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Abstract

Coronary artery disease and its clinical manifestations, including my-
ocardial infarction, are heritable traits, consistent with a role for in-
herited DNA sequence variation in conferring risk for disease. Knowl-
edge of the new sequence variations in the genome that confer risk
has the potential to illuminate new causal biologic pathways in hu-
mans and to thereby further improve diagnosis and treatment. Here,
we review recent progress in mapping genetic loci related to coronary
disease and risk factor phenotypes, including plasma lipoprotein con-
centrations. Genome-wide linkage (in families) and association (in pop-
ulations) studies have identified more than a dozen genetic loci related
to coronary disease. A key challenge now is to move from mapping loci
to pinpointing causal genes and variants, and to develop a molecular
understanding of how these genes lead to coronary disease.
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INTRODUCTION

Coronary artery disease and its clinical manifes-
tations, including myocardial infarction (MI),
are leading causes of death and infirmity
worldwide. Although family history is a well-
established independent risk factor for coronary
disease and MI, the heritability of the disease is
not fully understood and is the subject of in-
tense investigation.

In this article, we review the current under-
standing of the genetics of coronary disease and
MI, as well as the genetics of risk factors for MI.
Building on a substantive body of work over the
past several decades, the last few years have wit-
nessed a significant leap forward in the charac-
terization of genetic loci related to cardiovas-
cular traits.

HERITABILITY

The traditional risk factors for MI include age,
plasma lipid concentrations, blood pressure, use
of tobacco, and presence of type 2 diabetes mel-
litus. Although not included in many cardio-
vascular risk prediction algorithms, such as the
Framingham Risk Score, family history has also
been established as an important risk factor for
MI. Premature MI appears to have a particu-
larly strong genetic component, with heritabil-
ity as high as 63% documented in one study
(63). This may indicate the importance of in-
herited risk factors for early presentation of MI,
as opposed to acquired risk factors that may in-
fluence the natural history of disease later in life.

In perhaps the most rigorous analysis of the
inheritance of MI risk to date, the Framingham
Offspring Study found that individuals with at
least one parent with premature cardiovascular
disease (defined as age of onset <55 years in
men, <65 years in women) experienced a signif-
icant increase in risk of suffering a cardiovascu-
lar event compared to individuals with no such
family history: for men, an age-adjusted odds
ratio of 2.6, and for women, an odds ratio of
2.3 (51). After adjustment for the other tra-
ditional cardiovascular risk factors, the odds
ratio for men remained significant at 2.0, with

women having an odds ratio of 1.7, indicating
that some of the heritability of MI risk is
independent of established risk factors, with
the remainder attributable to heritability of
the various risk factors. As much as one-half of
the interindividual variability in plasma lipid
concentrations is due to inherited factors (33,
40, 58, 68, 71). Type 2 diabetes mellitus (4) and
blood pressure (28, 48) also have substantial
heritability.

These observations have motivated inves-
tigators to undertake a variety of studies to
identify genes responsible for the heritability
of MI and cardiovascular risk factors. Linkage
analyses and candidate gene studies were the
mainstay of this work for several decades
and successfully identified a handful of loci
unequivocally linked to MI, as well as several
additional loci with a weaker level of evidence.
More recently, the completion of the Human
Genome Project and the International Haplo-
type Map Project (34, 35) has made it possible
to perform genome-scale screens for common
DNA sequence variants that are associated
with phenotypes of interest, an approach
termed genome-wide association (GWA). This
technique has expanded our knowledge of the
genetic basis for coronary disease.

EARLY FINDINGS FOR
CORONARY ARTERY DISEASE

Mendelian Lipid Disorders

Plasma lipid concentrations, particularly low-
density lipoprotein cholesterol (LDL-C), have
long been established as an important contrib-
utor to coronary disease. A number of mono-
genic, or Mendelian, lipid disorders have been
characterized in individuals or families, many
of which have been linked to rare variants in
genes that, upon subsequent functional analysis,
emerged as important regulators of lipoprotein
metabolism (Table 1) (70).

The prototypic example is familial hyper-
cholesterolemia (FH) due to mutations in the
the LDL receptor gene (LDLR). The disease
was originally characterized in individuals with
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Table 1 Selected Mendelian lipid disorders

Disease Gene(s) with rare variants Phenotype
Autosomal dominant hypercholesterolemia LDLR, APOB, PCSK9 Elevated LDL cholesterol; premature

coronary artery disease
Autosomal recessive hypercholesterolemia LDLRAP1 Elevated LDL cholesterol; premature

coronary artery disease
Sitosterolemia ABCG5, ABCG8 Elevated plant sterols, LDL cholesterol;

premature coronary artery disease
Primary hypoalphalipoproteinemia APOA1 Low HDL cholesterol
Tangier disease ABCA1 Low HDL and LDL cholesterol
Type I hyperlipoproteinemia LPL, APOC2 Elevated chylomicrons, triglycerides
Hepatic lipase deficiency LIPC Elevated triglycerides
Type III hyperlipoproteinemia APOE Elevated chylomicrons, VLDL particles,

IDL particles, and triglycerides
LCAT deficiency (Norum disease, fish-eye disease) LCAT Increased free cholesterol in tissues
Cholesteryl ester transfer protein deficiency CETP Elevated HDL cholesterol

Abbreviations: LDL, low-density lipoprotein; HDL, high-density lipoprotein; VLDL, very-low-density lipoprotein; IDL, intermediate-density
lipoprotein.

autosomal dominant hypercholesterolemia,
tendon xanthomas, and premature coronary
artery disease (25). Individuals with homozy-
gous FH have extremely high LDL-C levels and
often develop symptomatic coronary disease in
childhood or early adulthood. Analysis of fi-
broblasts derived from these patients revealed
a defect in LDL uptake and led to the identi-
fication of the LDL receptor. Loss-of-function
mutations in LDLR explain the dominant trans-
mission of the disease within families (25). Sub-
sequent linkage studies in other families with
autosomal dominant hypercholesterolemia un-
covered causal mutations in two other genes,
APOB and PCSK9 (1, 80).

Other Mendelian lipid disorders confer
susceptibility to premature coronary disease,
including autosomal recessive hypercholes-
terolemia, in which mutations in both alleles of
LDLRAP1 are needed to manifest high LDL-
C levels (24), and sitosterolemia, in which plant
sterols and cholesterol are dramatically elevated
in the bloodstream due to mutations in either
of the sterol transporters encoded by ABCG5
or ABCG8 (7). The link between several other
Mendelian lipid disorders and coronary disease
is more tentative, either because there are too

few affected individuals to establish a convinc-
ing relationship or because the resulting lipid
changes (low LDL-C, high HDL-C, or low
triglycerides) are expected to be atheroprotec-
tive, which is harder to document than a pre-
disposition to disease.

Myocardial Infarction
and Coronary Disease

Although a number of genome-wide linkage
studies for MI and for coronary disease have
been performed and have identified putative
chromosomal loci related to disease, the util-
ity of many of these studies remains in doubt
(9, 20, 65). For example, a linkage study in a
family with 13 members over three generations
with coronary disease, nine of whom had suf-
fered MI, narrowed a linkage signal to chromo-
some 15q26 (87). Of 93 genes in the locus, the
MEF2A gene was subjected to deep resequenc-
ing in family members as a plausible candidate
gene, given its expression in embryonic coro-
nary vasculature. A 21-bp deletion in MEF2A,
resulting in the excision of seven amino acids
from the protein product, was detected in each
of the affected family members for whom DNA
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was available and was absent from unaffected
family members. In vitro studies documented
that the 21-bp deletion impairs the nuclear lo-
calization of the MEF2A protein product in
cells, suggesting that a functional defect in the
protein might be responsible for the prevalent
coronary disease in family members with the
mutation.

However, a large follow-up study attempt-
ing to identify additional deleterious mutations
in MEF2A in sporadic cases of premature MI
did not find any definitive mutations but did
succeed in finding the 21-bp mutation in three
individuals who had not suffered MI (88). By
genotyping family members of these individ-
uals, researchers confirmed that the mutation
exists at very low frequency in the general pop-
ulation (rather than being exclusive to one fam-
ily); it did not segregate with MI or coronary
disease outside of the family in which the muta-
tion had originally been described. This study
suggests that MEF2A does not cause autoso-
mal dominant MI and that the original family’s
causal mutation may have resided in one of the
other 92 genes in the mapped locus on chro-
mosome 15q26. Moreover, in a separate study,
investigators were unable to replicate the orig-
inal observation that the 21-bp deletion led to
defective nuclear localization of MEF2A (27).
This study illustrates the importance of repli-
cation studies in human genetics.

A subsequent linkage study of a four-
generation family with 28 members with
early-onset coronary disease and osteoporosis,
transmitted in an autosomal dominant pattern,
narrowed a linkage signal to 12p13 (54). The
investigators performed detailed mapping of
the locus to narrow the signal to a 750-kb inter-
val harboring just six genes, one of which (LDL
receptor-related protein 6, or LRP6) was found
to have a missense variant segregating with
disease. The variant was also associated with
LDL-C and other features of the metabolic
syndrome, known risk factors for coronary
disease, thereby establishing a plausible causal
pathway. The variant was not identified in
the screening of 2,000 controls. Furthermore,
a knockout mouse for a closely related gene

(LRP5) was observed to have altered plasma
lipid levels (23), and the knockout mouse for
LRP6 was reported to have developed bone
defects akin to osteoporosis (45). For these
reasons, LRP6 has emerged as a more credible
autosomal dominant MI gene than MEF2A,
although additional unrelated families of
similar phenotype with mutations in LRP6 will
be required to verify the association. A linkage
analysis of more than 400 families with mem-
bers with premature coronary disease identified
an associated common missense variant in the
LRP8 gene (78), although this mutation was
not associated with elevated LDL-C levels.

A genome-wide linkage study performed in
almost 300 Icelandic families with more than
700 individuals with a history of MI identi-
fied a set of linked variants (a haplotype) in the
ALOX5AP gene associated with a twofold in-
crease in risk for MI as well as stroke (30). The
encoded protein product, 5-lipoxygenase acti-
vating protein (FLAP), is involved in the pro-
duction of leukotriene. A subsequent candidate
gene study of another actor in the same molecu-
lar pathway, LTA4H (encoding leukotriene A4
hydrolase), identified haplotypes in the gene as-
sociated with increased MI risk in Icelandic and
other populations of European descent (29).
These observations suggest that leukotriene ac-
tivity may contribute to the pathobiology of MI.
However, the importance of these findings re-
mains unclear as neither locus has been repli-
cated in subsequent GWA studies on MI per-
formed in similar populations (see the section
Genome-wide Association Studies: Myocardial
Infarction and Coronary Disease, below).

GENOME-WIDE ASSOCIATION
STUDIES

In contrast with linkage studies, which have
been successful in identifying rare disease-
causing variants exclusive to a few individuals,
GWA studies are designed to detect common
variants associated with traits or diseases. Over
the past few years, the GWA approach has
leveraged the ability to efficiently genotype
hundreds of thousands of single nucleotide
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polymorphism (SNP) variants distributed
across the genome in thousands of individuals.
GWA is an unbiased technique because the
sheer number of SNPs genotyped allows for
dense coverage of the genome, and GWA
can accommodate large numbers of unrelated
individuals with a trait or disease of interest
in a given population (with some studies now
surpassing 100,000 individuals total).

GWA has now been applied to a wide va-
riety of clinical traits and diseases, including
many relevant to the cardiovascular system.
Indeed, one of earliest successes of the tech-
nique emerged after its application to coronary
disease. Considerable progress has also been
made with several traditional and emerging risk
factors for MI.

Myocardial Infarction
and Coronary Disease

The first large GWA study, published in early
2007, identified novel genetic loci associated
with type 2 diabetes (79). Several months later,
three independent GWA studies for coronary
artery disease were published, one from the
Ottawa Heart Study (55), one from deCODE
Genetics (32), and one from the Wellcome
Trust Case-Control Consortium (75). Each of
these studies had a case-control design in which
genome-wide genotyping was performed in ini-
tial cohorts, followed by genotyping of the best
scoring SNPs in additional cohorts; the statisti-
cal evidence from the various cohorts was com-
bined to yield the final results.

In spite of their use of different cohorts and
different genotyping arrays, all three studies
identified a significant association signal in the
same locus on chromosome 9p21. No prior ge-
netic studies had implicated this region of the
genome. Moreover, the SNPs in the locus that
were associated with coronary disease were not
associated with any traditional cardiovascular
risk factors. Thus, it appears that the genetic
mechanism underlying the association signal is
operating through a novel pathway. Subsequent
studies established an association between the
9p21 locus with MI and other vascular pheno-

types such as abdominal aortic aneurysm, in-
tracranial aneurysm, and peripheral arterial dis-
ease, suggesting that the sequence variations
may interfere with vascular tissue development
(31).

The 9p21 locus illustrates the difficulty of
linking some of the genetic associations iden-
tified by GWAS with pathological mechanism.
No annotated genes are present in the mini-
mal region of association as defined by linkage
disequilibrium (∼58 kb in individuals of Euro-
pean descent). The closest genes to the locus,
CDKN2A, CDKN2B, and ARF, are more than
100 kb away from the index SNPs (the SNPs
with the highest level of association in the GWA
studies), making it unclear how the causal DNA
variant(s) might influence coronary disease.

Furthermore, GWA studies for type 2 dia-
betes have identified a strong association signal
on chromosome 9p21 that is distinct and inde-
pendent from the MI locus but in close prox-
imity (separated by a recombination hotspot),
with the index diabetes SNPs several kilobases
away from the index MI SNPs (17, 77, 93). As
with the MI locus, there are no genes within the
type 2 diabetes locus. How the causal variants
in the respective loci, close together in space
and far away from the closest genes, give rise
to two rather different diseases remains to be
determined.

One possibility is that the loci harbor
nongene transcripts that regulate other genes.
Within the MI 9p21 locus, there is a predicted
noncoding RNA termed ANRIL that appears
to be expressed in at least a few tissue types
(66). The casual variant may affect the RNA
sequence in such a way as to affect its function.
Another possibility is that the causal variant lies
in a regulatory element (e.g., a transcriptional
enhancer) that affects the transcription of a
gene or genes that are ultimately responsi-
ble for the phenotype. ANRIL, CDKN2A,
CDKN2B, and ARF are logical candidates
given their relative proximity to the locus, but a
long-range effect on more distant genes cannot
be ruled out. Multiple studies have documented
that the genotype at an index SNP is correlated
to expression levels of nearby genes, although
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these results are conflicting and were derived
in tissue types that may not be directly relevant
to coronary disease (e.g., T lymphocytes) (36,
50). Nonetheless, these studies do document
the presence of functional regulatory elements
within the MI locus that, in the right tissue type
(e.g., vascular endothelium), may modulate
molecular pathways that influence MI risk.
Besides the 9p21 locus, the study from the
Wellcome Trust Case Control Consortium
(75) identified SNPs in several additional loci
associated with coronary disease. A subsequent
set of GWA studies for either coronary disease
or MI, each with several thousand disease cases,
replicated some of these loci and identified
several more loci (19, 26, 56, 83).

At present, thirteen loci now have strong
statistical evidence for association with MI or
coronary disease (Table 2). At the time of
this writing, a consortium of investigators fo-
cused on coronary disease (the Coronary Artery
DIsease Genome-Wide Replication and Meta-
analysis or CARDIoGRAM consortium) have
assembled more than 20,000 cases of coronary
disease and 60,000 control samples, with the ex-
pectation of validating or discovering additional
associated loci.

For each of these 13 mapped loci, the prin-
cipal challenge now is to blaze a path from ge-
nomic localization to functional insights. For
each associated locus, four questions require an
answer: (a) What is the the causal DNA variant
at the locus? (b) What is the gene regulated by
the locus? (c) What is the mechanism by which
the DNA variant affects the gene? (d ) What is
the mechanism by which the gene influences
phenotype?

At one locus recently identified by GWAS
for MI and LDL-C, we have shown through
a series of studies in human cohorts and
human-derived hepatocytes that a common
noncoding polymorphism at the 1p13 locus,
rs12740374, creates a C/EBP transcription fac-
tor binding site and alters the hepatic expres-
sion of the SORT1 gene (Figure 1) (57). With
siRNA knockdown and viral overexpression in
mouse liver, we demonstrated that Sort1 alters
plasma LDL-C and very-low-density lipopro-

tein (VLDL) particle levels by modulating hep-
atic VLDL secretion. Thus, we provided func-
tional evidence for a novel regulatory pathway
for lipoprotein metabolism and showed that
common noncoding DNA variants identified
by GWASs can directly contribute to clinical
phenotypes.

Plasma Lipid Concentrations

The first reported high-density GWA study for
plasma lipid concentrations was performed in
the Diabetes Genetics Initiative, using geno-
type data from almost 3,000 individuals of
European descent. This study identified an in-
dex SNP in one locus each for three lipid
traits—LDL-C, HDL-C, and triglycerides—
with association surpassing a statistical signifi-
cance threshold that accounts for multiple test-
ing (P < 5 × 10−8) (17). The SNP for LDL-C
was near the APOE gene, and the index SNP for
HDL-C was near the CETP gene, both well-
established lipoprotein regulators; this finding
provided compelling internal validation of the
GWA technique. The index SNP for triglyc-
erides was in a locus that harbored no genes pre-
viously implicated in lipoprotein metabolism,
in an intron of GCKR (which encodes glucok-
inase regulatory protein). Follow-up analyses
have suggested that a coding missense variant is
responsible for the association with triglyceride
levels (6, 64).

A second wave of GWA studies on lipid
traits added the Finland–United States Inves-
tigation of NIDDM Genetics (FUSION) and
SardiNIA studies to the Diabetes Genetics Ini-
tiative for a total of almost 9,000 individuals
of European descent (42, 89). In order to in-
crease the power to detect statistically signif-
icant (P < 5 × 10−8) associations, the most
highly associated SNPs in the initial 9,000 indi-
viduals were genotyped in >18,000 individuals
from additional cohorts. This staged approach
resulted in the validation or identification of a
total of 19 lipid-associated loci. In addition to
the three loci already identified, these GWA
studies added loci harboring well-known lipid
regulators, including APOA1, APOB, LDLR,
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Table 2 Loci associated with myocardial infarction or coronary artery disease

Unique
locus Chr. SNP

Risk allele
frequency

(%)

Odds ratio
(95% CI) per

risk allele

Gene(s) of interest
within or near

associated interval

Associated with
low-density
lipoprotein

cholesterol or
lipoprotein (a)? Reference

1 9p21 rs4977574 56 1.29
(1.25–1.34)

CDKN2A-
CDKN2B-ANRIL

— 55, 32, 75,
56

2 1p13 rs646776 81 1.19
(1.13–1.26)

CELSR2-PSRC1-
SORT1

Yes 75, 56

3 21q22 rs9982601 13 1.20
(1.14–1.27)

SLC5A3-MRPS6-
KCNE2

— 56

4 1q41 rs17465637 72 1.14
(1.10–1.19)

MIA3 — 75, 56

5 10q11 rs1746048 84 1.17
(1.11–1.24)

CXCL12 — 75, 56

6 6p24 rs12526453 65 1.12
(1.08–1.17)

PHACTR1 — 56

7 19p13 rs1122608 75 1.15
(1.10–1.20)

LDLR Yes 56

8 2q33 rs6725887 14 1.17
(1.11–1.23)

WDR12 — 56

9 1p32 rs11206510 81 1.15
(1.10–1.21)

PCSK9 Yes 56

10 12q24 rs2259816 37 1.08
(1.05–1.11)

HNF1A Yes 19

11 12q24 rs3184504 40 1.13
(1.08–1.18)

SH2B3 — 26

12 3q22 rs9818870 15 1.15
(1.11–1.19)

MRAS — 19

13 6q26-6q27 rs3798220 2 1.47
(1.35–1.60)

LPA Yes 11, 52

rs10455872 7 1.68
(1.43–1.98)

LPA Yes 11

Abbreviations: Chr, chromosome; SNP, single nucleotide polymorphism; CI, confidence interval
Table adapted from References 11, 19, 26, 56.

LPL, PCSK9, and HMGCR. The last is of par-
ticular note because it encodes the enzyme (3-
hydroxy-3-methylglutaryl-coenzyme A reduc-
tase) inhibited by the widely used statin class
of LDL-C-lowering drugs. These studies also
identified six novel loci, two of which were vali-
dated in simultaneously published, independent
GWA studies on LDL-C (a locus on chromo-
some 1p13) and triglycerides (a locus on chro-
mosome 7q11) (46, 76, 86).

A third wave of even larger GWA studies,
incorporating up to 40,000 individuals of Euro-
pean descent, have validated or identified more
than 30 lipid-associated loci, of which approxi-
mately half have established lipid regulators (2,
44, 74). A notable finding of these studies is that
genes in 11 of the loci are the same genes that
harbor rare mutations that cause Mendelian
lipid disorders (Table 1). Thus, an important
lesson from the GWA studies on lipids is that
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a Hepatocyte

Endoplasmic
reticulum

VLDL secretion

Golgi apparatus

Sortilin

apoB

Lipidated apoB
(VLDL/LDL)

C/EBP

VLDLTG

Lipolyis

LDL
Nucleus

rs12740374-G
*

SORT1 Plasma

Plasma membrane

Hepatocyte

Endoplasmic
reticulum

VLDL secretion

Golgi apparatus

Sortilin

apoB

Lipidated apoB
(VLDL/LDL)

C/EBP

VLDLTG

Lipolyis

LDLNucleus

*
SORT1

Plasma
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the same genes that cause Mendelian disorders
also have common variants that result in smaller
but significant changes in lipid levels.

Criticisms that GWA studies can only dis-
cover common variants that have little clini-
cal importance, since the effect sizes are small,
ignore the possibility that a GWA gene can
prove to be clinically relevant if the gene’s ac-
tivity is modulated by a large degree—whether
by a naturally occurring, rare mutation in an
individual or in a family, as is the case in a
Mendelian disorder, or by deliberate targeting
of gene activity by a drug. HMGCR is a case in
point. If statins had not been discovered prior
to the GWA era, the finding that common in-
tronic variants in HMGCR cause small changes
in LDL-C would have suggested pharmacolog-
ical inhibition of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase as a novel therapeu-
tic strategy. By this reasoning, some of the
novel GWA loci discovered to date for plasma
lipids may harbor clinically useful drug targets
and are now the focus of intense functional
investigation.

Furthermore, GWA studies can identify
common variants that “tag” unrecognized gene
coding variants that have large effects on gene
function. These coding variants can be dis-
covered by deep resequencing of the genes in
a GWA locus. In one example, a GWA on
postprandial triglyceride levels in Old Order
Amish individuals identified a strongly asso-
ciated SNP near a gene cluster with APOA1,
APOC3, APOA4, and APOA5; subsequent exon

sequencing identified a nonsense mutation in
APOC3 that proved to be the source of the as-
sociation signal (69). Carriers of the nonsense
mutation had reduced plasma apoC-III protein
levels, reduced triglyceride levels, and increased
HDL-C levels. Notably, they also had signifi-
cantly decreased coronary disease as assessed by
coronary artery calcification measurement.

At the time of this writing, the Global
Lipids Genetics Consortium has assembled
data on plasma lipid concentrations for more
than 100,000 individuals of European descent
and had identified 95 significantly associated
loci (P < 5 × 10−8), with 59 showing genome-
wide significant association with lipid traits for
the first time (82). The newly reported associa-
tions include SNPs near known lipid regulators
(e.g., CYP7A1, NPC1L1, and SCARB1) as well
as in scores of loci not previously implicated in
lipoprotein metabolism. The 95 loci contribute
not only to normal variation in lipid traits but
also to extreme lipid phenotypes and impact
lipid traits in three non-European populations
(East Asians, South Asians, and African Amer-
icans). Three of the novel genes—GALNT2,
PPP1R3B, and TTC39B—were validated with
experiments in mouse models. Several novel
loci associated with serum lipids were also asso-
ciated with coronary disease. Taken together,
these findings provide the foundation to de-
velop a broader biological understanding of
lipoprotein metabolism and to identify new
therapeutic opportunities for the prevention of
CAD.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Proposed model for 1p13-sortilin pathway. Hepatic apoB synthesis and lipidation begins in the endoplasmic
reticulum. Bulk lipid addition continues in the Golgi apparatus to form triglyceride-rich VLDL. VLDL that
is secreted undergoes extrahepatic lipolysis into LDL. (a) In hepatocytes with the major allele (G) at
rs12740374, this DNA base disrupts a C/EBP consensus site; in the absence of C/EBP binding, there is low
transcription of the SORT1 gene in the nucleus. (b) In hepatocytes with the minor allele (T) at rs12740374,
this DNA base creates a consensus site on which a C/EBP dimer binds, which in turns activates transcription
of the SORT1 gene in the nucleus. This results in increased production of sortilin protein, which results in
decreased VLDL secretion, decreased plasma LDL-C levels, and decreased MI risk. Sortilin traffics through
the Golgi apparatus, among other cellular compartments; the exact mechanism(s) by which sortilin inhibits
VLDL secretion remain(s) to be determined. Abbreviations: apoB, apolipoprotein B; C/EBP, CCAAT-
enhancer-binding protein; LDL, low-density lipoprotein; MI, myocardial infarction; VHDL, very-high-
density lipoprotein.
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Other Risk Factors

GWA studies have now been undertaken for
a number of cardiovascular risk factors besides
plasma lipid concentrations. As with lipids, sev-
eral successful waves of GWA studies have
been performed for type 2 diabetes mellitus,
with more than 20 associated loci identified
(8, 21, 53, 85, 90, 92). Similarly, GWA stud-
ies on blood pressure have identified more than
a dozen loci associated with systolic blood pres-
sure, diastolic blood pressure, or hypertension
(49, 60). In most cases, the functional connec-
tions between loci and phenotypes remain to be
determined.

The GWA approach has also been applied to
several emerging risk factors for MI. For exam-
ple, plasma levels of C-reactive protein (CRP)
and fibrinogen, two inflammatory biomarkers
that predict disease in prospective cohort stud-
ies, are each significantly associated with several
genetic loci (14, 16, 18, 73). Among the associ-
ated SNPs for the respective traits are variants
within the CRP (encoding CRP) and FGB (en-
coding fibrinogen β chain) genes themselves.
Each of the two biomarkers is associated with
loci harboring a variety of metabolic, inflam-
matory, and immunity genes, suggesting that
their plasma concentrations reflect inputs from
multiple metabolic, inflammatory, and immune
pathways.

MENDELIAN RANDOMIZATION
AND IMPLICATIONS
OF CAUSALITY

The availability of large cohorts of individu-
als in whom genome-wide genotyping has been
performed makes it feasible to probe the rela-
tionships between epidemiological risk factors
for a disease and the pathogenesis of the dis-
ease. In a technique termed Mendelian random-
ization, DNA variants are used to address the
question of whether an epidemiological associ-
ation between a risk factor and disease reflects
a casual influence of the former on the latter
(15). In principle, if a DNA variant is known to
directly affect an intermediate phenotype (e.g.,

a variant in the promoter of a gene encoding
a biomarker, affecting its expression) and the
intermediate phenotype is truly causal for the
disease, then the DNA variant should be asso-
ciated with the disease to the extent predicted by
(a) the size of the effect of the variant on the phe-
notype and (b) the size of the effect of the pheno-
type on the disease. If in an adequately powered
sample the predicted association between the
variant and disease were not observed, it would
argue against a purely casual role for the inter-
mediate phenotype in the pathogenesis of the
disease.

The study design is akin to a prospective
randomized clinical trial in that the random-
ization for each individual occurs at the mo-
ment of conception—genotypes of DNA vari-
ants are randomly “assigned” to gametes during
meiosis, a process that should be impervious to
the typical confounders observed in observa-
tional epidemiological studies. For example, a
parent’s disease status or socioeconomic status
should not affect which of the parent’s two al-
leles at a given SNP is passed to a child, with
each allele having an equal (50%) chance of be-
ing transmitted via the gamete to the zygote.
Thus, Mendelian randomization should be un-
affected by confounding or reverse causation.
Mendelian randomization has potential short-
comings, including (a) the technique is only as
reliable as the robustness of the estimates of
the effect sizes of the variant on the phenotype
and of the phenotype on disease, and (b) it as-
sumes that the DNA variant does not influence
the disease by means other than the intermedi-
ate phenotype being studied (pleiotropy), which
may not be true. Nevertheless, Mendelian ran-
domization has the potential to be as infor-
mative as a traditional randomized clinical
trial.

Several Mendelian randomization studies
have confirmed a causal relationship between
LDL-C and coronary disease. Nonsense vari-
ants in the PCSK9 gene that significantly reduce
plasma LDL-C concentrations were observed
to be associated with reduced incidence of coro-
nary heart disease in an African American co-
hort (12, 13). Similarly, in European Americans
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a common missense variant in PCSK9 associ-
ated with lower LDL-C levels was also found to
be associated with lower risk of MI (13, 43). In
a more systematic GWA study, SNPs in 11 loci
found to be associated with LDL-C were also
reported to be associated with coronary disease
(89).

Similar to LDL-C, four recent genetic stud-
ies have confirmed prior observations that
plasma lipoprotein(a) causally relates to coro-
nary disease (11, 38, 39, 52, 83). Together,
these studies have provided the three key pieces
of evidence required in Mendelian random-
ization studies. First, they each showed that
in individuals of European ancestry, polymor-
phisms at the LPA locus [the gene encoding
for apolipoprotein(a)] are associated with in-
creased plasma lipoprotein(a) levels. Second,
higher plasma lipoprotein(a) levels were asso-
ciated with increased risk for coronary events.
Finally, the studies demonstrated that individu-
als carrying LPA variants associated with higher
plasma lipoprotein(a) levels were, in turn, at
higher risk for coronary events and that this in-
creased risk for coronary disease was abolished
after adjustment for plasma lipoprotein(a).

Unlike the results with plasma LDL-C con-
centrations and plasma lipoprotein(a), three re-
cent, large Mendelian randomization studies
of CRP variants that affect plasma CRP con-
centrations, performed in thousands of indi-
viduals, did not show an association between
these variants and ischemic vascular disease or
coronary disease (18, 47, 91). It is unlikely that
these studies were confounding or affected by
pleiotropy, since the tested variants were within
the CRP gene itself rather than being in other
loci that might secondarily affect CRP levels.
Although these studies cannot definitively rule
out a causal role of CRP in cardiovascular dis-
ease, they strongly suggest that high CRP lev-
els are indirectly rather than directly related to
coronary disease.A parallel line of genetic ev-
idence also casts doubt on the notion that in-
flammatory biomarkers such as CRP are crit-
ical mediators of MI and coronary disease. Of
the 13 loci most highly associated with MI and
coronary disease (Table 2), five are related to

plasma LDL-C or lipoprotein(a), arguing for a
strong causal relationship between LDL [or a
modified LDL particle such as lipoprotein(a)]
and disease.

None of the other 8 loci are clearly related
to inflammation, suggesting that inflammatory
molecules are of less pathobiological impor-
tance to MI than either plasma lipid concentra-
tions or the as yet uncharacterized risk mech-
anisms represented by the 8 non-lipid-related
loci. Of critical importance, this pattern can-
not be attributed to a negative bias of GWA
studies toward inflammatory gene SNPs, since
GWA studies on diseases such as rheumatoid
arthritis and Crohn’s disease have identified nu-
merous SNPs associated with inflammation and
immune system functioning (3, 72).

Genetic and therapeutic data supporting
causal relevance are also much less extensive for
plasma HDL-C and triglycerides. For example,
patients with Tangier disease have extremely
low HDL-C due to mutations in ABCA1 (en-
coding adenosine triphosphate–binding cas-
sette transporter A1), but it has been contro-
versial whether ABCA1 mutations that lower
HDL-C increase risk for coronary disease (22).
In addition, treatment with torcetrapib, a drug
that raised plasma HDL-C level to a very sub-
stantial degree, failed to achieve the predicted
benefit on risk of MI (5). Several Mendelian
randomization studies have been conducted for
HDL-C or triglycerides. However, these stud-
ies have not been definitive, because of limited
sample size, use of a small number of SNPs at a
few genes, or use of SNPs that affected multiple
lipid fractions (22, 37, 89, 84).

As more robust statistical frameworks un-
derlying genetic techniques such as Mendelian
randomization are developed in the next few
years, we can expect fresh new insights to
emerge regarding the pathogenetic contribu-
tions of risk factors to coronary disease. For
example, Mendelian randomization studies fo-
cused on variants in inflammatory genes or
variants that specifically affect HDL-C may
ultimately clarify the extent of the contribu-
tion of inflammation and HDL-C to coronary
disease.
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MULTIMARKER GENOTYPE
SCORES FOR CORONARY RISK
PREDICTION

Commonly used cardiovascular risk algorithms
such as the Framingham Risk Score, which in-
cludes several traditional risk factors and is lim-
ited to 10-year predictions, do not accurately
predict many coronary events. Much effort is
directed towards identification of novel risk fac-
tors that, when combined with conventional
risk algorithms, will better predict who will de-
velop disease. Accordingly, there is consider-
able interest in determining whether the use of
genetics will improve risk prediction.

A genetic risk score combining nine SNPs
associated with either LDL-C or HDL-C (with
the score ranging from 0 to 18, for the number
of unfavorable alleles) was associated with in-
cident cardiovascular disease in a prospective
cohort study, with each unfavorable allele con-
ferring a 15% increase in risk after adjustment
for traditional risk factors, including plasma
lipid concentrations (41). Upon stratification
into groups with high risk scores or low risk
scores, individuals with high risk scores had a
63% increase in risk. However, addition of the
genotype score to traditional risk factors did not
significantly improve risk discrimination, with
no change in a commonly used metric (C statis-
tic). Notably, all of the SNPs used in this genetic
risk score predated the GWA era; thus, the ge-
netic risk score did not include most of the re-
cently identified lipid-associated SNPs, which
upon inclusion might significantly improve the
predictive value of the risk score.

A comprehensive genetic risk score would
include not just lipid-associated SNPs but also
SNPs not associated with traditional risk fac-
tors, such as index SNPs in the chromosome
9p21 locus identified in GWA studies. The
9p21 genotype by itself confers up to a 60%
increase in risk (in individuals with two unfavor-
able alleles) (55, 56, 81). A risk score comprising
nine GWA SNPs associated with early-onset
MI, including a 9p21 SNP and three SNPs as-
sociated with LDL-C, is even more highly as-
sociated with disease, with a twofold difference

in risk for MI between extreme quintiles of risk
score (56).

Despite this promising data, attempts to in-
corporate 9p21 SNPs into risk prediction mod-
els have been disappointing to date. As with the
lipids-only genetic risk score, the addition of
the 9p21 genotype to traditional risk factors in
prospective cohort studies with men (81) and
women (67) resulted in no improvement in risk
discrimination (as judged by C statistic).

As of the time of this writing, a compre-
hensive genotype score incorporating all of the
SNPs discovered to be strongly associated with
cardiovascular disease had yet to be evaluated.
Finally, as described at the beginning of this re-
view, having a family history of early-onset MI
in at least one parent more than doubles the
personal risk of having a cardiovascular event
(51). As more disease-associated genetic vari-
ants are discovered and added to a comprehen-
sive genetic risk score, it will be critical to as-
sess whether the score adds any predictive value
above and beyond simply asking a patient about
his/her family history; it may emerge that the
score has little value for most individuals. For
this reason, a genetic risk score may ultimately
prove most useful in children or young individ-
uals to gauge lifetime cardiovascular risk and
guide early interventions.

FUTURE DIRECTIONS
In the past few years, the GWA methodology
has yielded more candidate regulators of car-
diovascular traits and diseases than all of the
genetics studies of the preceding era, although
the relative importance of these new loci to
disease pathogenesis awaits future studies. We
now have in hand a long list of genetic loci—
together, harboring hundreds of genes—that
are associated with phenotypes related to coro-
nary disease. The principal challenge for the
next few years will be to define which of the
candidate genes are truly causal and to delin-
eate the molecular mechanisms by which they
influence atherosclerosis.

One strategy to identify causal genes is
to perform deep resequencing of positional
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candidate genes in the hopes of uncovering
“smoking-gun” mutations (nonsense mutations
that yield truncated protein products or mis-
sense mutations that alter amino acids critical
to protein function) that are clearly linked to
phenotype. In one early success for this strat-
egy, rare mutations in IFIH1 were identified via
the sequencing of 10 positional candidate genes
for type 1 diabetes (nominated by GWA stud-
ies) in 480 diabetic patients and 480 control in-
dividuals (59). The variants were genotyped in
a total of 30,000 individuals, which confirmed
that each of the variants were protective against
disease. These findings established IFIH1 as
a causal gene for type 1 diabetes, though the
mechanism remains unclear.

Maximizing the chances of success for this
strategy will entail careful selection of individu-
als for gene sequencing. For quantitative traits
such as plasma lipid concentrations, choosing
individuals with extreme values may increase
the odds of finding smoking-gun mutations.
For example, focusing exclusively on the low-
est stratum (∼3%) of LDL-C concentrations
in African Americans in the Dallas Heart Study
yielded two nonsense variants in the PCSK9 that
proved to be protective against coronary heart
disease in the Atherosclerosis Risk in Com-
munities study (13). Future efforts along these
lines might involve choosing the top and bot-
tom strata of a prospective cohort study, or re-
cruiting individuals who present to clinics with
extremely high or low lipid levels, and sequenc-
ing all of the novel GWA-nominated positional
candidate genes in these individuals, followed
by genotype replication in a full prospective
cohort study to confirm association with lipid
traits. For qualitative traits such as MI, focusing
on extreme presentations of disease or health—
e.g., MI in young individuals or absence of coro-
nary disease in very elderly individuals—may
prove to be a fruitful approach.

One important shortcoming of the rese-
quencing strategy is that the failure to find
smoking-gun mutations in a gene does not rule
out its being a causal gene but may simply reflect
that there are no naturally occurring mutations
in the gene to be found in the study population.

This could be because the gene is so impor-
tant to normal development and function that a
rare variant greatly perturbing the gene’s func-
tion would not be tolerated in a viable organism.
Another possibility is that variants do exist but
in populations different from the study popula-
tion (e.g., a different ethnic group).

Furthermore, causal variants likely exist in
genes not identified by GWA studies. We ex-
pect that this last point will soon be addressed
by next-generation sequencing technology that
will allow for whole-exome sequencing (i.e., all
exons of all genes in the genome) and, ulti-
mately, whole-genome sequencing. In proof-
of-concept experiments, whole exome sequenc-
ing of a handful of individuals affected by
Mendelian disorders has identified candidate
causal genes (10, 61, 62). Application of this ap-
proach to complex traits such as MI and coro-
nary disease is likely to expand the identification
of genes and variants.

Undertaking functional validation in appro-
priate model systems is a parallel strategy to
identify causal genes. For loci where there are
obvious gene candidates, investigators can use
mice as a model in which to study gene func-
tion and determine whether the genes influence
atherosclerotic plaque formation or MI risk
factors (assuming that the genes have mouse
orthologs). For example, because lipoprotein
metabolism is largely centered on the liver,
methods to reliably overexpress and knock
down candidate genes in mouse liver (viral vec-
tors and antisense/double-stranded RNAs, re-
spectively), followed by measurement of plasma
lipid changes within a few days, offer the oppor-
tunity to screen GWA-nominated lipid genes
in a high-throughput fashion. This somatic ap-
proach is preferable to the prohibitively time-
intensive strategy of generating transgenic or
knockout mice for each candidate gene. Fur-
thermore, the ability to modulate plasma lipids
in directions predicted to be favorable for MI
risk (e.g., decreasing LDL-C) by a somatic ap-
proach in mice forecasts a parallel strategy in
humans that could be of therapeutic value.

Loci in which there are no clear gene
candidates—e.g., the 9p21 locus for MI, for
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which there is no annotated coding gene within
the ∼58-kb span—may not be suitable for in-
vestigation in mice or other animal models.
These loci most likely harbor nongenic regula-
tory elements such as transcriptional enhancers,
repressors, microRNAs, and the like, that have
long-range effects on distant genes; these ele-
ments may function quite differently in mice. It
may ultimately prove necessary to study these
loci in a human model system, such as human
embryonic stem cells, to determine how they
influence atherosclerotic disease.

CONCLUSIONS

The last few years have witnessed a dramatic
advance in mapping genetic loci for coronary

disease and MI. Whereas our prior knowledge
was largely limited to rare variants and low-
frequency variants in lipid genes supplemented
by a handful of findings from linkage and can-
didate genes studies, the GWA approach has
identified numerous loci with common variants
associated with MI and/or its risk factors. As
the exact nature of many of these associations
remains unclear, a key challenge now is to
move from mapping loci to pinpointing causal
genes and variants and then to the development
of a molecular understanding of how these
genes lead to coronary disease. We anticipate
that such study will ultimately yield important
new genetic, epidemiological, and functional
insights into the development of coronary
disease.
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