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Functional gene group analysis identifies synaptic gene groups as risk factor for schizophrenia
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Schizophrenia is a highly heritable disorder with a polygenic pattern of inheritance and a population prevalence around 1 percent. Previous studies have implicated synaptic dysfunction in schizophrenia. We tested the accumulated association of genetic variants in expert curated synaptic gene groups with schizophrenia in 4,673 cases and 4,965 healthy controls, using functional gene group analysis. Identifying groups of genes with similar cellular function rather than genes in isolation may have clinical implications for finding additional drug targets. We found that a group of 1026 synaptic genes was significantly associated with the risk of schizophrenia (P < 7.6x10 -11 ) and more strongly associated than 100 randomly drawn, matched control groups of genetic variants (P < .01). Subsequent analysis of synaptic sub-groups suggested that the strongest association signals are derived from three synaptic gene groups: intracellular signal transduction (P = 2.0x10 -4 ), excitability (P = 9.0x10 -4 ) and cell adhesion and trans-synaptic signaling (P = 2.4x10 -3 ). These results are consistent with a role of synaptic dysfunction in schizophrenia and imply that impaired intracellular signal transduction in synapses, synaptic excitability and cell adhesion and transsynaptic signaling play a role in the pathology of schizophrenia.

Introduction

Schizophrenia is a chronic and debilitating brain disorder that affects about 1 percent of the population [START_REF] Andreasen | Symptoms, signs, and diagnosis of schizophrenia[END_REF] . It is characterized by delusional beliefs, hallucinations, disordered speech and deficits in emotional and social behavior e.g.2 , and is highly familial with heritability estimates of 81% [START_REF] Sullivan | Schizophrenia as a complex trait: evidence from a meta-analysis of twin studies[END_REF] .

GWA studies have explained only a small amount of genetic variance in schizophrenia and are limited in power due to the many tests performed and do not necessarily lead to knowledge about molecular mechanisms of a clinical trait. In addition, the strongest associated variants -when part of a pathway -might not be the best drug target for therapeutic intervention and identifying variants in the same cellular pathway or functionally related gene group may help in finding additional drug targets. Recent genome-wide association studies for schizophrenia have implicated the major histocompatibility complex on 6p21.2-22.1, neurogranin (NRGN), and transcription factor 4 (TCF4) [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF][START_REF] Shi | Common variants on chromosome 6p22.1 are associated with schizophrenia[END_REF][START_REF] Stefansson | Common variants conferring risk of schizophrenia[END_REF] . In addition, they have provided molecular genetic evidence for a substantial polygenic component, implicating a large number of SNPs of very small effect in the etiology of schizophrenia [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF] . Some of these exceed genome-wide significance, but the currently available sample sizes are insufficient to detect these effects [START_REF] Kim | Schizophrenia genetics: where next?[END_REF] . Therefore, SNPs in the 5x10 -8 -1x10 -6 band are a mix of SNPs, some of true effect and some that are false positives. Exactly what the mix of true/false positives is, is currently unknown. Gene set or pathway analysis involves testing for the combined effect of multiple SNPs, which individually may have a very small effect that does not reach significance. By using a competitive testing scheme, associations of gene sets with a disease are corrected for false positives.

It seems likely that the substantial polygenic component involves SNPs that are not distributed randomly across the genome but are distributed across genes that share a common biological function or pathway [START_REF] Torkamani | Pathway analysis of seven common diseases assessed by genome-wide association[END_REF][START_REF] Holmans | Gene ontology analysis of GWA study data sets provides insights into the biology of bipolar disorder[END_REF][START_REF] Jia | Common variants conferring risk of schizophrenia: a pathway analysis of GWAS data[END_REF][START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . Recent pathway analyses provided evidence for the importance of the cell adhesion molecule (CAM) pathway in schizophrenia [START_REF] O'dushlaine | Molecular pathways involved in neuronal cell adhesion and membrane scaffolding contribute to schizophrenia and bipolar disorder susceptibility[END_REF] , as well as the glutamate metabolism, TGF-beta signaling and TNFR1 pathways [START_REF] Jia | Common variants conferring risk of schizophrenia: a pathway analysis of GWAS data[END_REF] .

Pathway analysis is predicated upon accurate pathway definitions and validated assignment of genes to pathways. However, many of the available databases used for pathway definitions are not optimally annotated and the same pathways can be differentially defined across databases.

Classically defined pathways are usually not independent, as the same genes, especially the endpoints, are often active in different pathways. Consequently, genetic variation that affects the expression or function of genes in different pathways may have similar consequences, have similar impact on pathogenesis and show similar disease association. Genes may also be grouped according to shared cellular function e.g.11 . Such 'functional gene grouping' goes across the traditionally defined biological pathways as it groups genes based on similar cellular function, and not based on a cascade of induced events, as in biological pathways. We recently proposed such a functional gene grouping approach to test for the combined effect of genetic variants in genes with shared cellular function in the synapse using a manually curated database of gene function based on both experimentation and data-mining [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . Using this approach it was found that one relay element involved in many pathways (G-proteins) was associated with cognitive traits, a strong association, which had remained unnoticed by traditional single-marker analysis [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] .

Numerous statistical methods are available to evaluate the enrichment of selected pathways or functional gene groups for selected traits, including e.g. the Gene Set Enrichment Analysis (GSEA) [START_REF] Subramanian | GSEA-P: a desktop application for Gene Set Enrichment Analysis[END_REF][START_REF] Wang | Pathway-Based Approaches for Analysis of Genomewide Association Studies[END_REF] , testing for overrepresentation of categories of genes [START_REF] Holmans | Gene ontology analysis of GWA study data sets provides insights into the biology of bipolar disorder[END_REF] , the SNP ratio test [START_REF] O'dushlaine | Molecular pathways involved in neuronal cell adhesion and membrane scaffolding contribute to schizophrenia and bipolar disorder susceptibility[END_REF] , hypergeometric tests e.g.10 , or the Σ-log(P) method combined with permutation [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . Most of these methods correct for linkage disequilibrium (LD) between SNPs, the number of SNPs per gene, gene size and multiple testing of independent pathways. Permutation is generally used to determine how likely a given result is if the null hypothesis of no association is true. However, the more genes are present in the defined gene-group the more likely it becomes to observe smaller P-values. In addition, generally these methods do not test how unique a certain result is given the polygenic nature of many studied traits. The latter involves testing whether a given pathway is significantly associated with a trait because it a) includes a lot of genes and the trait is polygenic in nature, or b) because of the biological function of the pathway. This can be resolved by testing for association of matched-control gene-groups in comparison with the targeted gene groups or pathways.

The purpose of the current study is to apply a functional gene group approach to detect wellannotated functional gene groups that are important to the risk of schizophrenia. The synaptic hypothesis of schizophreni [START_REF] Owen | Schizophrenia: a genetic disorder of the synapse?[END_REF][START_REF] Harrison | Schizophrenia genes, gene expression, and neuropathology: on the matter of their convergence[END_REF][START_REF] Hayashi-Takagi | Disturbed synaptic connectivity in schizophrenia: convergence of genetic risk factors during neurodevelopment[END_REF][START_REF] Johnson | SNARE proteins and schizophrenia: linking synaptic and neurodevelopmental hypotheses[END_REF] is one of the leading hypotheses in the field of schizophrenia.

Recent genetic findings underscore the importance of synaptic dysfunction in schizophrenia [START_REF] Stefansson | Common variants conferring risk of schizophrenia[END_REF][START_REF] O'dushlaine | Molecular pathways involved in neuronal cell adhesion and membrane scaffolding contribute to schizophrenia and bipolar disorder susceptibility[END_REF] .

Therefore, we formally tested whether the group of genes involved in pre-and postsynaptic functioning is related to schizophrenia, and whether this group is more strongly related than randomly drawn matched sets of genes, using a "competitive" control method [START_REF] Wang | Analysing biological pathways in genome-wide association studies[END_REF] . Apart from testing all synaptic genes for an association with the risk of schizophrenia, we also tested 17 subgroups of synaptic functioning, defined based on data-mining and experimentation [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . We used the data genotyped within the International Schizophrenia Consortium (ISC) case-control sample [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF] and the Genetic Association Information Network (GAIN) schizophrenia dataset.

Materials and Methods

Participants and genotyping

The ISC case-control sample includes 3,322 cases and 3,587 controls (European ancestry), derived from seven different collection sites and is described in detail elsewhere [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF] . Subjects were genotyped on Affymetrix 5.0 or 6.0 SNP arrays, and 300,523 SNPs passed quality control for the ISC_affy5 sample (3353 subjects) and 717,126 SNPs for the ISC_affy6 sample (3556 subjects).

The GAIN schizophrenia case-control sample has been described elsewhere [START_REF] Shi | Common variants on chromosome 6p22.1 are associated with schizophrenia[END_REF][START_REF] Suarez | Genomewide linkage scan of 409 European-ancestry and African American families with schizophrenia: suggestive evidence of linkage at 8p23.3-p21.2 and 11p13.1-q14.1 in the combined sample[END_REF] and has been downloaded from dbGAP (phs000021.v2.p1). Briefly, this sample included 1351 cases and 1378 controls of European ancestry. All individuals were genotyped on the Affymetrix 6.0 array, and 727,872 SNPs were available for analysis. The Quality Control (QC) procedures followed those described in Shi et al [START_REF] Shi | Common variants on chromosome 6p22.1 are associated with schizophrenia[END_REF] . The GAIN and two ISC (affy5 and affy6) are independent and nonoverlapping, and together contain 9638 individuals (4673 cases/4965 controls) of European ancestry.

Defining functional gene groups

Synaptic functional gene group definition was based on cellular function as determined by previous protein identification and data mining for synaptic genes and gene function [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . Genes were considered 'synaptic' based on proteomic analysis of synaptic preparations [START_REF] Li | Organelle proteomics of rat synaptic proteins: correlation-profiling by isotope-coded affinity tagging in conjunction with liquid chromatography-tandem mass spectrometry to reveal postsynaptic density specific proteins[END_REF] . In case of presynaptic genes, an additional expert curation was performed because only few analyses of highly purified preparations are currently available for the presynaptic proteome, except synaptic vesicles [START_REF] Takamori | Molecular anatomy of a trafficking organelle[END_REF] . Hence, presynaptic genes not covered by [START_REF] Takamori | Molecular anatomy of a trafficking organelle[END_REF] were manually curated using published functional data and a cumulative scoring paradigm with the following set of weighted criteria: null mutation produces a synaptic phenotype; activation of the gene product (e.g. receptor) or blockade thereof directly modulates synaptic function; immuno-electronmicroscopy detects gene product in the synapse.

More than 500 PubMed entries were manually screened. Although this approach introduces a bias towards well-studied genes, this is inherent to creating functional gene groups, as functional grouping is by definition limited to those genes for which functional data is available. Synaptic genes were subdivided into seventeen functional groups based on shared cellular function (a full listing of genes assigned to functional groups is provided in the supplementary material Table S4).

SNP assignment

All SNPs that survived QC in the ISC and GAIN samples were mapped to genes on the basis of NCBI human assembly build 36.3 and dbSNP release 129 (following [START_REF] Holmans | Gene ontology analysis of GWA study data sets provides insights into the biology of bipolar disorder[END_REF] ). For the definition of the gene boundaries we downloaded the 'seq_gene.md' file from NCBI's ftp website. From this list of records we deleted genes coded as pseudo in the column 'feature_type'. Subsequently, we selected the records with gene as 'feature_type' and reference as 'group_label'. For these records, we assigned SNPs to genes when annotated between 'chr_start' (transcription start site, TSS) and 'chr_stop' (transcription stop site, TES).

Association analysis

SNP association analyses were carried out using additive models of allele counts. For the ISC dataset, a correction for clustering within stratum (collection site) was performed [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF] . Cochran-Mantel-Haenszel (CMH) tests implemented in PLINK were used for the association analyses. All analyses were carried out separately for the ISC_affy5, ISC_affy6 and the GAIN datasets. Empirical Pvalues from the three datasets were combined by Stouffer's weighted Z-transform method [START_REF] Whitlock | Combining probability from independent tests: the weighted Z-method is superior to Fisher's approach[END_REF] to obtain an overall P-value.

Evaluating the combined effect of all SNPs in a functional gene group: the Σ-log(P) method

We summed the logarithm of the reciprocal of the P-values (denoted as Σ-log(P) method [START_REF] Fisher | Statistical methods for research workers[END_REF][START_REF] Zaykin | Truncated product method for combining P-values[END_REF] as previously applied to gene group analysis [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] to determine the significance of the combined effect of SNPs annotated to genes in a functional group. The Σ-log(P) method combines P-values from association analyses within a group of genetic variants, then calculates the -log 10 of each P-value, and sums over all P-values in a group to obtain the Σ-log(P) test statistic. To allow unbiased interpretation of the Σ-log(P) test statistic, 10,000 permutations were conducted which are implicitly conditional on LD, sample size, gene size, the number of SNPs per gene and the number of genes per group, by permuting affection status over genotypes. With this permutation procedure, only the relation between any genetic variant and affection status was disconnected, whereas LD structure was kept intact. In addition, each group of genetic variants included the same (numbers of) SNPs and genes and had the same sample size as the original dataset. For each permutation, we obtained the Σ-log(P) for each functional group and then compared the observed Σ-log(P) of a group to the empirical P-value distribution by calculating the proportion of Σ-log(P) in the permuted datasets that was higher than the observed Σ-log(P).

Controlling for known polygenic effect on schizophrenia

The permutation approach described above provides information on how likely a given value of the combined effect of all SNPs in a group of genes is under the null hypothesis of no association of any SNP included in the functional group with the risk of schizophrenia (i.e. self-contained testing) [START_REF] Wang | Analysing biological pathways in genome-wide association studies[END_REF] . We additionally applied matched-control methods (i.e. competitive testing) which allow to test whether randomly drawn groups of SNPs/genes would provide an equally or more significant (combined) empirical P-value as compared to the combined P-value from the group of synaptic genes. We created control gene-groups matched for the number of genes (method 1) and groups that were matched for the effective number of SNPs, which could be drawn from all genic and nongenic SNPs (method 2), from genic SNPs only (method 3), from non-genic SNPs only (method 4) or from genic SNPs in brain-expressed genes only (method 5). The effective number of SNPs denotes the number of independent SNPs that is consistent with the empirical mean and variance of the distribution of the test statistic under the null hypothesis of no association [START_REF] Nyholt | A simple correction for multiple testing for single-nucleotide polymorphisms in linkage disequilibrium with each other[END_REF] (see supplementary material, section 2). Matching for the number of genes as well as for the effective number of SNPs in a functional gene group would be ideal but is highly limited as there will only be a few (< 5) sets of gene groups that can be created when the original group of genes is large (1026 in our case). We thus created matched control groups following the five methods described above, each testing slightly different null hypotheses (see Table 1).

---insert Table 1 ---For each of the five competitive test designs, 100 matched control groups were drawn. For each draw we carried out an association analysis of all SNPs in the matched control group in each of the three datasets, calculated the Σ-log(P) and then conducted 10,000 permutations of the dataset to determine the empirical P-value of each of the 100 matched control groups of genes in each dataset, similar to the actual analysis with the group of synaptic genes. These empirical P-values were combined across the three datasets using Stouffer's weighted Z-transform method [START_REF] Whitlock | Combining probability from independent tests: the weighted Z-method is superior to Fisher's approach[END_REF] . For the five control designs, we thus obtained five sets of 100 combined empirical P-values. We then calculated how often the true combined empirical P-value (from the synaptic gene group) was higher than the combined empirical P-value from the matched control groups and divided that by the number of draws. Since there were 100 draws, the lowest empirical P-value of the combined empirical P-value that could be obtained was <.01, when none of the combined empirical P-values from the random draws was equal or more significant than the combined empirical P-value from the synaptic gene group (see Figure 1 for a graphical overview of the steps in data analysis).

---insert Figure 1 ---

Enrichment tests of previously implicated genes

To test whether synaptic functional groups contained previously implicated genes more often than by chance we retrieved all SNPs with P ≤ 1.0-5 from all significant loci reported in GWA studies for schizophrenia that were published before 14th of February 2011, using the GWAS catalogue [START_REF] Hindorff | Potential etiologic and functional implications of genome-wide association loci for human diseases and traits[END_REF] and mapped these loci to protein coding genes (NCBI build v36.3). In addition we added genes implicated from genome-wide CNV studies. Fisher exact tests were used to determine the presence of enrichment.

Results

Are synaptic genes significantly associated with the risk of schizophrenia?

No individual SNP reached the threshold for genome-wide significance in any of the three datasets using a genome wide association analysis for each dataset separately (see supplementary material, Figure S1). Functional gene group analysis of all 1026 synaptic genes jointly resulted in a significant association of the total group of pre-and postsynaptic genes to the risk of schizophrenia.

This was true in all three samples separately and highly significant when combined across samples, with a combined P-value of 7.6x10 -11 . For each sample, the Σ-log(P) obtained from the original analysis with all synaptic genes was in the higher end of the empirical distribution and highly significant with only one of 10,000 permutations exceeding the observed Σ-log(P) for the ISC_affy5, ISC_affy6, and GAIN datasets (see Figure 2).

---insert Figure 2 ---Are synaptic genes more significantly associated with the risk of schizophrenia than randomly drawn groups of genes/genetic variants?

Results from the five control methods show that SNPs in synaptic genes are more strongly associated with the risk of schizophrenia than any other set of randomly drawn genes. For none of the control methods we found a combined empirical P-value that was more significant than the combined empirical P-value from the synaptic genes (see Figure 3). The 'empirical P-value of the combined empirical P-value' was <0.01 in all methods (see supplementary material, Tables S1 andS2), suggesting that the group of synaptic genes is generally more strongly associated with schizophrenia than other groups of genes that either include the same number of genes, the same effective number of nongenic or genic SNPs, nongenic SNPs only, genic SNPs only, or the same effective number of SNPs drawn from brain expressed genes only.

Which synaptic subgroups are most strongly related to the risk of schizophrenia?

We tested seventeen synaptic subgroups and one group of synaptic genes that did not share a known function for association with schizophrenia. We found that three synaptic subgroups were significantly associated with increased risk of schizophrenia under the null hypothesis that none of the SNPs in these groups were associated with schizophrenia: intracellular signal transduction group (P=0.0002), genes related to excitability (P=0.0009) and genes involved in CAT signaling (P=0.0024) (see Table 2). The matched control methods for these subgroups resulted in P-values between .02 and .04 for the intracellular signal transduction group, P-values between <.01 and .03 for the excitability group and between .03 and .06 for the CAT signaling group (see Figure 3).

---insert Table 2 ------insert Figure 3 ---The signal of the most significant functional group (intracellular signal transduction) was mainly derived from the two ISC samples, whereas the GAIN sample contributed less to the overall evidence of significance of these groups but contributed mostly to association with the CAT signaling group. For the group of excitability genes however, all three samples independently showed nominally significant or suggestive evidence. Quantile-quantile (Q-Q) plots (supplementary Figures S3a-c) of the significant functional groups in the three samples show that for each functional group a multitude of SNPs in multiple genes, each of small effect, contribute to the overall significance, suggesting that the association cannot be explained by only a few genes in the group but rather by the joint effect of many genes in the functional group.

Synaptic subgroups include genes associated previously with schizophrenia

We tested whether the synaptic functional groups included genes for schizophrenia previously implicated from GWAS or CNV studies. The intracellular signal transduction group includes NRGN which was one of the most significant genes identified in the SGENE+ based GWAS [START_REF] Stefansson | Common variants conferring risk of schizophrenia[END_REF] , but was not below the genome-wide threshold in the ISC or MGS GWAS [START_REF] Shi | Common variants on chromosome 6p22.1 are associated with schizophrenia[END_REF] . The excitability group contains CACNA1C, which was one the two most significant genes identified in a recent GWAS for bipolar disorder [START_REF] Ferreira | Collaborative genome-wide association analysis supports a role for ANK3 and CACNA1C in bipolar disorder[END_REF] , and was recently also associated with schizophrenia [START_REF] Green | The bipolar disorder risk allele at CACNA1C also confers risk of recurrent major depression and of schizophrenia[END_REF] . From the group of genes involved in CAT signaling, four genes were implicated previously in schizophrenia. Enrichment analysis of previously implicated genes in schizophrenia from GWAS and CNV studies indicated significant, though moderate enrichment of previously associated genes in the total group of in synaptic genes (P=0.02) using a Fisher exact test. This enrichment was mainly due to enrichment in the CAT signaling group (P=0.0002). However, three out of the four genes in CAT signaling group that were implicated previously were very large genes. As significant results from GWAS studies may be biased towards large genes, the enrichment test for the CAT signaling group needs to be interpreted with caution (see supplementary materials, section 5).

Discussion

Our over-arching goal was to test whether genetic variation associated with schizophrenia risk accumulates in functional gene groups operating in the synapse. We showed that the total group of genes encoding proteins in the synapse was highly associated with the risk of developing schizophrenia with a combined P-value of < 7.6x10 -11 . In addition, the group of synaptic genes was more strongly associated with schizophrenia than any of the matched-control groups of genes (P < .01). The functional gene group approach is a novel approach in which genes are grouped according to cellular function, and which goes across traditionally defined biological pathways, also referred to as horizontal versus vertical grouping [START_REF] Ruano | Functional gene group analysis reveals a role of synaptic heterotrimeric G proteins in cognitive ability[END_REF] . We used a manually curated database of functional gene groups, which tends to include more updated annotation information of gene function -especially for genes expressed in brain -than some of the online available databases. We do note, however, that gene function annotation is an ongoing endeavor and that annotation of functional gene groups is therefore continuously improved.

Apart from testing all genetic variants in synaptic genes as a group, we tested subgroups of synaptic functioning and found that three subgroups of synaptic functioning mainly drive the association of the synaptic gene group with schizophrenia; Intracellular Signal Transduction (P=0.0002), Excitability (P=0.0009) and CAT signaling (P=0.0024). In general these associations were stronger than associations with matched-control groups of genes, except for CAT signaling"(method 5, P =.06), indicating that at least some groups of similar size as the CAT signaling group and existing of SNPs in brain-expressed genes are more significantly associated with schizophrenia than the CAT signaling group. We do note however that the CAT signaling group overlaps with the CAM pathway from the KEGG database which was previously associated with schizophrenia in the ISC [START_REF] O'dushlaine | Molecular pathways involved in neuronal cell adhesion and membrane scaffolding contribute to schizophrenia and bipolar disorder susceptibility[END_REF] .

The group of Intracellular Signal Transduction was most strongly associated with the risk of schizophrenia and includes the NRGN gene, which was one of the most significant loci identified in the (independent) SGENE+ GWAS [START_REF] Stefansson | Common variants conferring risk of schizophrenia[END_REF] , but -as a single marker effect -not below the threshold of significance in the individual samples on which the current analysis was based. In the samples included in our study, each individual SNP in the Intracellular Signal Transduction group contributed very little to the risk of schizophrenia. However, combining their contributions resulted in a significant association.

Intracellular signal transduction in neurons and synapses is characterized by a high degree of crosstalk. A great variety of initial steps, such as activation of many different cell membrane receptors, leads to changes in a rather limited number of enzymes that generate second messengers (adenylyl cyclase, phospholipases) and a limited number of second messengers inside the cell 13 (calcium, cyclic adenosine-monophosphate, cyclic guanosine monophosphate, inositol 1,4,5triphosphate; reviewed in [START_REF] De Jong | Presynaptic signal transduction pathways that modulate synaptic transmission[END_REF] ). Hence, it is plausible that genetic variation in the genes encoding these factors has similar biological consequences and additive contributions to pathogenesis.

The second most significant functional group (Excitability) regulates steady-state and action potential-induced ionic currents and membrane potential. Many different channels can contribute but they all allow a limited number of types of biologically relevant ions to pass. Hence, as for the group of intracellular signal transduction genes, it is plausible that genetic variation in the genes encoding these channels have similar biological consequences in cellular excitability, and thus additive contributions to pathogenesis.

For complex traits with evidence for large numbers of variants of small effect size contributing to disease risk -such as schizophrenia [START_REF] Purcell | Common polygenic variation contributes to risk of schizophrenia and bipolar disorder[END_REF][START_REF]The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium. Genome-Wide Association Study Identifies Five Novel Schizophrenia Loci[END_REF] , multiple sclerosis [START_REF] Bush | Evidence for polygenic susceptibility to multiple sclerosis--the shape of things to come[END_REF] , and type 1 diabetes mellitus [START_REF] Wei | From disease association to risk assessment: an optimistic view from genome-wide association studies on type 1 diabetes[END_REF] -it is of crucial importance to test whether a reported association with a group of genes is merely due to the polygenic nature of the disease or to the biological function of that group of genes. Any large group of genes is likely to emerge from pathway or functional gene group analysis merely because of background polygenic effects to the risk of disease. Reporting a significant association with the group of synaptic genes may therefore seem rather trivial, as it merely confirms synaptic genes are included in the multitude of genes related to schizophrenia. A more interesting question is thus whether the group of synaptic genes is more strongly related to schizophrenia than other, randomly drawn groups of genes. To test this we designed five methods in which we created matched-control groups of genetic variants. As the genetic variants were drawn from different pools, every control method tested slightly different null hypotheses, providing insight into how important an observed association with a group of genes is under a polygenic model of inheritance. We propose that such competitive tests for pathways or functional groups need to be included in any future pathway or functional gene group analysis.

In this study we investigated whether the accumulated effects of genetic variants in multiple genes may cause dysfunction of a biological system (e.g. intracellular signal transduction), while a single genetic variant is not sufficient to cause disease. The functional gene groups we defined are characterized by redundancy, which is most likely accomplished by previous gene duplication. Over time, genetic mutations may arise causing different or less optimal protein function, which may thrive in a gene pool, thus leading to diversity or genetic heterogeneity. To some extent genes in the same functional group may functionally replace each other when others function suboptimal. Such redundancy and heterogeneity provide for fail-safe mechanisms, which render functional gene groups -like most other biological systems -robust. Robustness is a property that allows a system to maintain its functions against internal and external perturbations [START_REF] Kitano | Biological robustness[END_REF][START_REF] Stelling | Robustness of cellular functions[END_REF] .

Typically, in different individuals a different set of mutations may be responsible for dysfunction. As a consequence, individuals with the same disease may have completely different genetic backgrounds, which is consistent both with a polygenic model of disease and with a threshold model of disease but seriously hampers single-marker GWAS analysis, as it decreases the effect sizes of single SNPs/genes. When focusing on a functional gene group, it becomes less relevant which particular genes carry a mutation, while the number of genes carrying a mutation before the system starts to dysfunction is much more important. Robustness, inherent to for instance synaptic protein networks, and their underlying genes, may thus provide biologically meaningful ways to interpret the notion that 'thousands of genes underlie complex traits' and may provide important insights in the biological systems important in disease etiology (see supplementary material Figure S7).

Our current results suggest that multiple genes involved in synaptic functioning are important for schizophrenia, provide support for the synaptic hypothesis of schizophrenia [START_REF] Owen | Schizophrenia: a genetic disorder of the synapse?[END_REF][START_REF] Harrison | Schizophrenia genes, gene expression, and neuropathology: on the matter of their convergence[END_REF][START_REF] Hayashi-Takagi | Disturbed synaptic connectivity in schizophrenia: convergence of genetic risk factors during neurodevelopment[END_REF][START_REF] Johnson | SNARE proteins and schizophrenia: linking synaptic and neurodevelopmental hypotheses[END_REF] , and provide tentative evidence for the involvement of the biological mechanisms involved in intracellular signal All P EMP values are based on 10,000 permutations of the data, CAT = Cell adhesion and transsynaptic molecules, GPCR = G-protein coupled receptors, RPSFB = RNA and protein synthesis, folding and breakdown, LGIC = Ligand gated ion channel. Unknown = genes that are known to be expressed in the synapse but currently are have no known shared function with other genes. 
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Figure 1

 1 Figure 1 Overview of steps in data-analysis. The arrows in red represent the flow for the real data whereas the blue arrows represent the flow for the control methods.

Figure 2

 2 Figure 2 Empirical distribution under the null hypothesis of no association between any SNP and the risk to schizophrenia. The Σ-log(P) obtained in the original analysis of all synaptic genes is indicated in red.

Figure 3

 3 Figure 3Overview of combined empirical P-values from the total group of synaptic genes and the three sub-groups that were significant after correction for multiple testing, obtained from the analysis based on the actual functional gene groups ('real', red bars), the five most significant results from the 100 draws for each control method (green bars) as well as the average combined empirical P-value (blue bars) obtained from five control methods across 100 draws.

Table 2

 2 Association of synaptic functional gene groups with schizophrenia in three datasets

			ISC AFFY5			ISC AFFY6			GAIN AFFY6		ALL
		N	N	Σ		N	N	Σ		N	N	Σ		
		genes	SNPs	-log(P)	P EMP	genes	SNPs	-log(P)	P EMP	genes	SNPs	-log(P)	P EMP	P COMB
	All synaptic genes	795 15105	7102 1.0E-04	906 34860	16071	1.0E-04	908	35412	16348	1.0E-04	7.6E-11
	Intracellular signal transduction	112	2350	1140	0.0061	133	5387	2590	0.0037	134	5475	2450	0.2088	0.0002
	Excitability	47	1120	555	0.0233	50	2656	1238	0.1026	50	2680	1327	0.01	0.0009
	CAT signaling	69	3278	1483	0.1568	79	7866	3564	0.1181	79	7962	3888	0.0013	0.0024
	Endocytosis	20	257	133	0.1000	23	576	312	0.0379	23	581	312	0.0384	0.0029
	Structural plasticity	72	1169	547	0.1388	81	2463	1172	0.0599	82	2494	1171	0.0887	0.0108
	GPCR signaling	31	786	395	0.0395	37	1823	879	0.0832	37	1844	823	0.334	0.0162
	'Unknown'	45	556	266	0.1250	50	1514	786	0.0087	50	1542	641	0.7143	0.0272
	Protein cluster	40	893	463	0.0160	46	2039	1001	0.0435	46	2069	840	0.821	0.0272
	Tyrosine kinase signaling	7	334	185	0.0190	7	786	352	0.3401	7	798	356	0.3802	0.0491
	Cell metabolism	41	216	112	0.0581	44	473	198	0.6137	44	477	224	0.183	0.1154
	Neurotransmitter metabolism	25	258	113	0.4492	27	580	290	0.0832	27	606	274	0.3137	0.1166
	Intracellular trafficking	59	455	205	0.3364	70	987	424	0.5422	69	1020	519	0.0286	0.1329
	LGIC signaling	33	842	403	0.1210	35	1910	820	0.5437	35	1948	855	0.4308	0.2370
	Exocytosis	68	1170	512	0.4321	78	2547	1084	0.6207	78	2589	1170	0.2500	0.4062
	RPSFB	47	376	160	0.5549	62	869	403	0.1933	63	889	368	0.7077	0.4204
	Ion balance/transport	35	322	129	0.7092	41	727	295	0.7088	41	751	372	0.1044	0.5266
	Peptide/Neurothropin signals	21	515	221	0.5124	21	1122	427	0.8919	21	1132	530	0.2133	0.6615
	G-protein relay	23	208	81	0.7922	23	536	235	0.4444	23	556	228	0.6758	0.7327

  5, resulted in empirical P-values of the empirical P-values of .02, .04, .03, .04, .03 respectively. For Excitability this was .02, .03, <.01, <.01 and .03 respectively and for cell adhesion and transsynaptic molecules signaling this was .03, .04, .04, .06., and .05 respectively. For description of competitive control methods and different null hypotheses tested we refer to Table 1.
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