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Background: Antipsychotic-induced weight gain (AIWG) 
is a serious concern in therapy with antipsychotic medica-
tions. To identify single nucleotide polymorphisms (SNPs) 
associated with AIWG, we conducted a genome-wide 
association study (GWAS) for antipsychotic treatment. 
Methods: The discovery cohort consisted of 534 patients 
with schizophrenia, who underwent 8-week treatment with 
antipsychotics and were genotyped using the Illumina 
Human 610-Quad BeadChip. The independent replica-
tion cohort consisted of 547 patients with schizophrenia, 
treated with similar antipsychotics, and genotyped using 
the Sequenom MassARRAY platform. Two hundred and 
thirty-six drug-naive patients treated with risperidone or 
quetiapine were analyzed independently. Additionally, we 
conducted pathway and expression analyses using several 
public bioinformatics databases. Results: After correction 
for age and gender, the top 2 genome-wide significant SNPs 
with AIWG were located in the PTPRD gene (protein tyro-
sine phosphatase, receptor type D, 9p24-p23; rs10977144, 
PGWAS  =  9.26E-09; rs10977154, PGWAS  =  4.53E-08). 
The third most significant SNP was in the GFPT2 gene 
(glutamine-fructose-6-phosphate amidotransferase 2, 
5q35.3; rs12386481, PGWAS  =  1.98E-07). These results 
were validated in the replication cohort (rs10977144, 
PReplication  =  4.30E-03; rs10977154, PReplication  =  6.33E-03; 
rs12386481, PReplication =7.65E-03). These results were also 
verified in those patients initially exposed to risperidone 
and quetiapine (rs10977144, P  =  1.97E-05; rs10977154, 

P = 2.04E-05; rs12386481, P = 1.97E-04). Pathway anal-
yses showed that AIWG may involve in multiple pathways 
related to metabolic processes. Moreover, PTPRD mRNA 
might be highly expressed in brain regions, and the SNPs 
(rs10977144, rs1097154) also showed significant expres-
sion quantitative trait locus effects. Conclusions: Our find-
ings indicate that PTPRD polymorphisms might modulate 
AIWG.

Key words: schizophrenia/antipsychotic-induced  
weight gain (AIWG)/genome-wide association study/ 
protein tyrosine phosphatase, receptor type, D (PTPRD)

Introduction

Schizophrenia is a well-known severe psychiatric disorder 
with a lifetime risk of approximately 1% in the general 
population.1 Exposure to the treatment of the typical 
or atypical antipsychotic medications (APMs) may be a 
critical cause of weight gain in patients with schizophre-
nia, which may impede the recovery process.2,3 Numerous 
studies have shown that antipsychotic treatment is often 
associated with medical complications such as obesity, 
diabetes, lipid disturbances, cancers, and coronary heart 
disease; premature mortality is also documented.4–9 
Treatment-emergent weight gain varies within the broad 
class of antipsychotics.4,6,8 However, the individual’s pro-
pensity to develop weight gain following antipsychotics 
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treatment shows substantial variability, which largely 
depends on genetic factors.6–8

Excessive weight gain is an unfavorable side effect 
occurring frequently in patients who are undergoing 
antipsychotic drug treatments, especially atypical anti-
psychotics. Twin and sibling studies have demonstrated 
similar degrees in weight gain profiles upon receiving 
antipsychotic medications.9 Therefore, the interindi-
vidual variability across unrelated patients receiving the 
same antipsychotic medications is thought to be caused 
by genetic causes.9,10 For this reason, pharmacogenet-
ics research efforts have focused on the identification of 
genetic variants contributing to individual variability 
regarding several antipsychotic-related phenotypes.

The candidate gene approach has been used to 
identify susceptibility genes of  antipsychotic-induced 
weight gain (AIWG) including the following promis-
ing genes, such as the fat mass and obesity associated 
gene (FTO); 5-hydroxytryptamin 2C (HTR2C), leptin 
(LEP), dopamine D3 receptor (DRD3), tumor necro-
sis factor (TNF), synaptomal-associated protein 25kDa 
(SNAP25), cannabinoid 1 receptor (CNR1), guanine 
nucleotide binding protein (GNB3), insulin-induced 
gene 2 (INSIG2), adrenergic receptor α2a (ADRA2A), 
and NADH-ubiquinone oxidoreductase Fe-S protein 1 
(NDUFS1).6–11

In contrast to candidate gene-based methods, the 
genome-wide association study (GWAS) approach allows 
unbiased, “hypothesis-free” detection of DNA variants 
associated with the phenotype of interest.12,13 The first 
genome-wide linkage study of AIWG found a locus with 
suggestive multipoint logarithm of the odds of 2.74 at 
chromosome 12q24, located in less than 1cM from the 
pro-melanin-concentrating (PMCH) gene, a neuropep-
tide involved in the control of food intake and energy 
expenditure.14 Malhotra et al have implemented a GWAS 
including 139 pediatric patients with mood and psychotic 

disorders, who were treated for the first time with 1 of 3 
second-generation antipsychotics. The strongest associ-
ated single nucleotide polymorphism (SNP) rs489693 was 
located in the downstream of the melanocortin 4 receptor 
(MC4R) gene.15 Replication of these findings needs to be 
implemented in independent cohorts. Here, we describe a 
GWAS for AIWG.

Methods

Subjects in Discovery Cohort

We performed an open-labeled GWAS involving 746 
patients hospitalized with schizophrenia, as we described 
in a previous GWAS project.16 Additionally, 534 patients 
(71.58%), who received less than 4-week treatment of 
antipsychotics before enrollment, finally completed 8 
weeks of antipsychotic monotherapy and related clini-
cal assessment (258 males and 276 females, mean age 
26.4 ± 5.3 y). These patients received one of the following 
atypical antipsychotics: risperidone, quetiapine, olanzap-
ine, clozapine, aripiprazole, or ziprasidone (table 1).

Subjects in Replication Cohort

The replication cohort included 547 patients with schizo-
phrenia (271 males and 276 females, mean age 27.4 ± 7.7 
y), who received less than 4-week treatment of antipsy-
chotics before enrollment. The replication samples were 
enrolled from other hospitals (from Liaoning, Hebei, and 
Henan provinces). The diagnosis and assessment of the 
replication cohort was similar to the discovery cohort. 
They were also followed up during the 8-week treatment 
course with the same range of antipsychotic monother-
apy. The demographic characteristics of all patients were 
described in table 1.

Briefly, patients were enrolled into the present study 
according to the following criteria: (1) Diagnostic and 

Table 1. Description of Discovery and Replication Schizophrenia Cohorts

Discovery Cohort Replication Cohort

Mean ± SD or n (%)

Dose (mg/d)

Mean ± SD or n (%)

Dose (mg/d)

Mean ± SD Mean ± SD

N 534 NA 547 NA
Age (y) 26.4 ± 5.3 NA 27.4 ± 7.7 NA
Males 258 (48.3%) NA 271 (49.5%) NA
Baseline BMI (kg/m2) 22.29 ± 7.47 NA 21.65 ± 6.38 NA
Aripiprozole (ARI) 58 (10.86%) 21.08 ± 5.13 77 (14.08%) 20.83 ± 6.44
Ziprasidone (ZIP) 55 (10.31%) 103.97 ± 35.36 72 (13.16%) 104.02 ± 33.55
Risperidone (RIS) 194 (36.33%) 5.12 ± 1.68 121 (22.12%) 5.09 ± 1.22
Quetiapine (QUE) 71 (13.29%) 545.38 ± 182.88 82 (14.99%) 533.98 ± 196.22
Olanzapine (OLZ) 80 (14.98%) 18.05 ± 5.99 96 (17.55%) 17.47 ± 5.29
Clozapine (CLZ) 76 (14.23%) 306.59 ± 127.72 99 (18.10%) 315.85 ± 101.75

Note: BMI, body mass index; NA, not applicable.
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Statistical Manual of Mental Disorders, Fourth Edition, 
Text Revision (DSM-IV-TR) criteria for schizophrenia 
(and then the subjects were remained in follow-up for 
8-week monotherapy with certain antipsychotics); (2) 
physically healthy with normal hematological and bio-
chemical parameters; (3) precluding a current or a past 
DSM-IV-TR diagnosis of mood disorders or substance 
abuse. Furthermore, none of the patients received psy-
chiatric medications other than antipsychotics, except 
hypnotics when medically needed, and continuing medi-
cation for physical health problems.

Exclusion criteria included a current or past diagno-
sis of an eating disorder, biochemical evidence of thyroid 
dysfunction, and any acute nonpsychiatric medical dis-
orders. Participants who were pregnant or breastfeeding 
were excluded. The specific choice, dosage, and titration 
schedule of the specific antipsychotic medications were 
based on clinical indications.

All patients were clinically assessed after 8 hours or 
more of overnight fasting. Then, they were weighed and 
assessed before treatment and at 2, 4, 6, and 8 weeks 
posttreatment. The body mass index (BMI) was calcu-
lated as weight in kilograms divided by height in meters 
squared (kg/m2). The standing height was measured using 
the stadiometers. The objectives and procedures of the 
study were explained to all subjects and written informed 
consent was obtained. The study was approved by the 
research ethical committees of local hospitals. All proce-
dures were conducted in accord with principles expressed 
in the Declaration of Helsinki. The study was also regis-
tered for clinical trial number as ChiCTR-RNC-09000522 
(http://www.chictr.org/).

Considering the different mechanism of various anti-
psychotics, we selected risperidone and quetiapine, which 
have been reported to cause moderate effects of AIWG, in 
order to make a drug-specific analysis. To control the con-
founding factors of prior treatment histories, we selected 
first-episode, drug-naive patients for further analysis. 
From above-mentioned subjects (534 patients in discov-
ery cohort and 547 patients in replication cohort), we fur-
ther analyzed the association of top significant SNP with 
236 first-episode, drug-naive patients (29.7 ± 9.5 y old, 
117 males and 119 females) treated with risperidone and 
quetiapine and followed up for 8 weeks.

Genotyping

Genomic DNA was extracted from whole blood using 
a Qiagen QIAamp DNA Mini Kit (Qiagen GmbH). 
All DNA samples were subjected to rigorous quality 
control (QC) to check for fragmentation and ampli-
fication. DNA was normalized to a concentration of 
50 ng/ml (diluted in 10 mM Tris/1 mM EDTA) with a 
Nanodrop Spectrophotometer (ND-1000, NanoDrop). 
Approximately 200 ng of genomic DNA was used 
for genotyping analysis. Briefly, each sample was 

whole-genome amplified, fragmented, precipitated and 
resuspended in appropriate hybridization buffer.

For the discovery cohort, the genotyping of denatured 
samples was performed on Illumina HumanHap610-Quad 
BeadChips, which include 620 901 SNPs and copy number 
variation (CNV) probes in total, as we descripted previ-
ously.16 For the replication cohort, Sequenom MassArray 
methods were used to genotype the top 20 associated 
SNPs from the discovery cohort. To further evaluate the 
quality of the genotype data for the validation analysis, 
we selected 6 SNPs (showing significant association evi-
dence in both the GWAS and validation studies) to be re-
genotyped in 100 randomly selected GWAS samples by 
using the DNA sequencing methods on an ABI PRISM 
377–96 DNA Sequencer (Applied Biosystem). The con-
cordance rate between DNA sequencing and Illumina or 
Seuquenom MassArray genotyping was 99.8%.

Statistical Analysis

Initially, 534 cases of discovery cohort were genotyped 
with 620 901 SNPs and CNV probes. The Quanto v1.2 
software was used to calculate the statistic power of 
the association.17 To conduct the GWAS with the BMI 
gain, we used PLINK software version 1.07.18 The QC 
procedures to filter the cases and SNPs were similar to 
those previously used, including the examination of 
potential genetic association based on pairwise identity 
by state, identification of a first- or second-degree rela-
tive pair, identification of low genotyping rate (MIND 
> 0.1), and principal-component analysis for population 
stratification using EIGENSTRAT.16,19 The total geno-
typing rate in remaining individuals was >0.98. After 
stringent quality control, we excluded 24 889 SNPs with 
a call rate <90%, 101 966 SNPs with minor allele fre-
quency <1%, and 1699 SNPs with significant deviation 
from Hardy–Weinberg equilibrium (P < 5.0E-05) in the 
controls. The final postquality control data set ready for 
analysis consisted of 495 371 SNPs and 534 schizophre-
nia cases of Chinese Han descent (table 1). The BMI gain 
was used as the phenotype for the quantitative trait locus 
analyses. To control the potential confounding effects of 
age and gender, we conducted log-linear analyses using 
age and gender as covariates.

According to the stringent Bonferroni multiple correc-
tion, the genome-wide significance threshold was set as 
traditional 5.0E-08, the standard GWAS threshold. For 
gene annotation, we used University of California Santa 
Cruz Genome Browser (http://genome.cse.ucsc.edu/) and 
NCBI databases (http://www.ncbi.nlm.nih.gov). To con-
trol the false positive error rate during the process of mul-
tiple tests, we performed Bonferroni corrections.

To evaluate whether susceptibility loci located in genes 
involved in particular biological pathways show enrich-
ment of significant P values for association with AIWG, we 
performed pathway analysis using the Knowledge-based 

http://www.chictr.org/
http://genome.cse.ucsc.edu/
http://www.ncbi.nlm.nih.gov
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mining system for Genome-wide Genetic studies soft-
ware,20 which controls for the number of SNPs and gene 
size. The pathway analysis was based on the results of our 
discovery data set. We elevated pathways from canonical 
databases Gene Ontology (GO). More detailed descrip-
tion about pathway analyses are listed in the supplemen-
tary materials.

Furthermore, to explore the expression patterns of 
the top significantly susceptible genes in human tissues, 
we used the Gene Enrichment Profiler database (http://
xavierlab2.mgh.harvard.edu/EnrichmentProfiler/), as 
well as the Human Brain Transcriptome (http://hbatlas.
org/pages/hbtd).21,22 Moreover, to detect the functional 
effects of the at-risk SNPs in the susceptibility gene, we 
analyzed their associations with gene expression levels in 
BRAINEAC database (http://www.braineac.org/).23

Results

Five hundred and thirty-four schizophrenia patients in 
the discovery cohort received 8 weeks of treatment with 
atypical antipsychotic drugs (risperidone, quetiapine, 
olanzapine, clozapine, aripiprazole, or ziprasidone). For 
the replication cohort, 547 patients with schizophre-
nia were enrolled in the 8-week antipsychotic treatment 
course. Demographic and medication data for this cohort 
are also listed in table 1.

A weight gain “case” was defined as a patient who 
gained 7% or more of his or her baseline body weight 
in a short-term trial.24 The proportion of patients meet-
ing this criterion was 17.01% (91/534). Over the 8-week 
course of treatment, the average weight gain ratio in 2 
cohorts was 2.43% (SD  =  0.64%). A  chi-square test of 
the distributions displayed in demonstrated significant 
effects of antipsychotics (χ2 = 62.39, P < .001). Figure 1 

shows the BMI gain profile induced by 3 different groups 
of antipsychotics following the 8-week treatment in 2 
cohorts (F = 9.337, P < .001). Olanzapine- and clozap-
ine-treated patients demonstrated a markedly different 
distribution, with the majority of subjects experiencing 
extreme AIWG. In contrast, aripiprazole and ziprasi-
done showed mild effects, and risperidone and quetiapine 
showed moderate effects on weight gain.

To calculate the statistic power, the following assump-
tions were made: the additive model was chosen, marker 
allele frequency was set from 0.05 to 0.8, the main effect 
of genotype on weight gain (βG) was 1, and minor allele 
frequency was set as 0.05. Using these assumptions, 
with 1081 patients (534 patients in discovery cohort and 
547 ones in replication cohort), we obtained the power 
of ~82%.

For the 534 patients with schizophrenia in the discovery cohort, 
we implemented the GWAS analyses, using the BMI gain as the 
dependent variable after controlling for age and gender as con-
founding factors. The Manhattan plot and the quantile-quantile 
(Q-Q) plot of GWAS results were shown in supplementary figures 
S1 and S2. The Lambda genomic control inflation factor (λGC) 
was about 1.06, which showed no significant population 
stratification among the subjects in discovery cohort.

Moreover, table  2 showed the results of top 20 significant 
SNPs associated with AIWG in discovery cohort, as well as the 
results of replication cohorts, using the log-linear analyses with 
BMI gain as dependent variable after correcting by age and gen-
der. The top 2 significantly associated SNPs were located in the 
protein tyrosine phosphatase, receptor type D gene (PTPRD, 
9p24-p23) (rs10977144, PGWAS  =  9.26E-09; rs10977154, 
PGWAS  =  4.53E-08, figure  2). These results were fur-
ther validated in an independent replication cohort 
(n  =  547; rs10977144, PReplicated  =  4.31E-03; rs10977154, 
PReplicated = 6.33E-03; table 2, figure 3). The third signifi-
cant SNP, close to the genome-wide significance level, 
was rs12386481 (PGWAS = 1.98E-07), which was located in 
the glutamine-fructose-6-phosphate amidotransferase 2 
(GFPT2, 5q35.3). There were 3 other SNPs (rs10124277, 
rs2296102, rs13286274) in the PTPRD gene that were close 
to suggestive genome-wide significance (PGWAS < 5.0E-05, 
table  2, figure  2). In total, the 5 SNPs in PTPRD gene 
associated with AIWG were in strong linkage disequilib-
rium (LD), which further suggested the PTPRD polymor-
phisms might be participating in mediating AIWG (r2 > 
0.9 using our Illumina 610K healthy control data16).

Among the above-mentioned subjects, 236 drug-naive 
patients treated with risperidone or quetiapine were ana-
lyzed independently, in order to control for potential 
confounding factors, such as previous and concomitant 
medicine medical history. These results also were verified 
in patients firstly exposed to risperidone and quetiapine 
(rs10977144, P  =  1.97E-05; rs10977154, P  =  2.04E-05; 
rs12386481, P  =  1.97E-04). Furthermore, in the drug-
naive cohorts, the rs10977144 T allele carriers showed 
different effects by treatment trajectory on the risk of 
AIWG (figure 4).

Fig. 1. Profile of BMI gain (kg/m2) in 1,081 patients with 
schizophrenia following 8-week treatment with atypical 
antipsychotic drugs. The y-axis represents the BMI change values. 
Abbreviation of the antipsychotic medications: ARI, aripiprazole; 
ZIP, ziprasidone; RIS, risperidone; QUE, quetiapine; OLZ, 
olanzapine; CLZ, clozapine.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://xavierlab2.mgh.harvard.edu/EnrichmentProfiler/
http://xavierlab2.mgh.harvard.edu/EnrichmentProfiler/
http://hbatlas.org/pages/hbtd
http://hbatlas.org/pages/hbtd
http://www.braineac.org/
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
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Fig. 3. Box plot of PTPRD rs10977144 T allele and antipsychotic drug-induced BMI gain (kg/m2) in two cohorts of patients. (A) 
Discovery cohort. (B) Replication cohort. **P < .01. 

Fig. 2. Regional association plot of the indicated PTPRD rs10977144 and rs1097154 with BMI gain (kg/m2). (A) The purple diamond 
indicated the top associated SNP located on the chromosomal 9p24-p23. (B) The linkage disequilibrium (LD) pattern of SNPs at 
PTPRD gene. SNPs1-5 showed five associated SNPs with AIWG, which were in stron LD (r2 > .9), were listed as follows: SNP1 
(rs10977144, chr9:8464233); SNP2 rs13286274, chr9:8466459); SNP3 (rs10977154, chr9:8473347); SNP4 (rs2296102, chr9:8479105); 
SNP5 (rs10124277, chr9:8489295).
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For the discovery cohort, there were 34 SNPs in total 
that achieved nominal significance (P < 1.01E-05). Other 
suggestive associations included the actin-related pro-
tein 3 (ACTR3, 2q14.1, rs2046545); t-complex 11, testis-
specific (TCP11, 6p21.31, rs1886243); renalase (RNLS, 
10q23.31, rs7906629 and rs1426621), copine IV (CPNE4, 
3q22.1, rs7611808), and the oxysterol-binding protein-
like protein 10 (OSBPL10, 3p22.3, rs13076635), with 
both PGWAS < 10–5 and PReplicated < 10–3.

Previously reported susceptibility genes for AIWG gain were 
also analyzed in our sample. The most significant SNPs in pre-
viously reported genes were listed in supplementary table  2, 
including MC4R, FTO, DRD3, ADRA2A, LEP, GNB3, 
SNAP25, and NDUFS1.6–11 Of these genes, LEPR 
(rs3790426, P = 3.19E-03), FTO (rs1075440, P = 1.13E-
03), PAM (rs2657477, P = 6.28E-04), MC4R (rs10460146, 
P = 0.01397), and SNAP25 (rs481302, P = 0.01218) (sup-
plementary table 1) achieved modest association (P < .05) 
in our sample.

To investigate the network effects of multiple genes on AIWG, 
we conducted pathway analyses using GWAS data. Of the 825 GO 
pathways tested, 10 pathways indicated significant enrichment of 
associated genes after the hybrid set-based test and hypergeomet-
ric test (P < .05) (supplementary table 3). These pathways 
were mainly involved in metabolic processes and regula-
tion of phosphorylation, such as glucosamine metabo-
lism, amino sugar metabolism, and regulation of peptidyl 
tyrosine phosphorylation (P < .05).

To test the biological plausibility of PTPRD in the patho-
genesis of AIWG or schizophrenia, we investigated 
expression enrichment profiling of the PTPRD poly-
morphic gene in multiple human tissues. We found that 
PTPRD mRNAs were preferentially expressed in human 
brain tissues such as the whole brain, frontal cortex, and 
subthalamic nucleus, all of which showed higher enrich-
ment scores (supplementary figure S3). Temporal expres-
sion analyses showed that the expression level of PTPRD 
was relatively high at the late fetal and infant stages of 
life, as well as in the later stages of life. The results of gene 

expression analysis further supported the putative role of 
PTPRD in regulating weight and brain function. The 
GFPT2 mRNAs are mainly expressed in smooth muscle 
and other peripheral tissues; brain expression level of 
GFPT2 was, however, relatively high during late fetal and 
infant stages (supplementary figure S4).

To explore the potential effect of polymorphisms on the expres-
sion of susceptible genes, we conducted an expression quantitative 
trait loci (eQTL) analysis using the gene expression data from the 
BRAINEAC database; we then performed eQTL analyses for the 
2 SNPs (rs10977144, rs10977154) at PTPRD across 10 brain 
tissues in the brains of 130 healthy subjects. Moreover, 
the top 3 significant SNPs were found to be associated 
with the expression level of PTPRD in the hippocam-
pus or thalamus (for exon-specific probesets of mRNA 
expression: PTPRD [transcript ID  3198375] in hippo-
campus, rs10977144, P = .0028; rs10977154, P = .0037; 
GFPT2 [transcript ID 2890692] in thalamus, rs2386481, 
P = .0002; respectively; supplementary figures S3 and S4).

Discussion

We have performed a GWAS to identify genetic suscepti-
bility variants associated with AIWG. The two most signif-
icantly associated SNPs (rs10977144, PGWAS = 9.26E-09; 
rs10977154, PGWAS = 4.53E-08) were located in an intron 
of the PTPRD gene. PTPRD is a receptor-type protein 
tyrosine phosphatase expressed in particular brain regions 
(eg, hippocampal CA2 and CA3) in B lymphocytes, and 
in the thymic medulla. The eQTL analysis showed that 
rs10977154 may have a potential cis-eQTL effect in the 
human hippocampus (supplementary table 2 and figure 
S3), also supporting previous reports that PTPRD may 
be associated with cognitive function.25,26

To elucidate the physiologic roles of PTPRD, Uetani 
et al found that PTPdelta-deficient mice were semilethal 
due to insufficient food intake.26 The results also sug-
gested that PTPRD might play an important role in the 
mechanisms underlying weight gain. Moreover, a recent 
report has identified a PTPRD polymorphism that may 
be associated with type 2 diabetes mellitus (T2DM).27 
Thus, we hypothesized that PTPRD may participate in 
the underlying genetic mechanism of metabolic distur-
bance of fat or glucose related to antipsychotic therapy.

For the 236 first-episode, drug-naive patients on ris-
peridone and quetiapine therapy, the PTPRD rs10977144 
also showed association with AIWG (P  =  1.97E-05 at 
8-week treatment, figure 4). This result further suggested 
the association of PTPRD rs10977144 with AIWG, 
excluding the confounding effects of other medications, 
or prior treatment histories.

The third most significant locus rs12386481 
(PGWAS  =  1.98E-07) located in the glutamine-fructose-
6-phosphate transaminase 2 (GFPT2; also known as 
the GFAT2) gene. This gene has also been reported to 
be involved in metabolic disorders. For example, Zhang 
et al reported that GFPT2 sequence variation contributed 

Fig. 4. PTPRD rs10977144 genotype (TT+CT vs CC carriers) 
modulated BMI gain (kg/m2) over 8 weeks of risperidone 
and quetiapine treatment in the 236 first-episode, drug-naive 
schizophrenia patients. Considering number of TT carriers was 
only 3, we combined TT and CT carriers in one group. *P < .05; 
**P < .0001.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
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to susceptibility to T2DM and diabetic nephropathy in 
Caucasian and African American individuals,28 and fur-
thermore suggested that GFPT2 may play a role in the 
metabolic abnormality. The eQTL analysis showed that 
GFPT2 rs12386481 genotype also showed significant 
cis-eQTL effects in several brain tissues (supplementary 
table 3 and figure S4), which suggested that rs12386481 
polymorphism might mediate the expression level of 
GFPT2 in human brain regions. However, this finding 
requires replication in other populations and the mech-
anisms of GFPT2 in regulating obesity or AIWG need 
further exploration.

Other associations identified at the suggestive level of 
significance (PGWAS < 10–5 and PReplicated < 10–3) were listed 
as follows: the actin-related protein 3 (ACTR3, 2q14.1, 
rs2046545); t-complex 11, testis-specific (TCP11, 6p21.31, 
rs1886243); renalase (RNLS, 10q23.31, rs7906629 and 
rs1426621), copine IV (CPNE4, 3q22.1, rs7611808), and 
the oxysterol-binding protein-like protein 10 (OSBPL10, 
3p22.3, rs13076635).

The ACTR3 is a major constituent of the ARP2/3 
complex, which is necessary for nucleating actin polym-
erization at filament branches.29 Xu et  al demonstrated 
that RNLS was secreted from transfected human embry-
onic kidney cells, and it metabolized catecholamines and 
regulate blood pressure, with dopamine as the preferred 
substrate, followed by epinephrine and norepinephrine.30 
To our best knowledge, there have been no reports of 
the association of ACTR3 or RNLS polymorphisms 
with AIWG in schizophrenia or with obesity in the gen-
eral population. However, OSBPL10, as a lipid receptor 
implicated in hyperlipidemia, has been reported to trans-
fer phosphatidylserine and is thought to be involved in 
proposed mechanisms underlying cancer, dyslipidemia, 
and the metabolic syndrome.31–33

Although our best findings differ to those in the lit-
erature, we also identified other possible susceptibility 
genes for AIWG (supplementary table 2) that have been 
previously reported. These findings included the DRD3, 
ADRα2a, LEP, GNB3, SNAP25, and NDUFS1 genes. 
Modest associated loci in our study included PAM, FTO, 
MC4R, and ADRA2A (P < .05).

Malhotra et al were the first to report the association 
of  MC4R rs489693 with AIWG.15 Moreover, Czerwensky 
et al reported an independent replication of  the associa-
tion with MC4R rs17782313, in other multiple indepen-
dent cohorts.34,35 However, we were unable to validate 
this finding in our Chinese Han samples since our 
Illumina 610-Quad BeadChips did not include rs489693 
or rs17782313. Other potential explanations for this lack 
of  validation include clinical heterogeneity (different 
clinical characteristics of  Han Chinese patients), popula-
tion heterogeneity, and natural selection. Clinically, our 
study focused on acute effects of  antipsychotic drugs on 
weight gain of  adult inpatients, whereas Malhotra et al 
conducted a follow-up study of  weight gain during a 

12-week trial in 139 pediatric outpatients.34 Genetically, 
according to the HapMap database, the minor allele 
frequencies (MAF) of  rs489693 (risk allele A) were 
0.189 in Han Chinese in Beijing and 0.408 in Caucasian 
European residents from Utah. The allelic differences 
between European and Han Chinese populations might 
possibly be due to different population structure, evolu-
tionary forces, etc. Moreover, rs489693 has been reported 
to have recessive effects,15 requiring significantly larger 
sample size to replicate, especially given the lower MAF 
in Chinese Han.

Moreover, the GWAS-based pathway analyses indi-
cated that multiple genes in metabolic processes might 
jointly contribute to AIWG, such as glucosamine meta-
bolic process, amino sugar metabolic process, and regu-
lation of peptidyl tyrosine phosphorylation (P < .05). 
These results further confirmed the earlier observation 
that metabolic pathways were involved in AIWG in 
schizophrenia.8,36,37 Even though there is scant literature 
reporting genetic factors underlying individual differ-
ences of AIWG, our findings provide further support for 
particular susceptibility genes contributing to metabolic 
pathology. Future research should explore the genetic 
background of metabolic syndrome accompanied by 
AIWG, particularly when one intends to elevate fasting 
plasma glucose or type 2 diabetes as the long-term conse-
quences of obesity and the development of the metabolic 
syndrome.

Expression profiling analysis suggested that the 
PTPRD mRNA was preferentially expressed in human 
brain tissues. However, GFPT2 mRNA was mainly 
expressed in smooth muscle and other peripheral tis-
sues and expressed relatively lower in brain. Considering 
the human brain temporo-spatial expression analysis 
of PTPRD and the eQTL results of SNPs rs10977144 
and rs10977154 in the hippocampus, we speculate that 
PTPRD might play an important role for the neuropsy-
chiatric disorders. However, the specific roles of PTPRD 
in the pathogenesis of obesity or AIWG should also be 
further explored in future studies.

One limitation of our study involves the short-term fol-
low-up of participants and the lack of a washout period 
for individuals before commencing the 8-week treatment. 
Previous studies have also reported that immediate/ini-
tial and longer term effects of AIWG are associated with 
different genetic factors.8,38,39 In the future, we will fur-
ther explore the genetic factors underlying the long-term 
effects of AIWG. On the other hand, although we rep-
licated the associated results in 236 drug-naive patients 
who then were treated with risperidone and quetiapine, 
we could not verify whether the whole effect was driven 
by the risperidone and quetiapine subgroups. For this 
reason, a better-designed randomized clinical trial with 
all kinds of antipsychotics should also be implemented to 
validate the GWAS discovery of susceptible genes associ-
ated with AIWG.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv179/-/DC1
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In summary, our study has identified genetic associa-
tions with AIWG, especially with the genes related to 
metabolic process or diabetes. These findings require rep-
lication and validation in other cohorts. A better under-
standing of these mechanisms and the role of specific 
polymorphisms could eventually help tailor individual-
ized antipsychotic medications with minimal toxicity for 
patients with schizophrenia.
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niabulletin.oxfordjournals.org
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