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Recent results suggest that there are likely to be many true association signals in large
psychiatric genome-wide association study (GWAS) data sets.> The big challenge of the
field is the identification of these risk genes of small effect. We attempt to address this issue
by using Psychiatric Genetics Consortium (PGC) GWAS data sets2 to test whether
functional variants from the GWAS are significantly enriched in low P-values when
compared with the remainder of the GWAS data set.

We hypothesized that as functional single-nucleotide polymorphisms (SNPs) can directly
affect gene expression and function, they are likely to significantly have an impact on
disease risk. Therefore, functional SNPs are more likely to have true association signals. To
test this hypothesis, we used genomic control- adjusted statistics® from PGC schizophrenia,3
bipolar disorder* and major depression disorder? GWAS data sets to investigate SNPs that (i)
affect transcription factor-binding sites in the promoter regions (promoter SNPs), (ii) change
gene expression via microRNA binding (microRNA SNPs) and DNA methylation
(methylation SNPs), and (iii) correlate with gene expression (eQTL (expression quantitative
trait loci) SNPs) in different brain regions.

The experimentally validated promoter SNPs were obtained from dbQSNP (http://
gsnp.gen.kyushu-u.ac.jp/), whereas the microRNA, methylation and eQTL SNPs were
obtained from the literature.®:7 We used all SNPs deemed statistically significant by the
original studies (Supplementary Table S1). We extracted the association P-values for these
functional SNPs from the PGC GWAS data sets, and tested if these SNPs were more
enriched in association signals than the entire GWAS using the Simes and sum of squares
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tests (SST) (see Supplementary Methods). To account for the linkage disequilibrium
amongst selected SNPs, the statistical significance of SST was assessed via 50 000
permutations based on the linkage disequilibrium patterns of the 288 European subjects
sequenced by the 1000 Genomes Project.8 The results are summarized in Table 1. When
applying SST, 6 of the 10 groups of SNPs (promoter SNPs, eQTL SNPs in the frontal cortex
and cerebellum, methylation SNPs in the temporal cortex, pons and frontal cortex) showed
significant enrichment above GWAS background for association signals for schizophrenia.
Promoter SNPs were also significantly enriched in association with bipolar disorder, and
showed a trend in major depression. No significant enrichments were detected by the Simes
test (Supplementary Table S2).

Intuitively, the Simes test is useful to detect SNP sets having few strong signals, and SST is
valuable at detecting SNP sets having many signals of small effect. Thus, our results suggest
that there are no SNPs showing stronger associations than that observed in the GWASs. In
contrast, SST results indicate that many promoter, eQTL and methylation SNPs seem to
have a modest association with both schizophrenia and bipolar disorder. As the tested
functional groups overlap, we conducted post hoc analyses for the unique SNPs amongst the
significant groups. There were 11 868 unique SNPs amongst the methylation SNP groups,
and they were significantly enriched for schizophrenia signals (P<0.0001). The 4178 unique
eQTL SNPs were enriched for similar signals as well (£=0.0006). There were 127 and 49
shared SNPs between the promoter/methylation and between the promoter/eQTL groups
(Supplementary Table S1), and both shared SNPs were enriched in schizophrenia association
signals (P=0.0014 and 0.07, respectively). A pathway analysis of these shared SNPs
indicated that they are involved in DNA replication and repair, cell cycle, cellular
development and proliferation, system development and function, neurological disease and
immune response (Supplementary Tables S3 and S4).

In this study, we found that functional SNPs are more enriched in association signals than
the remainder of the PGC GWAS data. The most significant enrichment was found in
promoters for schizophrenia and bipolar disorder, and eQTL and methylation SNPs for
schizophrenia. We noticed a trend for a decrease of enrichment signals across the disorders,
a reflection of the power (sample size) of original studies. We also observed that there are
differences in association signals across brain regions, supporting the notion that brain
dysfunction in schizophrenia may be region-specific. Overall, our results suggested that for
GWAS data sets with reasonable power, systematically selecting and testing functional SNPs
may be an effective approach to identify risk genes with small but true effect. This
conclusion may be extended to other complex diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.
P-values for testing whether functional SNPs are enriched for association signals above PGC GWAS
background.
Functional SNP group Schizophrenia  Bipolar Major
disorder  depression
Promoter SNPs 0.0013  <0.0001 0.0611
miRNA SNPs 0.0893 0.0329 0.1968
eQTL SNPs (temporal cortex) 0.0068 0.1687 0.1385
eQTL SNPs (pons) 0.0271 06235  0.2217
eQTL SNPs (frontal cortex) 0.0008 0.1866 0.5421
eQTL SNPs (cerebellum) 0.0005 0.1776 0.2114
Methylation SNPs (temporal cortex) <0.0001 0.1981 0.4226
Methylation SNPs (pons) <0.0001 0.0690 0.0613
Methylation SNPs (frontal cortex) 0.0003 0.0169 0.1979
Methylation SNPs (cerebellum) 0.0342 0.0372 0.0089

Abbreviations: eQTL, expression quantitative trait loci; miRNA, microRNA; SNP, single-nucleotide polymorphism.
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P-values are computed empirically from 50 000 permutations using a sum of squares test. A-values significant after adjusting for multiple testing

are highlighted in bold.
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