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ABSTRACT

BACKGROUND: Gene coexpression networks are relevant to functional and clinical translation of schizophrenia risk
genes. We hypothesized that schizophrenia risk genes converge into coexpression pathways that may be associated
with gene regulation mechanisms and with response to treatment in patients with schizophrenia.

METHODS: We identified gene coexpression networks in two prefrontal cortex postmortem RNA sequencing
datasets (n = 688) and replicated them in four more datasets (n = 1295). We identified and replicated (p values < .001)
a single module enriched for schizophrenia risk loci (13 risk genes in 10 loci). In silico screening of potential regulators
of the schizophrenia risk module via bioinformatic analyses identified two transcription factors and three microRNAs
associated with the risk module. To translate postmortem information into clinical phenotypes, we identified poly-
morphisms predicting coexpression and combined them to obtain an index approximating module coexpression
(Polygenic Coexpression Index [PCI]).

RESULTS: The PCI-coexpression association was successfully replicated in two independent brain transcriptome
datasets (n = 131; p values < .05). Finally, we tested the association between the PCl and short-term treatment
response in two independent samples of patients with schizophrenia treated with olanzapine (n = 167). The PCI
was associated with treatment response in the positive symptom domain in both clinical cohorts (p values < .05).
CONCLUSIONS: In summary, our findings in 1983 samples of human postmortem prefrontal cortex show that
coexpression of a set of genes enriched for schizophrenia risk genes is relevant to treatment response. This coex-
pression pathway may be coregulated by transcription factors and microRNA associated with it.
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Risk for several major psychiatric disorders is highly related to
genetic factors, and transcriptomics is leading the way to clarify
how genetic risk translates into biological pathways underlying
mental iliness (1-3). This task is challenging because only rarely
do we know which genes within the risk loci are causally
implicated in the disorder (4). Psychiatric risk loci include many
genes and are proximal to many more, such that risk variants in
the loci may theoretically impact hundreds of genes (5). Un-
derstanding the relationship between risk variants and genes
involved in the disorder may thus require identification of
common pathways and biological processes involving genes
located in multiple loci. In turn, discovering biological pathways
that bring together multiple risk loci will contribute to identifying
molecular elements, such as transcription factors and micro-
RNA (miRNA), that may represent nodes of risk convergence by
regulating diverse gene functions (6).

The novel insights from the analysis of postmortem
brains are especially relevant for highly heritable disorders,
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such as schizophrenia (SCZ) (7-9). The discovery that at
least 108 genetic loci are associated with the disease sug-
gests that multiple biological processes may be involved in
SCZ, perhaps converging into one or a few common path-
ways (high coherence) or distributed across many pathways
of genetic risk (low coherence) (10). The question of genetic
risk coherence is important because the functional and
clinical translation of SCZ risk variants remains unclear
when they are considered on their own or cumulated
without links with the underlying biology. For example,
currently available polygenic risk scores have explained no
more than 1.2% of the variance in symptoms across pa-
tients (11-15) and up to 3.2% in treatment response or
resistance (16-18).

A basic principle of biology is that the expression of in-
dividual genes is often coordinated by regulatory molecules,
resulting in the coexpression of gene networks (1,6,19,20).
Therefore, gene coexpression is a biological process
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relevant to the convergence of psychiatric risk into common
pathways that are associated with clinical translation of risk
loci (3,21). At the very least, some of the SCZ risk variants
control gene expression (22,23). Moreover, genes in the
Psychiatric Genomics Consortium (PGC) SCZ loci cose-
gregate into coexpression pathways (3,21,22,24), and ge-
netic variation in such pathways is relevant to SCZ
phenotypes (2,25-28).

To the extent that risk gene expression underlies the
symptoms that together characterize SCZ, risk gene expres-
sion patterns may also be related, with the response to drugs
antagonizing such pathophysiological mechanisms. Indeed,
the case of the dopamine receptor D2 gene (DRD2) is
consistent with this hypothesis (7,25). Therefore, we hypoth-
esized that genes located in PGC SCZ risk loci may converge
into coexpression pathways that, in turn, reveal molecular el-
ements that potentially contribute to orchestrate genetic risk
and ultimately clinical outcome. It has never been investigated
whether gene—gene relationships of relevance to SCZ risk are
also relevant to interindividual differences between patients.
Previous works translated coexpression pathways into pre-
dictions of drug response based on the individual genetic
background associated with coexpression (25,29), but the
association of such pathways with SCZ risk counted only a few
genes.

Here, we aimed to identify, validate, and translate into
clinical phenotypes gene coexpression networks (Figure 1)
obtained by means of weighted gene coexpression network
analysis (20,30). We used RNA sequencing data from two of
the largest collections of postmortem prefrontal cortices
currently available: the Lieber Institute for Brain Development
(LIBD) repository (31) and the CommonMind Consortium
(CMC) collection (22). We translated transcriptomics into
clinical phenotypes using common genetic variants repre-
senting coexpression quantitative trait loci (co-eQTLs)
(25,32). We associated co-eQTLs with short-term treatment
response to olanzapine (assessed via Positive and Negative
Syndrome Scale [PANSS]) in the largest double-blinded
clinical trial openly available to date with genome-wide gen-
otyping (33). We replicated the clinical results in an inde-
pendent dataset of patients with SCZ treated with olanzapine
in Bari, Italy (34).
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METHODS AND MATERIALS

Coexpression Network of Human Prefrontal Cortex

Both the LIBD and CMC datasets included postmortem
messenger RNA expression levels of healthy control subjects
and patients with SCZ in the human prefrontal cortex, whereas
three of the additional datasets used for replication included
only individuals without diagnosed psychiatric disorders
(35,36) and the fourth included participants with other major
psychiatric disorders (21). We focused on this brain region
because of the large sample size available and the multiple
datasets usable for replication. The LIBD and CMC datasets
were filtered based on RNA integrity number (=7.0), age range
(17-86 years), and ethnicity (African American and Caucasian).
We included multiple ethnicities, even though risk loci have
been identified in individuals with Caucasian ancestry (7), to
maximize statistical power. After filtering, frontal cortex sam-
ples from 343 LIBD individuals and 345 CMC individuals were
included (Supplemental Methods and Materials 1.1, 1.2).
Supplemental Table S1 summarizes the demographic data of
all samples.

We included genes available in both datasets with median
expression >0.1 reads per kilobase per million (20,993). Based
on the greater signal-to-noise ratio found in the LIBD dataset
(0 < 2.2 x 1079 (Supplemental Methods and Materials 1.3
and Supplemental Results 2.1; Supplemental Figure S1), we
selected the LIBD dataset as the reference and used the CMC
dataset for replication. Thus, after preprocessing (37)
(Supplemental Figures S2-S5), we identified one network for
the LIBD and one for the CMC datasets, pooling data from
patients and control subjects (Supplemental Methods and
Materials 1.4, 1.5; Supplemental Results 2.2, 2.3). We also
explored further samples to assess the robustness of the gene-
gene relationships detected using four additional frontal cortex
microarray and RNA sequencing datasets, as reported in
Supplemental Table S1 (21,35,36,38). For this purpose, we
employed preservation (39) and permutation (40) techniques
(Supplemental Methods and Materials 1.6).

Prioritization of Modules Relevant for SCZ

We prioritized modules in terms of their overrepresentation of
SCZ risk genes (n = 310; Supplemental Table S6) using
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Figure 1. Study design. CMC, CommonMind Consortium; Co-eQTL, coexpression quantitative trait loci; LIBD, Lieber Institute for Brain Development;
PANSS, Positive and Negative Syndrome Scale; PCI, Polygenic Coexpression Index; SCZ, schizophrenia; SNP, single nucleotide polymorphism; WGCNA,
weighted gene coexpression network analysis.
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hypergeometric tests and corrected the results for multiple
comparisons (Bonferroni-corrected p value < .05). We
assessed overrepresentation in both protein-coding and non-
protein-coding genes [biomaRt R package (41)]. As a nega-
tive control, we also tested the genome-wide association study
loci for attention-deficit/hyperactivity disorder, autism spec-
trum disorder, bipolar disorder, and major depressive disorder
(14,42,43) (Supplemental Methods and Materials 1.7). Next, we
asked whether this enrichment was affected by genetic prox-
imity. We hypothesized that the overrepresentation of SCZ risk
genes remained significant when the boundaries of the loci
were expanded within a genomic distance compatible with an
influence of sequence elements on gene expression (44,45). To
this end, we expanded SCZ risk loci from =50 kbp to =10 Mbp
and derived an empirical p value via permutations (n = 10,000).
At each iteration, we permuted the module assignment of
each gene, we computed the hypergeometric probability for
each set of random modules, and we retained the lowest
p value to generate a null distribution. The empirical p value
was defined as the rate of p values smaller than the threshold.
We set the significance threshold at empirical p value < .001.

Additionally, we computed a gene set competitive enrich-
ment analysis with the software MAGMA (46) to assess
whether variants that fell within enriched modules were asso-
ciated with greater SCZ risk compared with risk in the
remaining gene sets (Supplemental Methods and Materials
1.7). Finally, we tested whether the first principal component
of module gene expression (module eigengene [ME]) was
associated with possible biological confounders such as
smoking habit or antipsychotic or antidepressant medications
in patients with SCZ. To this aim, we used a binary classifi-
cation of whether patients used the drugs (Supplemental
Methods and Materials 1.5).

Functional Significance of Risk Modules

Given the importance of developmental ages for SCZ liability
(47), we asked whether the genes in the risk modules were
also coexpressed during neurodevelopment; to this end, we
replicated our modules in a sample of 93 neurotypical in-
dividuals ranging in age from fetus to 16 years of age (LIBD
developmental series; Supplemental Table S1) nonoverlap-
ping with the sample used in the main analysis. Specific
expression analysis (http://genetics.wustl.edu/jdlab/csea-
tool-2/) (48) served to assess whether module genes were
preferentially expressed in the cortex during specific neu-
rodevelopmental stages (49) (Supplemental Figure S4). We
also investigated module enrichment for brain cell type-
specific markers (50) (Supplemental Methods and Materials
1.8). Then, we investigated the functional significance of
the target modules by means of gene ontology, disease
association, and chromosomal enrichment analyses
[Amigo2; ToppGene (51)] (Supplemental Methods and
Materials 1.8). We assessed whether medication in pa-
tients with SCZ may influence risk modules by investigating
the overrepresentation of genes regulated by haloperidol
(52) (Supplemental Methods and Materials 1.8). Finally, we
assessed the overrepresentation of genes associated with
SCZ from transcriptome-wide association studies (3,53)
(Supplemental Methods and Materials 1.8).

Regulation of Transcription Potentially Implicated
in Risk Module Coexpression

We hypothesized that coexpressed genes may be coregulated
by elements such as transcription factors (TFs) and miRNA (54).
We tested this hypothesis by investigating TFs targeting risk
module genes. Using the software Pscan (http://159.149.160.88/
pscan/) (55), we identified TFs whose binding motif was over-
represented in the promoter regions of our coexpressed genes
(Bonferroni-corrected p value < .05). We assessed all network
modules to investigate the specificity of the associations. Addi-
tionally, we assessed the overrepresentation of the targetome of
10 miRNAs associated with SCZ risk (56) in all modules, using
hypergeometric tests and permutations (Bonferroni-corrected p
value < .05) (Supplemental Methods and Materials 1.9).

Polygenic Coexpression Index

To translate risk module coexpression into clinical phenotypes,
we generated an index predicting risk module coexpression
based on individual genetic background. We first identified
single nucleotide polymorphisms (SNPs) predicting coex-
pression (co-eQTLs) of the whole module and generated a
Polygenic Coexpression Index (PCI) (25,32). We used a robust
linear model to assess allelic dose effects on ME, adjusted for
diagnosis, age, sex, RNA integrity number, the rate of reads
mapped to known genes, the rate of reads mapped to mito-
chondrial DNA, and 10 genomic principal components ac-
counting for population stratification. Aiming to increase
statistical power, we computed a meta-analytic p value for
each SNP based on the effect size in the LIBD and CMC
datasets (meta-analytic dataset; overall, 688 participants;
Supplemental Methods and Materials 1.10). We ranked SNPs
based on their meta-analytic p value and computed several
PCls by adding one SNP at a time. Our purpose was to identify
an ensemble of SNPs affording prediction of coexpression
(correlation between ME and PCls) rather than identifying
single genetic variants associated with coexpression per se.
To determine how many variants should be included in the PCI,
we replicated the association between ME and PCls in two
independent datasets (BRAINEAC and LIBD developmental
series, p value < .05) (35,57) and aggregated the replication
effect sizes through meta-analysis. The test sets did not affect
the model because both the ME and the weights of the SNPs
in the PCI were derived from the training sets (Supplemental
Methods and Materials 1.11). We employed a previously
published procedure based on signal detection theory to
assign weights (A') to each SNP genotype (25,32). The
selected PCls were used to predict treatment response to
olanzapine in two cohorts of patients with SCZ.

Clinical Study

All participants provided written informed consent following
the guidelines of the Declaration of Helsinki after receiving a
complete description of the study. Protocols and procedures
were approved by the ethics committee of the University of
Bari and by the institutional review board of each clinical site
involved in the Clinical Antipsychotic Trials of Intervention
Effectiveness (CATIE) program. Diagnosis of SCZ was estab-
lished via Structured Clinical Interview for DSM-IV-TR. Symp-
tom severity was assessed with PANSS (58) at study entry and
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Figure 2. Coexpression network. (A) Preservation of the Lieber Institute for Brain Development (LIBD) network in the CommonMind Consortium (CMC)
dataset (39). The LIBD modules are shown on the x-axis ranked by Z-summary preservation score (y-axis). Z = 10 denotes strong preservation, 2 = Z < 10
moderate, and Z < 2 absent. (B) Replication of the LIBD modules topology in the CMC dataset (40). Bars indicate the number of replicated modules at
empirical p value < .001 vs. not replicated modules (10,000 permutations). (C) Darkgreen module enrichment for schizophrenia (SCZ) risk genes. Enrichment
significance is shown over increasing expansion of SCZ risk loci boundaries. The x-axis reports the size of expansion in kilobase pairs (kbp). The y-axis in-
dicates the —log1o p value of the hypergeometric test for overrepresentation of SCZ risk loci in Darkgreen. Box plots show the null distribution of the lowest
enrichment p value over all network modules obtained after network labels permutation (n = 10,000). The red horizontal line shows the Bonferroni threshold
selected (number of modules = 43, o = .0012). Stars and diamonds denote Darkgreen exact enrichment p value. Numbers above the x-axis report the absolute
number of SCZ risk genes found in Darkgreen. (D) Replication of the LIBD modules in several different datasets (40). Slate-blue fields denote modules (x-axis)
replicated at empirical p value < .001 (over 10,000 permutations). (E) Darkgreen graph. The nodes of the graphs (spheres) represent genes, and SCZ risk genes
are colored in dark red. Gold spheres represent a selection of the most connected genes in the module (hub genes, scaled intramodular connectivity = 0.3) and
have a diameter proportional to intramodular connectivity, i.e., larger spheres denote genes harboring more connections within Darkgreen. Lines denote gene—
gene relationships and their width is proportional to connection strength. BA, Brodmann area; FTCX, frontal cortex; GTEx, Genotype-Tissue Expression
Consortium; PGC, Psychiatric Genomics Consortium.
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Table 1. Psychiatric Genomic Consortium (PGC) Loci and Genes Overlapping With the Module Darkgreen

PGC
HGNC PGC Loci PGC Loci PGC Loci Index SNP
Ensembl Gene ID Symbol Gene Name Rank Index SNP Position (hg19?) p Value
ENSG00000187987 ZSCAN23 Zinc finger and SCAN domain 1 rs115329265 chr6:28303247- 3.48 x 10737
containing 23 28712247
ENSG00000151067 CACNA1C Calcium voltage-gated channel 4 rs2007044, rs2239063 chr12:2321860- 322 x 10718
subunit alphal C 2523731
ENSG00000204120  GIGYF2 GRB10 interacting GYF protein 2 22 rs6704768 chr2:233559301- 2.32 x 1072
233753501
ENSG00000065413 ~ ANKRD44 Ankyrin repeat domain 44 31 rs6434928 chr2:198148577- 2.06 x 10~
198835577
ENSG00000080854  IGSF9B Immunoglobulin superfamily, 36 rs75059851 chr11:133808069- 3.87 X 107"
member 9B 133852969
ENSG00000184983  NDUFA6 NADH:ubiquinone oxidoreductase 57 rs1023500, rs6002655 chr22:42315744- 1.71 x 107°
subunit A6 42689414
ENSG00000213593  TMX2 Thioredoxin-related 59 rs9420 chr11:57386294- 2.24 x 10°°
transmembrane 57682294
protein 2
ENSGO00000117020  AKT3 AKT serine/threonine kinase 3 64 rs10803138, chr1:243503719- 3.73 x 10°°
rs77149735, rs14403, 244002945
chr1_243881945_|
ENSG00000126461 SCAF1 SR-related CTD associated 106 rs56873913 chr19:50067499- 469 x 1078
factor 1 50135399
ENSG00000255408  PCDHA3 Protocadherin alpha 3 108 chr5_140143664_| chr5:140023664- 485 x 1078
ENSG00000204967  PCDHA4 Protocadherin alpha 4 140222664
ENSG00000204965 PCDHA5 Protocadherin alpha 5
ENSG00000081842 PCDHA6 Protocadherin alpha 6

chr, chromosome; HGNC, HUGO Gene Nomenclature Committee; SNP, single nucleotide polymorphism.

Human Genome version 19.

at several follow-up visits. We focused on patients treated with
olanzapine because it showed the best response in the CATIE
study (33) and because we had a replication sample available
undergoing the same treatment. The first clinical cohort
included patients recruited in the CATIE study by the National
Institute of Mental Health and treated with olanzapine (n =
121) (33). The second cohort included 46 patients recruited
from the region of Apulia, Italy, who were also treated with
olanzapine in monotherapy (34) (Supplemental Methods and
Materials 1.12).

We computed percent change of symptom severity from
baseline to 1-month follow-up separately in the positive,
negative, and general subscales of the PANSS, in both the
CATIE and University of Bari datasets. Supplemental Table S2
summarizes PANSS scores. We used robust multiple regres-
sion to assess the association with the PCls, controlling for age,
sex, education level, and ancestry (indexed using the first 10
genomic principal components). We corrected statistics for
multiple comparisons using p values adjusted for corrected
tests, a method that identifies the number of statistically inde-
pendent tests based on the correlation structure of the variables
tested. We tested three clinical scores and four correlated PCls
and corrected for multiple comparisons after determining the
interdependence between variables (corrected p value < .05)
(59). To investigate the biological relevance of the SNP set
predicting treatment outcome, we assessed the enrichment for
genetic regulatory elements by interrogating Haploreg version
4.1 (Bonferroni-corrected p value < .05), a repository of

previous genomic studies (60,61), including specific information
on the dorsolateral prefrontal cortex (Supplemental Methods
and Materials 1.11).

RESULTS

Coexpression Modules of Risk Genes for
Schizophrenia

The LIBD network (available in Data File S1 in Supplement 2)
was preserved in the CMC network, and vice versa
(Figure 2A, 2B; Supplemental Figure S7; Supplemental
Results 2.3; Supplemental Tables S3, S4). Across both
datasets, we identified a single module (Darkgreen)
(Figure 2E) significantly enriched for genes in the PGC SCZ
loci (10 loci, 13 genes, Bonferroni-corrected p value over all
modules generated across both networks = 3.1 x 1072
(Table 1, Supplemental Table S7). No other associations of
any of the modules with other psychiatric disorders were
significant at the same threshold. Notably, the SCZ enrich-
ment persisted when we included both protein-coding and
non-protein-coding genes located in the PGC loci (p value =
57 x 10% (Supplemental Figure S13) and when we
controlled for guanine-cytosine content and gene length
(Supplemental Results 2.4, Supplemental Figure S14). Inter-
estingly, the module included CACNA1C, potassium chan-
nels, protocadherins, and several genes coding for
neurotransmitter receptors. The enrichment survived
permutation-based empirical p value < .001 when loci were
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expanded up to 450 kbp (Figure 2C; Supplemental
Figure S13). Darkgreen was among 13 modules preserved
and topologically replicated in all of the four additional
transcriptomic datasets we analyzed, showing that the
identified gene—gene associations were robust (empirical p
value < .001) (Figure 2D; Supplemental Table S8). MAGMA
(46) demonstrated that variants falling within Darkgreen were
associated with greater SCZ risk compared with the
remaining sets (p value = .036). Hence, converging evidence
from the gene list and the localization of genetic variants
suggested that genetic risk for SCZ converged into Dark-
green. Moreover, ME Darkgreen was not associated with
smoking habit nor with use of antipsychotic or antidepres-
sant medications in patients with SCZ (p value > .1) (Data
File S2 in Supplement 2).

Functional Significance of Darkgreen Module

Darkgreen included 225 genes (157 protein coding)
(Supplemental Table S7). The LIBD developmental series
revealed significant preservation and topological overlap
(empirical p value < .001; Supplemental Table S8), showing
that Darkgreen gene—gene relationships were significant also in
independent participants during developmental life stages.
Darkgreen was enriched for genes preferentially expressed in
the cortex during young adulthood (49) (Supplemental
Figure S15) and for neuronal cell types with demonstrated
association with SCZ risk (50) (Supplemental Results 2.5;
Supplemental Figures S16, S17). Darkgreen was functionally
enriched for gene products involved in homophilic cell adhe-
sion via plasma membrane (Amigo2, GO:0007156, 9 genes,
fold-enrichment = 7.92, Bonferroni-corrected p value = .022).
Protocadherin genes located in the 5931.3 region of chromo-
some 5 were overrepresented in Darkgreen (false discovery
rate-corrected p value = 2.7 X 107%), whereas genes associ-
ated with haloperidol administration were not (Supplemental
Results 2.5; Supplemental Figure S18). We found no signifi-
cant enrichment for SCZ transcriptome-wide association in
any coexpression module.

Regulation of Transcription Potentially Implicated
in Darkgreen Module Coexpression

Pscan revealed two TFs (NRF1, KLF14) whose binding motif
was overrepresented in the promoter regions of Darkgreen-
coexpressed genes (corrected p value < .05). However, the
identified TFs were related to several other modules (corrected
p value < .05; NRF1 to 24 modules; KLF14 to 18 modules)
(Supplemental Figure S19), hindering conclusions about their
specificity. The targets of three SCZ-related miRNAs (miR-101,
miR-374, and miR-28) were overrepresented in Darkgreen
(corrected p value < .05) (Supplemental Table S9). Interest-
ingly, miR-374 targets eight of the nine Darkgreen genes with
G0:0007156 (fold-enrichment = 21.5, Bonferroni-corrected p
value = 3.8 X 1075). The identified miRNAs overlapped with
only a few modules (miR-101, miR-374, and miR-28 over-
lapped with 8, 6, and 10 modules, respectively; corrected p
value < .05) (Supplemental Figure S20; Data file S3 in
Supplement 2), suggesting some degree of specificity. Over-
all, these results are consistent with the idea that genetic risk

Gene Coexpression Predicts Treatment Response

convergence in Darkgreen may be mediated by TFs and
miRNAs.

Polygenic Coexpression Index

The SNP association analysis revealed one SNP, rs9836592,
surviving Bonferroni correction for multiple comparisons;
however, variants significant at uncorrected thresholds added
further predictive power to this single SNP, because PCls
including between six and 32 SNPs afforded significant pre-
dictive capacity in both datasets with an effect size compa-
rable between discovery and replication sets (BRAINEAC: p
value < .05 [Figure 3A, 3B; Supplemental Figure S22]; LIBD
developmental series: p value < .05 [Figure 3A; Supplemental
Figure S23]). Supplemental Table S10 includes annotations of
the first 32 SNPs. In the meta-analysis of the BRAINEAC and
the LIBD developmental series, prediction strength reached a
plateau between 14 and 17 SNPs, with no further improvement
when more SNPs were added (Figure 3C). Based on these
results, we used the PCls that included 14 to 17 SNPs as
predictors in the clinical study.

Clinical Study

Table 2 illustrates the results of our clinical study. We found the
most significant relationship between the PCI-16 and positive
PANSS improvement (corrected p value = .033, np2 = .061;
estimated number of independent comparisons = 4.66)
(Figure 4A), which was replicated in the University of Bari in-
dependent clinical sample (one-tailed p = .0475, np2 = .067)
(Figure 4B). This set of 16 SNPs was enriched for H3K27ac-
H3K9ac marks specifically in the dorsolateral prefrontal cor-
tex (corrected p value = .029).

DISCUSSION

We investigated the coherence of SCZ PGC loci with the aim
of identifying a biological pathway of SCZ risk associated with
interindividual variation between patients. We identified one
gene coexpression module enriched for genes located in risk
loci for SCZ. Gene—gene relationships were reproducible in five
other brain gene expression datasets. Co-eQTLs identified in
688 participants were associated with short-term treatment
response to olanzapine—a first-line antipsychotic—in patients
with SCZ. These findings suggest a significant degree of
coherence of SCZ risk genes and coexpression partners that
translates into interindividual variability in treatment response
to olanzapine between patients.

Gene Coexpression in Schizophrenia

In the context of noncoding variation, which in genome-wide
association studies characterizes most significant SNPs in
common disorders, gene expression is likely the phenotype
closest to DNA in which interindividual differences can be
directly associated with genetic variation. The multifold pres-
ervation of the network is important to demonstrate that state-
related factors such as pharmacological treatment did not
dominate the topology of the network, which was replicated in
independent datasets of individuals of various ages and
affected by various psychiatric disorders totaling 1295 partici-
pants. Therefore, our results can be generalized beyond the
discovery sample that includes healthy control subjects and
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Figure 3. Polygenic Coexpression Index (PCI). (A) The plot illustrates the
variation of the effect size of the correlation between the PCI and the
Darkgreen module eigengene (ME) (y-axis) for a series of PCls with incre-
mentally added single nucleotide polymorphisms (SNPs). The discovery
(Lieber Institute for Brain Development [LIBD], CommonMind Consortium
[CMC]) and replication datasets (BRAINEAC, LIBD development) are rep-
resented with different colors. For increasing number of SNPs included in
the PCI (x-axis), the effect size in the discovery sets increases monotonically
because of overfitting, while it remains stable and then drops in the repli-
cation set, suggesting an optimal signal-to-noise ratio in the replication set
between six and about 32 SNPs. (B) PCI replication. Empirical significance
of the correlations between PCls and ME in the replication set (BRAINEAC).
Stars and diamonds display on the y-axis the significance of each ME-PCI
correlation over an increasing number of SNPs (x-axis). Box plots show the

Table 2. Association Between Polygenic Coexpression
Indices (PCIls) and Positive Early Treatment Response on
the Positive and Negative Syndrome Scale (PANSS)

SNPs in CATIE UNIBA
PANSS the PClI, t p  Corrected One-sided
Subscales No. Value Value pValue tValue p Value
Positive PCI #14 —-2.11 .03681 134 -1.93 .0306
PCI #15 —2.74 .00714 .033 -1.79 .0403
PCI #16 —2.74 .00708 .033 -1.711 .0475
PCI #17 —-2.58 .01119 .049 -1.60 .0553
Negative PCI #14 0.59 .5575 1 1.14 1311
PCI #15 0.29 .7750 1 1.18 1218
PCI #16 0.28 .7816 1 1.35 .0925
PCI #17 0.22 .8198 1 1.42 .0817
General PCI #14 —-1.52 .1301 277 -0.28 .3889
PCI #15 —1.81 .0721 191 -0.19 4234
PClI #16 —1.74 .0837 .208 -0.24 4075
PCI #17 —-1.78 .0771 .198 -0.23 .4106

CATIE, Clinical Antipsychotic Trials of Intervention Effectiveness;
SNP, single nucleotide polymorphism; UNIBA, University of Bari.

patients with SCZ. Consistently, gene—gene relationships within
Darkgreen were not associated with smoking or antipsychotic
medication, as far as these phenomenological factors are
measurable in postmortem tissue. Furthermore, the possible
confounding effects of medication may depend on the specific
antipsychotic administered and on the dose. In spite of different
acquisition and processing pipelines across the multiple data-
sets we used, the replicated results highlight that findings are
not bound to specific parameters (62). In summary, we identi-
fied gene—gene relationships revealing coherence of genetic
risk for SCZ across 10 separate genomic loci.

The Schizophrenia Risk Coexpression Module

Previous reports on gene coexpression in the prefrontal cortex
highlighted modules enriched for SCZ risk variants, as well as for
risk genes (24,28,63) and for differentially expressed genes (3).
The module we identified shows overrepresentation of risk
SNPs and risk genes at multiple genomic distance thresholds up
to 450 kbp, thus implicating genes beyond those initially re-
ported as associated with SCZ (7) and converging from 10
different loci. Enrichment analyses revealed an involvement of
Darkgreen genes in cell-cell adhesion, especially mediated by
the SCZ risk locus including several protocadherin genes—a
biological process previously associated with risk for SCZ and
bipolar disorder (64,65). Although we selected genes expressed
in the brain, ontologies were not filtered in the same way; hence,
more biological functions than currently detected may be
shared by these genes. Interestingly, the same protocadherins

corresponding null distribution of the correlation coefficients when geno-
types are permuted (2000 permutations). Color and shape key in the panel
highlight different empirical significance cut-offs. (C) Meta-analysis of the
effect sizes (Pearson's r) in the discovery and replication datasets. Dark red
vertical dashed lines delimit a plateau in the replication effect sizes between
14 and 17 SNPs. Note that the effect size never increases above the level
observed at the 17th SNP.
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Figure 4. Association between the Polygenic
Coexpression Index (PCl) and clinical outcome.
Negative correlation was found between the PCI with
16 single nucleotide polymorphisms and symptom
improvement in the positive domain of the Positive
and Negative Syndrome Scale (PANSS) (difference
between end point and baseline relative to baseline,
shown on the y-axis) in the (A) Clinical Antipsychotic
Trials of Intervention Effectiveness and (B) University
of Bari cohorts.
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were found to be associated with SCZ in induced pluripotent
stem cell-derived differentiated neurons (66) and with treatment
response in monozygotic twins with discordant response to
clozapine in treatment-resistant SCZ (67). Taken together, these
findings highlight the potential importance of Darkgreen genes
for the physiology of olanzapine and clozapine, two atypical
antipsychotics. Darkgreen also included genes coding for pro-
teins involved in synaptic transmission mediated by serotonin,
glutamate, and gamma-aminobutyric acid (HTR1F, GRMS5,
GABRB1, GABRG3) and for those involved in neural excitability
(KCNH1, KCNA3, KCNH7, KCNH5), along with CACNATC, a
risk gene for SCZ and bipolar disorder supported by multiple
lines of evidence (68-72) and previously associated with
response to olanzapine (73). The functions of the genes in
Darkgreen are consistent with previous pathway analyses of
SCZ risk (74) and enhance the biological plausibility of the
functional relevance of Darkgreen coregulation.

Although coexpression is only suggestive of gene cor-
egulation, it is noteworthy that the 13 PGC hits of Darkgreen
are distributed across 10 different loci, rather than encom-
passing a single locus that is cotranscripted because of ge-
netic proximity (44,45). This finding suggests that there may be
coregulators of these 10 loci, which we attempted to identify
via bioinformatics. Further investigations are required to clarify
the link between these gene regulators, the coexpressed SCZ
risk genes we identified, and neurodevelopment, a link sug-
gested by the significant preservation of Darkgreen topology in
very young participants and by prior reports (75-77).

Genetic Variants Associated With Coexpression of
Schizophrenia Risk Genes

As it is not possible to directly assess gene expression in the
living human brain, we used postmortem data to weight co-
eQTL alleles with the aim to predict the shared variance be-
tween coexpressed genes and hence index coexpression in
living individuals. The co-eQTLs detected here merit further
investigation as potential indicators of loci affected by genetic
regulatory elements associated with positive symptoms and
their clinical course. For example, the first ranked SNP,
rs9836592, has been associated with risk for bipolar disorder
(78), another disorder frequently treated with antipsychotic
drugs such as olanzapine. Furthermore, this SNP has been

PCI #16

already associated with the regulation of gene expression (78)
and is an eQTL for CACNA1D (79). Moreover, our set of 16
SNPs was enriched for histone acetylation marks. Previous
evidence supports the relevance of histone modification
pathways to SCZ (74) and the specific role of H3K27ac
markers in autism (80) a neurodevelopmental disorder sharing
some genetic risk with SCZ (81).

Response to Treatment With Antipsychotics

The PCI that was computed using the above-described ge-
netic variants was reproducibly associated with treatment
response to olanzapine. On the one hand, this finding suggests
that the 13 PGC hit genes coexpressed in Darkgreen are
candidates within their loci for mechanistic interpretations of
response to treatment. On the other hand, the PCI indexes a
wider group of genes, going beyond the PGC hits, suggesting
a broader transcriptomic landscape of risk and, more relevant
here, of the biology of treatment response. The present find-
ings imply that antipsychotic efficacy may involve many more
genes than those coding for the traditional targets, e.g.,
dopamine (25,29) and serotonin antagonism, tapping into
multiple neural transmission systems, including glutamate and
gamma-aminobutyric acid receptors, and calcium and potas-
sium channels.

Our findings further suggest a link of SCZ risk loci and their
molecular interactors with interindividual variation in response
to treatment with olanzapine selectively for positive symptoms
domain. As the two datasets we considered differed in overall
treatment response, it is not possible to determine a PCI cutoff
associated with a given threshold of treatment response. The
current evidence is also limited by the relatively restricted
sample size in the clinical groups (n = 167) and by the modest
size of the treatment-response effects, although 6% of the
variance explained compares favorably with prior reports of
SCZ polygenic risk (16-18). Therefore, these results appear
promising with respect to the feasibility of patient stratification
based on biological measures, in line with dimensional views of
SCZ (82-86).

Some limitations of this study suggest caution. While
weighted gene coexpression network analysis is a flexible and
extensively used tool, gene-gene relationships can be re-
flected in different gene clustering across datasets and
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studies. Gene—-gene relationships may also depend on con-
founding variables such as ethnicity. The analyses we per-
formed to control for confounders did not reveal a significant
impact of population stratification on our findings. Further-
more, the role of potential regulators of gene coexpression
requires biological evidence to offer mechanistic explanations
of their relationships with response to olanzapine. Neverthe-
less, this work and further evidence (3,21,22,24) demonstrate
the coherence of a subset of SCZ risk genes mediated by
coexpression. Our PCIl approach was aimed at studying the
interindividual variability across patients rather than between
patients and healthy control subjects. The findings offer the
first proof of concept that the genome-wide significant
convergence of SCZ risk genes in specific coexpression
modules translates into interindividual variability of treatment
response in patients.
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