnostic marker for the disease with more
studies in the future.

Conclusion

Significant advances have been achieved in the genetic studies of CAD and Ml in the past 2
years. These studies have provided fundamental insights into the pathogenesis of CAD and
MI. First, genetic linkage studies with single large families appear to be a very effective
approach for identifying the disease-causing genes for CAD and MI. The identification of the
first disease-causing gene, MEF2A, for autosomal dominant CAD and MI revealed a new
signaling pathway for the pathogenesis of CAD and MI and implicated abnormal function or
development of the endothelium as an early trigger for the disease. In the next 5-10 years, we
will witness the identification of other new disease-causing genes for CAD and MI using
linkage analysis with large families. Furthermore, future studies will also focus on identifying
the detailed molecular mechanisms by which disease-causing genes promote development of
CAD and Ml.

Second, genome-wide association studies and linkage analysis with hundreds of small nuclear
families have identified new susceptibility genes for atherosclerosis, CAD, and M, including
LTA and LGALS2 for MI, ALOX5AP for MI and stroke, and PDE4D for ischemic stroke. Future
studies will focus on identification of new susceptibility genes and on replication studies of
known genes in different populations.

Third, new genomic and proteomic approaches will continue to be employed to identify genes
whose expression is linked to CAD and MI. These studies generate novel hypotheses related
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to the pathogenesis of CAD and M, and follow-up studies with a variety of studies including
molecular biology, cell biology, and animal models will be used to identify new molecular
determinants and novel molecular mechanisms for the pathogenesis of CAD and MI.

Future genetic studies will promise to revolutionize the early diagnosis, treatment, and
prevention of CAD and MI. A unique advantage for the management of cardiovascular disease
is that a significant number of cases are potentially preventable. The early diagnosis by genetic
testing will force lifestyle modifications in individuals with risk genetic factors, which alone
or in combination with other therapeutic options may delay the onset of the disease or prevent
MI. A genetic testing kit for CAD and MI can now be easily developed based on MEF2A and
other new disease-causing genes, which may identify many patients with a very high risk of
developing CAD and MI. New drugs can also be developed using CAD and Ml genes as targets,
which may drive the paradigm shift in modern medicine to personalized medicine, i.e., the
right medicine/therapy for the right patient.
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The views of the pathophysiology of coronary artery disease have evolved over the time.
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Figure 1. Evolution of our views of the pathophysiology of atherosclerosis (coronary artery disease
and myocardial infarction)
Views of the pathophysiology of coronary artery disease have evolved over time.
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