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associated with the locus. The localization of the
risk locus to a region devoid of known genes implicates a previously unrecognized gene or regulatory element that can substantially affect CHD
independently of established risk factors. Further
studies will be required to elucidate the mechanism by which the locus modulates CHD risk.
Comparison of the Yoruba and Centre d’ Etude
du Polymorphisme Humain (CEPH) data from
the International HapMap Project (www.
hapmap.org) revealed notable ethnic differences
in allele frequencies in the risk interval (table S6).
Of the 10 alleles that were significantly associated with CHD in whites, 3 were virtually absent from the Yoruba population, and 6 others
were much less common. Both rs10757274
and rs2383206 were present at appreciable frequencies among African-Americans in ARIC
and DHS, but neither SNP was associated with
CHD in either population (table S7). The
apparent ethnic differences in association between these SNPs and CHD in ARIC may reflect
differences in statistical power in ARIC but
cannot explain the ethnic differences observed
in DHS, where African-Americans are the largest
group. Accordingly, it seems more likely that the
functional sequence variants associated with the
risk allele in whites are less common in AfricanAmericans. This notion is consistent with our
finding that the frequencies of several alleles
associated with CHD risk factors differ widely
among ethnic groups (9–11). Comprehensive
analysis of the locus in African-Africans may
allow further refinement of the risk interval.

The results of this study illustrate both the
perils and the promise of whole-genome association. The initial scan and the first replicate
screen both generated substantially more SNPs
that achieved the prespecified significance threshold than would be predicted by chance alone, as
indicated by permutation testing (table S2). Yet
only two of these SNPs (comprising one allele)
survived further replication, despite the use of a
large sample (i.e., ARIC) with high statistical
power. This finding highlights the necessity for
adequate replication to protect against artifacts
that may occur because of population stratification, multiple testing, or other factors to which
whole-genome association studies are particularly susceptible. The consistent replication of the
chromosome 9 risk allele in six independent study
samples indicates that the approach can be productively applied to conditions as complex as CHD,
which is known to be influenced by a variety of
environmental and genetic factors (12). Furthermore, analysis of 50 randomly selected regions of
500 kb each indicated that the 72,864 informative
SNPs used in the initial scan provided 30 to 40%
of the power that would be obtained by assaying
all phase II Hapmap SNPs. Therefore, scans with
denser SNP panels and larger sample sizes may
reveal further loci associated with CHD risk.
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The global endemic of cardiovascular diseases calls for improved risk assessment and treatment.
Here, we describe an association between myocardial infarction (MI) and a common sequence
variant on chromosome 9p21. This study included a total of 4587 cases and 12,767 controls. The
identified variant, adjacent to the tumor suppressor genes CDKN2A and CDKN2B, was associated
with the disease with high significance. Approximately 21% of individuals in the population are
homozygous for this variant, and their estimated risk of suffering myocardial infarction is 1.64
times as great as that of noncarriers. The corresponding risk is 2.02 times as great for early-onset
cases. The population attributable risk is 21% for MI in general and 31% for early-onset cases.

C

oronary artery disease (CAD), including
acute myocardial infarction (MI), is the
leading cause of death worldwide (1). Iden-

tification of the underlying genetic architecture of
heart disease may provide improved risk assessment
and better measures for prevention and treatment.
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To this end, we conducted a genome-wide
association study on Icelandic patients with MI,
using the Illumina Hap300 chip. After quality
filtering, 305,953 single-nucleotide polymorphisms (SNPs) were tested for association with
MI in a sample of 1607 cases, with age at onset
before 70 in males and before 75 in females;
6728 patients without a history of CAD were
used as controls (2). The results were adjusted for
relatedness between individuals and potential
population stratification with the use of a method of genomic control (3). Although none of
the SNPs were significant after adjusting for
the number of tests performed, more signals
with P values of less than 10–5 were observed
than expected by chance (fig. S1). Hence, we
further explored the SNPs with P values that
were closest to genome-wide significance.
The strongest association with MI was observed with three correlated SNPs—rs1333040,
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Table 1. Association results for rs2383207 (G) and rs10757278 (G), in 9p21 in Iceland and the United
States. Results are shown for the initial Icelandic discovery MI case-control group (Iceland A), an
independent Icelandic replication group (Iceland B), and for the three U.S. replication groups of
European descent. Also included are the results for the MI case-control groups combined. Study
population includes the number of MI cases (n) and controls (m). To combine the Icelandic cohorts, we
analyzed them together and adjusted the results for relatedness in the combined group. For the
combined groups, we calculated OR and P value using a Mantel-Haenszel model, and the frequency in
cases and controls is a simple average over the frequency in the individual groups. When combining
Icelandic and U.S. groups, the frequency in cases and controls is the average over the two populations.
Frequency

Study population (n/m)
Variant (allele)
Iceland A (1607/6728)
rs2383207 (G)
rs10757278 (G)
Iceland B (665/3533)
rs2383207 (G)
rs10757278 (G)
Atlanta (596/1284)
rs2383207 (G)
rs10757278 (G)
Philadelphia (582/504)
rs2383207 (G)
rs10757278 (G)
Durham (1137/718)
rs2383207 (G)
rs10757278 (G)
Combined
Iceland (2272/10,261)
rs2383207 (G)
rs10757278 (G)
U.S. groups (2315/2506)
rs2383207 (G)
rs10757278 (G)
Replication groups (2980/6039)
rs2383207 (G)
rs10757278 (G)
All groups (4587/12,767)
rs2383207 (G)
rs10757278 (G)

OR (95% CI)

P

0.506
0.489

1.22 (1.13–1.33)
1.25 (1.15–1.36)

1.4 × 10−6
1.5 × 10−7

0.462
0.436

0.525
0.503

1.29 (1.15–1.45)
1.31 (1.16–1.47)

2.6 × 10−5
1.4 × 10−5

0.541
0.484

0.593
0.551

1.23 (1.07–1.42)
1.31 (1.14–1.50)

3.0 × 10−3
1.5 × 10−4

0.524
0.470

0.602
0.550

1.37 (1.16–1.63)
1.38 (1.17–1.64)

2.6 × 10−4
1.9 × 10−4

0.513
0.460

0.559
0.521

1.20 (1.05–1.37)
1.28 (1.12–1.46)

6.0 × 10−3
2.7 × 10−4

0.458
0.435

0.511
0.493

1.24 (1.16–1.33)
1.26 (1.18–1.35)

3.3 × 10−10
5.3 × 10−12

0.526
0.471

0.585
0.541

1.25 (1.15–1.36)
1.31 (1.21–1.43)

1.1 × 10−7
1.5 × 10−10

0.494
0.454

0.555
0.522

1.27 (1.18–1.36)
1.31 (1.22–1.40)

1.4 × 10−11
1.0 × 10−14

0.492
0.453

0.548
0.517

1.25 (1.18–1.31)
1.28 (1.22–1.35)

2.0 × 10−16
1.2 × 10−20

Controls

Cases

0.455
0.434

Table 2. Genotype-specific OR for the risk allele of rs10757278. The risk for heterozygous carriers (0X)
and homozygous carriers (XX) is compared with the risk for noncarriers (00), together with 95% CI and
the population attributable risk (PAR). The lower part of the table includes the corresponding values
when the analysis is restricted to early-onset MI cases. Study population includes the number of MI
cases (n) and controls (m). For the Icelandic groups, P values and OR were adjusted for relatedness
using simulations.
Genotype-specific OR

Study population (n/m)
Variant (allele)
Iceland (2272/10,261)
rs10757278 (G)
U.S. groups (2315/2506)
rs10757278 (G)
All groups (4587/12,767)
rs10757278 (G)

0X (95% CI)

XX (95% CI)

1

1.25 (1.12–1.39)

1.58 (1.38–1.81)

0.19

1

1.28 (1.14–1.45)

1.72 (1.45–2.03)

0.23

1
1.26 (1.16–1.36)
1.64 (1.47–1.82)
Early-onset MI (<50 for males; <60 for females)

0.21

Iceland (621/10,261)
rs10757278 (G)
U.S. groups (1080/2506)
rs10757278 (G)
All groups (1701/12,767)
rs10757278 (G)
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PAR

00
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1

1.38 (1.13–1.69)

1.94 (1.53–2.46)

0.27

1

1.56 (1.32–1.85)

2.08 (1.69–2.58)

0.34

1

1.49 (1.31–1.69)

2.02 (1.72–2.36)

0.31
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rs2383207, and rs10116277. Each had an odds
ratio (OR) around 1.22 for the risk allele and a P
value of approximately 1 × 10−6 (table S1). All
three SNPs are located within a 190-kb linkage
disequilibrium (LD) block on chromosome 9p21
(fig. S2). Apart from these 3 SNPs, 11 other
SNPs in the same LD block showed nominally
significant association with MI. The associations
with these SNPs tended to become weaker after
accounting for the association with the three
SNPs mentioned above (table S1). After adjustment, a few remained nominally significant (P <
0.05), but none had a P < 0.01.
To replicate the observed associations, we genotyped the three SNPs—rs1333040, rs2383207
and rs10116277—in an additional 665 Icelandic
MI cases and 3533 controls, and in three casecontrol sample sets of European descent from
three cities from the United States: Philadelphia,
Atlanta, and Durham (2). For consistency, we
used the same age-at-onset criteria in the association analysis as for the discovery group. The
association with MI was replicated with significance in all four groups (table S2). When we
combined the replication sets using a MantelHaenszel model (4), all three SNPs showed
highly significant association with MI (P < 1 ×
10−8), with ORs comparable to those observed in
the Icelandic discovery samples. When all groups
were combined, rs2383207 showed the mostsignificant association (P = 2.0 × 10−16), with an
OR of 1.25 [95% confidence interval (CI) 1.18 to
1.31] for the risk allele G. Notably, rs2383207
and rs10116277 are highly correlated (r 2 = 0.90)
and their effects could not be reliably distinguished from each other in these data. The SNP
rs1333040 is also substantially correlated with
rs2383207 and rs10116277 (r 2 = 0.57 and 0.67,
respectively). In an attempt to refine this
association signal, we identified the SNPs that
are substantially correlated with rs2383207 (r 2 >
0.5) based on the Hapmap CEU data and that are
not part of the Illumina Hap300 chip. Among the
36 such SNPs, we selected 8 to be genotyped.
Each of the 36 SNPs was either one of the eight
or had a very good surrogate among them (r 2 >
0.90) (table S7). With data from all case-control
groups combined, allele G of the refinement SNP
rs10757278 showed the strongest association
with the disease (OR = 1.28, P = 1.2 × 10−20;
Table 1 and table S2). Furthermore, whereas
rs2383207 was no longer significant after adjusting for rs10757278 (P = 0.25), rs10757278 remained significant with adjustment for rs2383207
(P = 2.0 × 10−5). Among the SNPs in this region
that showed very significant association with the
disease when tested individually, none was
significant after adjustment for rs10757278 with
the exception of the refinement SNP rs1333046,
which was marginally significant (P = 0.044)
with adjustment (table S8). Henceforth, for
simplicity of presentation, we focused on the
most significant SNP, rs10757278. Additional
results for other SNPs in the region are provided
in tables S2 to S6.

REPORTS

Study population (n1/n2/m)
Variant (allele)
Iceland (1563/773/3533)
rs10757278 (G)
Atlanta (724/128/1284)
rs10757278 (G)
Philadelphia (709/126/504)
rs10757278 (G)
Combined
U.S. groups (1433/254/1788)
rs10757278 (G)
All groups (2996/1027/5321)
rs10757278 (G)

Control
frequency

For the combined groups, the allelic frequency in cases and controls is a
simple average over the individual groups or, when combining Icelandic
and U.S. groups, the average over the two populations. Study population
includes the number of all cases (n1), cases excluding MI patients (n2), and
controls (m).

All CAD cases

Excluding MI cases
P

Case
frequency

OR (95% CI)

P

1.26 (1.15–1.37)

1.9 × 10−7

0.490

1.22 (1.09–1.37)

5.0 × 10−4

0.552

1.31 (1.15–1.50)

3.6 × 10−5

0.557

1.34 (1.04–1.73)

2.6 × 10−2

0.470

0.547

1.36 (1.16–1.60)

1.9 × 10−4

0.528

1.26 (0.96–1.66)

1.0 × 10−1

0.477

0.550

1.33 (1.20–1.47)

2.7 × 10−8

0.542

1.30 (1.08–1.57)

5.9 × 10−3

0.458

0.523

1.29 (1.21–1.38)

3.6 × 10−14

0.525

1.24 (1.13–1.37)

1.1 × 10−5

Case
frequency

OR (95% CI)

0.439

0.496

0.484

To investigate the mode of inheritance in more
detail, we computed genotype-specific ORs for
rs10757278. With results from all groups combined, relative to noncarriers, the ORs for
heterozygous and homozygous carriers of the
risk allele G were 1.26 and 1.64, respectively
(Table 2). Assuming a frequency of 45.3% for the
allele, the average of the frequencies in Iceland
and the United States, the corresponding population attributable risk is 21%.
Because the impact of genetic factors on
CAD has been shown to be greater at early ages
(5), we investigated the correlation of allele G
of rs10757278 to age at onset of MI. In this analysis, we used all cases with a known age at onset,
including those who had onset after the age of 70
or 75 for males and females, respectively. This
added a total of 973 cases to the study groups
compared with the number of cases used in the
case-control analyses. Regressing the age at onset
on the number of risk alleles showed that, for each
copy of the risk allele, the age at onset of MI was
on average reduced by approximately 1 year (P =
2.9 × 10−7) (table S4). Alternatively, restricting the
case-control analysis to early-onset MI, defined as
an MI before the age of 50 for males and before the
age of 60 for females, the allelic OR for
rs10757278 G in all groups combined increased
to 1.42 (95% CI 1.31 to 1.53) (table S5). Relative
to noncarriers, genotype-specific OR for earlyonset MI is 1.49 and 2.02 for heterozygous and
homozygous carriers of the risk allele, respectively
(Table 2).
Having established that allele G of rs10757278
is associated with MI, we explored its impact on
the broader phenotype of CAD (Table 3). To
eliminate bias that could have arisen from the
selection of the most-significant variants in the
initial genome-wide study, the cases and controls
from the Icelandic discovery group (Iceland A)
were not included here. If the Icelandic group had
been included, there would have been little change
to the estimated effects, but the results would have

become more significant due to the larger sample sizes. Also, the group from Durham did not
have CAD cases without MI. As expected,
rs10757278 was associated with CAD with
high significance (OR = 1.29, P = 3.6 × 10−14
for the groups combined). After removal of MI
cases from the analyses, the associations remained
significant for the groups from Iceland and Atlanta
but not for the Philadelphia group. Combining
results from the three groups gave an OR of 1.24
(P = 0.000011).
The variants on chromosome 9p21 associated
with MI are located in an LD block that contains the CDKN2A and CDKN2B genes. The proteins encoded by these genes—called p16INK4a,
ARF, and p15INK4b—play a critical role in
regulating cell proliferation, cell aging and
senescence, and apoptosis in many cell types
(6). These are all important features of atherogenesis, the underlying cause of MI and CAD
(7, 8). Sequencing of 93 early-onset MI patients
across exons, exon-intron junctions, and regulatory regions of CDKN2A and CDKN2B did not
reveal obvious candidates for functional variants
or other variants that could account for the
observed association with rs10757278 (tables
S11 and S12). In addition to CDKN2A and
CDKN2B genes, the LD block contains two
exons of the mRNA transcript AF109294, a
hypothetical methylthioadenosine phosphorylase
fusion protein mRNA, and several expressed
sequence tags that are expressed in various
tissues (2). The functional relevance of the
variants of this genomic region to MI and CAD
remains to be elucidated.
We show that a common genetic variant
located in the vicinity of the tumor suppressor
genes CDKN2A and CDKN2B on chromosome
9p21 associates with MI. This is the first common
variant discovered to consistently confer substantial risk (OR > 1.20) of MI in multiple casecontrol groups of European descent. Due to its
high frequency, the population attributable risk of
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the variant is approximately 21% for MI in
general and approximately 31% for early-onset
cases, which is substantial from a public health
point of view. However, as the relative risks are
not extremely high, it explains only a small
fraction of the familial clustering of the disease
and would not generate large linkage scores.
Hence, other susceptibility variants remain to be
identified and some could be located in candidate
regions identified by genome-wide linkage scans
(9–11). There is evidence to suggest that the
variants identified here could increase the risk of
CAD in general in addition to their impact on MI,
an observation that warrants further investigation.
The mechanism whereby the genetic variants
exert their effects in the pathogenesis of MI
remains to be elucidated.
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Table 3. Association of the G allele of rs10757278 with CAD. The
association results are shown for CAD, both including and excluding known
MI cases. Results are shown for the Icelandic case-control group (except for
the initial discovery group individuals, which have been excluded both from
cases and controls), for two of the U.S. groups, and for the groups combined.
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