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Recent genome-wide association studies have identi-
fied many promising schizophrenia candidate genes and 
demonstrated that common polygenic variation contrib-
utes to schizophrenia risk. However, whether these genes 
represent perturbations to a common but limited set of 
underlying molecular processes (pathways) that modulate 
risk to schizophrenia remains elusive, and it is not known 
whether these genes converge on common biological path-
ways (networks) or represent different pathways. In addi-
tion, the theoretical and genetic mechanisms underlying 
the strong genetic heterogeneity of schizophrenia remain 
largely unknown. Using 4 well-defined data sets that con-
tain top schizophrenia susceptibility genes and applying 
protein-protein interaction (PPI) network analysis, we 
investigated the interactions among proteins encoded by 
top schizophrenia susceptibility genes. We found proteins 
encoded by top schizophrenia susceptibility genes formed a 
highly significant interconnected network, and, compared 
with random networks, these PPI networks are statisti-
cally highly significant for both direct connectivity and 
indirect connectivity. We further validated these results 
using empirical functional data (transcriptome data from a 
clinical sample). These highly significant findings indicate 
that top schizophrenia susceptibility genes encode proteins 
that significantly directly interacted and formed a densely 
interconnected network, suggesting perturbations of com-
mon underlying molecular processes or pathways that mod-
ulate risk to schizophrenia. Our findings that schizophrenia 
susceptibility genes encode a highly interconnected protein 

network may also provide a novel explanation for the 
observed genetic heterogeneity of schizophrenia, ie, muta-
tion in any member of this molecular network will lead to 
same functional consequences that eventually contribute to 
risk of schizophrenia.
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Introduction

Schizophrenia is a severe mental disorder that affects 
about 1% of the world’s population.1 Family, twin, and 
adoption studies have demonstrated a strong genetic 
component of schizophrenia, with heritability estimates 
of about 80%.2,3 Despite the successful identification 
of multiple promising candidate genes, the underlying 
molecular mechanisms of schizophrenia remain largely 
unknown, and much of the genetic heterogeneity of 
schizophrenia remains undocumented.

In the past several decades, investigators have been 
fixating on the high heritability and strong genetic 
heterogeneity of schizophrenia.4,5 First, investigators 
found that different genetic variants, including single-
nucleotide polymorphisms (SNPs),6,7 copy number 
variations (CNVs),8–10 and large-scale structural abnor-
malities such as deletions and insertions could contribute 
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to schizophrenia risk.11,12 Second, although traditional 
molecular genetic studies (including linkage and 
association studies) have successfully identified multiple 
schizophrenia susceptibility genes, it is frequently 
observed that different genetic variants are identified in 
different ethnic populations. Furthermore, few identified 
schizophrenia genes are consistently replicated in genetic 
independent populations. These convergent lines of 
evidence strongly support the large genetic heterogeneity 
of schizophrenia. Nevertheless, the theoretical and genetic 
mechanisms underlying the strong genetic heterogeneity 
of schizophrenia remain largely unknown.

The advent of genome-wide association studies 
(GWAS) provides an opportunity to study the genetic 
heterogeneity of schizophrenia. Compared with tradi-
tional genetic association studies, the power of GWAS 
significantly increases as the sample size dramatically 
increases, and the throughput of GWAS is quite high (it 
can assess millions of genetic variants [SNPs] unbiased, 
in one test).13,14 Recently, the Schizophrenia Psychiatric 
Genome-Wide Association Study Consortium (PGC) 
reported five new loci that reached the genome-wide sig-
nificance level through the analysis of a large data set that 
consists of 17 836 schizophrenia cases and 33 859 con-
trols.7 PGC identified 81 top SNPs from different linkage 
disequilibrium (LD) regions where at least 1 SNP in each 
LD region had surpassed P  <  2 × 10−5 in stage 1.  They 
followed up on these SNPs in stage 2 and identified 7 
loci that were significantly associated with schizophrenia 
in meta-analysis of stages 1 and 2. To evaluate whether 
these 81 top SNPs represent true associations, a sign test 
for consistency between stages 1 and 2 was performed, 
and a highly significant result was observed (P < 10−6), 
with the same direction of effect observed in stage 1 also 
being observed in stage 2 for 49 of 59 SNPs when exclud-
ing the major histocompatibility complex (MHC) region. 
Hamshere et al further replicated 78 of the 81 SNPs in 
a large sample (2652 cases and 4539 controls), and they 
found 98% (confidence interval: 78%–100%) of the origi-
nal set of 78 SNPs represent true associations.15 These 
highly significant and convergent evidences strongly sug-
gest that the 81 top SNPs identified by PGC are authentic 
schizophrenia susceptibility variants. Though these find-
ings are crucial and represent true associations, whether 
these identified associations represent perturbations to 
a common but limited set of underlying molecular pro-
cesses (pathways) that modulate risk to schizophrenia (ie, 
whether the interaction networks between the proteins 
encoded by genes near these 81 top SNPs are statistically 
significant compared with random networks) remains elu-
sive, and it is not known whether these SNPs converge on 
common biological pathways or represent different path-
ways. Therefore, it is important to explore the biological 
meaning behind these identified SNPs. To this aim, using 
high-confidence pairwise protein interaction resources, we 
first investigated the protein-protein interactions (PPIs) 

among proteins that were encoded by genes around these 
81 top SNPs identified in Schizophrenia PGC. We then 
validated our results using another independent data set 
that consists of genome-wide significant schizophrenia 
susceptibility genes. Finally, using empirical functional 
data (transcriptome data) that derived from clinical sam-
ples, we tested our hypothesis generated from bioinfor-
matic analyses of GWAS data.

Methods

Data Sets Used in This Study

The selection of  high-quality schizophrenia susceptibility  
genes is essential to PPI network analysis. In this study, 
we selected 4 well-defined data sets that contain top 
schizophrenia genes. The first data set is from a recent 
report of  Schizophrenia PGC.7 Ripke et  al performed 
a large-scale GWAS and identified 81 top SNPs. They 
evaluated these SNPs in a large independent sample and 
found most of  them are authentic schizophrenia suscep-
tibility variants.7 Hamshere et  al further validated that 
most of  the 81 top SNPs are true risk variants for schizo-
phrenia in a large sample.15 These high-confidence SNPs 
represent the most promising genetic variants for schizo-
phrenia so far. We further translated these SNPs into 
genes using the method developed by Rossin et al.16 In 
brief, the region around an associated SNP was defined 
using LD and recombination hot spot information from 
HapMap (http://www.hapmap.org). For a given SNP, 
we defined the wingspan of  the SNP as the region con-
taining SNPs with r2 > .5 to the associated SNP. We then 
extended this region to the nearest hot spots. A  gene’s 
residence in a locus is defined by whether 50 kb upstream 
and 50 kb downstream (to include regulatory DNA) of 
the coding region of  the gene’s longest isoform over-
laps the SNP wingspan. (For more details, please refer 
to Disease Association Protein-Protein Link Evaluator 
[http://www.broadinstitute.org/mpg/dapple/dapple.php] 
and the article by Rossin et al.16)

The second data set consists of carefully curated top 
schizophrenia candidate genes. Genes that are signifi-
cantly associated with schizophrenia in recent GWAS 
represent the most promising candidate genes for schizo-
phrenia.6,7,15,17–24 Therefore, investigating the potential 
PPI between these top schizophrenia candidate genes will 
provide the most useful information.

The third data set is from recent published work by 
Ayalew et al.25 Ayalew et al identified 42 top schizo phrenia 
candidate genes using translational convergent func-
tional genomics (CFG). The CFG method used multiple 
independent lines of evidence to identify and prioritize 
schizophrenia susceptibility genes. It integrated data 
from published GWAS data sets for schizophrenia with 
other pivotal data, including gene expression data from 
human postmortem brain samples and human-induced 
pluripotent stem cell–derived neuronal cells, as well as 
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human blood gene expression data and relevant animal 
model brain and blood gene expression data. In addition, 
the CFG integrated other human genetic data (ie, linkage, 
copy number variant, or association) for schizophrenia 
and relevant mouse model genetic evidence. Because CFG 
integrated many pivotal data sets from schizophrenia 
studies, the genes identified by Ayalew et al represent high-
confidence candidate genes for schizophrenia.

The fourth data set is from the recent work of Fillman 
et al.26 They quantified gene expression levels in the dor-
solateral prefrontal cortex (DLPFC) of 20 individuals 
with schizophrenia and their matched controls using 
RNA sequencing (RNA-Seq). They detected 798 differ-
entially regulated transcripts present in individuals with 
schizophrenia compared with the controls. These 798 
differentially expressed transcripts represent 548 unique 
protein-coding genes.

PPI Network Analysis

To investigate the physical interactions between proteins 
encoded by top schizophrenia candidate genes, we used 
the method developed by Rossin et al.16 Protein products 
of the schizophrenia susceptibility genes were defined 
as schizophrenia-associated proteins, which were fur-
ther used to construct PPI networks. The PPI networks 
(including direct and indirect) among schizophrenia 
genes were extracted from InWeb, a well-characterized 
PPI database developed by Lage et al.27 InWeb contains 
169 801 high-confidence pairwise interactions that are 
defined by a rigorously tested signal-to-noise threshold 
compared with well-established interactions from MINT, 
BIND, IntAct, and KEGG. If  there is in vitro evidence 
of interactions between 2 schizophrenia-associated pro-
teins, these 2 proteins are connected by 1 edge. In the PPI 
network, the nodes represent proteins, while the edges 
represent physical interactions. The PPI networks can 
be classified into 2 types, direct and indirect networks. In 
direct networks, any 2 associated proteins are connected 
by exactly 1 edge. In indirect networks, associated pro-
teins connect through common interactor proteins (not 
known to be associated with disease) with which the asso-
ciated proteins each share an edge.

Edge metrics and node metrics were used to assess the 
network properties. The edge metric is the direct network 
connectivity parameter defined as the number of edges 
in the direct network. The direct network’s connectivity 
equals 1 if  2 different associated proteins directly bind to 
each other. Therefore, the direct network’s connectivity 
represents the total number of direct edges in the direct 
network. Further information about the network proper-
ties can be found in the work completed by Rossin et al.16

Assessment of the Significance of the PPI Network

To evaluate whether schizophrenia susceptibility genes are 
significantly connected via PPIs, we used a permutation 

test to assess the significance of networks built from PPI 
data. Briefly, a within-degree node-label permutation 
approach was performed. For a given number of proteins, 
we first constructed the direct and indirect networks, 
which are built from interactions among schizophrenia-
associated proteins according to InWeb.27 Various net-
work parameters (such as direct network connectivity) 
were obtained according to the constructed PPI network. 
These network parameters derived from our real network 
(ie, network built from schizophrenia susceptibility genes) 
were further used to generate the random networks. We 
first generated a random network that has nearly the 
exact same structure (ie, structurally equivalent random 
networks) as the original one that is extracted from the 
InWeb database. The node labels (ie, the protein names) 
were then randomly reassigned to nodes of equal binding 
degree. This approach assumes a null distribution of con-
nectivity that is entirely a function of the binding degree 
of individual proteins. We built 10 000 random networks, 
and each of them had the same size (number of proteins), 
number of edges (connectivity), and per-protein binding 
degree as InWeb. The significance of our real PPI net-
work was then assessed through permutation. With this 
method, we are able to test the nonrandomness of our net-
work conditional on the exact binding degree distribution 
of schizophrenia proteins. For more details, please refer to 
the article of Rossin et al.16

Gene Set Enrichment Analysis

We examined whether genes near the top 81 SNPs from 
PGC were enriched for specific functional categories. In 
addition, Fillman et al quantified gene expression levels 
in the DLPFC of 20 individuals with schizophrenia and 
their matched controls in a recent study.26 They detected 
798 differentially regulated transcripts present in indi-
viduals with schizophrenia compared with the controls. 
These differentially regulated transcripts represent 548 
protein-coding genes. We also tested whether specific gene 
ontology (GO) terms were enriched among 548 genes 
with significantly altered expression levels in DLPFC of 
schizophrenia patients. The primary analysis was per-
formed using the “DAVID Bioinformatics Resources 6.7” 
Web site (http://david.abcc.ncifcrf.gov/).28,29 GO terms—
biological processes (GO_BP), cellular components 
(GO_CC), and molecular functions (GO_MF)—were 
used. The Benjamini-Hochberg procedure was used to 
correct the P values of the enriched GO terms.

KEGG Pathway Analysis of Genes That Participate 
in the Highly Interconnected PPI Network and Gene 
Expression Profiling Analysis

Detailed information on KEGG pathway and gene 
expression profiling analyses can be found in the online 
supplementary methods.

http://david.abcc.ncifcrf.gov/
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
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Results

Proteins Encoded by Genes Defined by the Top 81 SNPs 
From Schizophrenia PGC Form a Highly Significant 
Interconnected Network

To evaluate the interaction between proteins encoded 
by genes near the 81 top SNPs from the Schizophrenia 
PGC, we constructed and assessed the PPI network. 
These 81 top SNPs were first translated into protein-
coding genes using the wingspan method developed by 
Rossin et  al.16 The PPI network was then constructed 
using the translated genes. We found there were 104 
schizophrenia-associated proteins participating in the 
direct network (figure 1) among the 265 genes (see online 

supplementary tables 1 and 2) defined by these 81 top 
SNPs. We tested this degree of  interconnectivity through 
permutation (n  =  10  000 permutations) and found the 
direct PPI network of  genes from those near the 81 top 
SNPs had significantly more edges than expected by 
chance (P = 9.9 × 10−4, corrected) (figure 1 and online 
supplementary figure 1 and table 2). The PPI network 
is thus highly significant compared with 10 000 random 
networks and is also significant for indirect connectivity 
(P = .004, corrected). These results indicate that genes 
near the 81 top SNPs encode directly interacting proteins 
beyond the level expected by chance, suggesting these 
genes perturb common molecular networks that modu-
late schizophrenia risk.

Fig. 1. Proteins encoded by genes that were defined by the top 81 single-nucleotide polymorphisms (SNPs) from Schizophrenia 
Psychiatric Genome-Wide Association Study Consortium (PGC) form a highly significant interconnected network. Protein-protein 
interaction (PPI) network constructed by genes that defined by top 81 SNPs from Schizophrenia PGC. There were 104 disease proteins 
participating in the direct network and 343 direct interactions in total. This degree of interconnectivity is statistically highly significant 
(P = 9.9 × 10−4, corrected) compared with 10 000 random networks, which only have the 206 direct edges count expected by chance. The 
core of this highly interconnected network is composed of genes that are involved in nucleosome assembly (pink circle), suggesting an 
enrichment of nucleosome assembly genes in schizophrenia susceptibility loci. KEGG pathway analysis of the genes that participate in 
the direct network is shown in the red box. P values were corrected by the Benjamini-Hochberg procedure in DAVID.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
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Because candidate genes in the PPI network were 
defined by the wingspan method, we tested whether 
those candidate genes in the PPI network are located 
more closely to the associated SNPs than those still in 
the wingspan regions yet not in the PPI network (detailed 
methods can be found in online supplementary material). 
Overall, we did not find a pattern of significance (P > 
.05; see online supplementary figure 2). This observation 
is likely due to the fact that the genes in the PPI network 
were from a few major associated SNPs: among the 81 
seed SNPs, only 23 of them have genes included in our 
PPI network. Nevertheless, we indeed observed a larger 
proportion of genes (13/23 = 56.5%) in the network that 
are most closely located (rank = 1) to the associated SNPs.

We further explored whether genes defined by these 
81 top SNPs were enriched for specific functional cat-
egories. Gene set enrichment analyses were performed 
using “DAVID Bioinformatics Resources 6.7” (http://
david.abcc.ncifcrf.gov/).28 KEGG, BioCarta, BBID, and 
PANTHER pathway databases were included, and GO 
terms—biological processes (GO_BP), cellular compo-
nents (GO_CC), and molecular functions (GO_MF)—
were used. GO analysis using biological process as a 
key word revealed that nucleosome (chromatin) assem-
bly genes were significantly enriched in these gene sets  
(P = 5.72 × 10−15, corrected; table 1). In addition, other 
GO terms such as antigen processing and presentation  
(P = 1.1 × 10−10, corrected), response to unfolded protein 
(P = 4.3 × 10–8, corrected), response to protein stimulus  
(P = 3.64 × 10−7, corrected), immune response (P = 9.7 × 10−4, 
corrected), and response to nutrient (P = 1.1 × 10−2, cor-
rected) were also found to be overrepresented in these gene 
sets. GO analysis using cellular components (CC) as a key 

word revealed similar results, and DAVID functional clus-
tering further confirmed these findings.

To identify whether specific biological pathways 
(KEGG)30 are enriched among genes participating in this 
direct network, we conducted an analysis of those path-
ways. We found systemic lupus erythematosus (corrected 
P = 9.6 × 10−12) and antigen processing and presentation 
(corrected P = 4.4 × 10−3) pathways were enriched among 
genes forming this interconnected PPI network (figure 1 
and online supplementary figures 3 and 4). Interestingly, 
a recent expression study also found these 2 pathways 
(systemic lupus erythematosus and antigen processing 
and presentation pathways) are significantly enriched in 
the differentially expressed genes identified in schizophre-
nia patients compared with healthy controls,31 suggesting 
these 2 pathways may represent authentic dysregulated 
processes/pathways in schizophrenia.

To further validate common biological processes 
that were perturbed in schizophrenia, we investigated 
expression data from a recent study of Fillman et  al.26 
In that study, gene expression levels in the DLPFC of 20 
individuals with schizophrenia and their matched controls 
were quantified using RNA-Seq. The analysis implicated 
a set of 548 genes with significantly altered expression 
levels in DLPFC of schizophrenia patients compared 
with matched controls. The functional analysis of the 
differentially expressed genes with DAVID identified 
multiple significant GO terms (see online supplementary 
table 3). Strikingly, we noticed many of the identified terms 
matched the terms from the GO analysis of 256 genes 
defined by 81 top SNPs from Schizophrenia PGC (table 1).  
These overlapping GO terms include immune response  
(P = 3.91 × 10−4, corrected), response to unfolded protein  

Table 1. Gene Set Enrichment Analysis of Genes Defined by 81 Top Single-Nucleotide Polymorphisms (SNPs) From the Schizophrenia 
Psychiatric Genome-Wide Association Study Consortium (PGC)

Category Database ID Term Padj

GOTERM_BP_FAT GO:0006334 Nucleosome assembly 5.72E-15
GOTERM_BP_FAT GO:0019882 Antigen processing and presentation 1.08E-10
GOTERM_BP_FAT GO:0006986 Response to unfolded protein 4.32E-08
GOTERM_BP_FAT GO:0002474 Antigen processing and presentation of peptide antigen via MHC class I 2.23E-07
GOTERM_BP_FAT GO:0048002 Antigen processing and presentation of peptide antigen 3.93E-07
GOTERM_BP_FAT GO:0051789 Response to protein stimulus 3.64E-07
GOTERM_BP_FAT GO:0006952 Defense response 4.46E-05
GOTERM_BP_FAT GO:0002504 Antigen processing and presentation of peptide or polysaccharide antigen 

via MHC class II
4.40E-04

GOTERM_BP_FAT GO:0006955 Immune response 9.77E-04
GOTERM_BP_FAT GO:0007584 Response to nutrient .0111
GOTERM_BP_FAT GO:0048660 Regulation of smooth muscle cell proliferation .0290
GOTERM_BP_FAT GO:0031667 Response to nutrient levels .0297

Note: MHC, major histocompatibility complex. The table shows GO terms identified by DAVID that are enriched among 256 genes 
defined by 81 top SNPs from Schizophrenia PGC. Padj values in the table represent P values adjusted by the Benjamini-Hochberg 
procedure in DAVID. The terms in bold matched the GO terms from the analysis of 548 genes with significantly altered expression levels 
in dorsolateral prefrontal cortex (DLPFC) of schizophrenia patients.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt066/-/DC1
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(P = .0065, corrected), defense response (P = .013, 
corrected), response to protein stimulus (P = .021, 
corrected), and response to nutrient levels (P = .034, 
corrected). These corroborating, consistent results strongly 
suggest that multiple lines of evidence converge on similar 
functions and processes in schizophrenia.

Bias may be introduced in the construction of  the PPI 
network because there were highly linked genes from 
the MHC region. Therefore, we tested a curated data 
set containing genes that are significantly associated 
with schizophrenia in recent GWAS (see online supple-
mentary table 4; many genes from MHC region were 
excluded). We thereby pinpointed the most promising 
candidate genes for schizophrenia so far. Specifically, 
we found there were 7 schizophrenia-associated proteins 
participating in the direct network (figure  2) among 
the 30 seed genes (see online supplementary tables 2 
and 4) that reached GWAS significance level. We tested 
this degree of  interconnectivity through permutation 
(n = 10 000 permutations) and found these genes signifi-
cantly interacted and the network is significant for both 
direct connectivity (P = .0001; figure 2 and online supple-
mentary table 2) and indirect connectivity (P = .001; see 
online supplementary figure 5). To avoid potential bias, 
we generated the PPI network using another database 
of  physical interactions (GeneMANIA),32 and similar 
results were obtained (see online supplementary figure 6).  

Interestingly, GO analysis revealed that nucleosome 
assembly genes were significantly enriched again (P = 
6.61 × 10−14) in this network (see online supplementary 
table 5).

Top 42 Schizophrenia Candidate Genes Identified 
by CFG Encode a Significantly Interconnected PPI 
Network

To further validate that schizophrenia susceptibility genes 
significantly physically interacted and may perturb 
common biological networks, we tested a third independent 
data set from recent work by Ayalew et al.25 Ayalew et al 
identified 42 top schizophrenia candidate genes (see online 
supplementary table 6) using translational CFG, which 
integrated GWAS with gene expression studies in both 
human and animal models. Among the 42 schizophrenia 
susceptibility genes (see online supplementary table 6)  
that were identified by Ayalew et al, we found there were 
18 schizophrenia-associated proteins participating in 
the direct network (figure  3). Again, we noticed these 
top genes from CFG encode a densely interconnected 
PPI network (figure  3). We further tested this degree 
of interconnectivity through permutation (n  =  10 000 
permutations) and found the PPI network of genes from 
CFG is statistically significant compared with 10 000 
random networks (corrected P = 9.9 × 10−5; figure 3 and 

Fig. 2. Protein products encoded by genome-wide significant schizophrenia susceptibility genes significantly interacted. (A) Protein-
protein interaction (PPI) network constructed with genes that were significantly associated with schizophrenia in recent genome-wide 
association studies (GWAS) of schizophrenia. (B) Significant network (P = .0001) compared with 10 000 random networks, suggesting 
significant physical interactions between protein products of top schizophrenia susceptibility genes. Structurally equivalent random 
networks were built from a within-degree node-label permutation method. An empirical distribution was constructed for a direct 
connectivity count and used to assess the significance of networks. Numbers on the x-axis represent the direct network connectivity 
(the number of edges in the direct network), which were enumerated for the disease networks and 10 000 random networks. The plotted 
histogram represents random expectation (the dashed arrowhead), and the solid arrowheads indicate the schizophrenia network 
(observed). The y-axis represents percent of permutated networks (eg, the percentage of networks with 5 edges in the direct network is 
0.0001, which is statistically significant compared with 10 000 random networks).
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online supplementary table 2). The PPI network is also 
significant for indirect connectivity (P = .008, corrected; 
see online supplementary figure 7). We noticed that the 
main inclusion criteria of these tops genes identified by 
CFG are genetic association studies, expression data 

from humans and animals, and animal models. That 
is, they are not identified through PPIs. Therefore, our 
observation that top genes from CFG formed a highly 
interconnected PPI network provides robust evidence that 
top schizophrenia genes form a highly interconnected 

Fig. 3. Top 42 schizophrenia candidate genes identified by convergent functional genomics (CFG) encode a significantly interconnected 
protein-protein interaction (PPI) network. (A) PPI network constructed with top schizophrenia genes that were identified using 
translational CFG of schizophrenia. (B) The direct connectivity network is statistically highly significant (has more edges) compared 
with 10 000 random networks (P = .000099, corrected), suggesting top schizophrenia susceptibility genes are preferential toward physical 
interaction. KEGG pathways that were significantly overrepresented among genes forming the direct network are shown in the red box. 
P values were corrected by the Benjamini-Hochberg procedure in DAVID.
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network. Once again, these significant results support 
that top schizophrenia genes encode directly interacting 
proteins beyond the level expected by chance, suggesting 
these genes perturb common molecular networks that 
modulate schizophrenia risk. This result also indicates 
CFG is a useful and promising tool in delineating the 
genetic mechanisms of schizophrenia. We also performed 
KEGG biological pathway analysis and found long-term 
potentiation (corrected P = 2.2 × 10−2) is significantly 
overrepresented among genes forming the direct network 
(figure 3 and online supplementary figure 8).

Differentially Expressed Genes Detected in DLPFC 
of Individuals With Schizophrenia Encode Directly 
Interacting Proteins Beyond Results Expected  
by Chance

To test our hypothesis generated by analyzing top genes 
from GWAS and CFG, we performed PPI analysis using 
transcriptome data from clinical samples. Recently, 
Fillman et  al used next-generation sequencing (RNA-
Seq) to quantify gene expression levels in the DLPFC of 
20 individuals with schizophrenia and their matched con-
trols.26 They identified 798 differentially expressed tran-
scripts present in people with schizophrenia compared 
with controls. They further confirmed their results using 
quantitative polymerase chain reaction and Western blot 
in an expanded cohort (n = 74). We tested the PPI of the 
differentially expressed genes from this expression data set. 
Among the 548 differentially expressed seed genes, 92 seed 
proteins participated in the direct network (figure  4 and 
online supplementary table 2). A permutation test further 
supported that these identified dysregulated genes formed 
a statistically significant interconnected network (corrected  
P = 9.9 × 10−4; figure  4 and online supplementary table 
2). This result provides additional evidence that supports 
our original finding that schizophrenia susceptibility genes 
form a densely interconnected network. Finally, we per-
formed a KEGG biological pathway analysis and found 
the mitogen-activated protein kinase signaling pathway 
(corrected P = 2.3 × 10−3), hematopoietic cell lineage (cor-
rected P = 1.5 × 10−3), and p53 signaling biological path-
ways (corrected P = 2.1 × 10−2) were significantly enriched 
among genes that form the direct network (figure 4 and 
online supplementary figures 9–11). In summary, these 
consistent results suggest that multiple lines of evidence 
from different schizophrenia studies converge on common 
molecular networks and biological processes. This func-
tional convergence also indicates that common molecular 
networks and biological processes modulate schizophrenia 
risk.

Genes Identified in PPI Networks Are Expressed  
in the Brain and Immune Tissues

Because many of the candidate genes were from GWAS 
and CFG analyses of schizophrenia, we further explored 

their expression profile in human tissues. We found a large 
proportion of the genes identified in the PPI network 
are expressed in brain tissues (see online supplementary  
figures 12–14). In addition, we found genes identified in 
the PPI network are preferentially expressed in brain and 
immune tissues (see online supplementary figure 15). Of 
note, our GO analysis also revealed an enrichment of 
immune genes among genes defined by the top 81 SNPs 
from Schizophrenia PGC (table 1). In fact, accumulating 
evidence strongly suggest that immune-related genes may 
play pivotal roles in schizophrenia. First, multiple genetic 
linkage and association studies have revealed that many 
immune genes are significantly associated with schizo-
phrenia.7,17,19,33–35 Second, dysregulation of immune-asso-
ciated genes were frequently observed in schizophrenia 
patients.26,31,36–38 Taken together, these results indicate 
genes identified in the PPI network are expressed in brain 
tissues, suggesting these genes may play important roles 
in brain function. In addition, our results provide fur-
ther evidence of the dysregulation of immune-associated 
genes in schizophrenia.

Discussion

Schizophrenia is a complex mental disorder with high 
heritability and strong genetic heterogeneity. To elucidate 
the genetic and molecular mechanisms underlying the 
substantial genetic heterogeneity of schizophrenia, many 
efforts have been made in past decades. However, little 
progress has been made because traditional genetic stud-
ies have intrinsic limitations (eg, lower throughput and 
power), which make it hard to evaluate all of the genetic 
variants in an unbiased manner in one test. Because only 
limited genes or variants can be identified, it is difficult 
to study the overall interaction patterns between schizo-
phrenia susceptibility genes. In addition, although many 
PPI databases have been established, most of them focus 
on PPI between 2 specific proteins and do not provide a 
statistical framework to evaluate the significance of our 
interesting networks. Therefore, despite the successful 
identification of multiple promising candidate genes, the 
underlying interactions among schizophrenia susceptibil-
ity genes remain largely unknown and much of the genetic 
heterogeneity of schizophrenia remains undocumented.

Fortunately, the advent of GWAS provides an oppor-
tunity to investigate the strong genetic heterogeneity of 
schizophrenia. Compared with traditional genetic stud-
ies, GWAS have higher throughput and power. Because 
GWAS could identify numerous high-confidence candi-
date genes (variants) in one test, we can assess the PPI 
between these identified genes.39 To date, multiple GWAS 
of schizophrenia have been conducted and many pivotal 
schizophrenia susceptibility genes have been identified. 
In addition, accumulating evidence clearly indicates com-
mon polygenic variation contributes to schizophrenia 
risk. More importantly, Rossin et al developed a reliable 
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Fig. 4. Differentially expressed genes detected in dorsolateral prefrontal cortex (DLPFC) of individuals with schizophrenia encode a 
significantly interconnected protein-protein interaction (PPI) network. (A) PPI network constructed using differentially expressed genes 
identified in DLPFC of individuals with schizophrenia. (B) The direct connectivity network is statistically significant (has more edges) 
compared with 10 000 random networks (P = .000099, corrected), implying significant physical interaction among proteins that are 
encoded by dysregulated genes identified in individuals with schizophrenia. KEGG pathways that were significantly enriched among 
genes participating in the direct network are shown in the red box. P values were corrected by the Benjamini-Hochberg procedure in 
DAVID.
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and efficient method to evaluate whether genes in loci 
associated with complex traits are statistically signifi-
cantly connected via PPI.16 In this study, we used a PPI 
network analysis to study the PPIs among top schizo-
phrenia susceptibility genes. We present convergent and 
statistically significant evidence that top schizophrenia 
candidate genes encode a highly interconnected network. 
Our study may provide useful methodological guide-
lines to investigate the complex genetic heterogeneity of 
schizophrenia. Considering at least 4 independent data 
sets were used in this study and these data sets were from 
different sources (eg, GWAS of schizophrenia, CFG of 
schizophrenia, and expression study of individuals with 
schizophrenia), these convergent and consistent results 
suggest that top schizophrenia genes interact significantly 
and form a densely interconnected network.

It is worth noting that gene set enrichment analysis of 
2 independent data sets (ie, 256 genes defined by 81 top 
SNPs from Schizophrenia PGC and 548 genes with sig-
nificantly altered expression levels in DLPFC of schizo-
phrenia patients) identified many overlapping GO terms. 
Considering the data type of  these 2 data sets were dif-
ferent (ie, one is from a GWAS of schizophrenia, while 
the other is from an expression study of  schizophrenia 
patients), these overlapping terms may represent authen-
tic biological processes that were perturbed in schizo-
phrenia. Furthermore, these consistent results provide 
robust evidence that common molecular networks or 
biological processes were perturbed in schizophrenia.

Taken together, these converging lines of evidence 
indicate schizophrenia susceptibility genes encode pro-
teins that significantly directly interact and form a 
substantially interconnected network, suggesting per-
turbations to common underlying molecular networks 
or processes that modulate schizophrenia risk. Our find-
ings that schizophrenia susceptibility genes encode a 
highly interconnected protein network may also provide 
novel explanation for the observed genetic heterogeneity 
of schizophrenia, ie, mutations in any member of this 
molecular network or pathway will lead to same func-
tional consequences that eventually contribute to schizo-
phrenia risk.
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