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ABSTRACT

The number of Genome Wide Association Studies (GWAS) of schizophrenia, 
as well as that of subjects studied have increased dramatically over the last 
years. Nevertheless, biologically meaningful interpretation of GWAS results 
remains very difficult due to the complexity and heterogeneity of both clinical 
and genetic aspects of schizophrenia, and the small contribution of each single 
gene to the disease. Our study presented a methodology that integrated GWAS 
results with gene expression data, and applied it to schizophrenia. Integration 
of two types of information, of both DNA-level and of messenger RNA (mRNA) 
level, increases the validity and reliability of the results and improves our 
understanding of the biological meaning of the GWAS results. We comment 
here on the methodology used and the main result of our study.

Methodology
The aim of GWAS studies is to identify Single Nucleotide 

Polymorphisms (SNPs) that are associated with a disease or 
phenotype of interest. Association of a SNP with a disease implicates 
genes that either reside near the genomic location of the SNP, or are 
regulated by a genetic factor located there. Since one believes that 
the contribution of each single gene to such a complex disease is 
small, it is natural to look for pathways and biological processes 
to which the implicated genes belong; altered functionality of 
these pathways may then be a causal factor in the development 
of the disease. One of the standard ways to go from single genes 
to pathways is by Pathway Enrichment Analysis (PEA)1, for which 
a sufficient number of implicated genes is essential. Notably, the 
number of GWAS studies of schizophrenia has risen over the years, 
and more importantly, the numbers of participating subjects have 
witnessed a dramatic increase (from 479 in2 to more than 40,0003), 
raising the number of reliably implicated loci. 

Indeed, the GWAS of schizophrenia that we have analyzed4 
pointed at more than 100 loci associated with the disorder (and 
30 more were added in 20173); nevertheless, identifying the 
causal genes located near these loci remains a major challenge. 
An important reason is that the risk loci implicated by GWAS 
often span large genomic regions. For example, the MHC region 
showed the most significant association with schizophrenia4. 
However, this region contains a large number of highly linked SNPs 
spanning multiple genes (over 100). Due to the complex linkage 
disequilibrium between the implicated SNPs, it is difficult to identify 
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the genes that are most likely to play a causal role (see, for 
example,5, that used the MAGMA tool6 in order to translate 
GWAS results from SNP-level into gene-level). Focusing 
on loci that contain a single gene reduces the complexity 
inherent in dealing with multiple genes, some of which 
may not be associated with the disease, removes false 
positives and increases the fraction of true risk genes that 
contribute to the development of schizophrenia. Clearly 
this step may remove some risk genes, increasing the false 
negative rate. Moreover, the remaining disease-associated 
genes are reduced from more than 100 to few tens - too 
small a number to perform meaningful PEA. The number 
of implicated genes can be increased by choosing a lower 
threshold on GWAS-based identification; this, however, will 
also introduce many false positives, and hence derivation 
of robust and statistically meaningful results from PEA 
remains hindered. 

In order to overcome this problem we integrated 
GWAS-derived loci that contain a single gene, with 
gene expression data, allowing us to obtain robust and 
statistically significant pathway analysis. Gene expression 
measurements were done on post-mortem human brain 
samples of subjects with schizophrenia and healthy 
controls7. The two types of data were integrated using the 
following steps: 

1) GWAS-based disease associated genes were extracted 
from4, including only associated loci that contain a
single gene.

2) Clusters of co-expressed genes were identified on the
basis of correlated expression profiles (as measured
over all subjects).

3) We retained only those clusters of co-expressed
genes whose size passed a test for statistical
significance (estimated using correlated cluster
size distribution derived by sampling from random
groups of genes). Existence of co-expressed gene
clusters of statistically significant sizes strengthens
the validity of GWAS results, i.e., that the identified
genes are indeed causal and contribute to the
development of schizophrenia. It also suggests
that there is a biological basis for the observed
correlations; plausibly, genes with such correlations
participate in common biological pathways.

4) Extend the list of genes that belong to such a cluster,
by searching all expressed genes and adding those
with highly correlated expression with the average
expression profile of the cluster.

5) Perform PEA of the extended list of genes.

Extension of the list of implicated genes increased their
number dramatically, way beyond what could be obtained 
on the basis of the GWAS results alone. This, in turn, 

generated robust and statistically significant results of the 
PEA. In addition, the focus on a cluster of co-expressed 
genes increases the probability that the genes belong 
to common biological pathways, and thus our method 
increases the likelihood of getting statistically significant 
and biologically meaningful results. 

This methodology is simple, intuitive, and useful for the 
study of additional disorders (e.g.8), for which both GWAS 
results and gene expression datasets are available. For 
example, such data are available for Parkinson’s disease9, 10, 
Alzheimer’s disease11, 12, major depressive disorder13, 14 and 
bipolar disorder15, 16. Since GWAS of these diseases were 
based on smaller patient cohorts, the list of implicated loci 
and genes is smaller than for schizophrenia. This can be 
partially compensated by choosing lower thresholds for 
GWAS.

While differential expression analysis necessitates a 
large number of samples, as each gene’s contribution is 
small and hard to detect17, we used correlation analysis, 
which yields statistically significant results even for a 
relatively small number of samples. In general, GWAS 
based implication of a gene suggests a causal (rather than 
correlative) relationship between the gene and the disease 
as stated in18: “Causality follows from the central dogma of 
biology (i.e., DNA variations lead to changes in transcription 
regulation/protein function, which in turn cause variations 
in disease phenotypes)”. Since GWAS results constitute the 
seed and starting point of our analysis, it suggests that the 
enriched pathways play a causal role in the pathogenesis of 
schizophrenia. . 

Simplicity, availability and relevance to many disorders 
are important advantages of the methodology presented 
above. However, a prominent shortcoming is the fact that the 
direction of the effect of the enriched biological pathways 
is not detected (i.e., enhanced or suppressed activity in the 
diseased state). This weakness limits our ability to point, 
on the basis of the involved biological pathways, at simple 
potential treatments (as discussed below). 

The main result: support for a central role of calcium-
signaling in the pathogenesis of schizophrenia

By combining GWAS results with gene expression 
analysis we found enrichment of calcium-signaling 
related pathways. Mounting evidence, mostly genetic (for 
example,19), points at involvement of calcium signaling 
in schizophrenia. It was proposed that altered calcium 
signaling may constitute the central unifying molecular 
pathology in the disorder20. We provided further, 
expression-based evidence for this involvement. 

As noted above, the methodology we used does not 
detect the direction of the effect of the enriched biological 
pathways. In order to further explore that, we performed 
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differential expression analysis of calcium signaling 
genes in a region-specific manner. Preliminary results 
(unpublished data), however, detected opposite directions 
of differential expression in different brain regions; in some 
regions calcium signaling genes were up-regulated, while 
in others they were down-regulated. Calcium channel 
blockers are widely used for indications of cardiovascular 
disorders, and there is at least one approved compound 
that is thought to act via calcium channel activation21. 
Unfortunately, we could not formulate on the basis of our 
findings a clear hypothesis regarding the potential efficacy 
of these agents in schizophrenia. Notably, a few calcium 
channel blockers have been examined in clinical trials in 
schizophrenia with mixed results; however, these studies 
have been small, often poorly controlled, and commonly 
involved compounds with relatively poor central nervous 
system permeability21. 

Summary
Schizophrenia is a multifactorial disease, whose 

pathogenesis probably involves several biological pathways, 
comprising a complex network. Our analysis implicates 
calcium signaling and many additional biological pathways, 
several of which have already been linked to schizophrenia. 
As suggested by the high correlation of their expression 
patterns, these pathways might act in concordance in the 
pathogenesis of the disease. An attractive hypothesis, 
supported by our results, is that calcium signaling is a key 
factor in this network. However, the exact nature of the 
contribution of the detected pathways to schizophrenia 
and the interplay between them should be studied further. 
The methodology we applied, of integrating GWAS results 
with gene expression data, is simple, intuitive and relevant 
to additional disorders. As we have demonstrated, it has the 
potential to improve the understanding of the biological 
meaning of GWAS results.
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