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Abstract
Background—Ischemic stroke shares common traditional risk factors with coronary artery
disease (CAD) and myocardial infarction (MI). This study evaluated whether genetic risk factors
for CAD and MI also affect susceptibility to ischemic stroke in Caucasians and African
Americans.

Methods—Included in the study were a Caucasian series (713 ischemic stroke patients, 708
controls) and a small African American series (166 ischemic stroke patients, 117 controls).
Twenty single nucleotide polymorphisms (SNPs) previously shown to be associated with CAD or
MI were genotyped and assessed for association with ischemic stroke and ischemic stroke
subtypes using odds ratios (ORs) from multivariable logistic regression models.

Results—In Caucasians, four SNPs on chromosome 9p21 were significantly associated with risk
of cardioembolic stroke, the strongest of which was rs1333040 (OR=1.55, P=0.0007); similar but
weaker trends were observed for small vessel stroke, with no associations observed regarding
large vessel stroke. Chromosome 9p21 SNPs were also associated with risk of ischemic stroke in
African Americans (rs1333040: OR=0.65, P=0.023; rs1333042, OR=0.55, P=0.070; rs2383207:
OR=0.55, P=0.070). The PSMA6 SNP rs1048990 on chromosome 14q13 was associated with
overall ischemic stroke in both Caucasians (OR: 0.80, P=0.036) and African Americans (OR:
0.31, P=0.020).

Conclusions—Our results provide evidence that chromosome 9p21 variants are associated with
cardioembolic ischemic stroke in Caucasians and with overall ischemic stroke in African
Americans. The PSMA6 variant rs1048990 also appears to affect susceptibility to ischemic stroke
in both populations. These findings require validation, particularly the preliminary findings
regarding African Americans given the small size of that series.
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Introduction
Stroke is a leading cause of death and disability in the United States and worldwide, with
approximately 15 million people throughout the world suffering a stroke every year [1–2].
With a prevalence of at least 80% among stroke patients, ischemic stroke is the by far the
most common type of stroke. Traditional risk factors for ischemic stroke are well
understood, and these include, among others, older age, hypertension, atrial fibrillation,
smoking, and diabetes mellitus. Reports involving twin and family studies have provided
evidence that genetics also has an influence on risk of ischemic stroke [3–6], and in recent
years there has been substantial research evaluating specific genetic risk factors [7–8].
Several notable discoveries have been made, with some of the most promising findings
involving a replicated association with the chromosome 9p21 locus [9–12]. However,
despite these positive reports, genetic risk factors for ischemic stroke remain poorly
understood, and this is particularly true for individuals of African descent, for whom very
little research has been undertaken despite the high risk of stroke in this population.

Ischemic stroke shares common traditional risk factors with both coronary artery disease
(CAD) and myocardial infarction (MI), and similar to ischemic stroke, these two
cardiovascular diseases have a well-established genetic component [13–14]. A number of
promising risk variants for CAD and MI have emerged, with the most consistent of these
being the locus on chromosome 9p21 [13–14]. Although a recent study by Cheng et al.
examining eleven single nucleotide polymorphisms (SNPs) reported by the Myocardial
Infarction Genetics Consortium (MIGC) did not find any association with ischemic stroke
[15], the fact that the 9p21 locus has been shown to be associated with risk of ischemic
stroke and CAD/MI, combined with the shared conventional risk factors between ischemic
stroke, CAD, and MI, suggests that genes that have been implicated in CAD and MI should
be further studied in relation to ischemic stroke. Herein, we evaluate twenty SNPs that have
been shown to affect risk of CAD or MI for association with risk of ischemic stroke and
ischemic stroke subtypes in Caucasians and African Americans.

Methods and Patients
Subjects

Three different ischemic stroke patient-control series’ from the United States were utilized
in these analyses (Table 1), yielding a total of 879 ischemic stroke patients and 825 controls.
The first series, which we refer to as the familial Caucasian series, utilized a group of 264
unrelated Caucasian familial ischemic stroke patients collected through the Siblings with
Ischemic Stroke Study (SWISS) and 374 controls who were seen at Mayo Clinic Florida.
The second series was a patient-control series that was obtained through the Ischemic Stroke
Genetics Study (ISGS), and consisted of 449 ischemic stroke patients and 334 controls. A
smaller third series of African American ischemic stroke patients and controls also obtained
through the ISGS was utilized, and involved 166 ischemic stroke patients and 117 controls.
The ISGS and SWISS Caucasian ischemic stroke patients, but not the ISGS African
American stroke patients, were a subset of those utilized by Cheng et al. in their meta-
analysis, which among other series’ involved a large group of ISGS/SWISS patients
(N=991) [15].

Age and gender information was collected for all series’, while information regarding atrial
fibrillation, CAD, diabetes, hypertension, and current smoking was also collected for both of
the ISGS patient-control series’ and the familial stroke patients (Table 1). Stroke was
defined according to the World Health Organization criteria as rapidly developing signs of a
focal or global disturbance of cerebral function, with symptoms lasting 24 hours or longer or
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leading to death, with no apparent cause other than vascular origin [16]. Details on the
diagnosis of ischemic stroke and phenotypic characterization for the SWISS and ISGS
studies have been previously described [17, 18]. Type of ischemic stroke was classified
according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) system [19]. The
ethical review board at each institution approved the study. All patients provided informed
consent.

Genetic Analysis
We selected 20 SNPs that have been shown to be associated with either CAD or MI for
analysis in this study [20–29]. All SNPs were selected based on findings from prior genome-
wide association studies (GWAS’s) with the exception of rs1048990 in PSMA6, which was
selected due to several independent replications in different populations. Details of these
SNPs and their reasons for inclusion are displayed in Table 2. DNA was extracted from
whole blood samples using standard protocols. Variants were genotyped on a Sequenom
MassArray iPLEX platform (San Diego, CA; primer sequences are available on request) and
analyzed with Typer 4.0 software. Genotype call rates were ≥98% for each SNP for each
series, and there was no departure from Hardy Weinberg equilibrium (P>0.01) in controls
for any of the SNPs with the exception of rs6725887 in the ISGS African American series,
where the minor allele frequency was 2.6% and one rare homozygote was observed.

Nine of the SNPs included in this study were also examined by Cheng et al. in their series of
Caucasian and South Asian individuals (highlighted in Table 2) [15]. Therefore, our study
provides unique data on all 20 of the selected SNPs in the ISGS African American series,
and on 11 of the 20 selected SNPs in the familial Caucasian series and ISGS Caucasian
series. Additionally, data was not presented separately for the ISGS and familial Caucasian
series’ by Cheng et al. [15], and series-specific associations with ischemic stroke and
ischemic stroke subtypes were presented only for SNPs with the most significant
associations. As a result, of the 9 SNPs included in both studies, the only SNPs whose
associations are presented for the combined familial/ISGS Caucasian series both in our
study and in the study by Cheng et al. were those involving rs11206510 (overall ischemic
stroke), rs9818870 (cardioembolic stroke), and rs4977574 (large vessel stroke). Thus, the
vast majority of the associations with ischemic stroke and ischemic stroke subtypes
presented in our study were not described by Cheng et al.

Statistical analysis
Single SNP associations with ischemic stroke were evaluated using logistic regression
models, separately for the familial proband Caucasian series, ISGS Caucasian series,
combined Caucasian series, and ISGS African American series. Models for the familial
Caucasian series and combined Caucasian series were adjusted for age and gender, with
additional adjustment for series in the combined Caucasian series. Models for the ISGS
Caucasian series and ISGS African American series were adjusted for additional variables
available in those series’ for both ischemic stroke patients and controls, specifically age,
gender, CAD, diabetes, hypertension, current smoking, and atrial fibrillation (ISGS
Caucasian series only). Atrial fibrillation was not adjusted for in the ISGS African American
series because no control had atrial fibrillation. In the combined Caucasian series, familial
Caucasian series, and ISGS Caucasian series, single SNP associations with specific ischemic
stroke subtypes (cardioembolic stroke, large vessel stroke, small vessel stroke) were also
evaluated; these associations were not evaluated in the ISGS African American series owing
to its small sample size. Additive models (effect of each additional minor allele) were
utilized in the primary analysis, while dominant models (presence vs. absence of the minor
allele) were also considered in secondary analysis. Odds ratios (ORs) and 95% confidence
intervals (CIs) were estimated.
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Haplotype analysis was performed regarding association with ischemic stroke and ischemic
stroke subtypes using score tests for association [30], adjusting for the same variables as in
the previously described logistic regression analysis; p-values were obtained from the
asymptotic distribution of the score statistic, and haplotypes with a frequency of less than
1% were not considered. P-values of 0.05 or less were considered as statistically significant
in all analyses. No adjustment for multiple testing was made in these exploratory analyses,
and as such our findings require validation. All statistical analyses were performed using the
SAS software package (SAS Institute; Cary, North Carolina) and S-Plus (version 8.0.1;
Insightful Corporation; Seattle, Washington).

Results
An evaluation of single SNP associations with ischemic stroke under an additive model is
presented in Table 3, separately for each series. In the familial Caucasian series, the only
SNP significantly associated with ischemic stroke was rs1048990 in PSMA6 (OR: 0.72,
P=0.038). For the ISGS Caucasian series, significant associations with ischemic stroke were
identified for rs6922269 in MTHFD1L (OR: 1.28, P=0.050), rs2048327 in SLC22A3 (OR:
1.32, P=0.026), and rs1333040 on chromosome 9p21 (OR: 1.27, P=0.040), and these
associations were independent of traditional risk factors for stroke. When combining the
familial and ISGS Caucasian series’, the only SNP whose association with ischemic stroke
remained significant was rs1048990 (OR: 0.80, P=0.036). In the small ISGS African
American series, associations with ischemic stroke independent of traditional risk factors
were noted for rs1333040 (OR: 0.65, P=0.023) and rs1048990 (OR: 0.31, P=0.020), with
non-significant trends also observed for rs1333042 (OR: 0.55, P=0.070) and rs2383207
(OR: 0.55, P=0.070) on chromosome 9p21, and rs9982601 on chromosome 21q22 (OR:
0.65, P=0.055). Associations were consistent under a dominant model (online-only Table 1).

Associations of the twenty SNPs with cardioembolic, large vessel, and small vessel ischemic
stroke are displayed in Table 4 for the combined Caucasian series. There was evidence of an
association between all four chromosome 9p21 SNPs and cardioembolic stroke. This
association was strongest for rs1333040 (OR: 1.55, P=0.0007), with other significant
associations observed for rs4977574 (OR: 0.69, P=0.0035), rs1333042 (OR: 1.42,
P=0.0065), and rs2383207 (OR: 1.39, P=0.010). The only SNP that was significantly
associated with large vessel stroke was rs1048990 (OR: 0.65, P=0.023), while rs1333040
was the only SNP showing statistically significant evidence of an association with small
vessel ischemic stroke (OR: 1.31, P=0.044). Of note, these associations were similar in
magnitude between the two Caucasian series’ (online-only Tables 2 and 3). Single SNP
associations with each ischemic stroke subtype were consistent under a dominant model
(data not shown). Allele and genotype counts and frequencies in ischemic stroke patients
(including different subtypes) and controls are provided in online-only Tables 4, 5, 6 and 7
for the familial Caucasian series, ISGS Caucasian series, combined Caucasian series, and
ISGS African American series, respectively.

A previously nominated four-SNP (rs2048327-rs3127599-rs7767084-rs10755578)
haplotype spanning the SLC22A3, LPAL2, and LPA genes [23] was not associated with
ischemic stroke in the familial Caucasian series (P=0.72), ISGS Caucasian series (P=0.20),
combined Caucasian series (P=0.82) or ISGS African American series (P=0.54); these
results are presented in detail in Table 5. This lack of association was also consistent for the
different ischemic stroke subtypes in the familial, ISGS, and combined Caucasian series’ (all
P≥0.18, online-only Table 8).
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Discussion
Due to the fact that ischemic stroke shares common risk factors with CAD and MI, genetic
variants that have been shown to be associated with these two cardiovascular phenotypes are
promising candidates for study in relation to risk of ischemic stroke. In this study, we
identified significant associations of SNPs located on chromosome 9p21 and a SNP in the
PSMA6 gene with risk of ischemic stroke in Caucasians and African Americans. Though
our findings regarding African Americans should be viewed as preliminary owing to the
small size of that series, it is important to highlight the fact that associations identified in
African Americans were independent of traditional risk factors for ischemic stroke,
including CAD. It is also worth noting that literature involving studies of genetic risk factors
for ischemic stroke in individuals of African descent is scarce. In Caucasians, while we were
not able to adjust for traditional risk factors in the combined series due to the lack of this
information in the familial series controls, associations regarding PSMA6 rs1048990 and
chromosome 9p21 SNPs were similar in magnitude in the ISGS Caucasian series where we
were able to adjust for these factors.

The most consistently replicated genetic risk factor for ischemic stroke has involved SNPs in
the chromosome 9p21 region [9–12]. Our study found that chromosome 9p21 SNPs were
associated with risk of overall ischemic stroke in our small African American series,
however associations in the combined Caucasian series were not apparent until we
considered ischemic stroke subtypes, where association was strong for cardioembolic
ischemic stroke and weaker but significant or borderline-significant (rs1333040, rs4977574)
for small vessel ischemic stroke. Though the minor allele was associated with an increased
risk of ischemic stroke in Caucasians while the effect was protective in African Americans
where three of the four chromosome 9p21 SNPs were much less frequent, these apparently
discordant results are most likely due to the different genetic backgrounds of these two
populations [31]. Of note, Cheng et al. evaluated one chromosome 9p21 SNP, rs4977574, in
regard to association with ischemic stroke and its subtypes and did not identify a significant
association, which may be due to the population stratification in the large series [15].

We observed evidence of a protective association between rs1048990, a SNP in the PSMA6
gene on chromosome 14q13, and overall ischemic stroke in both Caucasians and African
Americans. In Caucasians, this protective effect was observed in the individual as well as
combined series’, where it was fairly consistent in magnitude across all three stroke
subtypes, though strongest for large vessel stroke with an odds ratio of 0.65 (P=0.023).
These results are similar to those shown by Freilinger et al. [32], where the minor allele of
rs1048990 was associated with decreased risk of overall ischemic stroke (OR: 0.80,
P=0.037) and large vessel stroke (OR: 0.70, P=0.042) in a German series. However, these
associations were not observed in a replication sample from the United Kingdom in the
same study [32]. Despite this lack of replication, given the consistency of our findings with
those seen in the German series examined by Freilinger et al., a role of PSMA6 in ischemic
stroke appears promising.

Several caveats should be considered when interpreting our results. The sample size is
relatively small, and therefore the possibility of Type II error is important to consider,
especially in the small African American series, in examination of associations with stroke
subtypes, and for SNPs with low minor allele frequencies. Related to this, the small sample
size of the African American series did not allow for a reasonable examination of
associations with ischemic stroke subtypes; additional study in larger African American
series’ is needed. Also, traditional risk factors for stroke were not available in the familial
Caucasian series controls, which prevented the adjustment of these risk factors in the
combined Caucasian series. Though we cannot conclude that the associations identified in
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the larger combined Caucasian series are independent of other risk factors for ischemic
stroke such as CAD, it is important to note that these associations were very similar in the
ISGS Caucasian series where we were able to adjust for these factors. Additionally, we did
not make any adjustment for multiple testing in these analyses despite performing a
relatively large number of statistical tests, and it is therefore very important to highlight that
our findings require validation in independent series’. This is particularly true for findings
regarding African Americans given the small size of that series.

In conclusion, the results of this study provide evidence that variants on chromosome 9p21
are associated with cardioembolic ischemic stroke in Caucasians and with overall risk of
ischemic stroke in African Americans. Furthermore, the PSMA6 SNP rs1048990 was
associated with decreased risk of ischemic stroke in both populations. Given previous
findings suggesting that chromosome 9p21 variants are specifically associated with large
vessel stroke, and also the lack of a consistently documented association of ischemic stroke
with PSMA6, further study is needed to determine the role of these genetic variants on risk
of ischemic stroke and its subtypes. Future large meta-analyses involving GWAS data on
both cerebrovascular and cardiovascular disease are likely to provide a clearer understanding
of shared genetic risk factors.

Supplementary Material
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Table 5

Association of haplotypes of rs2048327-rs3127599-rs7767084-rs10755578 with overall ischemic stroke

Haplotype frequency

Haplotype (rs2048327-rs3127599-rs7767084-rs10755578) Ischemic stroke patients Controls P-value for association

Familial Caucasian series (264 patients, 374 controls) 0.72

 C-C-T-G 2.4% 3.8%

 C-C-C-G 15.3% 16.7%

 C-T-T-G 12.6% 13.5%

 C-C-T-C 2.2% 2.2%

 T-T-T-G 13.2% 11.7%

 T-C-T-C 52.3% 49.7%

ISGS Caucasian series (449 patients, 334 controls) 0.20

 T-C-T-C 46.9% 51.2%

 C-C-C-G 14.2% 14.3%

 T-T-T-G 12.6% 13.4%

 T-T-T-C 1.8% 2.0%

 C-C-T-C 1.7% 1.6%

 C-C-T-G 3.6% 2.2%

 C-T-T-G 18.1% 13.8%

Combined Caucasian series (713 patients, 708 controls) 0.82

 C-C-C-G 14.6% 15.6%

 T-C-T-C 48.9% 50.3%

 C-C-T-C 1.6% 1.5%

 C-C-T-G 12.8% 12.5%

 T-T-T-G 3.1% 3.0%

 T-T-T-C 1.9% 2.0%

 C-T-T-G 16.1% 13.7%

ISGS African American series (166 patients, 117 controls) 0.54

 T-C-T-G 2.9% 5.4%

 C-C-C-G 2.1% 3.0%

 C-T-T-G 3.0% 2.3%

 C-C-T-C 2.7% 2.1%

 T-C-T-C 62.8% 61.9%

 T-T-T-G 23.7% 23.7%

 T-T-T-C 2.5% 0.9%

- P-values result from score tests of association. Haplotypes with a frequency of less than 1% were not considered. Adjustments were made for age
and gender (familial Caucasian series), age, gender, atrial fibrillation, coronary artery disease, diabetes, hypertension, and current smoking (ISGS
Caucasian series), age, gender, and series (combined Caucasian series), and age, gender, coronary artery disease, diabetes, hypertension, and
current smoking (ISGS African American series).

ISGS=Ischemic Stroke Genetics Study.
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