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Genetic analysis of common variants in the HDAC2
gene with schizophrenia susceptibility in Han Chinese

Gang Chen1,2,5, Fanglin Guan1,2,3,5, Huali Lin4, Lu Li1,2 and Dongke Fu2

Schizophrenia (SCZ) is a complex psychiatric disorder that is strongly influenced by a genetic component. Recent studies

suggested that histone deacetylases (HDACs) might increase the expression of several key genes in the brain and may also be

associated with susceptibility to SCZ. Among human HDACs, HDAC2 is a critical modulator of gene regulation. Here, we

designed a two-stage case–control study to thoroughly examine the association between the HDAC2 gene and SCZ. A total of

19 common single-nucleotide polymorphisms (SNPs) in the region of the HDAC2 gene were analyzed in the test group of 1430

patients and 2862 matched healthy controls. A comparison of the genotype and allele frequencies of the SNPs between cases

and controls revealed that three SNPs, rs13212283, rs6568819 and rs9488289, were nominally associated with SCZ.

However, we failed to observe any association between these SNPs and SCZ in the validation group consisting of 896 cases and

1815 matched healthy controls. Furthermore, haplotypic analysis also confirmed the negative results. Our results provide

preliminary evidence that HDAC2 may not confer susceptibility to SCZ in Han Chinese. Additional genetic studies from a large

population are required to obtain more conclusive results.
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INTRODUCTION

Schizophrenia (SCZ) is a complex mental disorder and is one of the
most debilitating psychiatric disorders, affecting ~ 1.1% of the general
population over the age of 18 worldwide.1 Although there is increasing
evidence to show that both environmental and genetic factors have
important roles in the occurrence and development of SCZ,2–4 the
etiology and genetic mechanisms of SCZ remain unknown.5 Early
genetic epidemiological studies indicated that heritability in the
development of SCZ was estimated to reach 80%.6 Recent genetic
studies of association mapping demonstrated substantial polygenic
components contributing to SCZ susceptibility,7–10 and these studies
have been accelerated by the widely used application of genome-wide
association studies on SCZ.11 However, genome-wide association
studies provide a promising approach for studying the genetics of
SCZ, but as a result of the genetic heterogeneity of SCZ in different
populations, the identified genetic susceptibility loci for the disease has
often failed to be replicated across studies.12

Epigenetic modification is a mechanism underlying the relationship
between environmental exposure and the individual genetic back-
ground, and emerging evidence from several studies has shown that
epigenetic phenomena might be an explanation of the etiology of
SCZ.13 DNA methylation and covalent modifications of histone tails
are hypothesized to be two important regulatory mechanisms that
cause heritable changes in gene expression without DNA sequence

variation. The expression of many functional genes in the human
nervous system can be precisely regulated by DNA methylation.14

Previous studies reported that abnormal gene methylation has a key
role in the development of SCZ.15,16 For the covalent modification of
histones, histone acetylation/deacetylation is the primary epigenetic
mechanism regulating gene expression, which is catalyzed by two key
enzymes, histone acetyltransferase and histone deacetylase (HDAC).17

HDACs may increase the expression of several key genes in the brain
and may also be associated with susceptibility to SCZ.18,19 Among
human HDACs, HDAC2 is a critical modulator of the regulation of
cell proliferation, and also has an important role in gene regulation
because it catalyzes a series of key reactions in physiological
processes.20 Therefore, the HDAC2 gene is a promising candidate
gene for SCZ. Although there has been a previous study of the
association between the HDAC2 gene and SCZ in the Han Chinese,
only four single-nucleotide polymorphisms (SNPs) in a small family
sample were analyzed.21 Because of the additive effect of many minor
genetic contributions to disease occurrence and because of the
unknown biological mechanisms of HDAC2 involved in the patho-
physiology of SCZ, it remains necessary to systematically explore the
potential association between HDAC2 polymorphisms and SCZ in a
larger random case–control sample.
In our study, to further investigate whether common variants in the

HDAC2 gene confer some risk of susceptibility to SCZ, we conducted
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a large-sample two-stage association analysis in case–control subjects
from the Han Chinese population.

MATERIALS AND METHODS

Subjects
Two separate data sets were included in this study, and a two-stage approach
was utilized for the discovery and for single marker analyses. The subjects
were 1430 SCZ cases (764 males, mean age= 34.4± 7.07; 666 females,
mean age= 35.8± 6.81) and 2862 healthy controls (1520 males, mean age=
36.2± 6.91; 1342 females, mean age= 38.3± 6.46), which were the testing set;
896 SCZ cases (474 males, mean age= 33.8± 7.43; 422 females, mean age=
34.6± 7.92) and 1815 healthy controls (942 males, mean age= 35.7± 7.74;
873 females, mean age= 36.3± 7.46) were categorized as the validation set. All
patients were recruited from the inpatient and outpatient clinical services of a
psychiatric unit at Xi'an Mental Health Center, and all unrelated healthy
controls were local volunteers. In patient samples, all diagnoses were assigned
by a standard procedure and confirmed by at least two experienced psychiatrists
using the Structured Clinical Interview for Diagnostic and Statistical Manual of
Mental Disorders, 4th Revision Axis I disorder and the Diagnostic and
Statistical Manual of Mental Disorders, 4th Revision. Patients with substance-
induced psychotic disorders, learning disabilities, head injuries and other

symptomatic psychoses were excluded from the present study. Moreover, the
patients reported not taking any antischizophrenic drug for at least 1 week
before they entered into this study. Healthy subjects were enrolled from the city
of Xi’an in Shaanxi Province. All subjects are of Han descent, and based on
self-report regarding their own and paternal grandparents’ place of birth, we
excluded anyone not born locally or whose families were not born locally for
three generations. All participants provided written informed consent. The
Ethics Committee of Xi’an Jiaotong University approved this study.

SNP selection and genotyping
As an initial screen of common SNPs in the Han Chinese population, we
searched for all SNPs with minor allele frequencies⩾ 0.01 between 15 kb
upstream and 15 kb downstream (30- kb window) of the HDAC2 gene in the
HapMap HCB data set (HapMap Data Version 3 and Release R2), and 19 SNPs
were identified, rs2169506, rs2810164, rs352066, rs13212283, rs538681,
rs3757016, rs352068, rs11391, rs9481408, rs13204445, rs12208304, rs6568819,
rs10499080, rs9488289, rs13209064, rs2243356, rs2499618, rs2025191 and
rs9400686. Therefore, these 19 SNPs, which completely covered the region of
the HDAC2 gene, were included in the analyses.
Peripheral venous blood samples were collected in plain tubes and were

stored at − 20 °C. Genomic DNA was isolated from peripheral blood leukocytes

Table 1 Single SNP association analysis in the testing data set

SNP Markers Allele Freq. (%) P-valuea Genotype Freq. (%) P-valuea HWE ORb 95%CI

rs13212283 G A GG GA AA

SCZ 1861 (65.07) 999 (34.93) 0.039 440 616 (43.08) 629 (43.99) 185 (12.94) 0.043 454 0.221 1.11

CTR 3852 (67.3) 1872 (32.7) 0.749 360 1288 (45) 1276 (44.58) 298 (10.41) 0.825 626 0.491 1.01–1.21

Female
SCZ 870 (65.32) 462 (34.68) 0.103 132 288 (43.24) 294 (44.14) 84 (12.61) 0.213 866 0.507 1.12

CTR 1822 (67.88) 862 (32.12) 617 (45.98) 588 (43.82) 137 (10.21) 0.859 0.98–1.29

Male
SCZ 991 (64.86) 537 (35.14) 0.195 751 328 (42.93) 335 (43.85) 101 (13.22) 0.177 485 0.292 1.09

CTR 2030 (66.78) 1010 (33.22) 671 (44.14) 688 (45.26) 161 (10.59) 0.433 0.96–1.24

rs6568819 C T CC CT TT

SCZ 1942 (67.9) 918 (32.1) 0.034 818 648 (45.31) 646 (45.17) 136 (9.51) 0.061140 0.169 1.11

CTR 3756 (65.62) 1968 (34.38) 0.661 542 1231 (43.01) 1294 (45.21) 337 (11.77) 0.913 1.01–1.22

Female
SCZ 916 (68.77) 416 (31.23) 0.094 431 310 (46.55) 296 (44.44) 60 (9.01) 0.211 339 0.371 1.13

CTR 1775 (66.13) 909 (33.87) 584 (43.52) 607 (45.23) 151 (11.25) 0.721 0.98–1.30

Male
SCZ 1026 (67.15) 502 (32.85) 0.182 699 338 (44.24) 350 (45.81) 76 (9.95) 0.259 882 0.289 1.09

CTR 1981 (65.16) 1059 (34.84) 647 (42.57) 687 (45.2) 186 (12.24) 0.861 0.96–1.25

rs9488289 C G CC CG GG

SCZ 1754 (61.33) 1106 (38.67) 0.040 879 551 (38.53) 652 (45.59) 227 (15.87) 0.055 836 0.143 1.10

CTR 3640 (63.59) 2084 (36.41) 0.776 701 1156 (40.39) 1328 (46.4) 378 (13.21) 0.912 1.00–1.21

Female
SCZ 822 (61.71) 510 (38.29) 0.142 125 258 (38.74) 306 (45.95) 102 (15.32) 0.272 607 0.474 1.11

CTR 1720 (64.08) 964 (35.92) 550 (40.98) 620 (46.2) 172 (12.82) 0.895 0.97–1.27

Male
SCZ 932 (60.99) 596 (39.01) 0.154 413 293 (38.35) 346 (45.29) 125 (16.36) 0.197 143 0.183 1.10

CTR 1920 (63.16) 1120 (36.84) 606 (39.87) 708 (46.58) 206 (13.55) 0.972 0.97–1.24

Abbreviations: CI: confidence interval; CTR: control; HWE, Hardy–Weinberg equilibrium; OR: odds ratio; SCZ: schizophrenia; SNP, single-nucleotide polymorphism.
aSignificant P-values are in italic bold and corrected P-values are underlined after Bonferroni correction.
bOR refers to risk allele odds ratio in cases and controls.
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according to the manufacturer's protocol (Genomic DNA kit, Axygen Scientific,
CA, USA), and DNA samples were stored at − 20 °C for SNP analysis. All of the
SNPs were genotyped using high-throughput, matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry. Briefly, SNPs were genotyped
using high-throughput, matrix-assisted laser desorption ionization–time-of-
flight mass spectrometry. Next, the resulting spectra were processed using
Typer Analyzer software (Sequenom, San Diego, CA, USA), and genotype data
were generated from the samples. Because the final genotype call rate of each
SNP was greater than 99.2% and the overall genotyping call rate was 99.8%, the
reliability of further statistical analysis was ensured.

Statistical analysis
Haploview v4.2 (Broad Institute of MIT and Harvard, USA. http://www.
broadinstitute.org/scientific-community/science/programs/medical-and-
population-genetics/haploview/haploview) was used to conduct the Hardy–
Weinberg equilibrium test for each SNP in both the case and control groups.
Allelic and genotypic association tests were conducted using the genetic analysis
software CLUMP v2.4. Haploview v4.2 software program was used to
investigate the linkage disequilibrium structure of the candidate markers. To
avoid a potential bias caused by minor differences from the haplotype frequency
estimates in the heterogeneity test statistics, we implemented score tests that
account for the linkage phase ambiguity of the haplotype association.22

Permutation was implemented to obtain the maximum haplotype-specific

score statistics and their P-values. The global P-value of the haplotype analysis
was calculated based on the differences of the haplotypic frequency distribution
among patients and controls. Haplo Stats package v1.6.11 was utilized for these
analyses. In addition, we also performed stratification analysis to investigate the
potential effects of gender on the single SNP and haplotype association analyses.
A P-value of 0.05 was selected as the threshold for significance in all analyses. In
the study design stage, we calculated the statistical power using PGA v2.0
(National Cancer Institute, USA. http://dceg.cancer.gov/tools/analysis/pga). Our
sample size can detect SNP and haplotype associations with 95 and 88% power,
respectively, at a false positive rate of 5%.

RESULTS

A total of 19 SNPs in the HDAC2 gene were genotyped in the testing
data set (1430 SCZ cases and 2862 controls). The allele and genotype
distributions of all of the SNPs in both the cases and controls,
including the results of the Hardy–Weinberg equilibrium test, are
shown in Table 1 and Supplementary Table S1. The distributions were
highly polymorphic in both samples, and the allelic and the genotype
distributions were all in Hardy–Weinberg equilibrium (P40.05). As
shown in Table 1, when all of the samples were considered in the
testing data set, we observed associations for three SNPs (rs13212283,
rs6568819 and rs9488289; P= 0.039440, 0.034818 and 0.040879,

Table 2 Single SNP association analysis in the validation data set

SNP Markers Allele Freq. (%) P-value Genotype Freq. (%) P-value HWE ORa 95%CI

rs13212283 G A GG GA AA

SCZ 1167 (65.12) 625 (34.88) 0.139 914 383 (42.75) 401 (44.75) 112 (12.5) 0.322 478 0.658 1.09

CTR 2437 (67.13) 1193 (32.87) 819 (45.12) 799 (44.02) 197 (10.85) 0.919 0.97–1.23

Female
SCZ 555 (65.76) 289 (34.24) 0.354 708 184 (43.6) 187 (44.31) 51 (12.09) 0.614 727 0.742 1.08

CTR 1180 (67.58) 566 (32.42) 398 (45.59) 384 (43.99) 91 (10.42) 0.909 0.91–1.29

Male
SCZ 612 (64.56) 336 (35.44) 0.251 630 199 (41.98) 214 (45.15) 61 (12.87) 0.518 983 0.770 1.10

CTR 1257(66.72) 627 (33.28) 421 (44.69) 415 (44.06) 106 (11.25) 0.807 0.93–1.29

rs6568819 C G CC CG GG

SCZ 1214 (67.75) 578 (32.25) 0.174 570 409 (45.65) 396 (44.2) 91 (10.16) 0.391424 0.735 1.09

CTR 2392 (65.9) 1238 (34.1) 786 (43.31) 820 (45.18) 209 (11.52) 0.826 0.96–1.23

Female C T CC CT TT

SCZ 579 (68.6) 265 (31.4) 0.259 424 196 (46.45) 187 (44.31) 39 (9.24) 0.496 715 0.556 1.11

CTR 1159 (66.38) 587 (33.62) 383 (43.87) 393 (45.02) 97 (11.11) 0.800 0.93–1.32

Male
SCZ 635 (66.98) 313 (33.02) 0.415 268 213 (44.94) 209 (44.09) 52 (10.97) 0.713 907 0.946 1.07

CTR 1233 (65.45) 651 (34.55) 403 (42.78) 427 (45.33) 112 (11.89) 0.946 0.91–1.26

rs9488289 C G CC CG GG

SCZ 1102 (61.5) 690 (38.5) 0.194 824 346 (38.62) 410 (45.76) 140 (15.63) 0.316 748 0.312 1.08

CTR 2298 (63.31) 1332 (36.69) 728 (40.11) 842 (46.39) 245 (13.5) 0.950 0.96–1.21

Female
SCZ 524 (62.09) 320 (37.91) 0.411 534 166 (39.34) 192 (45.5) 64 (15.17) 0.615 882 0.490 1.07

CTR 1113 (63.75) 633 (36.25) 355 (40.66) 403 (46.16) 115 (13.17) 0.970 0.91–1.27

Male
SCZ 578 (60.97) 370 (39.03) 0.318 029 180 (37.97) 218 (45.99) 76 (16.03) 0.517 177 0.464 1.09

CTR 1185 (62.9) 699 (37.1) 373 (39.6) 439 (46.6) 130 (13.8) 0.963 0.92–1.27

Abbreviations: CI: confidence interval; CTR: control; HWE, Hardy–Weinberg equilibrium; OR: odds ratio; SCZ: schizophrenia; SNP, single-nucleotide polymorphism.
aOR refers to risk allele odds ratio in cases and controls.
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respectively) (Table 1). However, they did not show a significant
association with SCZ after the Bonferroni correction (corrected
P= 0.749360, 0.661542 and 0.776701, respectively). Genotypic
association analyses confirmed the results. There were no significant
differences for the remaining 16 SNPs for both the allelic and
genotypic analyses (Supplementary Table S1).
According to the small effect sizes conferred by common alleles

requiring the use of large samples, the overall state of a given SNP is
best summarized by an association analysis of different populations.
Therefore, we performed a single SNP association analysis for the
above three SNPs in the validation data set (896 SCZ cases and 1815
controls). However, no significant associations with SCZ were
observed (Table 2). To determine whether gender plays a role in the
nominal associations, as suggested in the testing data set, we analyzed
our data by separating the males and females in the testing and
validation data sets. We found no significant association with SCZ in
females or males (Tables 1 and 2).
To perform haplotype association analyses, we examined the linkage

disequilibrium structure within the genotype data of 19 SNPs and
identified three haplotype blocks (Figure 1), which were defined using
Haploview’s ‘confidence intervals’ method.23,24 Haplotypic association
analyses were performed to test possible associations in these linkage
disequilibrium blocks. We found that there were no significant
association signals (all global P-value40.05) in these three haplotype
blocks (Table 3), and an association was not observed in males or

females (all global P-value40.05) (Table 4). Together with the results
of the single SNP association analyses, no evidence of an association
with SCZ was observed.

DISCUSSION

Recently, accumulating evidence has indicated that HDAC inhibitors
improve learning and cognitive deficits in animal models,25–27 and the
roles of HDACs in brain function have been elucidated.28,29

Chen et al. found that the expression of the reelin protein was
reduced by 50% in cortical structures of postmortem brains from SCZ
patients. Furthermore, reelin protein levels are increased with an
HDAC2 inhibitor to inhibit the methylation of the reelin gene
promoter in a mouse model of SCZ.30 Moreover, a recent report
demonstrated that inhibiting HDAC2 might be therapeutic in SCZ.31

Therefore, the results from these studies suggest that HDAC2 may be a
risk factor for SCZ susceptibility. However, there is not sufficient
available genetic data to determine whether HDAC2 is an etiological
factor for the development of SCZ.
In our study, our results did not provide evidence for the

involvement of HDAC2 in the etiology of SCZ, at least in Han
Chinese individuals. Here, we examined 19 SNPs across the genomic
region of 50 kb containing the HDAC2 gene in 1430 SCZ patients and
2826 matched healthy controls, of which three SNPs underwent
further validation analyses in an additional independent cohort of 896
cases and 1815 matched controls. However, following the analyses of

Figure 1 Estimation of linkage disequilibrium between each pair of 19 single-nucleotide polymorphisms genotyped in HDAC2 gene in Han Chinese
individuals. Linkage disequilibrium structure (Dʹ) between marker pairs was indicated by the shaded matrices. A full color version of this figure is available at
the Journal of Human Genetics journal online.
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these SNPs, we did not observe any association signals between these
SNPs in HDAC2 and SCZ. Indeed, it is not possible to draw a
conclusion based only on the analysis of several SNPs. Therefore, we
performed a haplotype analysis that supported our negative results.
Our findings were consistent with a previous family study in Chinese
Han, which reported that there was no observable association between
HDAC2 and SCZ.21 The molecular mechanism of acetylation regula-
tion is complex, and some genes, pathways and signaling molecules
are confirmed to be involved in the process. Because of the complex
network of HDAC signaling in the brain and the interactions with

neurotransmitter systems, the identification of potential epistatic
interactions with HDAC family genes and other genes would further
elucidate the roles of HDAC2 in the pathology of SCZ and would also
be a more sensitive method to characterize the effects of candidate
genes on SCZ.
When interpreting our results, several potential limitations of our

study should be noted. First, we could not conclusively rule out other
potential confounders, such as clinical symptoms (positive or nega-
tive), education duration, medical history and drugs in treatment,
which may influence the stability and accuracy of our results. Second,
we designed the study based on the ‘Common Disease-Common
Variant’ hypothesis, and we have not yet sequenced the HDAC2 gene
to completely evaluate the effect of rare variants on SCZ susceptibility.
It is possible that rare variants may contribute to the risk of SCZ in an
unpredictably manner or in linkage disequilibrium with other
undiscovered markers involved in acetylation regulation that confer
a risk for SCZ. Therefore, because of the multiple variants with small
effects and the molecular basis of the associations on the complex
network underlying the etiology and pathophysiology of SCZ, our
study should be considered preliminary and additional follow-up
studies are required, including high-density mapping and targeted
deep sequencing to undercover the fundamental characteristics of
pathogenic HDAC2 mutations and any potential association with SCZ.
Finally, although the matching of the population geographics and
genetic backgrounds help avoid potential population stratification, we
cannot exclude the possibility of a population structure effect in our
subjects. Our results must be replicated and validated in other ethnic
groups, which would clarify the relationship between HDAC2
and SCZ.
In summary, our results provide preliminary evidence that the

HDAC2 gene may not be involved in SCZ susceptibility in the Han
Chinese population. Further studies are required to investigate the
roles of HDAC2 and other genes from the HDAC family and their
interactions to obtain more conclusive results.

Table 3 Common haplotype frequency and association analysis

Frequency (%)

ID LD block Haplotype SCZ CTR P-valuea Global P-valueb

HAP1 Block 1 GTCT 50.1 52.0 0.085 0.058

HAP2 ATCT 15.3 14.7 0.459

HAP3 GTTT 12.9 13.7 0.335

HAP4 ATTT 9.68 7.88 0.048
HAP5 ACTC 5.02 5.18 0.488

HAP6 Block 2 TCCC 55.1 55.3 0.857 0.061

HAP7 CGTT 13.5 13.2 0.389

HAP8 CCCC 11.44 9.80 0.025
HAP9 TCTT 8.99 10.15 0.104

HAP10 CGTC 3.84 4.09 0.6

HAP11 Block 3 CATCA 53.3 55.4 0.074 0.173

HAP12 GCATG 22.2 22.3 0.9102

HAP13 GATCA 9.47 7.93 0.029
HAP14 GCACA 4.19 4.03 0.695

HAP15 CAATG 3.87 3.73 0.751

Abbreviations: CTR, control; LD, linkage disequilibrium; SCZ, schizophrenia.
Block 1: rs13212283-rs538681-rs3757016-rs352068; and Block 2: rs13204445-
rs12208304-rs6568819-rs10499080. Block 3: rs9488289-rs13209064-rs2243356-
rs2499618-rs2025191. Significant P-values are in italic bold. Rare haplotypes are not shown,
if frequency o3%.
aBased on 10000 permutations.
bBased on comparison of frequency distribution of all haplotypes for the combination of SNPs.

Table 4 Gender-specific haplotypes frequency and association analysis

LD Female (%) Male (%) P-valuea

Block ID Haplotype SCZ CTR SCZ CTR Female Male Globalb P-value

Block 1 HAP1 GTCT 49.9 52.6 50.2 51.6 0.131 0.363 Female

HAP2 ATCT 16.4 14.8 14.4 14.5 0.219 0.906 0.259

HAP3 GTTT 13.1 14.0 12.7 13.4 0.475 0.545 Male

HAP4 ATTT 7.92 6.59 11.2 9.02 0.270 0.105 0.110

HAP5 ACTC 4.45 4.98 5.45 5.36 0.415 0.442

Block 2 HAP6 TCCC 55.2 55.8 55.1 54.8 0.714 0.889 Female

HAP7 CGTT 13.4 13.2 13.6 13.3 0.172 0.214 0.140

HAP8 CCCC 11.9 9.88 11.0 9.76 0.077 0.203 Male

HAP9 TCTT 9.45 10.9 8.57 9.50 0.201 0.347 0.164

HAP10 CGTC 3.11 3.65 4.47 4.45 0.262 0.714

Block 3 HAP11 CATCA 54.1 57.4 52.7 53.7 0.054 0.488 Female

HAP12 GCATG 22.4 23.2 22.0 21.5 0.163 0.172 0.226

HAP13 GATCA 9.44 7.05 9.53 8.70 0.015 0.427 Male

HAP14 GCACA 4.47 4.14 3.96 3.91 0.675 0.938 0.874

HAP15 CAATG 4.26 3.82 3.53 3.61 0.354 0.839

Abbreviations: CTR, control; LD, linkage disequilibrium; SCZ, schizophrenia; SNP, single-nucleotide polymorphism.
Block 1: rs13212283-rs538681-rs3757016-rs352068; Block 2: rs13204445-rs12208304-rs6568819-rs10499080. Block 3: rs9488289-rs13209064-rs2243356-rs2499618-rs2025191.
Significant P-values are in italic bold. Rare haplotypes are not shown, if frequency o3%.
aBased on 10000 permutations.
bBased on comparison of frequency distribution of all haplotypes for the combination of SNPs.
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