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Abstract
A recent Genome-Wide Association study (GWAS) identified rs11984041 on HDAC9 gene to be significantly associated with

stroke in a Caucasian population. However, whether HDAC9 gene also plays a role in other ethnicities is unknown. The current

study was conducted to investigate the association of single nucleotide polymorphisms (SNPs) on HDAC9 gene and stroke risk in

a Chinese population. Sixteen tagging SNPs for HDAC9 gene were genotyped in a Chinese population of 279 stroke cases and

984 controls from Changhai Hospital in Shanghai, China. The candidate region of HDAC9 investigated was on a haplotype block

located between two recombination hotspots in the tail region of HDAC9, the only region harbouring significantly associated SNPs

based on the previous GWAS. rs11984041 was not polymorphic in Chinese population. Two other SNPs, rs2389995 and

rs2240419 on HDAC9 of chromosome 7q21.1, were significantly associated with large-vessel stroke risk, with P values of

0.035 and 0.042, respectively (Table 3). Individuals with risk allele (A) for rs2389995 and (T) for rs2240419 had increased risk of

stroke (odds ratio [OR]¼ 1.33, 95% confidence interval [CI]: 1.01–1.75; and OR¼ 1.29, 95% CI: 1.02–1.63), respectively.

Multivariate analysis including both SNPs in the logistic regression model revealed independent association effects of each

SNP, with a P¼ 0.013 and 0.010, respectively. The results from our studies indicate HDAC9 gene is significantly associated

with large-vessel stroke risk in Chinese population. However, SNPs on HDAC9 gene display heterogeneity effects across different

ethnic populations. Additional studies are needed to further evaluate our results.
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Introduction

Stroke (cerebrovascular disease) is one of the leading

causes of death and adult chronic disability internation-

ally. The prevalence of stroke increases as the proportion

of older populations internationally increases.

Conventional risk factors such as hypertension explain a

substantial portion of stroke risk, however, much remains

unknown.1 Twin and familial studies have shown genetic

components to contribute a substantial susceptibility to

stroke.2,3 Eighty percentage of all stroke cases are ischae-

mic, the three most common types being large-vessel, car-

dioembolic and small vessel (lacunar) stroke.4 Genetic

components have been shown to influence large-vessel

atherosclerosis and small vessel disease (SVD) more than

cardioembolic atherosclerosis.5 However, differences in

genetic susceptibility between ethnicities have yet to be
fully elaborated.

A recent Genome-Wide Association study (GWAS) study
reported a variant of HDAC9 (rs11984041) associated with
large-vessel ischaemic stroke in populations with European
ancestry (P< 1�10�7) with an estimated effect size (odds
ratio [OR]¼ 1.38, 95% confidence interval [CI]¼ 1.22–1.57).4

However to date, no comprehensive studies have been con-
ducted to evaluate the effect of this single nucleotide poly-
morphism (SNP) in other ethnicities including the Chinese
population, for which stroke is also the second leading
cause of death, close behind malignant tumours with a
high incidence rate.6,7 Interestingly, rs11984041 is not poly-
morphic in the Chinese population indicating that potential
genetic heterogeneity may exist across ethnicities.
Therefore, fine-mapping studies are needed to evaluate
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the role of the HDAC9 gene and stroke risk in the Chinese
population.

In this study, we aimed to determine the association of 16
tagging SNPs (tSNPs) selected from the HDAC9 gene with
stroke risk in a Chinese population. Our study represents
one of the first efforts to elucidate the effect of HDAC9 with
stroke in the Chinese population.

Materials and methods
Study subjects

All subjects were of Chinese Han ancestry. A total of 279
stroke cases and 984 controls were included in the study.
Cases were recruited at Changhai Hospital of Second
Military Medical University in Shanghai, China. Inclusion
criteria included cases diagnosed with stroke between July
2011 and June 2012. Community was used as controls in the
current study. All the controls were collected from April
2010 to November 2010 in Shanghai. Four Shanghai districts
and counties were selected via random cluster sampling
methods. For each selected district or county, one or two
communities were selected. Inclusion criteria for controls
were as follows: (i) age of 40–79 years old, with full self-
care skill and has been a resident in Shanghai for more than
1 year and (ii) clear consciousness, able to provide a blood
sample and complete a medical examination. A total of 1587
adult males participated in the control sample recruitment
and 1539 (96.98) completed all the questionnaires and
examinations needed. Due to funding limitations, 1008
subjects were randomly selected for genotyping and 984
were successfully genotyped. This study was approved by
the Institutional Ethics Review Board at Changhai Hospital
and written informed consent was completed with
each individual. Population characteristics are summarized
in Table 1.

SNP selection

In the previous GWAS study, HDAC9 variants with associ-
ation signals (P< 0.05) were located between two recombin-
ation hotspots that encompass the tail end.4 Therefore, the
last haplotype block located between two recombination
hotspots for the CHB (Chinese Beijing) population was
chosen for our study. Based on HapMap phase 3 data on
the CHB population (release #27, NCBI build 36), this
includes a region from 18,935 to 19,004 kb on chromosome
7 (Figure 1). Aggressive-tagging methods (two- and three-
marker) implemented in Haploview software8 were used to
select tSNPs. A total of 16 tSNPs were selected based on
Hapmap phase 3 (release 27 in the CHBþ JPT population).

Genotyping

The 16 SNPs were genotyped for all study subjects using the
MassARRAY iPLEX system (Sequenom, Inc., San Diego,
CA, USA) at Fudan University in Shanghai, China. Two
duplicates and two water samples were included in each
96-well plate as polymerase chain reaction-negative con-
trols. All assays were performed in a blinded fashion.
Genotyping missing rates were 2.12% for all samples.

Statistical analysis

The genotype distributions for all tSNPs were tested for
Hardy-Weinberg equilibrium (HWE). The main effects of
the tSNPs were estimated using a logistic regression
model, assuming an additive model of inheritance, adjust-
ing for age. SNP–SNP interaction was evaluated by includ-
ing both SNPs and an multiplicative interaction term in the
logistic model, adjusting for age. All analyses were con-
ducted using PLINK software.9 P values were two-tailed.
An alpha of 0.05 was used to claim nominal statistical
significance.

Results

Demographic and clinical information for 279 cases and 984
controls with genotypes are presented in Table 1. A total of
237 large-vessel stroke cases comprised the majority of the
total stroke cases (84.95%); small-vessel stroke comprising
12.54% and cardioembolic 2.51% of the total cases. Mean
age was higher for cases compared with controls and was
adjusted in the association test.

Genotype distributions for all SNPs were in HWE in both
control and case groups (P> 0.05, data not shown). All
SNPs had missing rates smaller than 5% (data not
shown). The association results for the 16 tSNPS with
all stroke cases are presented in Table 2. None of the
16 SNPs was significantly associated with overall stroke
risk (P> 0.05).

Further analysis, limited to large-vessel stroke cases only,
revealed two SNPs, rs2389995 and rs2240419 to be statistic-
ally associated with large-vessel stroke risk, with P values of
0.035 and 0.042, respectively. Risk allele ‘A’ of rs2389995 was
associated with a 1.33-fold increased risk with stroke (95%
CI: 1.01–1.75) while risk allele ‘T’ of rs2240419 was asso-
ciated with a 1.29-fold of increased risk of stroke (95% CI:
1.02–1.63). Low linkage disequilibrium (LD) was suggested
between the two SNPs, as indicated by an R2 value of 0.006,
and a D’ value of 0.07 (Figure 1). Multivariate analysis with
both SNPs in the logistic model, with adjusting for age, also
indicated the independent association effects (P¼ 0.013
and 0.010, respectively). SNP–SNP interaction was tested
but no significant gene–gene interaction effect was found

Table 1 Clinical and demographic characteristics of all subjects

Characteristics

Stroke cases

N¼279a

Controls

With genotypes

(N¼ 984)

Age (mean (SD)) 67 (11.65) 61 (9.00)

Male (%) 183 (66.60) 984 (100)

Large vessel (%) 237 (84.95) NA

Cardioembolic stroke (%) 35 (12.54) NA

Lacunar stroke (%) 7 (2.51) NA

Medical history

Hypertension (%) 183 (62.28) NA

Diabetes (%) 199 (74.25) NA

Hyperlipidaemia (%) 143 (53.36) NA

aNo subtype information was available for five case subjects.
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(P> 0.05 for the multiplicative interaction term, data
not shown). Additional analysis, limited to large-vessel
stroke for men only showed similar results
(Supplementary Table 1).

Discussion

In this study, we systematically investigated the association
of 16 tSNPs selected from the last block encompassing the
tail end of HDAC9 with stroke risk in a Chinese population
of 279 cases of stroke and 984 controls. Two SNPs, rs2389995
and rs2240419 were significantly associated with large-
vessel ischaemic stroke risk in the Chinese population
(P¼ 0.035 and 0.042, respectively).

In a previous European (CEU) GWAS study, HDAC9 was
reported as significantly associated with large-vessel
ischaemic stroke (OR¼ 1.42[1.28–1.57]) from a meta-analy-
sis study (P¼ 1.87� 10�11). However, this SNP was found
to be nonpolymorphic in the Chinese and Japanese (CHB)
population based on HapMap data. All variants with an
association signal in the region of HDAC9 were located in
the tail region of HDAC9 between two recombination

hotspots. For this reason, tSNPs encompassing the tail
region of HDAC9 between two recombination hotspots
were chosen to determine possible association with large-
vessel ischaemic stroke in the Chinese population.

Two SNPs were significantly associated with large-vessel
stroke. The two significant SNPs, rs2389995 and rs2240419,

are located 25,442 and 23,271 bp upstream of the previously

reported SNP of rs11984041, respectively. Both of the two

SNPs are located on the intron 21, while rs11984041 was

located in intron 24. Interestingly, previously reported

GWAS SNP rs11984041, which was significantly associated

with large-vessel stroke in populations of European ances-

try, was found to be nonpolymorphic in the CHBþ JPT

population while rs2389995 and rs2240419 were found to

be nonpolymorphic in the CEU population supporting the

concept that SNPs confer heterogeneity effects among dif-

ferent ethnic populations for stroke risk. In addition,

although HDAC9 plays a role in stroke risk in Caucasian

and Chinese populations, the effect sizes, 1.42, 1.33, and 1.29

for rs11984041, rs2389995 and rs2240419, respectively, are

Figure 1 Linkage disequilibrium (LD) structure for HDAC9 gene. The top panel indicates the LD map based on Hapmap phase 3 data on the CHB population (Release

#27, NCBI build 36) using Haploview software. The bottom panel indicates the LD structure based on our own study population including 279 stroke cases and 984

controls. The numbers showed in the plot were the values for pairwise D0
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different, further indicating genetic heterogeneity effect for

SNPs on HDAC9 gene with stroke risk.
Evidence has shown that the previous reported SNP,

rs11984041, did not have the same effect in each stroke sub-
type, indicating a genetic heterogeneity across stroke sub-
types at this SNP. Particularly, rs11984041 showed greatest
effect for large-vessel disease while contributing much

smaller effect sizes for SVD and cardiovascular embolism
(CE).4 This effect is also suggested in our study, as the ana-
lysis for overall stroke cases versus controls did not show
statistically significant association for rs2389995 and
rs2240419, while the analysis limiting to large-vessel strokes
revealed significant association. However, since the major-
ity of our stroke samples are composed of large-vessel

Table 3 Fine-mapping results for SNPs located in HDAC9 in a Chinese large-vessel stroke population.

RAF

SNP BP Alleles Risk allele Case Control OR (95% CI)a P valuea

rs10264011 18970232 A>T T 0.451 0.439 1.05 (0.85–1.31) 0.644

rs768830 18970607 A>G A 0.819 0.819 1.02 (0.77–1.34) 0.906

rs2389995 18973018 A>G A 0.827 0.784 1.33 (1.01–1.75) 0.042

rs2240419 18975189 C>T T 0.288 0.240 1.29 (1.02–1.63) 0.036

rs10250414 18979194 G>A G 0.756 0.751 1.09 (0.84–1.41) 0.522

rs10486329 18994192 T>A A 0.270 0.254 1.01 (0.80–1.28) 0.910

rs9639319 18998650 G>T G 0.797 0.787 1.08 (0.83–1.39) 0.594

rs6461396 19001691 T>C C 0.464 0.461 1.06 (0.86–1.31) 0.593

rs7802855 19005077 C>T C 0.600 0.585 1.10 (0.88–1.35) 0.415

rs2189741 19015263 G>T G 0.878 0.861 1.15 (0.83–1.56) 0.401

rs12533489 19016933 G>C G 0.696 0.691 1.01 (0.81–1.27) 0.914

rs2240279 19018009 T>C C 0.346 0.332 1.12 (0.90–1.40) 0.303

rs2717349 19023736 C>G C 0.846 0.818 1.22 (0.92–1.61) 0.178

rs2526633 19030751 G>C C 0.326 0.297 1.10 (0.88–1.37) 0.416

rs2390042 19032534 C>T C 0.587 0.566 1.11 (0.89–1.37) 0.349

rs10227612 19034579 T>G G 0.404 0.374 1.14 (0.92–1.41) 0.240

aP value and 95% CI were calculated based on logistic regression and analysis with adjustment of age.

Table 2 Fine-mapping results for SNPs located in HDAC9 In a Chinese stroke population

RAF

SNP BP Allelesa Risk allele Case Control OR (95% CI) P value

rs10264011 18970232 A>T T 0.443 0.439 1.01 (0.82–1.24) 0.922

rs768830 18970607 A>G A 0.822 0.819 1.03 (0.79–1.34) 0.833

rs2389995 18973018 A>G A 0.819 0.784 1.25 (0.97–1.62) 0.083

rs2240419 18975189 C>T T 0.278 0.240 1.22 (0.98–1.53) 0.080

rs10250414 18979194 G>A G 0.759 0.751 1.10 (0.86–1.41) 0.457

rs10486329 18994192 T>A A 0.259 0.254 1.04 (0.83–1.30) 0.733

rs9639319 18998650 G>T G 0.797 0.787 1.08 (0.84–1.38) 0.538

rs6461396 19001691 T>C C 0.477 0.461 1.10 (0.90–1.35) 0.338

rs7802855 19005077 C>T C 0.612 0.585 1.15 (0.94–1.41) 0.183

rs2189741 19015263 G>T G 0.882 0.861 1.19 (0.88–1.61) 0.266

rs12533489 19016933 G>C C 0.312 0.309 1.05 (0.85–1.30) 0.657

rs2240279 19018009 T>C C 0.354 0.332 1.16 (0.94–1.43) 0.164

rs2717349 19023736 C>G C 0.847 0.818 1.22 (0.93–1.59) 0.153

rs2526633 19030751 G>C C 0.310 0.297 1.02 (0.83–1.27) 0.840

rs2390042 19032534 C>T C 0.592 0.566 1.13 (0.92–1.39) 0.229

rs10227612 19034579 T>G G 0.408 0.374 1.17 (0.95–1.43) 0.140

RAF: risk allele frequency; OR: odds ratio.

aMajor allele>minor allele.

P value and 95% CI calculated based on logistic regression and analysis with adjustment of age.
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subtype (87%), we do not have sufficient power to estimate
a precise magnitude of association in the other two sub-
types (SVD and CE). Therefore, further studies with more
samples on SVD and CE subtypes are needed to evaluate
the association of SNPs on HDAC9 gene.

HDAC9 is a part of the HDAC gene family which regu-
lates gene expression patterns by encoding proteins that
deacetylate histones, resulting in chromatin condensation
and transcriptional repression. Its dynamic effects are gov-
erned and reversible by histone acetyltransferases.
Vertebrate HDACs are divided into two categories, class I,
II and 3, based on their homology to yeast genes Rpd3, HdaI,
Sir2, respectively.10,11 HDAC9, a class II HDAC, is a signal-
responsive transcriptional repressor which is down-
regulated upon denervation with upregulation of
chromatin acetylation and has been linked to suppression
of cardiac hypertrophy.12 Lack of HDAC9 in in vivo models
has resulted in an increased sensitivity to cardiac stress sig-
nals.13 HDAC9, having two isoforms designated HDAC9
and HDAC9a, has been shown to suppress myogenesis
through myocyte enhancing transcriptional factor 2
(MEF2)14 and heart development.13 However, HDAC9
involvement with systemic arteries has yet to be reported.
The isoform HDAC9 has been shown to have more localiza-
tion in the brain, heart and pancreas14 and has been the
target of our association study attempt. Due to its localiza-
tion in the brain, an alternative method of increased stroke
risk would be that HDACs play the dual role of activators
and repressors of cardiac hypertrophy.11 HDACs have been
linked to the suppression of the various genes relevant to
the protection against ischaemic insult and neuronal sur-
vival. Forced HDAC9 expression has been shown to prevent
upregulation of activity-dependent genes and chromatin
acetylation through MEF2 and class I HDACs.15 HDAC
inhibitors have been asserted as possible treatments for
stroke.11 Despite the above potential supporting evidence
for HDAC9’s role in stroke development, further studies
must be conducted in order to determine the biological
mechanism of HDAC9 for stroke risk.

There are some limitations to our study that one should
be made aware of. First, due to our relatively small sample
size, we only have sufficient power to detect SNPs that
confer relatively modest to large effect sizes. For example,
our samples allow us to have an 80% power to detect asso-
ciation for an SNP with an OR of 1.50 (1.36) at an alpha level
of 0.05, assuming an MAF of 0.1 (0.2). Another limitation is
that none of the identified SNPs reached Bonferroni correc-
tion significance. However, Bonfferonni correction may rep-
resent an over stringent criteria since not all of the SNPs
tested are independent due to the LD structure. Besides, we
observed more than the expected number of SNPs at a nom-
inal P value of 0.05. Under the null hypothesis, we expect to
observe one SNP to be significant at the P value of 0.05
(16� 0.05). However, we observed two independent signifi-
cant SNPs at this P value level. The excess of observed
associated SNPs may indicate a true association signal
between HDAC9 gene and large-vessel stroke.

In conclusion, through a fine mapping study, we identi-
fied two SNPs on HDAC9 associated with large-vessel
ischaemic stroke risk in the Chinese population.

Our findings also demonstrate genetic heterogeneity
exists between Chinese versus European American popu-
lations. Future studies with large sample sizes need to be
conducted in the Chinese population in order to further
evaluate our findings.
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