Common variants in the chromosome 2p23 region containing the SLC30A3 (ZnT3) gene are associated with schizophrenia in female but not male individuals in a large collection of European samples.
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ABSTRACT
Previously, we found a significant gender-specific association of schizophrenia, in a UK case/control study, with SLC30A3, a candidate that is consistently down-regulated in schizophrenia in two independent cohorts. In view of the potential significance of this finding, we extended this study to a larger cohort using GWAS data from the Psychiatric Genetic Consortium (PGC). Meta-analysis was performed for the only two SLC30A3 SNP variants (rs11126936 and rs11126929) available in most PGC cohorts. A significant association with schizophrenia was found for both variants. When meta-analysis was performed in male and female case-control subsets, an increased and gender-specific effect of allele on risk of disease was found in females for both SNPs with no significant effect in males, which was further associated with a gender-specific effect on gene expression. In conclusion, using a large European-wide sample we were able to replicate the gender-specific association previously found in a UK cohort.


1. Introduction
Schizophrenia is a chronic psychiatric disorder with a lifetime prevalence estimate of ~0.7% (Saha et al., 2005) and a high degree of heritability (~81%), as demonstrated by family and twin studies (Sullivan et al., 2003). The polygenic nature of schizophrenia has made the elucidation of its genetic architecture a challenging task and the relative impact of common and rare variants on risk of disease remains a subject for discussion (Lee et al., 2012;  Purcell et al., 2014). Considerable advances have occurred recently not only in the discovery of genomic regions associated with schizophrenia using GWA of DNA variants in large cohorts of cases and controls (e.g. Schizophrenia Working Group of the Psychiatric Genomics, 2011: 2014) but also in the identification of de novo sequence variants implicated in the risk of disease  (e.g.  Pocklington et al., 2015; Purcell et al., 2014). In the recent landmark GWAS analysis in schizophrenia using 36,989 cases and 113,075 controls (Schizophrenia Working Group of the Psychiatric Genomics, 2014), genome-wide significance was obtained for 128 independent associations present in 108 conservatively defined loci, many of which are involved in glutamate transmission and synaptic plasticity  (for example, GRM3, GRIN2A, SRR, GRIA1) and voltage-gated calcium channel subunits (CACNA1C, CACNB2 and CACNA1I) suggesting convergence at the functional level between gene expression studies and common and rare genetic variation. 
In previous studies, we characterised differential changes in gene expression that occur in brain regions affected in schizophrenia (e.g. frontal and temporal cortex) compared to controls, using whole transcriptome microarray analysis and further substantiated these findings for 49 genes in a second independent cohort (Maycox et al., 2009).  We subsequently showed significant genotypic associations between Single Nucleotide Polymorphisms (SNPs) present in these candidate genes with schizophrenia using a UK case-control cohort (Perez-Becerril et al., 2014).  We established such a link for the candidate gene, SLC30A3, whose expression was consistently down-regulated in schizophrenia in two independent cohorts (Maycox et al., 2009) and significant genotypic association with schizophrenia was subsequently found for SNPs in this gene in a UK cohort, that furthermore showed strong gender selectivity (Perez-Becerril et al., 2014). The SLC30A3 gene, encodes a member of the zinc transporter family (ZnT3), a vesicular protein required for the function of glutamate synapses in cerebral cortex and hippocampus, essential for excitatory transmission, and important in learning, memory and neurodevelopment (e.g.  Martel et al., 2011; Nakashima et al., 2011; Sindreu et al., 2011).  In view of the major role played by SLC30A3 in synaptic pathways known to be affected in schizophrenia, we have carried out a replication study of our previous findings using GWAS data from the Psychiatric Genomics Consortium (PGC), which contains GWAS case-control samples from multiple cohorts of subjects of European ancestry collected in Europe, US and Australia. The total number of cases and controls analysed in the discovery stage was 19,077 controls and 8,008 cases (Schizophrenia Psychiatric Genome-Wide Association Study, 2011) which is available through the NIMH Center for Collaborative Genetic studies (https://www.nimhgenetics.org/available_data/data_biosamples/pgc_public.php) and the Wellcome Trust Case Controls Consortium (http://www.wtccc.org.uk/). We carried out a meta-analysis of all cohorts with data available from two SNPs (rs11126929 and rs11126936) in the SLC30A3 gene region (Figure 1A) and found a significant association with schizophrenia cases, which was greatly enhanced in female cases but not present in males. In addition, we have also further substantiated effects on gene expression at the protein level. 

2. Methods

2.1. Subjects
Genotype data was obtained from unrelated schizophrenia cases and controls of European descent used in stage 1 of a previous schizophrenia genome-wide association study (GWAS) mega analysis carried out by the PGC (Schizophrenia Psychiatric Genome-Wide Association Study, 2011). Data was available for only 14 collections reported by the PGC, which were available through NIMH database (Supplementary Table S1). Demographic data for 14 of the 17 collections of schizophrenia cases and controls used in the Stage 1 PGC GWAS (Schizophrenia Psychiatric Genome-Wide Association Study, 2011). All collections were distributed by the NIMH Center for Collaborative Genetic studies (https://www.nimhgenetics.org/ available_data/data_biosamples/pgc_public.php) except for control samples used for the Cardiff UK dataset (1504 control samples from the 1958 Birth controls Cohort and 1500 samples from the UK Blood Service Control Group) which were obtained from the Wellcome Trust (Wellcome Trust Case Control, 2007) through the Wellcome Trust Case Controls Consortium (http://www.wtccc.org.uk/). The total number of individual samples from the 14 PGC collections was 10,802 controls consisting of 5,261 males (48.7%) and 5,539 females (51.3%) and 8,024 schizophrenia cases made up of 5,458 males and 2,560 (31.9%) females.  

 In addition, East UK samples described previously (Perez-Becerril et al., 2014) were also included in the meta-analysis, together with 382 controls of European descent from the 1000 Genomes database (EUR) yielding a total of 155 cases and 514 controls (http://www.1000genomes.org). The resulting total of samples used for the full meta-analysis was 5775 controls and 8179 cases of schizophrenia.

2.2. Genetic association and meta-analysis
Hardy-Weinberg equilibrium was confirmed for all markers in control samples for each candidate gene (p< 0.05). Only samples with a missing genotype rate of < 0.02 were included in the analysis. Identity-by-descent (IBD) was estimated using PLINK to identify duplicates (pi-hat > 0.9) or closely related individuals (pi-hat > 0.2). After this analysis, 366 samples (356 controls and 10 cases) from the CATIE cohort were identified as being duplicated in the MGS2 cohort. For this reason and given that some of the variants analysed here were not represented in CATIE, this cohort was not used in the meta-analyses. Data management and statistical analysis of SNP associations with disease was carried out using PLINK software (http://pngu.mgh.harvard.edu/~purcell/plink2/index.html). Allelic associations were assessed for each collection using chi2 tests to calculate OR and 95% confidence intervals (CI) for SNPs within the region of each candidate gene for all cohorts and a separate analysis was conducted for males and females. 
Meta-analysis was performed using PLINK and Comprehensive Meta-analysis v2.0 (Biostat, Inc. Englewood, USA) for calculation of pooled ORs and p values.  Heterogeneity of effect across studies was determined by the Cochran’s Q test and the heterogeneity index I2. Values of p< 0.1 are generally considered as indicative of significant heterogeneity. However, given that the power of the Q test is highly dependent on the number of studies, the I2 values were also considered using a scale of 1-100, with values over 50 representing high heterogeneity. For analyses that resulted in significant heterogeneity across studies, a random-effect model was used for meta-analysis instead of the fixed-effect model.  Confidence intervals for OR values and 2 values (for random-effect models) were also taken into account when selecting the most appropriate model. Meta-analysis was also performed for female and male case-control sub-sets in order to identify possible gender-specific associations. Forest plots were generated using the Comprehensive Meta-Analysis v.2 software. 
2.3.  Exon sequencing and functional predictions of non-coding variants. 
All eight exons of SLC30A3 gene encoding the 388 amino acid protein (NM_003459.4; NP_003450.2) together with ~100 bp of flanking intronic regions were amplified by polymerase chain reaction (PCR) in 24 individuals carrying the risk allele for all SLC30A3 SNPs. Prediction of potential functional properties of SNPs in SLC30A3 identified from sequencing was performed using RegulomeDB (http://www.regulomedb.org) (Boyle et al., 2012) and Human Splicing Finder (http://www.umd.be/HSF/) (Desmet et al., 2009). 
2.4. Protein quantification by Western Blot analysis. 
Quantification of protein levels of ZnT3 in prefrontal cortex (Brodmann Area 10, BA10) in tissue samples from 9 control and 14 schizophrenia cases from the ICPS cohort, previously used for mRNA expression quantification (Maycox et al., 2009) was carried out by Western blot analysis using 1ug/ml rabbit polyclonal anti-SLC30A3 primary antibody (ab102611; Abcam Biochemicals, Cambridge, UK) (Supplementary Methodology). The procedure used for mRNA quantification carried out in the original study is described in detail by Maycox et al., (2009). In brief, total RNA was extracted from BA10 tissue samples stored at -80oC, using Trizol reagent, purified using RNeasy columns, tested for RNA quality and used for cDNA synthesis. qPCR was carried out using TaqMan  protocols. Levels of SLC30A3 mRNA were related to three housekeeping genes, cyclophilinA (PPIA), glyceraldehyde phosphate dehydrogenase (G3PDH) and beta-actin (ACTB).
 
3. Results

3.1. SNPs in the SLC30A3 gene and adjacent region are associated with schizophrenia in female but not male cases in PGC datasets.
SNPs present in SLC30A3 and flanking regions extending 50 Mb 5’ and 3’ of the gene were identified in Map files for 14 PGC collections. Genotype data was only available for one of the five SNPs previously reported to be significantly associated with schizophrenia (rs11126936: Perez-Becerril et al., 2014), being present in 11 out of the 14 PGC collections.  This SNP, present in intron 2, was initially tested in the largest collection used in the PGC study (MGS) data-set yielding a significant association with schizophrenia (p= 0.026; OR= 1.106; 95%CI: 1.01-1.21) and consistent with our earlier study, a gender-specific effect association for this SNP was found in females (p=0.006; OR=1.22; 95% CI, 1.06-1.40) but not in males (Supplementary Table 2).  In addition, a further SNP (rs11126929) located within 5 Kb of the 3’ UTR (Figure 1A) was also significantly associated with disease in the MGS2 collection (p= 0.021; OR= 1.11; 95% CI: 1.02-1.21) with a gender-specific effect in female schizophrenia cases (p=0.007; OR= 1.22; 95% CI, 1.06-1.40). Genotype data for this SNP was available from 10 out of 14 PGC collections and typed for the East UK/EUR cohort to include in the meta-analysis (Supplementary Table 2).
Meta-analysis performed using the PGC cohort yielded a significant association with schizophrenia for both SLC30A3 SNPs (rs11126936 and rs11126929). In both cases, this effect was further increased when combined with the East UK/EUR cohort. Meta-analysis performed in male and female case-control subsets was consistent with previous findings, showing an increased significant effect of allele for risk of disease for both SNPs in females, which was particularly marked for rs11126936 (Table 1; Figure 1B). Meta-analysis of male controls and cases yielded no significant association with disease for either of the two polymorphisms (Supplementary Figure S1).  Notably, the direction and difference in effect sizes across meta-analyses (combined, female and male) is consistent for most data-sets and particularly evident for the two larger cohorts (MGS2 and Cardiff UK) and the East UK/EUR cohort (Figure 1B; Supplementary Table S2).
3.2. Rare variants identified by exon sequencing in risk haplotype carriers of SNPs associated with schizophrenia.
Analysis of linkage disequilibrium (LD) for the five SLC30A3 SNPs (rs6547521, rs11126936, rs2083363, rs11126931 and rs11126929) associated with schizophrenia revealed high LD levels across the region in controls and cases of the East UK/EUR cohort with the five intronic variants predicted by Haploview to be part of a single haplotype block. This prompted us to test whether individuals carrying both copies of the risk haplotype for all five SNPs (2-2-2-2-2) may also be carriers of rare variants capable of directly affecting protein function. We therefore sequenced all exons of SLC30A3 in all controls and cases of the East UK cohort carrying the 5-SNP risk diplotype, using 11 controls (4 female,  7 male) and 13 cases (8 female,  5 male). Seven known variants in SLC30A3 were identified, none resulting in coding changes (Supplementary Table S3). In addition an in/del variant was identified in all sequenced samples in a region where at least six known variants of this type have been documented
3.3.  rs11126936 SNP is predicted to be a cis regulatory element (CRE) of the ATRAID gene.
Variants in SLC30A3, both from the association study and those identified from exon sequencing, were analysed using RegulomeDB. Rs11126936 had the highest RegulomeDB score and is predicted to be likely to affect binding and be linked to expression of the gene C2orf28 (ATRAID), located in chromosome 2 in the 23.2 region ~17 Kb upstream SLC30A3. In addition, the region containing rs11126929 was predicted to bind polymerase (RNA) II (DNA directed) polypeptide A, 220 kDa (POLR2A). Intronic variants (rs11126936 and SNPs identified from exon sequencing) were also analysed using the Human Splicing Finder v 2.4.1 (http://www.umd.be/HSF/). Two of the seven SNPs (rs184083753 and rs72858465 in 5‘ UTR) were not implemented in the HSF sequence and were not analysed. All remaining SNPs were predicted to have a potential effect on either splicing enhancer elements or splicing silencing elements. Interestingly, analysis of rs11126936 predicted the creation of an hnRNP A1 protein binding site, important for exon excision (Zhu et al., 2001).
3.4. Gender-specific differences in gene expression in schizophrenia.
In order to investigate whether the observed gender-specific association of SLC30A3 with schizophrenia was reflected by differences in SLC30A3 expression in prefrontal cortex (BA10), we used qPCR data available for controls (24) and cases (27) of the Imperial College Prospective Post-mortem study (ICPS) (Maycox et al., 2009). Two-way ANOVA revealed a significant interaction of gender and disease status with SLC30A3 expression (p=0.0268). Post-hoc comparisons subjected to Bonferroni correction confirmed a significant difference in mRNA levels between female controls and cases (p< 0.01), while no difference was observed between male controls and cases (Figure 1C). We conducted further analysis of ZnT3 protein levels in 9 controls and 14 cases available from this cohort and found a significant decrease in protein abundance in cases compared to controls (p=0.0302) (Figure 1D) in keeping with mRNA changes. However, low sample number did not allow an effect of gender to be detected. 
4. Discussion
The SLC30A3 gene plays an important role in the Zn+2-dependent modulation of synaptic activity, particularly at excitatory synapses in the cerebral cortex and hippocampus and hence is highly relevant as a putative schizophrenia susceptibility gene. Age-related down-regulation of SLC30A3 has been reported in mice and in knock-out models, behavioural and cognitive deficits are seen accompanied by changes in synaptic proteins (Adlard et al., 2010; Nakashima et al., 2011).
The results of the study provide support for the potential role of DNA variation in SLC30A3 in schizophrenia susceptibility and the gender specific nature of this effect. Meta-analysis of the PGC cohorts confirms that there is an increased risk of schizophrenia for female patients carrying the rare allele for SNPs located in the SLC0A3 gene (rs11126936 and rs11126929). Particularly encouraging is the fact that the direction and magnitude of association is consistent across the majority of cohorts especially in the largest cohort, MGS. The meta-analysis approach allows us to increase sample size in a manner equivalent to pooling the genotype data but with the advantage of taking into account the quality control performed for each study separately (Lin and Zeng, 2010). In addition, the use of the inverse variance method to assign weight to each study under the fixed effect model improves the calculation of the combined effect (Borenstein et al., 2010; Evangelou and Ioannidis, 2013). 
Sex-related differences in incidence, susceptibility, disease progression and brain morphology in schizophrenia have been well documented (e.g. Goldstein et al.,2002; van der Werf et al., 2014).  Several studies have reported gender-specific genetic associations with schizophrenia, most notably of genes involved in dopaminergic function, including COMT (e.g. Soeiro-De-Souza et al., 2013).  However, the extent to which genetic factors play a role in the gender differences observed in schizophrenia remains a subject of investigation. Indeed, in a large GWA study, Lee et al (2012) found no differences between males and females in the extent of genetic variance in common SNPs and risk of schizophrenia. Clearly other factors such as endocrine and epigenetic mechanisms are likely to contribute to the pathophysiology that underlies gender-specific mechanisms in schizophrenia (e.g. Chase et al., 2015). 
In summary, considerable evidence has accumulated to demonstrate major gender-specific differences in GWAS and gene expression studies (e.g. Magi et al., 2010;  Richards et al., 2012) including the gender-specific association seen in the current study which may have substantial impact in future on our understanding of schizophrenia and designing selective treatments that may be most relevant to the different phenotypes characteristically seen in male and female patients.
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 Legends to Figures
Figure 1 
a. Schematic representation of the SLC30A3 gene (NM003459.4) and five SNPs located in the chromosome 2p 23.3 region. SNPs included in this meta-analysis are shown in red. Gender-specific association with schizophrenia was previously reported for rs6547521, rs11126936, rs2083363 and rs11126931 (Perez-Becerril et al., 2014). Only one of these SNPs (rs11126936) was represented in the microarray platforms used for genotyping of PGC samples.
b. Forest plots corresponding to meta-analysis of PGC and EUK/EUR data sets. Plots are shown for rs11126936 and rs11126929 for the complete cohorts (upper panel) and female samples only (lower panel).  Meta-analysis of male controls and cases was not significant for either of the two polymorphisms (Supplementary Figure S1).  
c. Gender by disease status interaction effect on SLC30A3 mRNA levels in BA10 of controls and cases of ICPS cohort. Two-way analysis of variance (ANOVA) revealed a significant interaction of disease status and gender affecting mRNA levels of SLC30A3. 
d. Quantification of ZnT3 protein in a subset of samples. Further western blot analysis of tissue samples from BA10 of controls (n=9) and schizophrenia cases (n=13) from the Imperial College Prospective Study (ICPS) cohort indicated a significant decrease (p<0.05) in ZnT3 protein levels in schizophrenia. Protein levels were calculated by densitometry and normalised to GAPDH levels. A Welch unpaired t test was performed to compare values between controls and cases. Values are shown as means ± SEM. SKNSH cells were also used for transfection with a construct expressing ZnT3 as quality controls for the specificity of the antibody. Shown in the figure are untransfected cells (UT) cells harvested 24 hours after transfections (24H) and 48 hours after transfection (48H). 
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	0.1298
	0.748
	0.0

	rs11126929
	2
	27249159
	SLC30A3
	10
	1.09
	1.03
-
1.16
	0.0031
	0.0843
	41.0
	1.16
	1.05
-
1.27
	0.0022
	0.0647
	44.1
	1.05
	0.94
-
1.14
	0.1947
	0.5584
	0.0

	rs11126929‡
	2
	27249159
	SLC30A3
	9
	1.08
	1.01
-
1.14
	0.0147
	0.3095
	14.9
	1.13
	1.03
-
1.24
	0.0110
	0.1687
	31.2
	1.04
	0.97
-
1.13
	0.2722
	0.5631
	0.0

	rs4765905
	12
	2240418
	 CACNA1C
	12
	1.10
	1.05
-
1.16
	7.60x10-5
	0.7960
	0.0
	1.13
	1.05
-
1.22
	0.0020
	0.4160
	2.9
	1.08
	1.01
-
1.15
	0.0194
	0.872
	0.0

	rs4765905‡
	12
	2240418
	 CACNA1C
	11
	1.10
	1.05
-
1.16
	1.21x10-4
	0.7310
	0.0
	1.12
	1.04
-
1.22
	0.0033
	0.3540
	9.5
	1.08
	1.01
-
1.15
	0.0188
	0.819
	0.0


Table 1. Results of meta-analysis performed for two SNPs located in an 18 Kb region of chromosome 2 containing the SLC30A3 gene. 
Odds Ratio (OR) and p values are shown for meta-analysis performed using a fixed-effect model. I2 and Q values resulting from Cochran’s test for heterogeneity of effect are also displayed. ‡ Analysis performed without EUK/EUR cohort

