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Abstract

Background. Mounting evidence shows genetic overlap between multiple psychiatric disor-
ders. However, the biological underpinnings of shared risk for psychiatric disorders are not
yet fully uncovered. The identification of underlying biological mechanisms is crucial for
the progress in the treatment of these disorders.

Methods. We applied gene-set analysis including 7372 gene sets, and 53 tissue-type specific
gene-expression profiles to identify sets of genes that are involved in the etiology of multiple
psychiatric disorders. We included genome-wide meta-association data of the five psychiatric
disorders schizophrenia, bipolar disorder, major depressive disorder, autism spectrum dis-
order, and attention-deficit/hyperactivity disorder. The total dataset contained 159219
cases and 262 481 controls.

Results. We identified 19 gene sets that were significantly associated with the five psychiatric
disorders combined, of which we excluded five sets because their associations were likely dri-
ven by schizophrenia only. Conditional analyses showed independent effects of several gene
sets that in particular relate to the synapse. In addition, we found independent effects of
gene expression levels in the cerebellum and frontal cortex.

Conclusions. We obtained novel evidence for shared biological mechanisms that act across
psychiatric disorders and we showed that several gene sets that have been related to individual
disorders play a role in a broader range of psychiatric disorders.

Introduction

Psychiatric disorders pose an enormous burden on affected individuals, their families, and
society as a whole, and insight into causal factors and successful treatment is strikingly limited
(Akil et al., 2010). For decades, psychiatric disorders are classified based on their observed
symptoms and disease course. Yet, it is debated to what extent the disorders are distinct
entities as boundaries are difficult to define. Psychiatric disorders contain a strong genetic
component (Polderman et al., 2015) and mounting evidence shows genetic overlap of com-
mon single nucleotide variants (SNPs) between multiple disorders (Cross-Disorder Group
of the Psychiatric Genomics Consortium, 20134, 2013b; Bulik-Sullivan et al., 2015a; Anttila
et al., 2018; Schork et al, 2019), primarily schizophrenia (SCZ), bipolar disorder (BD),
major depressive disorder (MDD), attention-deficit/hyperactivity disorder (ADHD) and aut-
ism spectrum disorder (ASD). This genetic overlap of common SNPs might be driven by bio-
logical mechanisms that are shared between multiple disorders. Insight into these shared
neurobiological processes will optimize diagnoses, and subsequent targeted drug development
and treatment for a broad range of disorders.

Recent genome-wide association studies (GWAS) have been very successful in identifying
many genetic variants that are associated with single psychiatric disorders, such as SCZ
(Pardinas et al., 2018) and MDD (Wray et al., 2018). Yet, knowledge on the biological under-
pinnings is still limited because the effects of individual genetic variants are extremely small
and as such give little information about underlying biological mechanisms. To obtain
more insight, an alternative approach is to study sets of genes that are part of the same bio-
logical pathway or functional mechanism. Given the polygenic nature of psychiatric disorders,
it is likely that individual genetic variants cluster in genes that share a biological function. For
individual psychiatric disorders, several of these gene sets have already been identified [e.g. cal-
cium signaling sets for SCZ (Pardinas et al., 2018) and FMRP target genes for ASD (Jansen
et al., 2017), for review see Sullivan and Posthuma (2015)], yet the biological mechanisms
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that drive a common liability for psychiatric disorders are still
largely unknown. First insights were provided by a large gene-set
study in 2015 that investigated the contribution of nearly 5000
gene sets derived from publicly available databases to the risk of
five main psychiatric disorders; SCZ, BD, MDD, ADHD, and
ASD (The Network and Pathway Analysis Subgroup of the
Psychiatric Genomics Consortium, 2015). This study reported a
role of gene sets involved in histone methylation, immune and
neuronal signaling, and the synapse across SCZ, BD, and MDD.
The smaller sample sizes of ASD and ADHD resulted in insuffi-
cient power to detect shared gene sets.

The current study aims to capitalize on the rapid increase in
sample sizes for psychiatric GWASs that have led to a dramatic
expansion in the identification of significantly associated genetic
variants. Using these rich datasets we aim to extend previous
research by testing a variety of plausible gene sets, both derived
from publicly available databases such as KEGG, GO, BioCarta
and Reactome, and gene sets composed by expert curation. The lat-
ter gene sets are excellent candidates for playing a role in multiple
psychiatric disorders because they tend to be less biased towards
well-studied genes, especially concerning genes active in the brain
(Feldman et al., 2008; Rossin et al., 2011). Hence, expert-curated
gene sets could give important additional insights. Furthermore,
we investigated the role of specific tissue types using
gene-expression profiles obtained from the Genotype-Tissue
Expression (GTEx) Project (GTEx Consortium, 2015). In addition,
we applied conditional analyses to systematically test the independ-
ence of significantly associated gene sets and tissue types. We used
the most recent publicly available GWAS summary statistics from
the five psychiatric disorders SCZ, BD, MDD, ADHD, and ASD.
The aim of this study is to identify sets of genes that are involved
in the etiology of multiple psychiatric disorders that subsequently
can teach us more about associated neurobiological processes.

Methods
Sample

We used the most recent publicly available genome-wide meta-
association results from five psychiatric disorders for which mul-
tiple genetic loci have been identified, i.e., these datasets provide
sufficient statistical power to detect genetic associations. These
datasets comprise SCZ (Pardinas et al., 2018) (40 675 cases and
64643 controls), BD (Bipolar Disorder and Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2018)
(20129 cases and 21524 controls), MDD (Wray et al., 2018)
(59 851 cases and 113 154 controls), ASD (Grove et al., 2019)
(18381 cases and 27969 controls), and ADHD (Demontis
et al., 2019) (20 183 cases and 35 191 controls). Summary statistics
were downloaded from https://www.med.unc.edu/pgc/results-
and-downloads. The total dataset contained 159219 cases and
262 481 controls. Details of the datasets have been described pre-
viously (Pardinas et al., 2018; Bipolar Disorder and Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2018;
Wray et al., 2018; Demontis et al., 2019; Grove et al., 2019). All
samples underwent similar quality control, imputation, and ana-
lysis steps.

Genetic correlations

SNP heritability (héxp) and genetic correlations (r,) were calcu-
lated between the five psychiatric disorders using Linkage
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Disequilibrium (LD) Score regression (Bulik-Sullivan et al.,
2015b) (https://github.com/bulik/ldsc). We used precomputed
LD scores that were provided by LD score regression, which
were calculated using the European panel of the 1000 Genomes
Project. No constraining of the intercept was applied.

Gene sets and tissue types

We included two types of gene sets: (1) derived from publicly
available databases, and (2) expert-curated, i.e., genes annotated
by experts in a specific research field that commonly involves
an extensive experimental or methodological design and inter-
pretation. In addition, we investigated tissue-specific gene-
expression values as gene properties (i.e., continuous values for
all genes). First, we selected from the molecular signature database
[MsigDB v6.2 (Subramanian et al., 2005), http://software.broadin-
stitute.org/gsea/msigdb/] all Gene Ontology (GO) gene sets (n =
5917) and canonical pathways (n = 1329). The GO gene sets con-
tain genes annotated by the same GO term and cover biological
processes, cellular components, and molecular functions. The
canonical pathways are representations of biological processes
that are compiled by domain experts. Second, we selected 126
expert-curated gene sets that have been tested to date for one of
the five disorders in studies based on whole genome approaches
[ie., GWAS, copy number variant (CNV) analysis, or whole-
exome sequencing analysis]. These gene sets cover different
types of expert-curated sets: sets of functionally related genes,
sets of co-expressed genes, and sets representing protein com-
plexes or networks (online Supplementary Table S1). Third, we
obtained gene-expression values of 53 tissues from the GTEx pro-
ject v7 (http://www.gtexportal.org/home/datasets). The expression
values of all genes were Winsorized at 50 reads per kilobase of
transcript per million reads mapped (RPKM) and subsequently
log2 transformed with pseudocount 1 (Pers et al., 2016).

Gene-set and gene-property analyses

We performed gene-set and gene-property analyses in MAGMA
(de Leeuw et al., 2015) (http://ctg.cncr.nl/software/magma) with
the GWAS summary statistics of the five psychiatric disorders as
input. Genetic variants with imputation INFO score <0.8 were
excluded. We first conducted a gene analysis for each disorder indi-
vidually in MAGMA using the snp-wise=mean gene analysis
model which is a test of mean SNP association using the sum of
-log(SNP p value) as test statistic. We subsequently meta-analyzed
the gene analysis results across the five disorders in MAGMA using
an unweighted Stouffer’s Z-transform method (Whitlock, 2005)
(i.e., the weight of every disorder is one to correct for the potential
effect of differences in sample size between disorders). Because the
datasets of the five disorders partially overlap, we corrected for
sample overlap by including a covariance matrix of the cross-trait
LD score intercept (Baselmans et al., 2019; Jansen ef al., 2019), esti-
mated by LD Score regression, which is an estimate of sample over-
lap and phenotypic correlation (Bulik-Sullivan et al, 2015b). Of
note, sample overlap does not affect the validity of the gene-set p
values to a large extend (see online Supplementary Methods).
The gene analysis merges the SNP associations within a gene
into one test statistic, hence, the direction of SNP effects are not
taken into account. This means that associated genes — and gene
sets — across disorders can be influenced by different SNPs in
each individual disorder, and that SNP effects can have different
directions of effect in different disorders.
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Table 1. Genetic correlations between five psychiatric disorders
ADHD ASD BD MDD SCz
ADHD h\p=0.21 (0.013)
ASD rg=0.36 (0.051) h2xp=0.11 (0.022)
p=1.38x10""2
BD rg=0.12 (0.040) rg=0.18 (0.052) hZxp=0.20 (0.010)
p=2.90x10" p=5.02x10""
MDD rg=0.52 (0.041) rg=0.41 (0.042) rg=0.34 (0.033) hyp=0.10 (0.0062)
p=9.80x103¢ p=3.73x10"22 p=4.21x10"2°
SCz rg=0.16 (0.035) rg=0.24 (0.039) rg=0.69 (0.023) rg=0.40 (0.028) h2xp =0.24 (0.0084)
p=5.77x10°¢ p=1.09x 10 p=2.21x10"2%2 p=5.28x10"%°

SCZ, schizophrenia; BD, bipolar disorder; MDD, major depressive disorder; ASD, autism spectrum disorder; ADHD, attention-deficit/hyperactivity disorder; h3yp, SNP heritability; rg, genetic

correlation.

Bold p values are genetic correlations with p<0.005 (Bonferroni corrected). Numbers in parentheses are standard errors.

Next, we used the meta-analyzed gene associations as input for
the competitive gene-set analyses of the database and expert-
curated gene sets to test whether the genes in a gene set are
more strongly associated across disorders than the other genes
in the genome, thereby correcting for the baseline level of the
association present in the dataset. This is especially important
for polygenic traits like psychiatric disorders, because the poly-
genic background can cause an association of any random gene
set of sufficient size. The associations were corrected for depend-
encies between genes by including a gene-gene correlation matrix
(reflecting LD) in the regression model, and for confounding
effects of gene size, gene density, mean minor allele count in
the gene and per-gene sample size by adding these variables
and their log values as covariates to the regression model. A
Bonferroni correction was applied to correct for multiple testing.

A gene-property analysis was performed to test the associa-
tions between the tissue-type gene expressions and gene p values.
Tissue-type gene expressions were corrected in a similar vein as
the gene sets, i.e., for dependencies between genes and confound-
ing effects of gene size, gene density, mean minor allele count in
the gene and per-gene sample size. In addition, the associations
were corrected for average expression over all tissue types by
including this as a covariate in the model. A Bonferroni correction
was applied to correct for the number of tissues tested.

We conducted several post hoc analyses of the gene sets and
tissue types. First, to evaluate the contribution of each disorder
to the cross-disorder associations, we performed the analyses of
the gene sets and tissue types per disorder. Second, we performed
a cross-disorder analysis in which we accounted for possible dif-
ferences between disorders at the SNP level by taking the direc-
tion of SNP effects into account in a SNP p value based
meta-analysis, correcting for overlap, in METAL (Willer et al,
2010). We subsequently used these results as input for the
gene-based analysis followed by the gene-set and gene-property
analysis. Only SNPs that were available in the summary statistics
of all five disorders were included, and the weight of each disorder
was set to one, corresponding to the initial meta-analysis. Third,
we compared the cross-disorder results of the unweighted
meta-analysis with a weighted meta-analysis using the Stouffer’s
weighted Z-transform method (Whitlock, 2005). Weighting the
disorders by sample size emphasizes the hypothesis that specific
biological mechanisms contribute to a common susceptibility to
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develop any psychiatric disorder, and hence each gene should
have the same effect on the different disorders.

Conditional analyses

Genes have multiple biological functions that often correlate
across genes, which may cause confounding effects in gene-set
analyses (de Leeuw et al, 2018). To address this issue and the
overlap between the gene sets due to a hierarchical structure of
the databases, we applied conditional gene-set analyses to evaluate
possible redundancy between associations [stepwise method
described in (de Leeuw et al., 2018)].

In the first step, we investigated the overlap in expression
levels of the identified tissue types in a forward selection proced-
ure. We started by selecting the tissue type with the strongest
association across disorders on which the second most strongly
associated tissue type was conditioned (in addition to average
expression levels that were already included as a covariate in
the main analysis). In every next step of this procedure, we
repeated this by conditioning on those tissue types that remained
nominal significantly associated in the previous steps. The
remaining tissue types will reflect distinct association signals
with the psychiatric disorders.

In the second step, we corrected the gene sets for general con-
founding of average gene expression levels and the tissue types
that we identified in the previous step. In the third step, we per-
formed the same forward selection procedure described in step 1
for the gene sets that remained nominally significant after step
2. These associations were conditioned on the tissues included
in step 2 as well.

Results
Genetic correlations between psychiatric disorders

All disorders showed moderate to strong genetic correlations
(Table 1) in line with previous findings (Bulik-Sullivan
et al., 2015a; Anttila et al., 2018). This positive evidence of
shared genetic factors substantiates the relevance of perform-
ing gene-set analysis across disorders to identify the possible
biological mechanisms that could explain these shared genetic
factors.
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Gene sets and tissue types associated across psychiatric
disorders

In total, we investigated the involvement of 7372 gene sets across
the five psychiatric disorders. We identified 690 gene sets that
were nominal significantly associated (or=0.05), of which 19
sets remained statistically significant after Bonferroni correction
for multiple testing (a¢=6.78x107% Fig. la and online
Supplementary Table S2). A set of highly-brain-expressed genes
based on BrainSpan data (Pinto et al., 2014) was most strongly
associated across disorders (p=2.11x107'7). In addition, nine
gene sets related to the synapse (of which three calcium channel
sets), five gene sets related to components of the neuron, targets of
the Fragile X mental retardation protein (FMRP), targets of the
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micro RNA MIR137, a gene set related to membrane depolariza-
tion, and a gene set related to transcription were significantly
associated across the five disorders. The gene-property analysis
of 53 GTEx tissues resulted in significant associations of all
brain tissue types (n = 14) after Bonferroni correction for multiple
testing (a=148x107% Fig. 1b and online Supplementary
Table S3). The cerebellum was most strongly associated (p=
1.26 x 107%%), followed by the cerebellar hemispheres and the
frontal cortex. None of the non-brain tissue types was signifi-
cantly associated across disorders.

We compared the results of these analyses — which are based
on meta-analyzing gene-based associations of the individual dis-
orders — with a gene-set and gene-property analysis including as
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input the meta-analyzed SNP associations of the five disorders.
Hence, the direction of the SNP effects is taken into account.
The results of these analyses and the initial analyses showed
strong correlations [Pearson’s correlation of log;o( p) =0.71 and
0.99 for gene sets and tissue types, respectively; online
Supplementary Tables S2 and S3]. Considering the significantly
associated gene sets, the three calcium channel sets and the
gene set involved in membrane depolarization showed equal asso-
ciation strengths, while the other gene sets present small to mod-
erate reduced associations when taking the direction of SNP
effects into account. This implies that the effects of SNPs related
to calcium channels, or more broadly related to action potentials
and depolarization, increase the risk on the different disorders in
the same direction, while the effects of genetic variants related to
the other identified functions partly act in opposite directions
across disorders. In addition to this post hoc analysis, we
performed a gene-set and gene-property analysis weighting the
disorders according to sample size. These results were highly con-
sistent with the initial unweighted analysis [Pearson’s correlation
of logo(p) =0.97 and 1 for gene sets and tissue types, respect-
ively; online Supplementary Tables S2 and S3].

To investigate the contribution of the association signal of the
individual disorders to the cross-disorder association, we per-
formed the gene-set and gene-property analyses for the individual
disorders as well (Fig. 1; online Supplementary Tables S2 and S3).
The contribution of SCZ was stronger compared to the other dis-
orders, and to evaluate the effect of SCZ on the cross-disorder
associations further, we tested the cross-disorder data excluding
SCZ (online Supplementary Tables S2 and S3). All associations
dropped substantially, yet 14 gene sets and 11 brain tissue types
showed stronger associations across disorders than with SCZ
only. This suggests that although the gene sets and tissues have
a stronger effect on SCZ, they have effects on the other disorders
as well, although considerably smaller. An effect of these gene sets
in the four other disorders is further supported by a stronger asso-
ciation across these four disorders compared to the association
with each disorder individually. Five gene sets and three brain tis-
sue types that were significantly associated across the five disor-
ders were more strongly associated with SCZ compared to the
cross-disorder association. Since we cannot exclude that solely
SCZ might drive these cross-disorder associations, we excluded
these gene sets from further investigation in the conditional
analyses.

Overlap between identified gene sets and tissue types

The gene sets that were significantly associated across the five dis-
orders are not independent as genes considerably overlap between
the sets (Table 2). In addition, gene expression levels correlate
between tissue types. To test the independence of the significantly
associated gene sets and tissue types — excluding the five gene sets
and three tissue types that were more strongly associated with
SCZ than across disorders — we performed stepwise conditional
analyses on the remaining 14 gene sets and 11 tissue types. In
the first step, we tested the independence of the identified tissue
types using a forward selection procedure. This revealed that
the brain tissue-type associations were strongly interdependent
(online Supplementary Table S3), and only cerebellum and
frontal cortex reflected distinct signals.

Second, we corrected the gene sets for global effects of
confounding caused by the average gene expression levels, and
the tissue types cerebellum and frontal cortex that were identified
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in the previous step. The highly-brain-expressed gene set was cap-
tured for the most part by the gene expression levels as expected.
The other gene-set associations showed minor to moderate reduc-
tions, though still strongly associated across disorders (online
Supplementary Table S2), indicating that the associations of the
identified gene sets are not merely because they comprise genes
expressed in the brain.

Third, we applied the forward selection procedure to the gene
sets to shed light on the relations between their associations. We
excluded the highly-brain-expressed gene set from this step as
gene expression levels are already captured by conditioning on
the average, cerebellum and frontal cortex tissue expression levels
included in the previous step. The eight gene sets FMRP targets
(Darnell et al, 2011), GO high voltage gated calcium channel
activity, GO postsynapse, MIR137 targets (Lewis et al, 2005),
GO modulation of synaptic transmission, GO membrane depolar-
ization during cardiac muscle cell action potential, GO gamma
aminobutyric acid signaling pathway, and GO transcription factor
activity RNA polymerase II core promoter sequence specific showed
independent effects. However, the associations with the gene sets
GO synapse part, GO synapse, GO neuron spine, GO voltage gated
calcium channel complex, and GO excitatory synapse could fully be
accounted for by the other identified gene sets. The large overlap
of genes in these sets with the other identified gene sets (Table 2)
clearly represents a shared association signal.

Discussion

The current gene-set analyses revealed various new sets of genes —
in particular related to the synapse and neuronal functions — and
gene-expression profiles of multiple brain tissues that play a role
in shared genetic risk across five psychiatric disorders. The
most strongly associated gene set was the highly-brain-expressed
genes, which has previously been related to ASD (Pinto et al.,
2014). However, as this gene set contains over 5000 genes with
many different functions, this observation particularly confirms
the polygenic nature of psychiatric disorders and its association
with brain processes. This finding is in concordance with our
tissue-type analysis, which showed the importance of gene expres-
sion of brain tissues for psychiatric disorders. Gene expression
profiles of the cerebellum showed the strongest association,
which confirms studies reporting cerebellar dysfunction in vari-
ous psychiatric disorders (Phillips et al., 2015). Our finding of
an additional effect of expression profiles of the frontal cortex is
supported by observations that dysfunction of this region and
related networks underlie cognitive and behavioral disturbances
in psychiatric disorders (Fornito et al., 2015).

In addition, we identified multiple gene sets related to the syn-
apse, which aligns with synaptic functions of several identified
genes for multiple individual psychiatric disorders (Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014;
Wray et al., 2018; Demontis et al., 2019; Grove et al., 2019; Stahl
et al, 2019). Three of these gene sets point to a specific role of
calcium channels, a well-established mechanism related to SCZ
(Ripke et al, 2013; Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014; Pardinas et al, 2018)
and suggested for BP and MDD as well (Cross-Disorder Group of
the Psychiatric Genomics Consortium, 2013b; Wray et al.,, 2018).
A common role across additional disorders is further supported
by a cross-disorder genome-wide meta-analysis reporting genes
related to the functioning of these channels (Schork et al., 2019).
We also replicated a cross-disorder role for the postsynapse,
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Table 2. Overlap in genes between 14 gene sets significantly associated across disorders

GO
transcription

GO high factor activity GO
FMRP voltage GO membrane RNA voltage
targets, gated MIR137 GO depolarization GO gamma polymerase Il gated
Darnell calcium targetscan modulation GO GO during cardiac aminobutyric core promoter calcium GO
Highly-brain-expressed etal. channel GO V6.2, Lewis of synaptic synapse GO neuron muscle cell acid signaling sequence channel excitatory
genes (BrainSpan) (2011) activity postsynapse et al. (2005) transmission part synapse spine action potential pathway specific complex synapse
Highly-brain-expressed 5610
genes (BrainSpan)
FMRP targets, Darnell 558 782
et al. (2011)
GO high voltage gated 2 5 11
calcium channel activity
GO postsynapse 230 90 1 378
MIR137 targetscan v6.2, 452 104 3 43 1113
Lewis et al. (2005)
GO modulation of 177 72 1 99 43 301
synaptic transmission
GO synapse part 375 140 3 378 70 152 610
GO synapse 450 164 4 378 81 172 610 754
GO neuron spine 84 35 0 119 14 47 119 120 121
GO membrane 6 4 3 5 6 1 5 5 3 14
depolarization during
cardiac muscle cell
action potential
GO gamma 12 3 2 16 2 5 17 18 1 0 23
aminobutyric acid
signaling pathway
GO transcription factor 3 0 0 1 2 2 1 1 0 0 0 14
activity RNA polymerase
Il core promoter
sequence specific
GO voltage gated 8 8 11 4 7 8 6 7 2 5 2 0 40
calcium channel
complex
GO excitatory synapse 132 66 1 190 28 66 195 197 55] 1 0 0 4 197

Each cell includes the number of genes that overlap between two gene sets. Cells on the diagonal show the total number of genes in the gene set. The 11 GO gene sets are extracted from the Gene Ontology database. The other three gene sets are

expert curated.
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although our findings do not support the previously reported role of
histone and immune pathways (The Network and Pathway Analysis
Subgroup of the Psychiatric Genomics Consortium, 2015). The tar-
get genes of MIR137, a microRNA that is one of the best replicated
genetic risk factors for SCZ (Cross-Disorder Group of the
Psychiatric Genomics Consortium, 2013b; Ripke et al, 2013;
Pardinas et al., 2018), have not been implicated yet in other disor-
ders and we now show that alterations in this network of genes are
likely also involved in other psychiatric disorders. Multiple studies
have reported the involvement of MIR137 in synaptic function,
by regulating synaptogenesis, synapse maturation and synaptic
transmission (Strazisar et al., 2014; Verma et al., 2015; He et al.,
2018). Furthermore, our results suggest a shared role for FMRP tar-
gets which have previously been related to SCZ and ASD based on
CNVs (Pinto et al., 2014; Szatkiewicz et al., 2014), de novo muta-
tions (lossifov et al, 2012; Fromer et al, 2014), rare variants
(Purcell et al, 2014), and common variants (Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014;
Jansen et al, 2017; Pardinas et al, 2018). FMRP is an
RNA-binding protein involved in the regulation of translation.
The binding transcripts code mainly for postsynaptic proteins
(Darnell et al., 2011), and loss of FMRP results in widespread def-
icits in synaptic plasticity (Darnell and Klann, 2013). Taken
together, all identified gene sets converge to an important contribu-
tion of communication between neurons, which is supported by the
implication of a more common role of altered cortical connectivity
in psychiatric disorders (Fornito et al., 2015).

Of note, the biological annotations of gene sets comprise a com-
plex and challenging process, e.g., due to the multiple functions of
many genes and incomplete knowledge. The construction of gene
sets is in general based on different approaches such as shared
cellular mechanism, co-expression patterns, protein-protein
interaction, or co-localization. Hence, sets of genes may be based
upon different inclusion criteria, creating an overlap between
gene sets, as also illustrated by the current study. Clearly, it is
important to recognize the impact of particular annotations on
gene-set analysis results and their biological interpretation.

To address this issue of confounding and redundancy in gene
sets, we applied conditional analyses. This provided insight in
how different gene-set associations relate to each other, and
whether identified functions may not be biologically relevant to
the disorders but rather induced by confounding factors (de
Leeuw et al, 2018). Brain-specific gene expression could be
such a general confounder for our identified synaptic and neur-
onal gene sets, but the conditional analyses demonstrated that
most of their associated signals were independent of brain expres-
sion levels. The conditional analyses between the identified gene
sets revealed that part of these gene-set associations is not inde-
pendent, which might be induced by a more extensive underlying
function. Nevertheless, several independent associations suggest
that multiple synaptic mechanisms are contributing risk factors
for psychiatric disorders. These mechanisms may serve as starting
points for future functional studies to disentangle their relation to
psychiatric disorders, and potentially provide a first resource for
the identification of drug targets and for drug repositioning
(Breen et al., 2016).

Our cross-disorder gene-set and gene-property analyses are
built on a meta-analysis of the gene-based associations with the
individual disorders, therefore possible opposite effects of genetic
variants are not taken into account. To explore if genetic variants
are related to multiple disorders but with opposite effects, we per-
formed an SNP-based meta-analysis of the five disorders and
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conducted a gene-set and gene-property analysis based on those
results. In this analysis, genetic variants with opposite effects
across disorders are cancelled out. Although these results showed
strong correlations with the original analysis, we detected differ-
ences in association strength that point to partial differences in
direction of SNP effects between the disorders for most identified
gene sets. Interestingly, the effects on calcium channel activity are
unidirectional across disorders. The outcome of different effects
across disorders is supported by the recent finding that the highly
correlated disorders SCZ and BD are differentiated by several gen-
etic loci with opposite directions of effects (Bipolar Disorder and
Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2018). It has indeed been shown that in addition
to genetic variants with effects on a general dimension of cross-
disorder liability, specific variants uniquely differentiate between
psychiatric disorders (Grotzinger et al., 2019). Furthermore, the
general cross-disorder liability could reflect biological mechan-
isms that are related to specific overlapping symptoms, e.g.
sleep disturbances, depressive symptoms and cognitive problems.
This hypothesis is supported by the finding that polygenic com-
ponents underlie multiple symptom dimensions of SCZ and BD
(Bipolar Disorder and Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2018). Exploring the bio-
logical mechanisms that may drive specific symptoms across dis-
orders is therefore required to further advance our understanding
of the complexity of the genetic overlap. Moreover, the identifica-
tion of these mechanisms may help to develop individual-
centered therapy driven by symptoms instead of general disor-
ders. Moving the focus from dichotomies to the level of the indi-
vidual is required to advance precision medicine (Senn, 2018).

We note that the associations of our identified gene sets were
to a large extent driven by SCZ. This is in line with previous stud-
ies that reported multiple gene sets associated with SCZ (Ripke
et al.,, 2013; Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014; Pardinas et al., 2018). Yet, hardly
any gene sets have been detected for other psychiatric disorders
despite the recent successes in identifying many genetic loci for
multiple disorders that resulted from the fast increase in sample
sizes that approach, or even exceed, the sample sizes of SCZ stud-
ies. This suggests that less successful findings for disorders such as
MDD are unlikely a result of less statistical power. One possible
explanation is that the identified gene sets of the current study
have a true stronger effect on SCZ. One could also speculate
that that SCZ has a different genetic architecture, or is less genet-
ically heterogeneous compared to other disorders, but future stud-
ies are needed to address these issues.

In conclusion, the current study provides novel evidence for
shared biological mechanisms that act across psychiatric disorders
based on gene-set and gene-property analyses. We showed that
several gene sets that previously only had been associated with
individual disorders also play a role in a broader range of psychi-
atric disorders, supporting the view of a common pathogenesis
across disorders. This indicates that the genetic overlap between
disorders is not randomly distributed, but can be explained by
specific biological mechanisms. The strongest evidence in our
results was for the involvement of synaptic functions, and gene
expression profiles of the cerebellum and frontal cortex. The gen-
etic data collection of additional psychiatric disorders is rapidly
increasing and will make it possible to extend our analyses to
other disorders in the near future. Understanding the shared bio-
logical mechanisms between psychiatric disorders may provide a
hint towards a general vulnerability for multiple psychiatric
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disorders, and could result in potential treatment for a broad
spectrum of psychiatric disorders.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/50033291719001776.

Acknowledgements. This work was funded by the Netherlands Organization
for Scientific Research (NWO Brain & Cognition 433-09-228) and supported by
strategic funding from The University of Queensland and from the Children’s
Hospital Foundation. The analyses were carried out on the Genetic Cluster
Computer, which is financed by the Netherlands Scientific Organization
(NWO; 480-05-003), by Vrije Universiteit Amsterdam and by the Dutch Brain
Foundation and is hosted by the Dutch National Computing and Networking
Services (SurfSARA). This research has been conducted using summary statistics
data available via the website of the Psychiatric Genomics Consortium. We thank
the participants and researchers who contributed and collected the data.

Conflict of interest. None.

References

Akil H, Brenner S, Kandel E, Kendler KS, King M-C, Scolnick E,
Watson JD and Zoghbi HY (2010) The future of psychiatric research: gen-
omes and neural circuits. Science 327, 1580-1581.

Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK, Bras J, Duncan L,
Escott-Price V, Falcone GJ, Gormley P, Malik R, Patsopoulos NA,
Ripke S, Wei Z, Yu D, Lee PH, Turley P, Grenier-Boley B,
Chouraki V, Kamatani Y, Berr C, Letenneur L, Hannequin D,
Amouyel P, Boland A, Deleuze J-F, Duron E, Vardarajan BN, Reitz C,
Goate AM, Huentelman MJ, Kamboh MI, Larson EB, Rogaeva E, St
George-Hyslop P, Hakonarson H, Kukull WA, Farrer LA, Barnes LL,
Beach TG, Demirci FY, Head E, Hulette CM, Jicha GA, Kauwe JSK,
Kaye JA, Leverenz JB, Levey AIl, Lieberman AP, Pankratz VS,
Poon WW, Quinn JF, Saykin AJ, Schneider LS, Smith AG,
Sonnen JA, Stern RA, Van Deerlin VM, Van Eldik LJ, Harold D,
Russo G, Rubinsztein DC, Bayer A, Tsolaki M, Proitsi P, Fox NC,
Hampel H, Owen M]J, Mead S, Passmore P, Morgan K, Nothen MM,
Rossor M, Lupton MK, Hoffmann P, Kornhuber J, Lawlor B,
McQuillin A, Al-Chalabi A, Bis JC, Ruiz A, Boada M, Seshadri S,
Beiser A, Rice K, van der Lee SJ, De Jager PL, Geschwind DH,
Riemenschneider M, Riedel-Heller S, Rotter JI, Ransmayr G,
Hyman BT, Cruchaga C, Alegret M, Winsvold B, Palta P, Farh K-H,
Cuenca-Leon E, Furlotte N, Kurth T, Ligthart L, Terwindt GM,
Freilinger T, Ran C, Gordon SD, Borck G, Adams HHH,
Lehtimiki T, Wedenoja J, Buring JE, Schiirks M, Hrafnsdottir M,
Hottenga JJ, Penninx B, Artto V, Kaunisto M, Vepsildinen §,
Martin NG, Montgomery GW, Kurki MI, Himildinen E, Huang H,
Huang J, Sandor C, Webber C, Muller-Myhsok B, Schreiber S,
Salomaa V, Loehrer E, Gobel H, Macaya A, Pozo-Rosich P, Hansen T,
Werge T, Kaprio J, Metspalu A, Kubisch C, Ferrari MD, Belin AC,
van den Maagdenberg AMJM, Zwart JA, Boomsma D, Eriksson N,
Olesen J, Chasman DI, Nyholt DR, Avbersek A, Baum L, Berkovic S,
Bradfield J, Buono R, Catarino CB, Cossette P, De Jonghe P,
Depondt C, Dlugos D, Ferraro TN, French J, Hjalgrim H,
Jamnadas-Khoda J, Kilvidinen R, Kunz WS, Lerche H, Leu C,
Lindhout D, Lo W, Lowenstein D, McCormack M, Moller RS,
Molloy A, Ng PW, Oliver K, Privitera M, Radtke R, Ruppert AK,
Sander T, Schachter S, Schankin C, Scheffer I, Schoch S, Sisodiya SM,
Smith P, Sperling M, Striano P, Surges R, Thomas GN, Visscher F,
Whelan CD, Zara F, Heinzen EL, Marson A, Becker F, Stroink H,
Zimprich F, Gasser T, Gibbs R, Heutink P, Martinez M, Morris HR,
Sharma M, Ryten M, Mok KY, Pulit S, Bevan S, Holliday E, Attia J,
Battey T, Boncoraglio G, Thijs V, Chen WM, Mitchell B, Rothwell P,
Sharma P, Sudlow C, Vicente A, Markus H, Kourkoulis C, Pera J,
Raffeld M, Silliman S, Boraska Perica V, Thornton LM, Huckins LM,
William Rayner N, Lewis CM, Gratacos M, Rybakowski F,
Keski-Rahkonen A, Raevuori A, Hudson ]I, Reichborn-Kjennerud T,
Monteleone P, Karwautz A, Mannik K, Baker JH, O’Toole JK,

https://doi.org/10.1017/50033291719001776 Published online by Cambridge University Press

Anke R. Hammerschlag et al.

Trace SE, Davis OSP, Helder SG, Ehrlich S, Herpertz-Dahlmann B,
Danner UN, van Elburg AA, Clementi M, Forzan M, Docampo E,
Lissowska J, Hauser J, Tortorella A, Maj M, Gonidakis F, Tziouvas K,
Papezova H, Yilmaz Z, Wagner G, Cohen-Woods S, Herms S, Julia A,
Rabionet R, Dick DM, Ripatti S, Andreassen OA, Espeseth T,
Lundervold AJ, Steen VM, Pinto D, Scherer SW, Aschauer H,
Schosser A, Alfredsson L, Padyukov L, Halmi KA, Mitchell J,
Strober M, Bergen AW, Kaye W, Szatkiewicz JP, Cormand B,
Ramos-Quiroga JA, Sanchez-Mora C, Ribasés M, Casas M, Hervas A,
Arranz MJ, Haavik J, Zayats T, Johansson S, Williams N, Dempfle A,
Rothenberger A, Kuntsi J, Oades RD, Banaschewski T, Franke B,
Buitelaar JK, Arias Vasquez A, Doyle AE, Reif A, Lesch KP,
Freitag C, Rivero O, Palmason H, Romanos M, Langley K,
Rietschel M, Witt SH, Dalsgaard S, Berglum AD, Waldman I,
Wilmot B, Molly N, Bau CHD, Crosbie J, Schachar R, Loo SK,
McGough JJ, Grevet EH, Medland SE, Robinson E, Weiss LA,
Bacchelli E, Bailey A, Bal V, Battaglia A, Betancur C, Bolton P,
Cantor R, Celestino-Soper P, Dawson G, De Rubeis S, Duque F,
Green A, Klauck SM, Leboyer M, Levitt P, Maestrini E, Mane S,
De-Luca DM, Parr J, Regan R, Reichenberg A, Sandin S, Vorstman J,
Wassink T, Wijsman E, Cook E, Santangelo S, Delorme R, Rogé B,
Magalhaes T, Arking D, Schulze TG, Thompson RC, Strohmaier J,
Matthews K, Melle I, Morris D, Blackwood D, McIntosh A,
Bergen SE, Schalling M, Jamain S, Maaser A, Fischer SB,
Reinbold CS, Fullerton JM, Guzman-Parra ], Mayoral F, Schofield PR,
Cichon S, Miihleisen TW, Degenhardt F, Schumacher J, Bauer M,
Mitchell PB, Gershon ES, Rice J, Potash JB, Zandi PP, Craddock N,
Ferrier IN, Alda M, Rouleau GA, Turecki G, Ophoff R, Pato C,
Anjorin A, Stahl E, Leber M, Czerski PM, Cruceanu C, Jones IR,
Posthuma D, Andlauer TFM, Forstner AJ, Streit F, Baune BT, Air T,
Sinnamon G, Wray NR, Maclntyre DJ, Porteous D, Homuth G,
Rivera M, Grove J, Middeldorp CM, Hickie I, Pergadia M, Mehta D,
Smit JH, Jansen R, de Geus E, Dunn E, Li QS, Nauck M,
Schoevers RA, Beekman AT, Knowles JA, Viktorin A, Arnold P,
Barr CL, Bedoya-Berrio G, Bienvenu O], Brentani H, Burton C,
Camarena B, Cappi C, Cath D, Cavallini M, Cusi D, Darrow S,
Denys D, Derks EM, Dietrich A, Fernandez T, Figee M, Freimer N,
Gerber G, Grados M, Greenberg E, Hanna GL, Hartmann A,
Hirschtritt ME, Hoekstra PJ, Huang A, Huyser C, Illmann C,
Jenike M, Kuperman S, Leventhal B, Lochner C, Lyon GJ,
Macciardi F, Madruga-Garrido M, Malaty IA, Maras A, McGrath L,
Miguel EC, Mir P, Nestadt G, Nicolini H, Okun MS, Pakstis A,
Paschou P, Piacentini J, Pittenger C, Plessen K, Ramensky V,
Ramos EM, Reus V, Richter MA, Riddle MA, Robertson MM,
Roessner V, Rosario M, Samuels JF, Sandor P, Stein DJ, Tsetsos F,
Van Nieuwerburgh F, Weatherall S, Wendland JR, Wolanczyk T,
Worbe Y, Zai G, Goes FS, McLaughlin N, Nestadt PS, Grabe HJ,
Depienne C, Konkashbaev A, Lanzagorta N, Valencia-Duarte A,
Bramon E, Buccola N, Cahn W, Cairns M, Chong SA, Cohen D,
Crespo-Facorro B, Crowley J, Davidson M, DeLisi L, Dinan T,
Donohoe G, Drapeau E, Duan J, Haan L, Hougaard D,
Karachanak-Yankova S, Khrunin A, Klovins J, Kucinskas V, Lee Chee
Keong J, Limborska S, Loughland C, Lonnqvist J, Maher B,
Mattheisen M, McDonald C, Murphy KC, Nenadic I, van Os ]J,
Pantelis C, Pato M, Petryshen T, Quested D, Roussos P, Sanders AR,
Schall U, Schwab SG, Sim K, So HC, Stogmann E, Subramaniam M,
Toncheva D, Waddington ], Walters ], Weiser M, Cheng W,
Cloninger R, Curtis D, Gejman PV, Henskens F, Mattingsdal M,
Oh SY, Scott R, Webb B, Breen G, Churchhouse C, Bulik CM, Daly M,
Dichgans M, Faraone SV, Guerreiro R, Holmans P, Kendler KS,
Koeleman B, Mathews CA, Price A, Scharf J, Sklar P, Williams J,
Wood NW, Cotsapas C, Palotie A, Smoller JW, Sullivan P, Rosand J,
Corvin A, Neale BM, Schott JM, Anney R, Elia ],
Grigoroiu-Serbanescu M, Edenberg HJ, Murray R. (2018) Analysis of
shared heritability in common disorders of the brain. Science 360, eaap8757.
Baselmans BML, Jansen R, Ip HF, van Dongen ], Abdellaoui A, van de
Weijer MP, Bao Y, Smart M, Kumari M, Willemsen G, Hottenga J-J,
Boomsma DI, de Geus EJC, Nivard MG and Bartels M (2019)


https://doi.org/10.1017/S0033291719001776
https://doi.org/10.1017/S0033291719001776
https://doi.org/10.1017/S0033291719001776

Psychological Medicine

Multivariate genome-wide analyses of the well-being spectrum. Nature
Genetics 51, 445-451.

Bipolar Disorder and Schizophrenia Working Group of the Psychiatric
Genomics Consortium (2018) Genomic dissection of bipolar disorder
and schizophrenia, including 28 subphenotypes. Cell 173, 1705-1715.

Breen G, Li Q, Roth BL, O’Donnell P, Didriksen M, Dolmetsch R,
O’Reilly PF, Gaspar HA, Manji H, Huebel C, Kelsoe JR, Malhotra D,
Bertolino A, Posthuma D, Sklar P, Kapur S, Sullivan PF, Collier DA
and Edenberg HJ (2016) Translating genome-wide association findings
into new therapeutics for psychiatry. Nature Neuroscience 19, 1392-1396.

Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh P-R,
Consortium R, Consortium PG, 3 GC for AN of the WTCCC,
Duncan L, Perry JRB, Patterson N, Robinson EB, Daly MJ, Price AL
and Neale BM (20154). An atlas of genetic correlations across human dis-
eases and traits. Nature Genetics 47, 1236-1241.

Bulik-Sullivan BK, Loh P-R, Finucane HK, Ripke S, Yang J, Schizophrenia
Working Group of the Psychiatric Genomics Consortium, Patterson N,
Daly MJ, Price AL and Neale BM (2015b). LD score regression distin-
guishes confounding from polygenicity in genome-wide association studies.
Nature Genetics 47, 291-295.

Cross-Disorder Group of the Psychiatric Genomics Consortium (2013a)
Genetic relationship between five psychiatric disorders estimated from
genome-wide SNPs. Nature Genetics 45, 984-994.

Cross-Disorder Group of the Psychiatric Genomics Consortium (2013b)
Identification of risk loci with shared effects on five major psychiatric dis-
orders: a genome-wide analysis. Lancet 381, 1371-1379.

Darnell JC and Klann E (2013) The translation of translational control by
FMRP: therapeutic targets for FXS. Nature Neuroscience 16, 1530-1536.
Darnell JC, Van Driesche SJ, Zhang C, Hung KYS, Mele A, Fraser CE,
Stone EF, Chen C, Fak JJ, Chi SW, Licatalosi DD, Richter JD and
Darnell RB (2011) FMRP stalls ribosomal translocation on mRNAs linked

to synaptic function and autism. Cell 146, 247-261.

de Leeuw CA, Mooij JM, Heskes T and Posthuma D (2015) MAGMA: gen-
eralized gene-set analysis of GWAS data. PLoS Computational Biology 11,
e1004219.

de Leeuw CA, Stringer S, Dekkers IA, Heskes T and Posthuma D (2018)
Conditional and interaction gene-set analysis reveals novel functional path-
ways for blood pressure. Nature Communications 9, 3768.

Demontis D, Walters RK, Martin J, Mattheisen M, Als TD, Agerbo E,
Baldursson G, Belliveau R, Bybjerg-Grauholm J, Bxkvad-Hansen M,
Cerrato F, Chambert K, Churchhouse C, Dumont A, Eriksson N,
Gandal M, Goldstein JI, Grasby KL, Grove ], Gudmundsson OO,
Hansen CS, Hauberg ME, Hollegaard MV, Howrigan DP, Huang H,
Maller JB, Martin AR, Martin NG, Moran J, Pallesen J, Palmer DS,
Pedersen CB, Pedersen MG, Poterba T, Poulsen JB, Ripke S,
Robinson EB, Satterstrom FK, Stefansson H, Stevens C, Turley P,
Walters GB, Won H, Wright MJ, ADHD Working Group of the
Psychiatric Genomics Consortium (PGC), Early Lifecourse & Genetic
Epidemiology (EAGLE) Consortium, 23andMe Research Team,
Andreassen OA, Asherson P, Burton CL, Boomsma DI, Cormand B,
Dalsgaard S, Franke B, Gelernter J, Geschwind D, Hakonarson H,
Haavik J, Kranzler HR, Kuntsi J, Langley K, Lesch KP, Middeldorp C,
Reif A, Rohde LA, Roussos P, Schachar R, Sklar P, Sonuga-Barke EJS,
Sullivan PF, Thapar A, Tung JY, Waldman ID, Medland SE,
Stefansson K, Nordentoft M, Hougaard DM, Werge T, Mors O,
Mortensen PB, Daly M]J, Faraone SV, Borglum AD and Neale BM
(2019) Discovery of the first genome-wide significant risk loci for attention
deficit/hyperactivity disorder. Nature Genetics 51, 63-75.

Feldman I, Rzhetsky A and Vitkup D (2008) Network properties of genes
harboring inherited disease mutations. Proceedings of the National
Academy of Sciences of the USA 105, 4323-4328.

Fornito A, Zalesky A and Breakspear M (2015) The connectomics of brain
disorders. Nature Reviews Neuroscience 16, 159-172.

Fromer M, Pocklington AJ, Kavanagh DH, Williams HJ, Dwyer S,
Gormley P, Georgieva L, Rees E, Palta P, Ruderfer DM, Carrera N,
Humphreys I, Johnson JS, Roussos P, Barker DD, Banks E,
Milanova V, Grant SG, Hannon E, Rose SA, Chambert K, Mahajan M,
Scolnick EM, Moran JL, Kirov G, Palotie A, McCarroll SA,

https://doi.org/10.1017/50033291719001776 Published online by Cambridge University Press

1703

Holmans P, Sklar P, Owen M]J, Purcell SM and O’Donovan MC (2014)
De novo mutations in schizophrenia implicate synaptic networks. Nature
506, 179-184.

Grotzinger AD, Rhemtulla M, de Vlaming R, Ritchie SJ, Mallard TT,
Hill WD, Ip HF, Marioni RE, McIntosh AM, Deary IJ, Koellinger PD,
Harden KP, Nivard MG and Tucker-Drob EM (2019) Genomic structural
equation modelling provides insights into the multivariate genetic architec-
ture of complex traits. Nature Human Behaviour 3, 513-525.

Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, Pallesen J,
Agerbo E, Andreassen OA, Anney R, Awashti S, Belliveau R,
Bettella F, Buxbaum JD, Bybjerg-Grauholm J, Baekvad-Hansen M,
Cerrato F, Chambert K, Christensen JH, Churchhouse C, Dellenvall K,
Demontis D, De Rubeis S, Devlin B, Djurovic S, Dumont AL,
Goldstein JI, Hansen CS, Hauberg ME, Hollegaard MV, Hope S,
Howrigan DP, Huang H, Hultman CM, Klei L, Maller J, Martin J,
Martin AR, Moran JL, Nyegaard M, Naerland T, Palmer DS,
Palotie A, Pedersen CB, Pedersen MG, DPoterba T, Poulsen JB,
Pourcain BS, Qvist P, Rehnstrom K, Reichenberg A, Reichert J,
Robinson EB, Roeder K, Roussos P, Saemundsen E, Sandin S,
Satterstrom FK, Davey Smith G, Stefansson H, Steinberg S,
Stevens CR, Sullivan PF, Turley P, Walters GB, Xu X, Stefansson K,
Geschwind DH, Nordentoft M, Hougaard DM, Werge T, Mors O,
Mortensen PB, Neale BM, Daly MJ] and Borglum AD (2019)
Identification of common genetic risk variants for autism spectrum dis-
order. Nature Genetics 51, 431-444.

GTEx Consortium (2015) The Genotype-Tissue Expression (GTEx) pilot ana-
lysis: multitissue gene regulation in humans. Science 348, 648-660.

He E, Lozano MAG, Stringer S, Watanabe K, Sakamoto K, den Oudsten F,
Koopmans F, Giamberardino SN, Hammerschlag A, Cornelisse LN,
Li KW, van Weering J, Posthuma D, Smit AB, Sullivan PF and
Verhage M (2018) MIR137 schizophrenia-associated locus controls synap-
tic function by regulating synaptogenesis, synapse maturation and synaptic
transmission. Human Molecular Genetics 27, 1879-1891.

Iossifov I, Ronemus M, Levy D, Wang Z, Hakker I, Rosenbaum ]J,
Yamrom B, Lee YH, Narzisi G, Leotta A, Kendall J, Grabowska E,
Ma B, Marks S, Rodgers L, Stepansky A, Troge ], Andrews P,
Bekritsky M, Pradhan K, Ghiban E, Kramer M, Parla J, Demeter R,
Fulton LL, Fulton RS, Magrini VJ, Ye K, Darnell JC, Darnell RB,
Mardis ER, Wilson RK, Schatz MC, McCombie RW and Wigler M
(2012) De novo gene disruptions in children on the autistic spectrum.
Neuron 74, 285-299.

Jansen A, Dieleman GC, Smit AB, Verhage M, Verhulst FC,
Polderman TJC and Posthuma D (2017) Gene-set analysis shows associ-
ation between FMRP targets and autism spectrum disorder. European
Journal of Human Genetics 25, 1-6.

Jansen IE, Savage JE, Watanabe K, Bryois J, Williams DM, Steinberg S,
Sealock J, Karlsson IK, Hagg S, Athanasiu L, Voyle N, Proitsi P,
Witoelar A, Stringer S, Aarsland D, Almdahl IS, Andersen F, Bergh S,
Bettella F, Bjornsson S, Braekhus A, Brathen G, de Leeuw C,
Desikan RS, Djurovic S, Dumitrescu L, Fladby T, Hohman TJ,
Jonsson PV, Kiddle SJ, Rongve A, Saltvedt I, Sando SB, Selbaek G,
Shoai M, Skene NG, Snaedal J, Stordal E, Ulstein ID, Wang Y,
White LR, Hardy J, Hjerling-Leffler J, Sullivan PF, van der Flier WM,
Dobson R, Davis LK, Stefansson H, Stefansson K, Pedersen NL,
Ripke S, Andreassen OA and Posthuma D (2019) Genome-wide
meta-analysis identifies new loci and functional pathways influencing
Alzheimer’s disease risk. Nature Genetics 51, 404-413.

Lewis BP, Burge CB and Bartel DP (2005) Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human genes are
microRNA targets. Cell 120, 15-20.

Pardinas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S,
Carrera N, Legge SE, Bishop S, Cameron D, Hamshere ML, Han J,
Hubbard L, Lynham A, Mantripragada K, Rees E, MacCabe JH,
McCarroll SA, Baune BT, Breen G, Byrne EM, Dannlowski U,
Eley TC, Hayward C, Martin NG, McIntosh AM, Plomin R,
Porteous D], Wray NR, Caballero A, Geschwind DH, Huckins LM,
Ruderfer DM, Santiago E, Sklar P, Stahl EA, Won H, Agerbo E,
Als TD, Andreassen OA, Baekvad-Hansen M, Mortensen PB,


https://doi.org/10.1017/S0033291719001776

1704

Pedersen CB, Borglum AD, Bybjerg-Grauholm J, Djurovic S,
Durmishi N, Pedersen MG, Golimbet V, Grove ], Hougaard DM,
Mattheisen M, Molden E, Mors o, Nordentoft M,
Pejovic-Milovancevic M, Sigurdsson E, Silagadze T, Hansen CS,
Stefansson K, Stefansson H, Steinberg S, Tosato S, Werge T,
Collier DA, Rujescu D, Kirov G, Owen M]J, O’Donovan MC and
Walters JTR (2018) Common schizophrenia alleles are enriched in
mutation-intolerant genes and in regions under strong background selec-
tion. Nature Genetics 50, 381-389.

Pers TH, Timshel P, Ripke S, Lent S, Sullivan PF, O’Donovan MC, Franke L

and Hirschhorn JN (2016) Comprehensive analysis of schizophrenia-
associated loci highlights ion channel pathways and biologically plausible
candidate causal genes. Human Molecular Genetics 25, 1247-1254.

Phillips JR, Hewedi DH, Eissa AM and Moustafa AA (2015) The cerebellum

and psychiatric disorders. Frontiers in Public Health 3, 66.

Pinto D, Delaby E, Merico D, Barbosa M, Merikangas A, Klei L,

Thiruvahindrapuram B, Xu X, Ziman R, Wang Z, Vorstman JAS,
Thompson A, Regan R, Pilorge M, Pellecchia G, Pagnamenta AT,
Oliveira B, Marshall CR, Magalhaes TR, Lowe JK, Howe ]JL,
Griswold AJ, Gilbert J, Duketis E, Dombroski BA, De Jonge MV,
Cuccaro M, Crawford EL, Correia CT, Conroy J, Concei¢io IC,
Chiocchetti AG, Casey JP, Cai G, Cabrol C, Bolshakova N, Bacchelli E,
Anney R, Gallinger S, Cotterchio M, Casey G, Zwaigenbaum L,
Wittemeyer K, Wing K, Wallace S, Van Engeland H, Tryfon A,
Thomson S, Soorya L, Rogé B, Roberts W, Poustka F, Mouga S,
Minshew N, McInnes LA, McGrew SG, Lord C, Leboyer M, Le
Couteur AS, Kolevzon A, Jiménez Gonzilez P, Jacob S, Holt R,
Guter S, Green J, Green A, Gillberg C, Fernandez BA, Duque F,
Delorme R, Dawson G, Chaste P, Café C, Brennan S, Bourgeron T,
Bolton PF, Bolte S, Bernier R, Baird G, Bailey AJ, Anagnostou E,
Almeida J, Wijsman EM, Vieland V], Vicente AM, Schellenberg GD,
Pericak-Vance M, Paterson AD, Parr JR, Oliveira G, Nurnberger ]I,
Monaco AP, Maestrini E, Klauck SM, Hakonarson H, Haines JL,
Geschwind DH, Freitag CM, Folstein SE, Ennis S, Coon H,
Battaglia A, Szatmari P, Sutcliffe JS, Hallmayer J, Gill M, Cook EH,
Buxbaum JD, Devlin B, Gallagher L, Betancur C and Scherer SW
(2014) Convergence of genes and cellular pathways dysregulated in autism
spectrum disorders. American Journal of Human Genetics 94, 677-694.

Polderman TJC, Benyamin B, de Leeuw CA, Sullivan PF, van Bochoven A,

Visscher PM and Posthuma D (2015) Meta-analysis of the heritability of
human traits based on fifty years of twin studies. Nature Genetics 47,
702-709.

Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P,

O’Dushlaine C, Chambert K, Bergen SE, Kihler A, Duncan L, Stahl E,
Genovese G, Fernandez E, Collins MO, Komiyama NH, Choudhary JS,
Magnusson PKE, Banks E, Shakir K, Garimella K, Fennell T,
DePristo M, Grant SGN, Haggarty SJ, Gabriel S, Scolnick EM,
Lander ES, Hultman CM, Sullivan PF, McCarroll SA and Sklar P
(2014) A polygenic burden of rare disruptive mutations in schizophrenia.
Nature 506, 185-190.

Ripke S, O’Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S,

Bergen SE, Collins AL, Crowley JJ, Fromer M, Kim Y, Lee SH,
Magnusson PKE, Sanchez N, Stahl EA, Williams S, Wray NR, Xia K,
Bettella F, Borglum AD, Bulik-Sullivan BK, Cormican P, Craddock N,
de Leeuw C, Durmishi N, Gill M, Golimbet V, Hamshere ML,
Holmans P, Hougaard DM, Kendler KS, Lin K, Morris DW, Mors O,
Mortensen PB, Neale BM, O’Neill FA, Owen M]J, Milovancevic MP,
Posthuma D, Powell J, Richards AL, Riley BP, Ruderfer D, Rujescu D,
Sigurdsson E, Silagadze T, Smit AB, Stefansson H, Steinberg S,
Suvisaari J, Tosato S, Verhage M, Walters JT, Levinson DF,
Gejman PV, Kendler KS, Laurent C, Mowry BJ, O’Donovan MC,
Owen M]J, Pulver AE, Riley BP, Schwab SG, Wildenauer DB,
Dudbridge F, Holmans P, Shi J, Albus M, Alexander M, Campion D,
Cohen D, Dikeos D, Duan J, Eichhammer P, Godard S, Hansen M,
Lerer FB, Liang K-Y, Maier W, Mallet J, Nertney DA, Nestadt G,
Norton N, O’Neill FA, Papadimitriou GN, Ribble R, Sanders AR,
Silverman JM, Walsh D, Williams NM, Wormley B, Arranz M]J,
Bakker S, Bender S, Bramon E, Collier D, Crespo-Facorro B, Hall J,

https://doi.org/10.1017/50033291719001776 Published online by Cambridge University Press

Anke R. Hammerschlag et al.

Iyegbe C, Jablensky A, Kahn RS, Kalaydjieva L, Lawrie S, Lewis CM,
Lin K, Linszen DH, Mata I, McIntosh A, Murray RM, Ophoff RA,
Powell J, Rujescu D, Van Os ], Walshe M, Weisbrod M, Wiersma D;
Wellcome Trust Case Control Consortium 2, Donnelly P, Barroso I,
Blackwell JM, Bramon E, Brown MA, Casas JP, Corvin AP,
Deloukas P, Duncanson A, Jankowski J, Markus HS, Mathew CG,
Palmer CN, Plomin R, Rautanen A, Sawcer SJ, Trembath RC,
Viswanathan AC, Wood NW, Spencer CC, Band G, Bellenguez C,
Freeman C, Hellenthal G, Giannoulatou E, Pirinen M, Pearson RD,
Strange A, Su Z, Vukcevic D, Donnelly P, Langford C, Hunt SE,
Edkins S, Gwilliam R, Blackburn H, Bumpstead SJ, Dronov S,
Gillman M, Gray E, Hammond N, Jayakumar A, McCann OT,
Liddle I Potter SC, Ravindrarajah R, Ricketts M,
Tashakkori-Ghanbaria A, Waller MJ, Weston P, Widaa S, Whittaker P,
Barroso I, Deloukas P, Mathew CG, Blackwell JM, Brown MA,
Corvin AP, McCarthy MI, Spencer CC, Bramon E, Corvin AP,
O’Donovan MC, Stefansson K, Scolnick E, Purcell S, McCarroll SA,
Sklar P, Hultman CM and Sullivan PF (2013) Genome-wide association
analysis identifies 13 new risk loci for schizophrenia. Nature Genetics 45,
1150-1159.

Rossin EJ, Lage K, Raychaudhuri S, Xavier RJ, Tatar D, Benita Y,
Cotsapas C and Daly MJ (2011) Proteins encoded in genomic regions asso-
ciated with immune-mediated disease physically interact and suggest
underlying biology. PLoS Genetics 7, €1001273.

Schizophrenia Working Group of the Psychiatric Genomics Consortium
(2014) Biological insights from 108 schizophrenia-associated genetic loci.
Nature 511, 421-427.

Schork AJ, Won H, Appadurai V, Nudel R, Gandal M, Delaneau O,
Revsbech Christiansen M, Hougaard DM, Baekved-Hansen M,
Bybjerg-Grauholm J, Giortz Pedersen M, Agerbo E, Bocker
Pedersen C, Neale BM, Daly MJ, Wray NR, Nordentoft M, Mors O,
Borglum AD, Bo Mortensen P, Buil A, Thompson WK,
Geschwind DH and Werge T (2019) A genome-wide association study
of shared risk across psychiatric disorders implicates gene regulation during
fetal neurodevelopment. Nature Neuroscience 22, 353-361.

Senn S (2018) Statistical pitfalls of personalized medicine. Nature 563, 619-621.

Stahl EA, Breen G, Forstner AJ, McQuillin A, Ripke S, Trubetskoy V,
Mattheisen M, Wang Y, Coleman JRI, Gaspar HA, de Leeuw CA,
Steinberg S, Pavlides JMW, Trzaskowski M, Byrne EM, Pers TH,
Holmans PA, Richards AL, Abbott L, Agerbo E, Akil H, Albani D,
Alliey-Rodriguez N, Als TD, Anjorin A, Antilla V, Awasthi S,
Badner JA, Baekvad-Hansen M, Barchas JD, Bass N, Bauer M,
Belliveau R, Bergen SE, Pedersen CB, Boen E, Boks MP, Boocock J,
Budde M, Bunney W, Burmeister M, Bybjerg-Grauholm ], Byerley W,
Casas M, Cerrato F, Cervantes P, Chambert K, Charney AW, Chen D,
Churchhouse C, Clarke T-K, Coryell W, Craig DW, Cruceanu C,
Curtis D, Czerski PM, Dale AM, de Jong S, Degenhardt F,
Del-Favero J, DePaulo JR, Djurovic S, Dobbyn AL, Dumont A,
Elvsashagen T, Escott-Price V, Fan CC, Fischer SB, Flickinger M,
Foroud TM, Forty L, Frank J, Fraser C, Freimer NB, Frisen L,
Gade K, Gage D, Garnham ], Giambartolomei C, Pedersen MG,
Goldstein J, Gordon SD, Gordon-Smith K, Green EK, Green M]J,
Greenwood TA, Grove J, Guan W, Guzman-Parra J, Hamshere ML,
Hautzinger M, Heilbronner U, Herms S, Hipolito M, Hoffmann P,
Holland D, Huckins L, Jamain S, Johnson JS, Juréus A,
Kandaswamy R, Karlsson R, Kennedy JL, Kittel-Schneider S,
Knowles JA, Kogevinas M, Koller AC, Kupka R, Lavebratt C,
Lawrence J, Lawson WB, Leber M, Lee PH, Levy SE, Li JZ, Liu C,
Lucae S, Maaser A, MacIntyre DJ, Mahon PB, Maier W, Martinsson L,
McCarroll S, McGuffin P, McInnis MG, McKay JD, Medeiros H,
Medland SE, Meng F, Milani L, Montgomery GW, Morris DW,
Miihleisen TW, Mullins N, Nguyen H, Nievergelt CM, Adolfsson AN,
Nwulia EA, O’Donovan C, Loohuis LMO, Ori APS, Oruc L, Osby U,
Perlis RH, Perry A, Pfennig A, Potash JB, Purcell SM, Regeer EJ,
Reif A, Reinbold CS, Rice JP, Rivas F, Rivera M, Roussos P,
Ruderfer DM, Ryu E, Sanchez-Mora C, Schatzberg AF, Scheftner WA,
Schork NJ, Shannon Weickert C, Shehktman T, Shilling PD,
Sigurdsson E, Slaney C, Smeland OB, Sobell JL, Soholm Hansen C,


https://doi.org/10.1017/S0033291719001776

Psychological Medicine

Spijker AT, St Clair D, Steffens M, Strauss JS, Streit F, Strohmaier J,
Szelinger S, Thompson RC, Thorgeirsson TE, Treutlein J, Vedder H,
Wang W, Watson SJ, Weickert TW, Witt SH, Xi S, Xu W, Young AH,
Zandi P, Zhang P, Zollner S; eQTLGen Consortium; BIOS
Consortium, Adolfsson R, Agartz I, Alda M, Backlund L, Baune BT,
Bellivier F, Berrettini WH, Biernacka JM, Blackwood DHR,
Boehnke M, Borglum AD, Corvin A, Craddock N, Daly M]J,
Dannlowski U, Esko T, Etain B, Frye M, Fullerton JM, Gershon ES,
Gill M, Goes F, Grigoroiu-Serbanescu M, Hauser ], Hougaard DM,
Hultman CM, Jones I, Jones LA, Kahn RS, Kirov G, Landén M,
Leboyer M, Lewis CM, Li QS, Lissowska J, Martin NG, Mayoral F,
McElroy SL, McIntosh AM, McMahon FJ, Melle I, Metspalu A,
Mitchell PB, Morken G, Mors O, Mortensen PB, Miiller-Myhsok B,
Myers RM, Neale BM, Nimgaonkar V, Nordentoft M, Nothen MM,
O’Donovan MC, Oedegaard KJ, Owen M], Paciga SA, Pato C,
Pato MT, Posthuma D, Ramos-Quiroga JA, Ribasés M, Rietschel M,
Rouleau GA, Schalling M, Schofield PR, Schulze TG, Serretti A,
Smoller JW, Stefansson H, Stefansson K, Stordal E, Sullivan PF,
Turecki G, Vaaler AE, Vieta E, Vincent JB, Werge T, Nurnberger JI,
Wray NR, Di Florio A, Edenberg HJ, Cichon S, Ophoff RA, Scott L],
Andreassen OA, Kelsoe J, Sklar P and Bipolar Disorder Working
Group of the Psychiatric Genomics Consortium (2019) Genome-wide
association study identifies 30 loci associated with bipolar disorder.
Nature Genetics 51, 793-803.

Strazisar M, Cammaerts S, van der Ven K, Forero DA, Lenaerts A-S,
Nordin A, Almeida-Souza L, Genovese G, Timmerman V, Liekens A,
De Rijk P, Adolfsson R, Callaerts P and Del-Favero J (2014) MIR137 var-
iants identified in psychiatric patients affect synaptogenesis and neuronal
transmission gene sets. Molecular Psychiatry 20, 472.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL,
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES and
Mesirov JP (2005) Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proceedings of
the National Academy of Sciences of the USA 102, 15545-15550.

Sullivan PF and Posthuma D (2015) Biological pathways and networks
implicated in psychiatric disorders. Current Opinion in Behavioral Sciences 2,
58-68.

Szatkiewicz JP, O’Dushlaine C, Chen G, Chambert K, Moran JL, Neale BM,
Fromer M, Ruderfer D, Akterin S, Bergen SE, Kihler A, Magnusson PKE,
Kim Y, Crowley JJ, Rees E, Kirov G, O’Donovan MC, Owen MJ, Walters J,
Scolnick E, Sklar P, Purcell S, Hultman CM, McCarroll SA and
Sullivan PF (2014) Copy number variation in schizophrenia in Sweden.
Molecular Psychiatry 19, 762-773.

The Network and Pathway Analysis Subgroup of the Psychiatric Genomics
Consortium (2015) Psychiatric genome-wide association study analyses
implicate neuronal, immune and histone pathways. Nature Neuroscience 18,
199-209.

Verma P, Augustine GJ, Ammar M-R, Tashiro A and Cohen SM (2015) A
neuroprotective role for microRNA miR-1000 mediated by limiting
glutamate excitotoxicity. Nature Neuroscience 18, 379-385.

https://doi.org/10.1017/50033291719001776 Published online by Cambridge University Press

1705

Whitlock MC (2005) Combining probability from independent tests: the
weighted Z-method is superior to fisher’s approach. Journal of
Evolutionary Biology 18, 1368-1373.

Willer CJ, Li Y and Abecasis GR (2010) METAL: fast and efficient
meta-analysis of genomewide association scans. Bioinformatics (Oxford,
England) 26, 2190-2191.

Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A,
Adams M]J, Agerbo E, Air TM, Andlauer TMF, Bacanu S-A,
Baekvad-Hansen M, Beekman AFT, Bigdeli TB, Binder EB,
Blackwood DRH, Bryois J, Buttenschon HN, Bybjerg-Grauholm J,
Cai N, Castelao E, Christensen JH, Clarke T-K, Coleman JIR,
Colodro-Conde L, Couvy-Duchesne B, Craddock N, Crawford GE,
Crowley CA, Dashti HS, Davies G, Deary IJ, Degenhardt F, Derks EM,
Direk N, Dolan CV, Dunn EC, Eley TC, Eriksson N, Escott-Price V,
Kiadeh FHF, Finucane HK, Forstner AJ, Frank J, Gaspar HA, Gill M,
Giusti-Rodriguez P, Goes FS, Gordon SD, Grove J, Hall LS, Hannon E,
Hansen CS, Hansen TF, Herms S, Hickie IB, Hoffmann P, Homuth G,
Horn C, Hottenga J-J, Hougaard DM, Hu M, Hyde CL, Ising M,
Jansen R, Jin F, Jorgenson E, Knowles JA, Kohane IS, Kraft J,
Kretzschmar WW, Krogh J, Kutalik Z, Lane JM, Li Y, Li Y, Lind PA,
Liu X, Lu L, MacIntyre DJ, MacKinnon DF, Maier RM, Maier W,
Marchini J, Mbarek H, McGrath P, McGuffin P, Medland SE, Mehta D,
Middeldorp CM, Mihailov E, Milaneschi Y, Milani L, Mill J,
Mondimore FM, Montgomery GW, Mostafavi S, Mullins N, Nauck M,
Ng B, Nivard MG, Nyholt DR, O’Reilly PF, Oskarsson H, Owen M]J,
Painter JN, Pedersen CB, Pedersen MG, Peterson RE, Pettersson E,
Peyrot WJ, Pistis G, Posthuma D, Purcell SM, Quiroz JA, Qvist P,
Rice JP, Riley BP, Rivera M, Saeed Mirza S, Saxena R, Schoevers R,
Schulte EC, Shen L, Shi J, Shyn SI, Sigurdsson E, Sinnamon GBC,
Smit JH, Smith DJ, Stefansson H, Steinberg S, Stockmeier CA, Streit F,
Strohmaier J, Tansey KE, Teismann H, Teumer A, Thompson W,
Thomson PA, Thorgeirsson TE, Tian C, Traylor M, Treutlein J,
Trubetskoy V, Uitterlinden AG, Umbricht D, Van der Auwera S, van
Hemert AM, Viktorin A, Visscher PM, Wang Y, Webb BT,
Weinsheimer SM, Wellmann J, Willemsen G, Witt SH, Wu Y, Xi HS,
Yang ], Zhang F; eQTLGen; andMe, Arolt V, Baune BT, Berger K,
Boomsma DI, Cichon S, Dannlowski U, de Geus ECJ, DePaulo JR,
Domenici E, Domschke K, Esko T, Grabe HJ, Hamilton SP,
Hayward C, Heath AC, Hinds DA, Kendler KS, Kloiber S, Lewis G,
Li QS, Lucae S, Madden PFA, Magnusson PK, Martin NG,
McIntosh AM, Metspalu A, Mors O, Mortensen PB, Miiller-Myhsok B,
Nordentoft M, Nothen MM, O’Donovan MC, Paciga SA, Pedersen NL,
Penninx BWJH, Perlis RH, Porteous DJ, Potash JB, Preisig M,
Rietschel M, Schaefer C, Schulze TG, Smoller JW, Stefansson K,
Tiemeier H, Uher R, Volzke H, Weissman MM, Werge T, Winslow AR,
Lewis CM, Levinson DF, Breen G, Borglum AD, Sullivan PF and Major
Depressive Disorder Working Group of the Psychiatric Genomics
Consortium (2018) Genome-wide association analyses identify 44 risk var-
iants and refine the genetic architecture of major depression. Nature Genetics
50, 668-681.


https://doi.org/10.1017/S0033291719001776

	Synaptic and brain-expressed gene sets relate to the shared genetic risk across five psychiatric disorders
	Introduction
	Methods
	Sample
	Genetic correlations
	Gene sets and tissue types
	Gene-set and gene-property analyses
	Conditional analyses

	Results
	Genetic correlations between psychiatric disorders
	Gene sets and tissue types associated across psychiatric disorders
	Overlap between identified gene sets and tissue types

	Discussion
	Acknowledgements
	References


