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Objective: GSK3β is a key gene in neurodevelopment, and also an important target of antipsychotics. Several
lines of evidence including association and gene expression studies have suggested GSK3β as a susceptibility
gene for schizophrenia, but the underlying genetic mechanism is still unknown. In this study, we test wheth-
er the genetic variants in GSK3β contribute to the risk of schizophrenia in Chinese population.
Methods:Wefirst conducted an association analysis of 9 representative SNPs spanning the entire genomic region
ofGSK3β in two independentHan Chinese case–control samples from southwestern China (theKunming sample
and the Yuxi sample, a total of 2550 subjects).Thenusing EMSA and reporter gene assays,we tested the function-
al impact of the identified risk SNP on transcriptional factor binding affinity and promoter activity.
Results: We observed weak allelic associations of three GSK3β SNPs (rs3755557, rs7431209 and rs13320980)
with schizophrenia in the combined Han Chinese samples. Further analysis using genotypes (under recessive
genetic model) supported the association of rs3755557 (p=0.01, corrected), which is located in the GSK3β
promoter region. The functional assays demonstrated that the risk SNP (rs3755557) could influence the tran-

scription factor binding affinities, resulting in a higher promoter activity of the risk allele.
Conclusion: Our findings suggest that GSK3β is likely a risk gene for schizophrenia, and its expression alteration
caused by the risk SNP in the promoter region may contribute to the etiology of schizophrenia.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Schizophrenia (MIM181500) is one of the most severe mental disor-
ders with worldwide lifetime prevalence approaching 1%, and character-
ized bypsychotic features (delusions andhallucinations), disorganization,
dysfunction in normal affective responses, and altered cognitive function
(Mueser andMcGurk, 2004). It has been demonstrated that genetic com-
ponent plays an important role in the etiology of schizophrenia, but the
underlying genetic risk factors are yet to be identified.

The currently prevailing hypothesis has proposed that schizophrenia
is a neurodevelopmental disorder, and disturbances in the early stage of
brain development may cause abnormal alterations during embryonic
neurogenesis, including regulating neuronal progenitor proliferation
(Mao et al., 2009), changing synaptic morphology and physiology,
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altering differentiation, migration and survival of neurons, etc., which
may result in impaired neuronal network in themature brain and even-
tually lead to schizophrenia (Fatemi and Folsom, 2009).

The GSK3β gene, spanning about 286 kb on human chromosome
3q13.33 with 12 exons, is highly expressed in the brain and plays
numerous roles in development, including synaptic plasticity modu-
lation, intracellular trafficking, apoptosis and regulation of gene tran-
scription etc. (Hur and Zhou, 2010). GSK3β is a key player in the Wnt
and PI3K/AKT signaling pathways, which are crucially involved in
neurodevelopment and also show abnormalities in schizophrenia
(Cotter et al., 1998; Emamian et al., 2004; Lie et al., 2005). It has
been suggested that GSK-3β is a master regulator of neural progenitor
homeostasis, supporting the pivotal role of GSK-3β in brain develop-
ment and function (Kim et al., 2009). Additionally, there are abundant
evidences that GSK3β interacts with many known schizophrenia risk
genes during neurodevelopment, implying potential involvement of
GSK3β in schizophrenia susceptibility (Figure S1).

The involvement of GSK3β in schizophrenia are also supported by
previous association studies, in which several markers have been
identified, though the results were inconsistent among different
ation of a functional SNP at GSK3β for schizophrenia susceptibility,
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studies (Scassellati et al., 2004; Ikeda et al., 2005; Lee et al., 2006;
Szczepankiewicz et al., 2006; Meng et al., 2008; Souza et al., 2008).
In addition, the postmortem studies indicated that GSK3β may play an
important role in the pathogenesis of schizophrenia, and a reduction
of approximately 40% in GSK3β protein, mRNA and kinase activity was
reported in the postmortem frontal cortex of schizophrenia patients
(Kozlovsky et al., 2000, 2001, 2004, 2005). However, there have been in-
consistent reports (Nadri et al., 2004). Collectively, whether GSK3β con-
tributes to schizophrenia susceptibility awaits further studies.

To search for the susceptible genetic variants of GSK3β for schizo-
phrenia, we first conducted a two stage case–control association anal-
ysis using samples independently collected from two cities (Kunming
and Yuxi) of southwestern China (a total of 2550 subjects), and we
identified a risk SNP (rs3755557) which is located in the GSK3β pro-
moter region. With the use of EMSA and reporter gene assays, we
proved that rs3755557 is a functional polymorphism.

2. Materials and methods

2.1. Subjects

We recruited two case–control samples independently from Kun-
ming (432 cases, mean age 35.5±9.8 years and 568 controls, mean
age 36.1±6.8 years) and Yuxi (520 cases, mean age 38.6±10.4 years
and 1030 controls, mean age 36.7±6.9 years) of southwestern China.
The patients were diagnosed with schizophrenia according to The
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV) criteria (Kunming) and The International Classification of
Diseases 10 (ICD-10) (Yuxi) respectively. Standard diagnostic assess-
ments were supplemented with clinical information obtained by a re-
view of medical records and interviews with family informants.
Detailed information on the onset and course of clinical disorders,
symptoms such as delusions and hallucinations, lack of motivation
and social withdrawal etc. were obtained. All available information
(personal history, hospital record and family history report) was also
recorded. Potential patient participants who have history of alcoholism,
epilepsy, neurological diseases, drug abuse, or other symptomatic psy-
choses were excluded from the present study. Meanwhile, unrelated
healthy volunteers were recruited from the local communities as con-
trol subjects. These control individuals were all asked to provide de-
tailed information about medical and family psychiatric histories.
Those people who had history of mental disorders, psychiatric treat-
ment, alcohol dependence, drug abuse, or family history of psychiatric
disorders were excluded.

All the patient and control subjects are of Han Chinese origin from
Yunnan province of southwestern China. All individuals were provid-
ed with written informed consents for participation, and the research
protocol was approved by the internal review board of Kunming In-
stitute of Zoology, Chinese Academy of Sciences.

2.2. SNP selection

For the initial screening in the Kunming sample, a total of 9 SNPs
were selected. We first examined the LD pattern of GSK3β gene
in the CHB population (Han Chinese from Beijing) using data from
HapMap, and selected 8 tagging SNPs (rs3755557, rs334558,
rs6774210, rs7431209, rs6782799, rs13320980, rs16830594 and
rs4688043) with the use of the tagger procedure implemented in
Haploview (Barrett et al., 2005). Two of these eight SNPs are located
in the GSK3β promoter region (rs334558 and rs3755557) and the
other SNPs are all located in the intron regions. We also selected an-
other intronic SNP (rs6438552) which was proven to influence the al-
ternative splicing of GSK3β gene (Kwok et al., 2005). All the selected
SNPs are biallelic. Totally, 9 SNPs were selected for genotyping in the
Kunming sample. For the replication analysis in the Yuxi sample, the
most strongly associated SNPs in the Kunming sample were selected
Please cite this article as: Li, M., et al., Genetic association and identific
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(rs3755557, rs7431209 and rs13320980). The genomic structure of
GSK3β gene and the locations of the tested SNPs are shown in
Fig. 1. The LD map of the tested GSK3β SNPs in the Kunming sample
is shown in Fig. 2, and the SNP information is shown in Table 1.

2.3. SNP genotyping

Venous blood was collected from all participants. Genomic DNA
was extracted from the blood sample using the standard phenol-chlo-
roformmethod. DNA samples of the cases and controls were random-
ly distributed in the DNA plates. The primers were designed to
amplify the regions containing the selected SNPs (length of PCR pro-
ductb1000 bp). Details of all primers and assay conditions are avail-
able on request. The PCR reactions were performed in the 96-well
plates with a total volume of 25 μl, including 10 ng of genomic DNA.
Genotyping was conducted using SNaPShot method on an ABI 3130
automatic sequencer, which has already been described in our previ-
ous study (Luo et al., 2008). The genotypes of the tested SNPs were
automatically called by ABI GeneMapper 4.0 and verified manually,
and any assay with low quality was PCR amplified and genotyped
again. To make sure of the accuracy of genotyping, we used bi-direc-
tional sequencing on randomly selected 120 individuals and no geno-
typing errors were found. The genotyping success rate for the 9 tested
SNPs was more than 99.0%.

2.4. Electrophoretic mobility shift assay (EMSA)

For the functional prediction of the candidate SNP, we used a web-
based program AliBaba (http://www.gene-regulation.com/pub/
programs.html) to analyze potential protein binding sequences con-
taining SNP rs3755557.

EMSAs were performed using gel shift assay systems (Pierce)
under the provided guidelines. The single-strand oligonucleotides
were 3′-end Biotin labeled and then annealed to form double strands.
The binding reactions contained 10× binding buffer, 4 μg nuclear ex-
tract proteins, poly (dI–dC), and, if needed, unlabeled competitors; la-
beled probes were added after 20 min, and samples were incubated
at room temperature for a total of 30 min. For antibody supershift as-
says, nuclear extracts were incubated with the labeled probe for
30 min at room temperature before the addition of TBP antibody.
After adding the TBP antibody, the binding reaction was incubated
for an additional 16 h at 4 °C. After incubation, samples were separat-
ed on a native 6% polyacrylamide gel and then transferred to a nylon
membrane. The positions of biotin end-labeled oligonucleotides were
detected by a chemilumescent reaction with streptavidin-horseradish
peroxidase according to the manufacturer's instructions and visual-
ized by autoradiography. The nucleotide sequences of the double-
stranded oligonucledtides with either A or T allele are:

A-allele: 5′- TGTCTCCAGAAAGCACATGTAAAAGGACCTATATTTGA-
TCA-3′
T-allele: 5′- TGTCTCCAGAAAGCACATGTTAAAGGACCTATATTTGA-
TCA-3′

2.5. Promoter cloning and reporter gene assays

In order to compare the promoter activities of the two alleles at
rs3755557, individual homozygotes with respect to the corresponding
genotypes (TT andAA) for rs3755557were amplified encompassingnu-
cleotides−1779 to +98 (relative to the transcription start site +1) of
the GSK3β gene. Then the amplified fragments were cloned into the
pGL3-basic plasmid vectors. We verified all recombinant clones by bi-
directional DNA sequencing to make sure no de novo mutation was
introduced. These plasmids were all accurately quantified by Biophot-
ometer (Eppendorf) and equal amount of the plasmids were used for
transfection. The pGL3-basic plasmid with a cloned promoter fragment
ation of a functional SNP at GSK3β for schizophrenia susceptibility,
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Fig. 1. The genomic structure of GSK3β and the physical locations of the 9 tested SNPs.
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containing either T-allele or A-allele was transiently co-transfected into
HumanHEK293T andHeLa cell lineswithpRL-TKplasmid (internal con-
trol) using Lipofectamine 2000 transfection reagent (Invitrogen). After
36 h incubation, we collected the cells and measured luciferase activity
using the Dual-Luciferase Reporter Assay System (Promega). All assays
were performed in at least three independent experiments with mini-
mum of five replications.

2.6. Statistical analysis

The Haploview program (version 4.1) was applied to test the geno-
typic distributions of SNPs for Hardy–Weinberg equilibrium (HWE), to
estimate linkage disequilibrium (LD) between paired SNPs using the r2

algorithm, and to determine the haplotype blocks (Barrett et al., 2005).
Allelic and genotypic associationswere accessedwith PLINK, and the re-
sults were corrected by Bonferroni method based on the total number
of tests conducted (36 tests in total considering the 9 SNPs and four
types of genetic models for allelic, additive, dominant and recessive
tests ) (Purcell et al., 2007). Haplotype-based association analysis was
conducted using Haplo.Stats Package in R environment and only those
haplotypes with a frequency of N0.01 in the control subjects were con-
sidered. Corrections for multiple haplotypes and global analysis were
performed with 20,000 permutations (Schaid et al., 2002). Power anal-
ysis was performed using the software G*power (Faul et al., 2007). The
commonly used effect size of 0.1 and 0.2 were used in the power anal-
ysis, which are correspondentwith a “weak” gene effect, and a “weak to
moderate” gene effect, respectively (Faul et al., 2007). For the transfec-
tion assays, we used Student t-test (two-tailed) with SPSS16.0 software
to perform statistical analysis, and differences were considered signifi-
cant with p-valueb0.05.

3. Results

3.1. Case–control association analysis

The genotypic distributions of the 9 SNPs are in Hardy–Weinberg
equilibrium in all samples, except for rs7431209 in the Yuxi case
Fig. 2. The LD maps of the 9 tested GSK3β SNPs in the Kunming sample. The linkage disequi
program.
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sample (p=0.01). We double checked the eletromorphs of the orig-
inal genotype data and no calling errors were found (Figure S2).

Table 1 presents the results of allelic association. For the Kunming
sample, among the 9 tested SNPs, one SNP (rs13320980) showed nom-
inally significant association with schizophrenia (p=0.002, uncor-
rected). There are two SNPs with marginal significance (p=0.050 for
rs7431209 and p=0.096 for rs3755557, uncorrected). For the Yuxi
sample, however, we did not replicate the associations, though the ten-
dency was in the same direction. When we combined the two samples,
the association of rs13320980 remained nominally significant
(p=0.005, uncorrected). The significances for the other two SNPs
were strengthened in the combined sample (p=0.04 for rs7431209
and p=0.03 for rs3755557, uncorrected) (Table 1), but none of them
survived the Bonferroni corrections. Similar results were observed
when conducting genotypic association analysis under the additive ge-
netic model (Table S1). The other 6 SNPs did not show significant asso-
ciation and the results were shown in Table S2.

We then examined the haplotypes incorporating the 3 SNPs
(rs3755557, rs7431209, and rs13320980) in both Kunming and Yuxi
sample. For the 3-SNPs haplotype analysis, we observed two risk hap-
lotypes (A-G-T, p=0.02, 15.9% in cases versus 11.3% in controls, and
T-G-C, p=0.001, 7.5% in cases versus 4.0% in controls) significantly
associated with schizophrenia in the Kunming sample, and the global
test also supported the associations (global p=9.0×10−4). However,
these associations were not replicated in the Yuxi sample (Table S3).
We also examined the 2-SNPs and 9-SNPs haplotypes, and similar re-
sults were obtained (Table S4–S6).

To further test the association of GSK3βwith schizophrenia, we per-
formed genotypic association analysis under the dominant and reces-
sive genetic models respectively. The results indicated that the
frequency of AA-genotype for rs3755557 was higher in schizophrenia
cases than in controls in both Kunming and Yuxi samples though did
not remain significant after correction (p=0.007 and p=0.017, re-
spectively, uncorrected). When the two samples were combined, the
significance was strengthened (p=0.0003, uncorrected), and still sig-
nificant after Bonferroni correction (p=0.01, corrected) (Table 2). No
genotypic association was detected for rs3755557 under the dominant
genetic model (Table S7). Similar results were obtained for rs13320980
librium (LD) of the tested SNPs was calculated using the r2 algorithm in the Haploview

ation of a functional SNP at GSK3β for schizophrenia susceptibility,
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Table 1
Allele frequency and single SNP association (p value) of the 3 SNPs in our samples.

Sample SNP ID Position Minor
Allele

MAF P value P value
(corrected)

OR (95% CI)

Case Control

Kunming rs3755557 119814957 A 0.1782 0.1505 0.096 / 1.22 (0.96–1.55)
rs7431209 119641442 A 0.3166 0.3592 0.050 / 0.83 (0.68–1.00)
rs13320980 119609160 C 0.0801 0.0467 0.002 0.072 1.78 (1.23–2.57)

Yuxi rs3755557 119814957 A 0.1442 0.1250 0.14 / 1.18 (0.95–1.47)
rs7431209 119641442 A 0.3269 0.3461 0.29 / 0.92 (0.78–1.07)
rs13320980 119609160 C 0.0712 0.0607 0.26 / 1.19 (0.88–1.60)

Kunming+Yuxi⁎ rs3755557 119814957 A 0.1597 0.1343 0.03 1.00 1.20 (1.02–1.41)
rs7431209 119641442 A 0.3223 0.3508 0.04 1.00 0.88 (0.78–0.99)
rs13320980 119609160 C 0.0752 0.0557 0.005 0.18 1.39 (1.11–1.75)

Note: Significant p-values (pb0.05) were marked in bold and underlined.
Abbreviation: MAF, minor allele frequency; OR, odds ratio; CI, confidence interval.
⁎ The p-value in the combined sample was performed using Cochran-Mantel-Haenszel test. No heterogeneity was detected in the combined samples (rs3755557, χ2=0.05,

p=0.82; rs7431209, χ2=0.69, p=0.40; rs13320980, χ2=2.81, p=0.09).
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and rs7431209, in which the genotypic associations were stronger
under the recessive genetic model compared with those under the
dominant genetic model (Table S8 and Table S9).

We performed a power calculation using the G* power program
based on Cohen's method (Cohen, 1988). The present sample size of
Kunming and Yuxi both revealed N81% and N95% power of detecting
a significant association with allele and genotype (αb0.05) given an
effect size index of 0.1 (corresponding to a “weak” gene effect). When
an effect size index of 0.2 was assumed, i.e. a “weak to moderate”
gene effect, the sample size of Kunming and Yuxi both showed N97%
power to detect significance (αb0.05).
3.2. Electrophoretic mobility shift assays

To evaluate allele-specific effects on binding affinity of transcrip-
tion factors, we performed EMSA analysis. The binding reactions
were done with two identical probes differing only in respect to
rs3755557 alternative alleles (A/T). The result showed that the pre-
dicted binding sequence containing the A-allele of rs3755557 could
bind the nuclear extracts (a mix of nuclear proteins extracted from
HeLa cells), but the T-allele could not (Fig. 3, Lane 2–3). The addition
of 200×molar excess of unlabelled probes with the same alleles could
compete for protein binding, indicating that the nuclear extracts bind
specifically to the sequence motif containing rs3755557 (Fig. 3, Lane
4–5). In addition, the binding was highly specific for the A-allele as
reflected by the unaffected binding affinity using the cross competitor
with 100× and 200× molar excess unlabeled probe of the T-allele
(Fig. 3, Lane 6–9). Collectively, the EMSA assay suggested an on-
and-off effect of the two alleles at rs3755557 on binding transcrip-
tional factors.
Table 2
Genotypic association of rs3755557 with schizophrenia under recessive genetic model.

Sample Recessive
model

Frequencies
(%)

p-value p-value
(corrected)

OR (95% CI)

Case Control

Kunming AA 3.9 1.2 0.007 0.25 1.00
AT+TT 96.1 98.8 3.28

(1.35–7.99)
Yuxi AA 2.7 1.1 0.017 0.61 1.00

AT+TT 97.3 98.9 2.55
(1.15–5.65)

Kunming+Yuxi AA 3.3 1.1 0.0003 0.01 1.00
AT+TT 96.7 98.9 2.94

(1.63–5.29)

Note: Significant p-values (pb0.05) were marked in bold and underlined.
Abbreviation: OR, odds ratio; CI, confidence interval.
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According to the bioinformatics analysis, the TATA-box located in
the probe sequence is a possible motif explaining the observed binding
difference of the two alleles at rs3755557 (Figure S3-a). We therefore
performed super-shift experiments with the use of the monoclonal
antibody to the TATA box binding protein (TBP), but the result was neg-
ative (Figure S3-b). Since the nuclear extracts used in the EMSA assay
contain numerous DNA binding proteins, further studies are needed
to identify the responsible protein(s).

3.3. In vitro promoter assay

To test the effect of rs3755557 on promoter activity, we cloned a
DNA fragment of human GSK3β promoter, containing either the A al-
lele or the T allele at rs3755557, and then transiently transfected it
into human HEK293T and HeLa cell lines. The relative transcriptional
activities were compared between the two alleles using luciferase re-
porter gene assay. As expected, the transcriptional activity of the
GSK3β promoter containing the A allele is significantly higher than
that of the T allele in both HEK293T (p=0.001, Fig. 4a) and HeLa
Fig. 3. Rs3755557 allele variation affects transcript factor binding affinity. Lane 1: neg-
ative control; Lane 2–3: the probes containing the A allele could bind the nuclear ex-
tracts, but the T allele could not. Lane 4–5: the competition assay showing the
binding specificity of the probes. Lanes 6–9: the relative binding strength tested by
the competition assay using increasing concentrations of the unlabelled probes con-
taining the opposite alleles.

ation of a functional SNP at GSK3β for schizophrenia susceptibility,
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Fig. 4. The result of the reporter gene assay testing the promoter activities. The promot-
er sequence containing the A-allele has higher activity compared to that containing the
T-allele in HEK293T (a) and HeLa cells (b). **p=0.001, ***p=0.0025 (Student t-test,
two tailed). The values represent fold changes of luciferase activity relative to the con-
trol pGL3 vector. The mean and SD of at least 3 independent experiments are shown.
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(p=0.0025, Fig. 4b) cell lines. These data are consistent with the re-
sult of EMSA, indicating that the A-allele at rs3755557 enhances the
GSK3β promoter activity through binding unknown transcription fac-
tor(s), leading to a higher expression of GSK3β.

4. Discussion

Previous studies have suggested GSK3β gene as a potential suscepti-
bility gene for schizophrenia due to its critical role in neurodevelop-
ment, and this was supported by the reported aberrant expression of
GSK3β in schizophrenia patients. But the efforts in identifying risk
genetic variants in GSK3β gene for schizophrenia have harvested little.
Potential susceptibility loci for schizophrenia on chromosome 3q was
detected by early genome-wide analysis using microsatellite markers,
which is adjacent to the location of GSK3β gene (3q13.33) (Badenhop
et al., 2002). However, recent genetic association studies using SNPs
reported inconsistent results among different populations (Scassellati
et al., 2004; Ikeda et al., 2005; Lee et al., 2006; Szczepankiewicz et al.,
2006; Meng et al., 2008; Souza et al., 2008). Similar contradictory re-
sults have also been reported in the association studies of the (CAA)n
repeat polymorphism of GSK3β in which the positive finding was
reported in a paranoid subtype of Italian samples (Scassellati et al.,
2004), but failed to be replicated in the Japanese samples (Ikeda et al.,
2005).

We reported a common SNP rs3755557 (MAF=0.1343) associat-
ed with schizophrenia in Chinese populations, and the EMSA and re-
porter gene assays demonstrated that rs3755557 is a functional
polymorphism which can influence the expression of GSK3β. Our
Please cite this article as: Li, M., et al., Genetic association and identific
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data supports that rs3755557 is likely a risk genetic variant for
schizophrenia in Chinese, although there have been negative results
in Korean and European populations (Scassellati et al., 2004; Lee et
al., 2006; Souza et al., 2008). To seek the possible reasons of the in-
consistent results for GSK3β in different populations, we firstly com-
pared the LD structure of GSK3β in Europeans (CEU) and Chinese
(CHB). We found that the LD patterns in CEU and CHB are similar,
but the LD in CEU is much stronger than in CHB, suggesting that
there might be genetic heterogeneity of GSK3β sequence variations
between these two populations, which may partly explain the incon-
sistent results. Another possible reason is the limited sample size
used in the previous studies. The power analysis for rs3755557
using the odds ratio under the recessive genetic model (OR=2.94)
suggested a minimum sample size of 1590 (using the online program
http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/power2.pl), but the
previous studies have reported the sample sizes less than 500
(including both cases and controls). Additionally, the population specif-
ic factors, i.e., population history, environmental exposure, dietary and
cultures, may also play important roles in the observed inconsistence
between different populations.

It should be noted that our functional data is inconsistent with the
previous reports showing reduced expression of GSK3β in some
groups of schizophrenia patients though negative results were also
reported (Kozlovsky et al., 2000; Beasley et al., 2001; Kozlovsky et
al., 2001, 2004; Nadri et al., 2004; Kozlovsky et al., 2005). Both the
EMSA and the reporter gene assays in our study have suggested the
possibly increased expression of the risk allele at rs3755557. There
are several possibilities to explain the contradictory observations.
First, in the previous expression studies, they used postmortem mea-
surements, which might suffer from the inherent heterogeneity com-
monly seen in postmortem samples. Second, the reduction of GSK3β
expression was only reported in the frontal cortex, and whether this
was true for the other brain regions are yet to be tested. Third, as
GSK3β is the target of antipsychotics, which could inhibit GSK3β
activities, the reported decrease of GSK3β expression in schizophre-
nia patients might be an artifact due to drug treatment. Finally,
given the reduced expression in schizophrenia patients is true, this
could also be caused by the genetic variants of other genes interacting
with GSK3β in the schizophrenia-related pathways (e.g. Akt1 and
DRD2). Additionally, given the reported lower protein amount in
the post-mortem brains of schizophrenia patients, it is also possible
that the unknown transcription factor(s) acting on the sequence con-
taining rs3755557 can be inhibitory.

On the other hand, there has also been data suggesting increased
GSK3β activity in schizophrenia patients. One study has reported that
there are Akt1 deficits in schizophrenia patients, and the dysfunction
of this inhibitory regulator for GSK3β can lead to hyper-activation of
GSK3β (Emamian et al., 2004). Data from transgenic mice also sug-
gested that the mice carrying a constitutively active mutant form of
GSK3β displayed hyperactive behaviors and mania, which is similar
with the symptoms of schizophrenia patients (Prickaerts et al., 2006).
Overexpression of GSK3β in transgenicmice revealed a reduced volume
of the entire brain, consistent with the previous findings that the brain
volumes of schizophrenia patients were smaller than the healthy con-
trols (Spittaels et al., 2002; Steen et al., 2006). Collectively, these data
have suggested that the abnormally high activity of GSK3β is a possible
risk factor for schizophrenia susceptibility.

We also observed another risk SNP (rs13320980, MAF=0.0557)
in our samples, and this SNP is in very low linkage with rs3755557
(r2≤0.01, Fig. 2), suggesting that the association of rs13320980 is in-
dependent from that of rs3755557. Since the prediction analysis did
not reveal any potential function for this SNP, whether it plays any
functional role for GSK3β is yet to be dissected.

The observed weak association of the risk SNPs (rs3755557 and
rs13320980) in this study argued that either the common variants
in GSK3β gene contribute only a small portion to schizophrenia
ation of a functional SNP at GSK3β for schizophrenia susceptibility,
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susceptibility or there are nearby causal SNPs which are responsible
for disease susceptibility. We also tested another functional SNP
(rs334558) close to rs3755557 (Kwok et al., 2005), but observed no
association in our samples, suggesting that the involvement of
GSK3β in the etiology of schizophrenia is more complicated than
expected.

The imbalance of neurogenesis in the early stage of development
of central nervous system has been suggested as a cause of schizo-
phrenia, in which abnormalities of Wnt signaling and PI3K/Akt signal-
ing in schizophrenia have been reported (Cotter et al., 1998;
Emamian et al., 2004). In recent years, the key components in these
pathways, such as Akt1, FZD3, DKK4 and APC et al. have been found
implicated in schizophrenia (Yang et al., 2003; Cui et al., 2005; Xu
et al., 2007; Proitsi et al., 2008). Hence, the likelihood of GSK3β's
involvement in schizophrenia is high though we only detected a
weak association in our samples.

It should be noted that the data presented is limited, and we are
cautious in the interpretation of our results. Although we have tested
two independent samples (more than 2000 individuals) in our study,
the sample size is still relatively small compared to the current large-
scale genetic studies (Li et al., 2011). On the other hand, considering
that schizophrenia is a disorder almost exclusively originated from
brain functions, the functional data from the HEK293T and HeLa
cells need to be tested in the neuronal cells. In addition, the observed
association of rs3755557 with schizophrenia is weak although it
is a functional SNP influencing the expression of GSK3β. Further stud-
ies are needed to delineate the role of GSK3β in schizophrenia
susceptibility.
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