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Common Variants on Xq28 Conferring Risk of Schizophrenia in Han Chinese
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Schizophrenia is a highly heritable, severe psychiatric dis-
order affecting approximately 1% of the world population.
A substantial portion of heritability is still unexplained and
the pathophysiology of schizophrenia remains to be eluci-
dated. To identify more schizophrenia susceptibility loci,
we performed a genome-wide association study (GWAS)
on 498 patients with schizophrenia and 2025 controls from
the Han Chinese population, and a follow-up study on 1027
cases and 1005 controls. In the follow-up study, we included
384 single nucleotide polymorphisms (SNPs) which were
selected from the top hits in our GWAS (130 SNPs) and
from previously implicated loci for schizophrenia based
on the SZGene database, NHGRI GWAS Catalog, copy
number variation studies, GWAS meta-analysis results
from the international Psychiatric Genomics Consortium
(PGC) and candidate genes from plausible biological path-
ways (254 SNPs).

Within the chromosomal region Xq28, SNP rs2269372
in RENBP achieved genome-wide significance with a com-
bined P value of 3.98 X 107 (OR of allele A = 1.31). SNPs
with suggestive P values were identified within 2 genes that
have been previously implicated in schizophrenia, MECP2
(rs2734647, P, .. .= 8.78x1077, OR = 1.28; rs2239464,

ombined = 0:71%107%, OR = 1.26) and ARHGAP4
(rs2269368, P, .. .=4.74x1077, OR = 1.25). In addition,
the patient sample in our follow-up study showed a signifi-
cantly greater burden for pre-defined risk alleles based on
the SNPs selected than the controls. This indicates the
existence of schizophrenia susceptibility loci among the
SNPs we selected. This also further supports multigenic

inheritance in schizophrenia. Our findings identified a new
schizophrenia susceptibility locus on Xq28, which harbor
the genes RENBP, MECP2, and ARHGAPA.
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Introduction

Schizophrenia is a severe, highly heritable psychiat-
ric disorder, affecting approximately 1% of the world
population. It is characterized by delusions, hallucina-
tions, disorganized thinking, and often social dysfunc-
tion. Considerable research efforts have been made to
identify schizophrenia susceptibility genes. According to
the Schizophrenia Research Forum database' (SZGene,
as accessed on November 20, 2011), at least 1727 asso-
ciation studies covering 1008 candidate genes and 8788
polymorphisms have been performed on schizophre-
nia and related spectrum disorders. These studies range
from candidate loci or pathway testing to genome-wide
association studies (GWAS), with setting based on either
single-nucleotide polymorphism (SNP) or copy number
variation (CNV).

With the advancement in genotyping technology,
interrogation of the entire genome for disease
susceptibility variants has become feasible. Genome-
wide association has proved to be a useful tool in the
discovery of common variants for complex disorders.
A number of GWAS on schizophrenia have been
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is expressed from each locus. In the absence of environ-
mental factors or interaction with other loci, the hemi-
zygous allelic effects of X-chromosome loci in males are
expected to be similar to homozygous effects in females.
Thus, for our analysis we double counted the allele on the
X-chromosome in males. Genotypes of X-chromosome
loci were coded as [“0” or “2”] for males and [€0,” “17
or “2”] for females. This method of association analy-
sis for chromosome X loci was previously suggested by
Clayton.'>!* Analyses were also performed on male and
female genotypes separately, and the overall association
P values for X-chromosome SNPs were generated by
combining the male and female association test results
using the inverse weighted variance method.

Afterthe SNPassociation tests, we proceeded to perform
gene-based association tests using GATES (Gene-Based
Association Test Using Extended Simes Procedure),'* a
program implemented in KGG (Knowledge-based mining
system for Genome-wide Genetic studies; http://bioinfo.
hku.hk/kggweb/). GATES derives a gene-based P value
by combining the association P values of SNPs within the
same gene (coding sequences =5kb flanking regions). The
gene-based test accounts for gene size and LD pattern.
Genes were categorized as candidate or noncandidate.
For both candidate genes and noncandidate genes, sig-
nificant association with schizophrenia was determined
by FDR (false discovery rate) threshold of 0.55. The best
SNPs from the significant candidate and noncandidate
genes (ie, SNP with the best P value within the gene and
having minor allele frequency > 0.01 in HapMap Chinese
samples—CHB panel) were selected for genotyping in the
follow-up study. SNPs that fall outside genic regions were
also defined as significant according to the same FDR
threshold and selected for genotyping in the subsequent
stage. Using this approach, we prioritized 130 SNPs for
the genotyping in the follow-up study.

Follow-up Study in Independent Sample

Selection of SNPs

In the second stage, follow-up study, we aimed to geno-
type SNPs prioritized based on our GWAS results, and
those implicated in other published studies, to provide a
more comprehensive study of schizophrenia. Thus, apart
from the top hits generated from the gene-based test
result in our GWAS, additional candidate SNPs selected
from the literature and other schizophrenia research
resources were included in our follow-up study. The lat-
ter were chosen based on: (i) the top candidate genes as
listed in the SZGene Database'; (ii) previously published
GWAS studies and CNV studies for schizophrenia and/or
bipolar disorder; (iii) the best hits from the meta-analysis
of GWAS studies on schizophrenia and on bipolar
disorder as provided by the PGC>'5; and (iv) schizophre-
nia candidate genes as indicated in plausible pathogenic
pathways and our internal research for schizophrenia,
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ie, MEK-ERK pathway, AKT signaling pathway and
CLOCK pathway. Figure 1 outlines the overall study
design. The breakdown of SNP selection by category for
the follow-up study is listed in table 1, while more infor-
mation on SNP selection is provided in the supplemen-
tary materials. Genotyping of these SNPs were carried
out by Illumina using the GoldenGate Assay. To match
the maximum capacity of the GoldenGate assay, a total
of 384 SNPs were selected for genotyping.

Quality Control

Similar to the discovery phase, the quality of the SNPs
genotyped was assessed by genotyping rates across
samples, MAF, and the HWE tests (for control subjects
only). We detected 2 SNPs that failed the HWE test (ie,
P <1x107%). All subjects had genotyping rate >90%. The
sex of each subject was confirmed by genotyping data
on sex-specific loci provided by Illumina. For duplicated
samples, we excluded the one with lower genotyping rate.
For family data, Mendelian errors were checked using
PLINK.'S After quality control, we constructed pseudo-
controls from the parental genotypes based upon the
transmitted and nontransmitted alleles. Thus, in each
family genotyped, the offspring affected with schizo-
phrenia was used as a case in the case-control association
analysis, while the pseudo-control constructed based on
parental genotypes contributed as a control.

Statistical Analysis for Follow-up Study and
Meta-analyses

Each successfully genotyped SNP was tested for
association by logistic regression analysis. The association
test results from the discovery (GWAS) phase and the
follow-up study were combined by the inverse variance
weighted method (fixed effect). For SNPs selected
from previous published GWAS, we also combined
the results from the present study (both GWAS and
follow-up) with the results given in the previous GWAS.
All these procedures were accomplished by PLINK and
R. Finally, we calculated the risk allele burden of each
individual in the sample as the proportion of risk alleles
at all successfully genotyped loci, where the risk alleles
were defined from the direction of effect observed in
the discovery GWAS or as indicated in previous studies
for those selected from previously published literature.
A logistic regression test was used to assess the difference
in risk allele burden between cases and controls.

Results

Discovery GWAS

After quality control and genotype imputation, the
final data set consisted of 2 383 054 SNPs and 2506
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Fig. 1. Outline of our study design. In this project, we adopted a 2-stage study design, the preliminary discovery phase and a follow-up
study. In the discovery phase, we performed a case-control genome-wide association study (GWAS) on schizophrenia by carrying out the
single nucleotide polymorphism (SNP) and gene-based association tests. Significant genes defined according to the false discovery rate
threshold 0.55 were identified. SNPs from the significant genes and top nongenic significant SNPs were selected for genotyping in the
follow-up study. Apart from selecting SNP based on our GWAS results, we also included SNPs based on other schizophrenia research
findings. In total, we genotyped 384 SNPs in the follow-up study. We then performed association tests on those successfully genotyped
SNPs and risk allele burden tests across samples in the follow-up study. Finally, Our GWAS results and follow-up study results were

combined as a meta-analysis on schizophrenia.

Table 1. Risk Allele Burden Test Results Per Basis of SNP Selection in the Follow-up Study

Number of Number of SNPs P values from
SNPs Selected for Successfully Risk Allele
Basis of SNP Selection Follow-up Study Genotyped Burden Tests
Our GWAS on Han Chinese population 130 121 .000458
Other resources
1. SZGene database 58 53 .706490
2. NHGRI GWAS Catalog and other GWAS studies 81 77 .000146
3. Published CNV studies 10 10 .838960
4. Biological pathways 40 37 .003103
5. GWAS meta-analysis from PGC 65 60 137151
Total 384 358

Note: GWAS, Genome-wide association study; SNP, single-nucleotide polymorphism; CNV, copy number variation.
Logistic regression tests were performed to compare the risk allele burden of cases and controls for each category of SNP selection. Risk
allele burden is defined as the proportion of high-risk alleles present in an individual.

individuals. There were 481 cases (325 males and 156
females) and 2025 controls (674 males and 1351 females).
The genomic inflation factor after PCA adjustment (1)
was 1.012, indicating the absence of population stratifica-
tion. Supplementary figure shows the Manhattan plot of
the GWAS P values for all SNPs with MAF > 0.01. No
genome-wide significant association was observed. We
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identified 84 SNPs that achieved a P value of suggestive
significance (ie, <107°), which is more than by random
chances (ie, 2 383 054 SNPs x 10~ = 24 SNPs). For the
SNPs on chromosome X, association tests were also
performed on females and males separately, and results
obtained were similar to those when female and males
were analyzed together (supplementary table).
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The gene-based test results are shown in the supple-
mentary table. Among the top 10 candidate genes in our
gene-based test results, 3 genes were located within the
Xq28 chromosomal region: RENBP with a gene-based
P value of 5.54x107°% ARHGAP4 with a gene-based
P value of 6.24x1075;, and MECP2 with a gene-based
P value of 6.25x1075. Figure 2 shows the regional plot
of the 500kb stretch within the chromosome Xq28 locus.

Follow-up Study Results

Pseudo-controls were constructed from parents of cases
after quality control, The 931 independent controls from
Sichuan and 74 from HK, together with the 58 pseudo-
controls, formed the control set of 1063 individuals (see
supplementary table). Logistic regression tests were
performed on the 358 genotyped SNPs for 1088 patients
with schizophrenia (490 males and 598 females) and 1063
controls (489 males, 516 females and 58 pseudo controls),
adjusting for the location of sample collection and sex.
Pseudo controls were excluded from the association tests
on chromosome-X SNPs as they do not have a real sex.
We identified 43 SNPs that achieved a 1-tailed P value
of nominal significance (ie, <.05), which is more than by
random chance (ie, the expected number is 358 SNPs
x 0.05 = 18 SNPs). Four of them survived the multiple
testing correction using 0.1 as the FDR threshold
(highlighted in supplementary table). For the SNPs on
chromosome X, association test results obtained were
again similar when female and males were analyzed
together or separately (supplementary table).

Schizophrenia Susceptibility Locus on Xq28

Meta-analysis Results: Common Variants in Xq28
Confer Risk of Schizophrenia

Log-odds ratios as well as standard errors from our
GWAS and the follow-up study were combined using the
inverse variance weighted method (fixed-effect). Table 2
lists the 4 significant SNPs revealed from the result of
our meta-analysis. As noted, all 4 SNPs are located on
the chromosome Xq28 region. The marker rs2269372 (an
imputed SNP with an INFO score of 0.97179) reached
genome-wide significance (ie, P < 5% 107%) with a com-
bined P value of 3.98 x 107® and odds ratio (OR) of 1.31
for allele A. This SNP resides in the RENBP gene. Three
other markers within the same Xq28 region with com-
bined P values close to the genome-wide significance
threshold were: rs2269368 (P . = 4.74x1077, OR of
allele C = 1.25), 12734647 (P . = 8.78 1077, OR of
allele C = 1.28), and rs2239464 (P . ~= 6.71x107,
OR of allele G =1.26). The rs2269368 SNP is located
in ARHGAP4, while the other 2 SNPs, rs2734647 and
12239464, are in MECP2. The LD between rs2734647
and rs2239464 is strong, with an 72 of .78 in the follow-
up study (supplementary figure). There was no significant
sex difference in allele frequencies of these 4 loci in both
the GWAS and follow-up studies as reflected by the het-
erogeneity test (supplementary table).

Risk Allele Burden in Follow-up Study

The histogram in figure 3 shows the distributions of risk
allele burden in schizophrenia patients and controls.
Logistic regression analysis showed that patients with
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Fig. 2. Regional plot of the associated locus on chromosome Xq28. Association results of our Han Chinese genome-wide association study
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Table 2. Genome-wide Association Study, Follow-up Study, and Meta-analysis Results on the Xq28 Chromosomal Region

Stage 1: Genome-wide
association study

Stage 2: Follow-up study

Meta-analysis

Single

nucleotide Location  Risk P Value
Chromosome polymorphism (bp) Allele OR 95% CI* P Value OR 95%CI* (l-tailed) OR P Value Gene
X rs2269368 152843013 C 1.40 1.21-1.62 3.92x107° 1.18 1.06-1.32 .0014 1.253 4.74x107 ARHGAP4
X 152269372 152860739 A 1.62 1.39-1.90 2.84x10°¢ 1.16 1.02-1.31 .0102 1.313 3.98x10®* RENBP
X rs2734647 152945374 C 1.51 1.29-1.78 2.39x107° 1.15 1.02-1.30 .0107 1.275 8.78x1077 MECP2
X 2239464 153001625 G 1.55 1.31-1.83 2.71x107° 1.12 0.98-1.27 .0456 1.261 6.71x10°° MECP2

Note: ¥95% Confidence interval (CI) of the odds ratio (OR).
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Fig. 3. Histograms showing the risk allele burden of patients with
schizophrenia (cases) and controls in the follow-up study. Risk
allele burden is defined as the count of risk alleles across

358 successfully genotyped single nucleotide polymorphisms
(SNPs) in each individual. Cases harbor significantly more risk
alleles in the set of 358 SNPs (mean = 331.7) than controls (mean
= 329.3) with a P value of 7.78 X 107% in the logistic regression test.

schizophrenia had significantly more risk alleles in
the 358 SNPs than controls (P = 7.78 x107%). This
indicates the existence of schizophrenia susceptibility
loci among the SNPs we selected. We also examined
the risk allele burdens by category of SNP selection.
Results from the risk allele burden test by category
(table 1) showed that categories including our GWAS,
NHGRI GWAS Catalog, other GWAS studies and genes
implicated from plausible biological pathways provided
greater insight into the identification of schizophrenia
susceptibility loci in the Han Chinese population (with
P =.000146-0.0031).

Comparison Between the Present Study and Previously
Published GWASs for Schizophrenia

Some of the SNPs genotyped for our follow-up study
were selected from previously published GWAS studies
on populations of European ancestry. Unfortunately the
2 GWAS*® for schizophrenia in the Han Chinese popula-
tion were published after we had finalized our SNP selec-
tion and genotyping.

As a means of consolidation, for the 105 SNPs that
were selected based on published GWAS studies, we
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combined their P values from the original studies with
the P values from the present GWAS and follow-up stud-
ies. Supplementary table lists those loci that reached the
genome wide significance level after combining the study-
based P values. Among which, SNP rs4775413 on chro-
mosome 15, with 1-tailed P = .00054 in our follow-up
study, had the lowest combined P value of 1.92%x 1078
This SNP was previously identified by PGC in their large
scale GWAS meta-analysis on schizophrenia.’ The genes
RORA and VPS13C are in the closest proximity to this
SNP. Two SNPs in RORA, rs4774384 and rs11632230,
were also genotyped in the follow-up study, and both
showed moderate significance with combined P values of
4.419x107° and 1.02 x 1073 respectively.

Although none of the susceptibility markers identi-
fied in the 2 Han Chinese GWAS had been included in
our follow-up study, we have checked their GWAS results
against the P values obtained from our GWAS (see sup-
plementary table). We found that the SNPs located on
chromosome 1q24.2 and 11p11.2 have the same direction
of effect. However, the effect sizes were comparatively
smaller in our GWAS indicating a likelihood of popula-
tion substructure within the Han Chinese population or
differential environmental effects. There were little over-
laps between the susceptibility loci identified in these 2
Han Chinese GWAS. Recent study on Central Chinese
was also not able to replicate the results from these 2 Han
Chinese GWAS."

The major histocompatibility complex (MHC) has
previously been reported to have association with schizo-
phrenia in populations of European ancestry.’ In our
GWAS, there were SNPs showing moderate association
in the MHC region, but all their P values were > .0001
(see supplementary figure). For those SNPs within the
MHC region that were also included in our follow-up
study, their P values were combined with those reported
by previouse studies and are listed in supplementary
table. It was noted that rs2071287 in the NOTCH4 gene
was the only SNP with nominal significance in the MHC
region (P = .00943). This was also the only significant
SNP in the MHC region identified by a recently pub-
lished GWAS performed on the Japanese population.'
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between the 2 published GWAS studies on the Han
Chinese*# and the unsuccessful replication of the signal
reported by Ma et al'” suggested that there is an urge of
performing meta-analysis of GWASs on the Han Chinese
population in order to gain higher statistical power.

By combining our results with the published find-
ings, we also identified an autosomal candidate SNP,
rs4775413, on chromosome 15 which reached high level
of significance. This SNP is located in the upstream region
of RORA and was suggested to be associated with depres-
sion and bipolar disorder.”*! Two other SNPs (rs4774384
and rs11632230) in the RORA genes also showed moder-
ate significance in the combined analysis of our GWAS
and follow-up study. It is also interesting to note that both
RORA and MECP?2 belong to the clock pathway which
was suggested to be associated with depression.*

Our follow-up study was characterized by the incor-
poration of evidence for schizophrenia from other exter-
nal research resources, and it gave some insights into
knowledge-based SNP prioritization. Based on the risk
allele burden tests, we found that SNPs selected from our
GWAS, NHGRI GWAS Catalog, other GWAS studies
and genes implicated from plausible biological pathways
in general contribute more to our schizophrenia study.
On the other hand, this may reflect possible bias in popu-
lation background for candidate SNPs that were reported
in SZGene database and PGC meta-analysis.

So far there is no golden standard established yet in
analyzing the genotypes on chromosome X, though 2
approaches have been proposed: (a) combined analysis:
analysis performed on male and female genotypes together;
(b) stratified analysis: analyses performed on male and
female genotypes separately, and the results are combined
by using the meta-analysis method of inverse weighted
variance. Regarding the combined analysis, male genotypes
can be code as 0,1 or 0,2. The male genotype coding 0,2 is
based on the assumption of random X-chromosome inac-
tivation in females, such that only one allele is expressed
from each locus. The allele to be expressed is selected ran-
domly during early fetal development. As a result, the effect
of an allele in females is essentially halved (or females only
have one active X chromosome, effectively, but we do not
know which one). To compare the association test results
generated from these different approaches, we performed
a simulation which showed that results from stratified
analysis with different male genotype codings for SNPs
on chromosome X were similar. Apart from the combined
analysis, we also performed the stratified analyses on males
and females in our 2-stage study, and combined the results
using the inverse variance weighted method. Association
test results obtained were similar when females and males
were analyzed together or separately.

In summary, we have identified a novel susceptibility
locus for schizophrenia on Xq28 in the Han Chinese pop-
ulation. In addition, the risk allele burden test provides
further support for a polygenic basis for schizophrenia.
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Supplementary Material

Supplementary material is available at http://schizophr
eniabulletin.oxfordjournals.org.
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