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Abstract
Synaptic hypothesis of schizophrenia suggests alterations of synaptic transmission and neuronal 

connectivity might be core feature of schizophrenia. STON2 participates in synaptic vesicle (SV) 
protein recognition and neural endocytosis. To explore the association of STON2 with schizophrenia, 
11 single-nucleotide polymorphisms (SNPs) were examined in 768 Chinese Han schizophrenia 
cases and 1347 Chinese Han controls. The results showed three SNPs had strong association with 
schizophrenia, two exonic SNPs (rs2241621: allelic p=0.0005; rs3813535: allelic p=0.0078) and one 
intronic SNP (rs9323698: allelic p=0.0019). When haplotype analysis performed, two LD blocks 
showed significant differences in frequency between cases and controls. Notably, our data displays 
an over-transmitted functional haplotype C-C (Pro307-Ala851) in schizophrenia cases. Our results 
suggest STON2 may be a susceptibility gene for schizophrenia.
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Introduction
Schizophrenia is a complex psychiatric disorder with a worldwide lifetime risk of ~1%. It 

is characterized by chronic positive symptoms (hallucinations, delusions and thought disorders), 
negative symptoms (social withdrawal, apathy and emotional blunting) and cognitive deficits. 
Although schizophrenia is a highly prevalent CNS disorder, it continues to be one of the least 
understood, primarily owning to its lack of pathological hallmarks. Family, twin and adoption studies 
have strongly evidenced genetic susceptibility in schizophrenia with heritability estimate of the 
approximately 80%. Recent genome-wide association studies provided molecular genetic evidence 
for a substantial polygenic component to the risk of schizophrenia involving many common alleles of 
very small effect [1-2].

Numerous hypotheses have been proposed to explain the pathogenesis of schizophrenia and 
accumulating evidence suggests that alterations of synaptic transmission and neuronal connectivity 
might be the core feature of schizophrenia [3-5]. Normal synaptic function is dependent on an 
intricate network of protein interactions, which mediate the transport, fusion and recycling of synaptic 
vesicles (SVs). Efficient SV recycling is essential to maintain the ability of the synapse to release 
neurotransmitter under sustained stimulation [6-8]. The major mechanism for recycling of fully 
fused SVs is represented as clathrin-mediated endocytosis (CME). As a coat protein, clathrin needs 
specific adaptor proteins (APs) and accessory proteins to link the coat formation to the concomitant 
selection and concentration of cargo proteins [9]. The human STON2 gene encodes a human homolog 
of Drosophila stoned B – Stonin2 [10-12]. Inactivation of Drosophila stoned B results in an inability 
to reform SV after exocytosis [13-14]. Stonin2 serves as a linker between the endocytic proteins 
AP-2 and Eps15 and the calciumsensing SV protein synaptotagmin1 and the μ-homology domain of 
stonin2 is involved in the recognition of SV cargo [11,15-17]. Therefore, Stonin2 has been identified 
as an endocytic adaptor dedicated to the retrieval of surface-stranded SV proteins, most notably 
synaptotagmin, thus suggesting its potential role in schizophrenia. 

The human STON2 is located on chromosome 14q, a candidate region implicated in linkage 
studies of schizophrenia [18-19]. In the present case-control study, we aimed to perform an 
independent association analysis of human STON2 gene with susceptibility for schizophrenia in a 
Chinese Han population and attempted to identify functional variants, which may be valuable to relate 
the Stonin2 function to the schizophrenia.

Materials and Methods
Subjects

All subjects were unrelated Chinese Han nationality born and were recruited from the North of 
China. The sample set consisted of 786 schizophrenia patients (360 males and 408 females; mean age: 
33.5±8.7 years) and 1347 normal controls (658 males and 689 females; mean age: 31.1±13.2years) 
recruited from the North of China. The consensus diagnoses were made by at least two experienced 
psychiatrists according to the DSM-IV criteria (American Psychiatric Association, 2000) on the basis 
of clinical observation, medical records and family information. None of patients had severe medical 
complications. All controls were without any DSM-IV axis I disorder and matched for age, gender, 
education and ethnicity to the patients. The objectives and procedures of the present study were 
explained to all subjects and written informed consent was obtained. This study was approved by the 
Ethical Committee of the Institute of Mental Health, Peking University.
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SNP Selection
We selected 11 SNPs from the Human STON2 genes in Chromosome 14q31.1 by downloading all 

the SNPs typed in the Human STON2 gene from the International HapMap project database on dbSNP 
((http://www.ncbi.nlm.nih.gov/SNP/). Of these 11 SNPs, two are exonic (rs3813535 and rs2241621), 
eight are intronic (rs7160907, rs1569012, rs12435764, rs2012796, rs2146244, rs6574644, rs2081988 
and rs9323698) and one is potential regulatory (rs6574651 in the 5’ near gene). The gene coverage of 
STON2 was reached with the 11 selected tag SNPs spanning approximately 130kb. Table 1 shows the 
detailed information of the selected SNPs.

Genotyping
Genomic DNA was extracted from venous blood using a commercially available QIAamp® 

DNA Blood Mini Kit (QIAGEN, German). All the SNPs were genotyped by either polymerase chain 
reaction-restriction fragment length polymorphism (PCR-RFLP) analysis or direct DNA sequencing. 
All pairs of PCR primers were designed using software Oligo6.0. The PCR amplification was 
performed in a 25μl volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 
mM of each dNTP, 0.25 mM of each primer, 1U Taq DNA polymerase and 40ng genomic DNA. The 
conditions used for PCR amplification included an initial denaturation at 94℃ for 5 min, followed by 
35 cycles at 94℃ for 30 sec, 55–62℃ for 30 sec, 72℃ for 30 sec, and a final elongation at 72℃ for 
7 min. PCR products were either completely digested with 4U of restriction enzyme overnight then 
separated by agarose gel electrophoresis (2-3% gel) stained with ethidium bromide or sequenced on 
an ABI PRISM 377-96 DNA Sequencer (Applied Biosystem) after purifying them using a BigDye 
Terminator Cycle Sequencing Ready Reaction Kit. All of the results were read by two experienced 
technicians independently.
Statistics

Deviation of the genotype counts from the Hardy–Weinberg equilibrium was tested using a chi-
square goodness-of-fit test. Comparisons of categorical variable (gender) and continuous variable 

Table 1. List of SNPs included in the present study

Abbreviations: HCB－ Han Chinese in Beijing; MAF－ minor allele frequency.
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(age) were performed, respectively, using Pearsonχ2-test and Student t-test by SPSS 17. Statistical 
differences in genotypic and allelic distributions between schizophrenia and control subjects were 
evaluated by the Pearsonχ2-test. Pairwise linkage disequilibrium (LD) between any two alleles 
was evaluated by LD coefficients (D’ and r2 values). The haplotype frequencies were estimated by 
using the expectation maximization algorithm. Under the null hypothesis, the affected and control 
individuals are assumed to have identical frequencies of all haplotypes. Under the alternative 
hypothesis, the candidate at-risk haplotype is allowed to have a higher frequency in affected than in 
control individuals, whereas the ratios of the frequencies of all other haplotypes are assumed to be the 
same in both groups. Likelihoods are maximized separately under both hypotheses, and corresponding 
1-d.f. likelihood-ratio statistics are used to evaluate statistical significance. Odds ratio (OR) and 
their 95% confidence intervals (95% CI) were calculated to evaluate the effect of different alleles 
and haplotypes. The Bonferroni correction was applied for multiple tests analyzing independent 
variables in order to control inflation of the type I error rate according to an effective number of 
independent marker loci or haplotypes. The statistic power of our sample size was calculated by the 
genetic power calculator (GPC, http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html) [20]. The sample 
had approximately 80% power to detect allele frequency differences assuming an OR of 1.5 with a 
minor allele frequency of 0.1. These analyses were performed by the Haploview version 4.1 (http://
www.broad.mit.edu/mpg/haploview/), a powerful software platform for analyses of LD, haplotype 
construction and genetic association at polymorphism loci [21].

Result
We genotyped 11SNPs of STON2 gene in 786 schizophrenia patients and 1347 controls in a 

Chinese Han Population. Genotype distributions of the 11SNPs in case and control groups did not 
show significant deviations from Hardy–Weinberg equilibrium. There were no significant differences 
in age, gender or education distributions between case and control samples. After the association 
study, here are the results we found (Table 2). Of the 11 SNPs, five showed significant differences 
in allele or/and genotype frequencies between patients and controls. Only significant differences 
in genotype frequency between patients and controls were observed for rs6574651 (genotype: 
χ2=7.3614, p=0.0253) and rs7160907 (genotype: χ2=7.0972, p=0.0288). In contrast, the significant 
differences in both allele and genotype frequencies between patients and controls were found for three 
SNPs, intronic rs9323698 (allele: χ2=9.6960, p=0.0019; genotype: χ2=10.6885, p=0.0048), exonic 
rs3813535 (allele: χ2=7.0767, p=0.0078; genotype: χ2=7.0544, p=0.0295) and exonic rs2241621 
(allele: χ2=12.0045, p=0.0005; genotype: χ2=12.4424, p=0.0020). After the Bonferroni correction, 
these differences in the genotype and allele frequencies remained significant.
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Table 2 Genotype and Allele Frequencies of 11 SNPs
in the STON2 Gene between Schizophrenia Patients and Controls.

Significant p values (<0.05) are in boldface.
a Frequencies are shown in parenthesis.
b P value after the strict Bonferroni correction.
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To further analyze the haplotype structure, we computed pairwise LD of the 11 SNPs of 
STON2 in our sample set using the standardized measure D’. D’ ranged between 0.8 and 1.0, which 
indicated strong LD between each other. The LD block structures are shown in Figure 1. The results 
of the haplotype analyses are summarized in Table 3. Haplotype which is constructed of five SNPs 
(rs6574651- rs7160907- rs1569012- rs12435764-rs2012796) in the strong LD block failed to show 
individual and overall difference in frequency between patients and controls (global: χ2=2.993, 
p=0.3928). A second haplotype defined by four SNPs (rs2146244- rs6574644- rs2081988- rs9323698) 
showed a significant association with schizophrenia regarding the global P value or individual 
haplotypic p values (global: χ2=8.431, p=0.0148; T-A-C-C: χ2=7.755, p=0.0054; T-G-T-T: χ2=5.806, 
p=0.0160). The last haplotype constructed by two SNPs (rs3813535-rs2241621) was also significantly 
different between patients and controls regarding the global P value or individual haplotypic p values 
(global: χ2=12.339, p=0.0021; C-C: χ2=12.143, p=0.0005; T-A: χ2=7.239, p=0.0072). Furthermore, 
these results were still highly associated with schizophrenia, after using the strict Bonferroni 
correction for multilocus haplotypes. 

STON2 gene spans 130Kb, and is composed of 5 exons. Positions of the 11 SNPs selected of STON2 gene are shown with arrows. LDs were 

computed for all possible combinations of the 11 SNPs using D’ values. Blocks were defined by a solid spine of LD.

Figure 1. Genomic structure and linkage disequilibrium (LD) of STON2 gene.
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Table 3. Estimated haplotype frequencies and case-control haplotype results of the STON2 gene.

Significant p values (<0.05) are in boldface.

a Frequencies are shown in parenthesis.

Discussion
In the present study, 11 SNPs of human STON2 gene were investigated to establish their roles 

in susceptibility to schizophrenia in a Chinese Han population. It is interesting that the genotype 
distribution of rs6574651 and rs7160907 showed significant association with schizophrenia, but 
showed no association for allele distribution which may indicate that an interaction might occur 
between two alleles at these two loci in a multiplicative manner (rs6574651: AG vs. AA+GG 
χ2=7.1451, p=0.0075; rs7160907: CT vs. CC+TT χ2=6.8057, p=0.0091). Three SNPs (rs9323698, 
rs3813535 and rs2241621) and two haplotypes (rs2146244- rs6574644- rs2081988- rs9323698 and 
rs3813535-rs2241621) were observed to be significantly associated with the disease. Rs3813535 and 
rs2241621 are located in the exon 4 and exon 5 respectively and in complete linkage disequilibrium 
with each other. Our result revealed an over-transmitted haplotype combination C-C (Pro307-Ala851) 
in schizophrenia cases compared with haplotype combination T-A (Ser307-Ser851). The rs3813535 
(Pro307Ser) polymorphism is adjacent to a NPF motif which mediates the interaction of Stonin2 with 
Eps15 and Intersectin. The rs224162 polymorphism (Ala851Ser) is anchored at the C- terminal of 
Stonin2 and approaches μ-homology domain which may adopt a conformation similar to the C-terminal 
sorting signal binding domain of AP-2 and participate in the function of Stonin2 as a synaptotagmin-
specific adaptor. The excess of C-C (Pro307-Ala851) is likely to exert an important effect on Stonin2 
function and may develop a functional influence for the schizophrenia etiopathogenesis. Rs9323698 
and the haplotype constructed by it and other three SNPs fixed in the intron3 of STON2 lead no change 
of protein structure or function, but could be involved in the alternative splicing of STON2 mRNA or 
in linkage disequilibrium with the nearby disease related variations. Combining the association results 
in our study, it is suggested that STON2 gene might be involved in susceptibility to schizophrenia by 
the hypothetical way that the functional variants might influence the interaction between Stonin2 and 
other proteins and the splicing of mRNA.

The STON2 gene is located at chromosome 14q31. Previous linkage and cytogenetic studies 
reported the 14q region for schizophrenia and bipolar disorders [19]. Individual genes mapped to 
this region can be considered candidates for schizophrenia susceptibility genes. Stonin2 is linked 
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to the endocytic machinery by direct interactions with AP-2 and Eps15 or Intersectin and has been 
identified as a clathrin-associated sorting protein and represents the first endocytic protein specifically 
dedicated to SV recycling by acting as a sorting adaptor for synaptotagmin 1[17]. Expression of 
Stonin2 in fibroblasts is sufficient to rescue clathrin/AP-2-mediated internalization of surface-stranded 
synaptotagmin1 and facilitates synaptotagmin 1 redistribution into SVs in primary neurons [15,22]. 
The clathrin-mediated endocytosis presumably represents the major mechanism for recycling of fully 
fused SVs and is involved in pathophysiologic processes of schizophrenia. The dopaminergic system 
plays an important role in the etiology of schizophrenia, and most antipsychotic drugs exert their 
function by blocking dopamine D2 receptors (D2Rs). D2R-mediated signaling is extensively regulated 
by multiple processes, and clathrin-mediated endocytosis is a major mechanism of D2R signal 
attenuation [23-24]. On the other side, under basal conditions, internalization of NMDARs occurs 
through the clathrin-coated pit pathway, and abnormal internalization would disrupt the dynamic 
regulation of the number and composition of synaptic NMDA and lead to neurological and psychiatric 
disorders. NMDAR hypofunction is implicated in the behavioural manifestations of schizophrenia in 
humans and animal models [25]. Accordingly, Stonin2 probably participates in the regulation of the 
internalization of D2Rs and NMDARs and play a role in underlying schizophrenia.

To our knowledge, this is the first report on the association between STON2 gene variants and 
schizophrenia. Due to the potential limitations of sample size and population stratification, the 
case-control study may lead to false-positive findings. A significant different expression profile 
of the STON2 gene has not been found in the postmortem brain samples between patients with 
schizophrenia and controls in the Stanley Medical Research Institute Online Genomics Database 
(https://www.stanleygenomics.org/). Therefore, association analysis of more markers in STON2 and 
replication of this finding in larger independent samples and family-based association studies in more 
ethnic populations will be required to further strengthen that STON2 gene plays a role in genetic 
susceptibility to schizophrenia. In addition, biological functional studies are needed to investigate the 
impact of the risk function variants of haplotypes on the pathogenesis of schizophrenia.

Conclusion
Our case-control association study demonstrated a significant association between Human 

STON2 gene polymorphisms and schizophrenia and suggests STON2 gene may contribute to the risk 
of schizophrenia. Notably, we identified two functional SNPs rs3813535 (Pro307Ser) and rs2241621 
(Ala851Ser) in STON2 and the high consistency of risk and protective haplotype (C-C: Pro307-
Ala851; T-A: Ser307-Ser851) linked with schizophrenia.
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