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Patients with bipolar disorder (BD) often show increased risk-taking propensity, which may contribute to poor clinical outcome.
While these two phenotypes are genetically correlated, there is scarce knowledge on the shared genetic determinants. Using GWAS
datasets on BD (41,917 BD cases and 371,549 controls) and risk-taking (n = 466,571), we dissected shared genetic determinants
using conjunctional false discovery rate (conjFDR) and local genetic covariance analysis. We investigated specificity of identified
targets using GWAS datasets on schizophrenia (SCZ) and attention-deficit hyperactivity disorder (ADHD). The putative functional
role of identified targets was evaluated using different tools and GTEx v. 8. Target druggability was evaluated using DGIdb and
enrichment for drug targets with genome for REPositioning drugs (GREP). Among 102 loci shared between BD and risk-taking, 87%
showed the same direction of effect. Sixty-two were specifically shared between risk-taking propensity and BD, while the others
were also shared between risk-taking propensity and either SCZ or ADHD. By leveraging pleiotropic enrichment, we reported 15
novel and specific loci associated with BD and 22 with risk-taking. Among cross-disorder genes, CACNATC (a known target of
calcium channel blockers) was significantly associated with risk-taking propensity and both BD and SCZ using conjFDR (p = 0.001
for both) as well as local genetic covariance analysis, and predicted to be differentially expressed in the cerebellar hemisphere in an
eQTL-informed gene-based analysis (BD, Z=7.48, p = 3.8E—14; risk-taking: Z=4.66, p = 1.6E—06). We reported for the first time
shared genetic determinants between BD and risk-taking propensity. Further investigation into calcium channel blockers or
development of innovative ligands of calcium channels might form the basis for innovative pharmacotherapy in patients with BD

with increased risk-taking propensity.
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INTRODUCTION

Bipolar disorder (BD) is a severe psychiatric disorder characterized
by the recurrence of depressive and manic or hypomanic
episodes, alternating with intervals of well-being [1]. With a
prevalence of 1% of the population and being associated with
relevant illness-related disability, high prevalence of medical
comorbidities characterized by premature mortality and a risk to
die by suicide 20-30 times higher compared to the general
population [2], BD exerts a substantial socio-economic impact [3].
The diagnosis of BD requires a comprehensive clinical assessment
and no reliable biomarker is currently available. Besides mood
episodes of mania and depression, which represent primary
features of this disorder, a subset of patients with BD might also
present deficits across multiple domains of cognitive function
[2, 4-6]. These impairments are not exclusively observed in
patients with BD but also in other psychiatric disorders such as e.g.
schizophrenia (SCZ) [7] and attention-deficit hyperactivity disorder
(ADHD) [8, 9], with the latter being specifically characterized by
symptoms in the inattentive or hyperactive and impulsive
domains, or both [10].

Among deficits in executive function, patients with BD may
exhibit abnormalities in impulsivity, sub-optimal decision-making
and increased propensity for risk-taking behaviors. Risk-taking
behaviors can be described as activities with high potential for
negative consequences and may be linked to abnormal proces-
sing of reward-predicting stimuli [11-14]. Excessive involvement
in activities with high potential for negative consequences is one
of the seven symptoms included in the DSV-IV or DSM-V
diagnostic criteria for a manic episode (at least three symptoms
must be present during a period characterized by persistently
elevated, expansive, or irritable mood and increased energy)
[15, 16]. However, in patients with BD increased risk-taking
propensity can also be present during remission and may
contribute to poor clinical outcome, being linked to increased
prevalence of substance abuse and suicide [17, 18]. Risk-taking
propensity in BD is still understudied, as can be inferred from a
recent meta-analysis which included only six studies [19]. In this
meta-analysis, a nonsignificant trend for impairment in risk-
behavior was observed when considering all studies in a sample
with high heterogeneity (p = 0.06; I =81.3%), while significant
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impairment was observed in a more homogenous subgroup of BD
type | and euthymic patients with no heterogeneity (/> = 0%,
standardized mean difference = 0.92; p < 0.0001).

The neurobiological determinants of impairments in decision-
making and, specifically of increased risk-taking propensity, are
still largely unknown. A recent study suggested risk-taking to be
negatively associated with white matter integrity in the right
cingulum in both patients with BD and controls, while white
matter alterations in the left inferior fronto-occipital fasciculus
were specifically implicated in risk-taking behavior in patients with
BD [20]. In addition, risk-taking propensity has been associated
with alterations in reward salience in the frontostriatal pathway in
patients with BD [21], reduced gray matter volume in the
amygdala and hippocampus in humans [22] and increased
hippocampal glutamate and monoamine levels in preclinical
studies and in humans [23-25]. The mood stabilizer lithium, which
represents the gold-standard in the maintenance of BD, being
able to reduce recurrences and suicide risk [2, 26], has been
suggested to be able to reduce risk-taking behaviors in preclinical
models of mania [27, 28], although the underlying molecular
mechanisms are not known.

Specific subgroups of patients with BD might show increased
predisposition to risk-taking propensity. Indeed, a recent study
including 54 euthymic BD type 1 patients who underwent
cognitive testing and resting state neuroimaging identified three
main clusters using hierarchical cluster-analysis on executive
function scores [29]. One of these clusters was characterized by
increased risk-taking propensity during the Cambridge Gambling
Task [29]. Increased risk-taking predisposition in a subset of
patients with BD might be at least partly explained by shared
genetic determinants, as also supported by the observation of
poorer adjustment in risk-taking behavior measured with the
Balloon Analogue Risk Task in both patients with BD and their
first-degree relatives compared to healthy controls [30]. BD has a
strong genetic component which has recently started to be
elucidated by genome-wide association studies (GWAS) that
identified multiple single nucleotide polymorphisms (SNP) asso-
ciated with this disorder [31, 32]. Similarly, a recent GWAS
identified several genetic variants associated with risk-taking [33]
and also showed this trait to be positively genetically correlated
with BD (ry =0.21), SCZ (ry =0.17), and ADHD (rq = 0.25), using
linkage disequilibrium (LD) score regression [33]. However, the
specific casual genes and biological mechanisms, as well as the
potential shared genetic factors between BD and risk-taking
propensity, have not been investigated. It is well known that
several genetic variants exhibit allelic pleiotropy, i.e. are associated
with more than one phenotype [34]. For instance, BD has been
shown to share part of its genetic architecture with other
psychiatric disorders [35-371. The identification of shared genetic
variants can improve our understanding of the biological under-
pinnings of two phenotypes as well as lay the basis to develop
improved treatment strategies [34]. Recently, the conditional false
discovery rate (condFDR)/conjunctional false discovery rate
(conjFDR) method allowed to identify novel loci associated with
BD leveraging pleiotropic association with SCZ [38], ADHD [39],
and intelligence [40]. However, this approach has never been
applied to leverage pleiotropic association between BD and risk-
taking propensity.

Aims of our study were to (1) identify genetic variants and
genes that influence both susceptibility to BD and risk-taking
propensity, (2) investigate whether genetic data on risk-taking
propensity may improve discovery of loci associated with BD, and
(3) evaluate the potential functional role, functional enrichment,
and suitability as drug targets of genomic loci associated with
these two traits. In addition, we explored which of the identified
genetic loci might be specifically shared between risk-taking and
BD and which represent instead cross-disorders markers, being
also shared between risk-taking propensity and either SCZ or
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ADHD. These two disorders were selected based on previous
reports of positive genetic correlation with risk-taking propensity
[33] as well as studies supporting their association with executive
function disturbances [7-9].

MATERIAL AND METHODS

GWAS samples

We conducted a cross-trait analysis using the largest publicly
available datasets for BD and risk-taking propensity. GWAS
summary statistics for BD were obtained from the Psychiatric
Genomics Consortium (PGC) BD group (freeze 3) [41]. The BD
sample included 41,917 cases from 57 cohorts collected in Europe,
North America, and Australia and 371,549 controls of European
origin [41]. GWAS summary statistics on risk-taking propensity
were obtained from the Social Science Genetic Association
Consortium [33]. The sample included 466,571 participants from
UK Biobank and replication cohorts. General risk tolerance was
coded as a categorical variable based on the answer to the
question: “Would you describe yourself as someone who takes
risks?”. After exclusion of variants ambiguous (A/T and C/G) or
located in regions characterized by strong LD such as the Major
Histocompatibility Complex region (6:25119106-33854733), chro-
mosome 8p23.1 (chr8:7200000-12500000) and gene MAPT,
(chr17:40000000-47000000), 6,346,208 variants common to the
two datasets were retained.

In order to verify whether observed associations between BD
and risk-taking propensity were specific for BD or common to
other psychiatric disorders, we also conducted cross-trait analyses
using large publicly available datasets on SCZ (dataset from the
PGC, freeze 2, including data 35,476 patients with SCZ or
schizoaffective disorder and 46,839 controls [42]) and ADHD
(PGC dataset including data for 19,099 cases and 34,194 controls
of European ancestry from 10 cohorts [43]). After exclusion of
ambiguous variants and variants located in regions characterized
by strong LD, analyses were conducted on 8,176,252 and
5,448,916 variants common between risk-taking and SCZ or
ADHD, respectively. For all GWAS datasets, quality control
procedures, including adjustment for population stratification,
were performed by the original studies [33, 42-44].

Conditional and conjunctional false discovery rate analysis

To identify shared loci between risk-taking propensity and
psychiatric traits we used the condFDR/conjFDR method
implemented in pleioFDR [38, 45], which allows to re-adjust the
GWAS statistics in a primary phenotype (e.g. BD) by leveraging
pleiotropic enrichment with a GWAS in a secondary phenotype
(e.g. risk-taking). For each p value in the primary phenotype,
condFDR estimates are obtained by calculating the stratified
empirical cumulative distribution function of the p values [34].
The strata are obtained by the enrichment of SNP associations
depending on increased p values in a secondary phenotype [34].
False discovery rate (FDR) allows to control for the expected
proportion of false discoveries among all significant discoveries
[46]. In the procedure first proposed by Benjamini and Hochberg
[46], p values are ordered from smallest to largest, assigned a
corresponding rank i and compared to a critical value calculated
as (i/m)*q where i is the rank, m is the number of tests and g the
FDR chosen. The largest p value lower than this critical value and
all p values smaller than it are considered to be significant. The
condFDR represents a Bayesian extension of FDR that allows to
incorporate prior information on each SNP to improve power. In
the presence of pleiotropy, stratification of test statistics in a
primary phenotype based on the association with a second trait
will result in a reduction in the FDR at a given nominal p value
relative to the FDR computed from the unstratified distribution of
the primary phenotype p values [34]. We first constructed
conditional QQ plots, which extend the standard QQ plots to
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visualize the cross-trait polygenic enrichment. The plot is
constructed by creating subsets of SNPs based on the level of
association with the secondary phenotype (using three thresh-
olds p<0.10, p<0.01, and p <0.001). Under the null hypothesis,
nominal p values follow the straight line, while under cross-trait
polygenic enrichment they show leftward deflections as levels of
SNP association with the secondary phenotype increase. We also
constructed fold-enrichment plots, in which the fold enrichment
is calculated as the ratio between the —log10(p) cumulative
distribution for a given stratum and the cumulative distribution
for all SNPs. The conjFDR method is an extension of condFDR
aimed at discovering SNPs associated with two phenotypes
simultaneously. After inverting the roles of the primary and
secondary phenotypes, the conjFDR is defined as the maximum
of the two condFDR values. Thresholds for significant condFDR
and conjFDR associations were set at 0.05 and 0.01 as in previous
publications [34, 47-49]. Proportion of variance in phenotype
explained by SNPs associated with both BD and risk-taking
propensity at a conjFDR < 0.05 was estimated as in [50]. As the
PGC BD freeze 3 dataset contains a cohort part of the UK Biobank
(including 1454 BD cases and 58,113 controls) we checked for
correlation of Z scores among intergenic SNPs using the function
implemented in pleioFDR. While we detected low correlation
coefficients between risk-taking and BD (0.054), SCZ (0.042), or
ADHD (0.047), we still controlled results for sample overlap using
the function implemented in pleioFDR consisting in decorrela-
tion of vectors of Z scores based on the Mahalanobis
Transformation [45].

Definition of genomic loci using FUMA

Independent significant genomic loci were defined according to
the FUMA protocol [51]. Lead SNPs were defined by double
clumping (a clumping of SNPs significant and independent at r* <
0.6, and a secondary clumping of these SNPs at r*<0.1). Loci
separated by a distance lower than 250 kb were merged. 1000
genome phase 3 was used as a reference panel to compute LD in
FUMA. Variants were considered novel if they have not been
reported within £500 Kb of a significant variant within previous
studies investigating BD or risk-taking propensity. Loci jointly
associated with risk-taking and BD were considered to be specific
in case they were at a distance of at least £500 Kb from loci jointly
associated with risk-taking and either SCZ or ADHD. Loci
associated with BD conditioning on risk-taking were considered
specific in case when at a distance at least £500 kb from loci
associated with SCZ or ADHD conditioning on risk-taking or with
risk-taking and SCZ or ADHD jointly. Finally, loci associated with
risk-taking conditioning on BD were considered specific when at a
distance at least +500 kb from loci associated with risk-taking
conditioning on SCZ or ADHD. The direction of allelic effects for
significant variants was evaluated by comparing betas reported in
the original GWAS.

Functional annotation

Positional and functional annotation of lead SNPs associated with
BD (condFDR < 0.01), risk-taking (condFDR < 0.01), or both pheno-
types (conjFDR < 0.05) was performed using different tools.
Nearest gene and functional category were annotated using
FUMA [44, 51]. The Combined Annotation Dependent Depletion
(CADD) score [52], which predicts how deleterious a variant is on
protein structure/function by contrasting variants that survived
natural selection with simulated mutations, was computed in
FUMA. Higher scores indicate more deleterious SNPs, with a
suggested threshold of 1237 for a SNP to be considered
deleterious [53]. RegulomeDB rank (from 1 to 7, with 1 being
associated with highest evidence of functional effects) was
calculated using RegulomeDB [54] based on known and predicted
regulatory elements including regions of DNase hypersensitivity,
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binding sites of transcription factors and promoter regions. We
searched whether SNPs acted as expression quantitative trait loci
(eQTL) based on genotyping and gene expression data (obtained
from a range of 114-209 samples) from Genotype-Tissue
Expression (GTEx) v.8 in brain regions and whole blood. In the
GTEx project, gene expression was measured with Illumina
TrueSeq RNA sequencing or Affymetrix Human Gene 1.1 ST
Expression Array, while genotyping data were obtained with
whole genome sequencing, whole exome sequencing, lllumina
OMNI 5 M, 2.5 M or Exome SNP arrays [55]. We reported cis eQTLs
in a £1 Mb cis window around the transcription start site and
significant based on FDR.

Genes in which significantly associated variants were located or
nearest genes were searched in the Drug Gene Interaction
Database (DGldb) [56] to assess whether they are known targets
of existing drugs (drug-gene interactions) or ‘potentially drug-
gable’ based on their involvement in selected pathways,
molecular functions or gene families (druggable genome).
According to this definition, the genes included in the druggable
genome have some properties that make them suitable for drug
targeting, even in absence of a drug currently targeting them [56].
The DGIdb database classifies genes in categories based on
information retrieved from different drug target repositories
(DrugBank, PharmGKB, Chembl, Drug Target Commons, Thera-
peutic Target Database and others).

Functional enrichment

Functional enrichment of genes in which variants jointly
associated with BD and risk-propensity in the conjFDR analysis
were located (excluding intergenic variants) was investigated
using different approaches. Namely, functional enrichment
analyses for GO terms and KEGG pathways were conducted with
WebGestalt [57] with default options, adjusting results according
to FDR. Functional enrichment for targets of drugs classified based
on clinical indication according to Anatomical Therapeutic
Chemical Classification System (ATC) or International Classification
of Diseases 10 (ICD10) diagnostic codes was conducted using
genome for REPositioning drugs (GREP) [58]. In addition, we
searched for upstream regulators of our genes of interest using
Ingenuity Pathway Analysis (IPA, Ingenuity System Inc, USA).
Upstream regulators are defined as genes, microRNAs, transcrip-
tion factors or chemical compounds that affect the genes of
interest through effects on expression, transcription, activation,
molecular modification, transport or binding events according to
the Ingenuity Knowledge Base, a large collection of observations
in various experimental contexts [59]. A p value of overlap <0.01
was set as the significant threshold as default.

Local genetic covariance analysis using SUPERGNOVA

As a complementary approach to investigate pleiotropy between
risk-taking propensity and psychiatric traits, we estimated local
genetic covariance using SUPERGNOVA [60]. This tool estimates
the genetic similarity of complex traits in specific genomic regions
using GWAS summary statistics and is robust to sample overlap
[60]. Genetic covariance between two traits is estimated by
minimizing the distance between the empirical covariance of Z
scores. LD was estimated using the 1000 genomes project
reference panel [61]. In order to control for sample overlap, the
first K; eigenvectors are used to transform and decorrelate Z scores
in any given region i, where K; is determined adaptively in
SUPERGNOVA. After decorrelation, local genetic covariance is
estimated using a weighted least squares regression in each
region [60]. The software identifies genomic regions characterized
by a significant local genetic covariance between two traits. P
values were adjusted based on FDR. As in the case of analyses
with pleioFDR, ambiguous variants or variants located in regions
with strong LD were excluded.
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Pleiotropic enrichment between bipolar disorder and risk-taking propensity. A Conditional QQ plot. The progressive leftward

deflection from the null line as levels of SNP associations with the secondary phenotype increase shows significant cross-trait enrichment
between BD (primary phenotype) and risk-taking propensity (secondary phenotype). B Fold-enrichment plot. The fold enrichment, calculated
as the ratio between the —log10(p) cumulative distribution for a given stratum and the cumulative distribution for all SNPs, shows a significant
enrichment for variants associated with BD conditioning on risk-taking propensity.

eQTL-informed gene-based analysis

In order to investigate the functional effects of genetics variants
associated with BD and risk-taking propensity, we conducted
eQTL-informed gene-based analysis using eMAGMA [62]. This
method leverages tissue-specific eQTL information across multiple
human tissues to identify putative casual genes for a phenotype.
eMAGMA provides tissue-specific annotation files while gene-
based statistics were computed using MAGMA (v. 1.09) [63]. SNPs
were assigned to genes based on their association with gene
expression in the 13 brain tissues included in GTEx (v. 8) as well as
in whole blood. Bonferroni-adjusted p value thresholds were set
accordingly to the number of genes included in MAGMA (p =
0.05/19427 = 2.6E—06). Heatmaps based on expression levels of
genes significantly associated with BD or risk-taking propensity in
at least one brain region or in whole blood were produced based
on data from GTEx (v. 8) using the ComplexHeatmap R package
[64]. Preliminary results of analyses conducted with eMAGMA
were presented at the 40th Italian Society of Pharmacology
conference [65].

RESULTS
Genetic overlap between risk-taking propensity and psychiatric
disorders
The conditional QQ plot and the fold-enrichment plot showed
significant cross-trait enrichment in variants associated with BD
when conditioning on risk-taking propensity (Fig. 1). We identified
102 independent genomic loci associated with both BD and risk-
taking at a conjFDR < 0.05 (Fig. 2, Table 1 and Supplementary
Table 1). Notably, 89 of these loci (87%) showed the same
direction of effect on BD and risk-taking based on betas reported
in the original GWAS (i.e. a variant associated with increased risk-
taking propensity was also associated with increased predisposi-
tion to BD) (Table 1). Fifty of these SNPs were located in introns
(49.0%), 4 in UTR or downstream regions (3.9%), 2 in exonic
regions (2.0%), 34 in intergenic regions (33.3%) and 12 in
noncoding RNAs (11.8%) (Table 1). In order to assess specificity
of loci shared between BD and risk-taking, conjFDR analyses were
also conducted between risk-taking and SCZ or ADHD (Supple-
mentary Table 2). Among the 102 loci, 62 (61%) were specifically
shared between risk-taking propensity and BD, while the others
were also shared between risk-taking and SCZ (n = 30), ADHD (n
=4), or both (n=6) (Table 1 and Supplementary Table 2).
Proportion of variance of the BD trait explained by single SNPs
ranged from 0.06% to 0.01%, with the total variance explained by
all 102 SNPs being estimated at 1.6%.

Among the 62 loci specifically shared between BD and risk-
taking, 20 SNPs were found to significantly affect gene expression
in at least one brain region, whole blood or both (Supplementary
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Table 1). Sixteen variants were located in (FNDC5, NRD1:RP4-
657D16.3, FOXP1, PLCH1, SOX2-OT, KCNN2, EBF1, FREM1, GRMS,
PTPRB, GRIN2A, THOP1, and SLC12A5) or near (CD47, PRKCB and
CD276) genes part of the druggable genome or clinically
actionable, and 17 in or near genes showing drug-gene
interactions in DGIdb (Supplementary Table 1).

We identified 128 independent genomic loci associated with BD
after conditioning on risk-taking propensity at a condFDR < 0.01
(Supplementary Table 3). Among these, 45 loci (35%) were specific
for BD, while 83 loci were also associated with SCZ (n = 76), or SCZ
and ADHD (n=7) after conditioning on risk-taking propensity
(Supplementary Tables 2 and 4). Among loci specific for BD, 15 are
novel and are reported in Table 2. Eight SNPs were found to act as
eQTLs in brain regions, whole blood or both (Table 2). Three
variants were located in genes part of the druggable genome
(HTR6, CAPN10:GPR35 and ATP2B2), and 4 in or near genes
showing drug-gene interactions in DGldb (Supplementary
Table 3).

Similarly, we identified significant enrichment in variants
associated with risk-taking propensity when conditioning on BD
(Supplementary Fig. 1). We reported 79 independent genomic loci
associated with risk-taking propensity at a condFDR <0.01
(Supplementary Table 5). Among these, 26 loci (33%) were
specific for risk-taking after conditioning on BD, while 53 were also
associated with risk-taking propensity after conditioning on SCZ
(n=18), ADHD (n=4), or both SCZ and ADHD (n=31)
(Supplementary Table 6). Of the 26 specific loci, 22 are novel
and are reported in Table 3. Eight SNPs were found to act as eQTLs
in brain regions or both brain tissues and whole blood (Table 3).
Three variants are located in genes part of the druggable genome
(GRIA1, SLC12A9, and GRMS5) and six in genes showing drug-gene
interactions in DGIdb (Supplementary Table 5).

Functional enrichment of genes associated with BD and risk-
taking propensity

We next evaluated functional enrichment for KEGG pathways and
GO terms for genes in which variants jointly associated with BD
and risk-taking propensity were located. Genes in which variants
associated with risk-taking propensity and specifically BD were
located were enriched for two KEGG pathways (“Glutamatergic
synapse” and “Long-term potentiation”), the biological process
“Glutamate receptor signaling pathway” GO term and four cellular
component GO terms (“Postsynaptic specialization”, “Neuron to
neuron synapse”, “Synaptic membrane”, “Neuron spine”) (Supple-
mentary Table 7). In addition, genes in which variants specifically
shared between BD and risk-taking were located showed a
significant enrichment for drug targets with different clinical
indications, including disorders related to the central nervous

system (i.e. “mood disorders”, “inflammatory disorders of the
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Fig.2 Manhattan plot showing genomics loci associated with BD and risk-taking propensity. The figure shows 102 independent genomic
loci associated with both BD and risk-taking propensity at a conjunctional false discovery rate <0.05.

central nervous system” and “other degenerative disorders of the
nervous system”, Supplementary Table 8).

Using IPA, we identified 161 significant upstream regulators of
genes in which variants associated with BD and risk-taking were
located (including cross-disorder genes) (Supplementary Table 9).
Supplementary Fig. 2 shows a network of these genes including
upstream regulators classified as “drugs”. Upstream regulators of
genes associated with BD and risk-taking included the anti-
psychotics haloperidol and flupentixol, as well as psychoactive
substances such as cocaine, delta-9-tetrahydrocannabinol and
nicotine (Supplementary Fig. 2 and Supplementary Table 9).
Several upstream regulators were found to be significantly
associated with more than one gene in the network. Supplemen-
tary Table 10 shows the list of 134 significant upstream regulators
of genes in which variants specifically associated with BD and risk-
taking propensity were located.

Local genetic correlation analysis using SUPERGNOVA

Using a complementary approach, we applied SUPERGNOVA to
estimate local genetic covariance between BD and risk-taking
propensity in specific genomic regions. Seventeen genomic
regions characterized by a significant genetic covariance between
BD and risk-taking propensity at an FDR < 0.05 are reported in
Supplementary Table 11. Fifteen of these regions (88%) were
overlapping with genomic loci identified with pleioFDR (Table 1).
Ten regions were specifically shared between risk-taking propen-
sity and BD, while seven also showed a significant genetic
covariance between risk-taking propensity and SCZ (n=4),
ADHD (n = 2), or both disorders (n = 1) (Supplementary Tables 11
and 12).

eQTL-informed gene-based analysis of variants associated with BD
and risk-taking propensity
The eQTL-informed gene-based analysis showed 103 significant
eGenes associated with BD in at least one brain region, 74 in
whole blood, and 32 in brain and whole blood (Supplementary
Table 13). Supplementary Fig. 3 shows levels of expression of
these genes in brain regions and whole blood based on GTEx. A
total of 28 eGenes were significantly associated with risk-taking
propensity in at least one brain region, 14 in whole blood, and 6 in
both brain tissues and whole blood (Supplementary Table 14).
Levels of expression of these genes in brain regions and whole
blood based on GTEx are shown in Supplementary Fig. 4.
CACNA1C was significantly associated with both BD and risk-
taking propensity in the cerebellar hemisphere (BD, Z=6.48, p =
3.8E—14, adj p =7.4E—10; risk-taking, Z=4.66, p = 1.6E—06, ad]
p = 0.033). Notably, a genomic locus located in CACNATC was also
significantly associated with both phenotypes in the conjFDR
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analysis and in the local genetic covariance analysis, as well as
with risk-taking and SCZ (Table 1 and Supplementary Table 9). This
gene is part of the druggable genome and a known target of
calcium channel blockers (Supplementary Table 1).

Two other genes significantly associated with both BD and risk-
taking in the conjFDR analysis were also associated with BD in the
gene-based analysis: SLC12A5 in caudate and hippocampus (most
significant: hippocampus, Z=4.87, adj p = 0.11) and FES in whole
blood (Z=4.57, adj p=0.048) (Supplementary Table 13). In
addition, three other genes significantly associated with both BD
and risk-taking in the conjFDR analysis were also significantly
associated with risk-taking in the eQTL-informed gene-based
analysis: CADM?2 in several brain regions with the most significant
being hypothalamus (Z=6.26, adj p=3.8E—06), RGS17 in
cerebellum (Z=4.88, adj p = 0.01) and SDCCAGS in different brain
regions (most significant: cortex, Z=6.15, adj p =7.7E—06) and
whole blood (Z=6.27, adj p=3.6E—06) (Supplementary
Table 14).

DISCUSSION

This study identified novel genetic variants associated with BD
and risk-taking propensity as well as genetic loci shared between
these two phenotypes using the condFDR/conjFDR method on
large GWAS summary statistics. Notably, the large majority of the
identified shared loci (89 out of 102, 87%) showed the same
direction of effect, supporting previous evidence suggesting
positive genetic correlation between these two phenotypes [33].
Among these loci, 62 (61%) were specifically shared between risk-
taking propensity and BD, while the others were also shared
between risk-taking and SCZ or ADHD, two other traits previously
shown to be genetically correlated with risk-taking [33]. Using
complementary approaches, we analyzed local genetic covariance
between BD and risk-taking as well as identified tissue-specific
genes associated with the two traits through an eQTL-informed
gene-based analysis in brain regions and whole blood. The
CACNA1C gene at chromosome 12 was the only locus significantly
associated with both BD and risk-taking propensity using all
analytic approaches. This gene is part of the druggable genome
and is a target of calcium channel blockers, a group of
medications widely used for different cardiovascular indications
such as hypertension and angina pectoris [66]. The locus at
CACNA1C was also found to be shared between risk-taking
propensity and SCZ, but not ADHD (Table 1). Indeed, besides
being previously associated with BD [32], as well as with alcohol
dependence in patients with BD [67], CACNAIC has been
consistently implicated in different psychiatric disorders such as
SCZ [68] and obsessive-compulsive disorder [69], supporting its
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Table 1. Independent genomic loci significantly associated with BD and risk-taking propensity at a conjunctional false discovery rate <0.05.
SNP Position Nearest gene (Kb) Functional category A1/A2 Beta BD p BD Beta risk p risk conjFDR  Specificity
rs1746662 1:33337632 FNDC5 Intronic T/C 0.05 1.5E—-04 0.01 29E-05 0.017 BD
rs12138864 1:33803148 PHC2 Intronic T/C 0.03 2.2E-04 0.01 1.7E—-06 0.021 BD
rs12096927 1:42841841 RIMKLA (4.6) Intergenic T/C 0.04 5.3E-04 0.01 5.8E—-06 0.035 BD
rs2367724 1:44107428 KDMA4A (8.4) Intergenic T/C —0.04 2.6E-04 —-0.01 4.7E—04 0.040 BD, SCZ, ADHD
rs1417364 1:52263082 NRD1:RP4-657D16.3 ncRNA A/G 0.06 3.7E-04 0.01 5.2E—04 0.043 BD
rs182823 1:61680266 NFIA Intronic T/C —0.03 9.8E—04 0.01 3.6E—-04 0.049 BD
rs11210099 1:73429567 RP4-660H19.1 (64.7) Intergenic T/C 0.05 1.1E-06 0.01 2.0E—-07 0.001 BD, SCZ, ADHD
rs34194740 1:182658151 RGS8 (4.4) Intergenic T/C 0.04 2.6E—-04 0.01 43E—-04 0.037 BD
rs823130 1:205714372 NUCKS1 Intronic T/C 0.04 9.2E—-05 0.01 8.7E—-05 0.014 BD, SCZ
rs4146671 1:243505047 SDCCAG8 Intronic A/G 0.03 5.6E—04 0.01 1.1E—09 0.036 BD, SCZ
rs11124327 2:22450730 AC068490.2 ncRNA T/C 0.03 2.0E-04 0.01 7.6E—06 0.020 BD, SCZ, ADHD
rs35605321 2:27038638 CENPA (14.7) Intergenic T/G —0.03 7.3E-04 —-0.01 2.6E—-04 0.041 BD, SCZ
rs2194464 2:31328651 GALNT14 Intronic T/C —0.03 7.7E-04 —0.01 2.8E—-04 0.043 BD
rs55951536 2:44770733 CAMKMT Intronic T/C 0.04 3.8E-04 0.01 6.2E—05 0.029 BD
rs7591022 2:55151266 EML6 Intronic T/C 0.04 1.5E—04 0.01 8.2E-05 0.017 BD
rs1433309 2:104059283 AC092568.1 (51.4) Intergenic A/G —0.03 5.7E-04 —0.01 3.7E—-04 0.039 BD
rs73041394 2:185479385 ZNF804A Intronic A/G —0.04 5.6E—05 —0.01 43E—-05 0.010 BD, SCZ
rs55811672 2:210269767 MAP2 (19.0) Intergenic A/G —0.04 1.7E—-04 —-0.01 1.8E—04 0.022 BD
rs2047134 2:225347713 CuL3 Intronic A/C 0.04 6.8E—05 0.01 4.1E—-04 0.037 BD, SCZ
rs1288974 3:71128028 FOXP1 Intronic A/G —0.04 6.9E—04 0.01 4.1E—-04 0.044 BD
rs9831123 3:85052150 CADM2 Intronic T/C 0.04 1.8E—06 0.01 8.0E—07 0.001 BD, SCZ, ADHD
rs9681407 3:87210062 MIR4795 (65.3) Intergenic T/C —0.04 34E-04 -—0.01 8.5E—05 0.027 BD
rs836927 3:107201428 RP11-115H18.1 (18.7) Intergenic A/C —0.04 9.9E-05 0.01 2.6E—-04 0.027 BD, SCZ
rs326359 3:107820619 CD47 (10.8) Intergenic A/G 0.05 4.0E—07 0.01 6.1E—06 0.003 BD
rs12054405 3:139446347 RP11-442N1.7 (38.2) Intergenic A/G 0.05 56E—-04 —0.01 2.5E—04 0.036 BD
rs359544 3:155268588 PLCH1 Intronic T/C 0.05 9.5E—-05 0.01 2.6E—-04 0.027 BD
rs4350923 3:163721718 RP11-208P4.1 (1.5) Intergenic T/C —0.04 1.5E—-04 -0.01 9.0E-05 0.017 BD
rs4434184 3:181422854 SOX2-0T ncRNA A/G —0.05 1.0E-04 -0.02 1.4E—-10 0.014 BD
rs535066 4:46240287 RP11-320H14.1 (5.3) Intergenic T/G 0.05 1.7E—06 0.01 8.1E—07 0.001 BD, SCZ
rs2647256 4:106201556 TET2 (0.6) Downstream T/C 0.05 6.1E—06 0.02 3.3E—-10 0.003 BD
rs11737121 4:147268639 SLC10A7 Intronic A/G —0.06 1.8E—-05 —0.01 2.3E-04 0.026 BD
rs7696225 4:186782340 SORBS2 Intronic A/C —0.04 8.5E—-04 —0.01 7.9E—05 0.045 BD
rs201587781 5:49478612 EMB (213.4) Intergenic A/G 0.09 7.8E—04 0.02 7.2E-05 0.043 BD, SCZ
rs13163662 5:113756805 KCNN2 Intronic A/G 0.04 4.5E—-05 —0.01 4.1E-04 0.036 BD
rs13169274 5:137855305 ETF1 Intronic T/C —0.04 2.0E-05 —0.01 9.7E—06 0.006 BD, SCZ
rs76157183 5:145833478 TCERGT Intronic T/C 0.09 9.5E—-06 0.02 5.1E-05 0.010 BD
rs10053762 5:152276650 AC091969.1 ncRNA A/C —0.03 3.4E-04 —0.01 2.2E-04 0.027 BD, SCZ
rs2195450 5:152871009 GRIA1 Intronic A/G 0.04 7.9E—-04 0.01 5.7E—06 0.043 BD
rs10068495 5:158232847 EBF1 Intronic A/G —0.04 7.0E-04 —0.01 1.8E—04 0.041 BD
rs852944 6:72164390 RP1-288M22.2 ncRNA T/C 0.03 3.6E-04 —0.01 2.7E-04 0.028 BD
rs1487445 6:98565211 RP11-436D23.1 ncRNA T/C 0.07 1.5E—15 0.01 1.1E—05 0.004 BD
rs7739294 6:117786542 GOPC Intronic T/C 0.04 3.3E-04 0.01 3.0E—-04 0.030 BD
rs6557271 6:153437735 RGS17 Intronic T/C 0.05 6.2E—06 0.01 24E—05 0.006 BD
rs11768212 7:1992582 MADIL1 Intronic A/C —0.04 1.6E—04 —0.01 7.2E-05 0.017 BD, ADHD
rs117450257 7:100446237 SLC12A9:RP11-126L15.4 ncRNA A/G —-0.11 26E—06 —0.02 2.1E-05 0.006 BD, SCZ
rs2470943 7:104583843 RP11-325F22.2 ncRNA A/G 0.04 5.6E—05 0.01 44E-05 0.010 BD, SCZ
rs10251192 7:115026459 RP11-222023.1 (117.0) Intergenic T/C —0.05 1.2E—07 —0.01 1.9E—07 0.000 BD, SCZ
rs7785663 7:137070298 DGKI UTR3 A/G —0.04 24E-04 -—0.01 3.0E-05 0.022 BD, SCZ
rs80274100 7:140122339 RAB19 Intronic A/G 0.04 1.5E—-04 0.01 2.8E-04 0.029 BD
rs2924726 8:4842010 CSMD1 Intronic A/G 0.04 1.6E—04 0.01 45E—04 0.039 BD
rs10106054 8:16991254 RP11-468H14.2 ncRNA A/G —0.04 4.1E-04 -0.01 5.1E—-04 0.042 BD
rs78035175 8:26093490 RP11-98P2.1 (19.0) Intergenic A/G 0.10 6.5E—-05 —0.02 74E-05 0.012 BD
rs16883443 8:34884281 AC098612.1 (56.4) Intergenic T/G 0.03 2.5E—-04 0.01 6.3E—04 0.048 BD
rs11777067 8:38298647 FGFR1 Intronic T/C —0.04 1.2E—-04 -0.01 1.2E—-04 0.017 BD, SCZ
rs10957894 8:51291872 SNTG1 Intronic A/G —0.03 4.8E—-04 —0.01 1.8E—-04 0.033 BD
rs7813444 8:65437506 RP11-21C4.4 (29.3) Intergenic A/G 0.04 3.5E-05 0.01 8.5E—06 0.008 BD, SCZ
rs4623479 8:93038708 RUNXIT1 Intronic T/C 0.04 1.6E—04 0.01 1.6E—04 0.020 BD, ADHD
rs7011741 8:110812770 RP11-25D10.2 (18.3) Intergenic A/G 0.03 8.5E—-04 0.01 6.7E—05 0.045 BD
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Table 1. continued

SNP Position Nearest gene (Kb) Functional category A1/A2 Beta BD p BD Beta risk p risk conjFDR  Specificity
rs34853464  8:143363277 TSNARET Intronic T/C 0.04 1.6E—05 0.01 3.2E-07 0.005 BD, SCZ
rs6474852 9:14738019 FREM1 Intronic A/G —0.04 2.6E—-04 —0.01 1.2E-04 0.023 BD
rs10967586  9:26895808 RN7SL100P ncRNA A/G —0.06 94E—-05 —0.01 5.6E—04 0.044 BD, SCZ
rs10821122 9:96157754 RNU6-829P (19.8) Intergenic T/C —0.04 1.7E-04 —-0.01 1.9E—-04 0.022 BD, SCZ
rs9888039 10:56657419 PCDH15 Intronic T/C —0.04 2.0E-04 —0.01 2.8E—-04 0.029 BD
rs7085104 10:104628873  C100rf32-ASMT Intronic A/G 0.04 8.0E-05 —0.01 52E-05 0.012 BD, SCZ
1s12761679 10:106512727  SORCS3 Intronic A/C 0.05 1.5E-05 0.01 4.1E-06 0.005 BD, SCZ, ADHD
rs12359871 10:127111493  RPS27P18 (50.8) Intergenic T/C —0.06 4.3E-04 -—0.01 4.5E—-04 0.039 BD
rs10082688 11:13266951 ARNTL (31.3) Intergenic T/C 0.04 1.9E-05 0.01 1.6E—05 0.005 BD
rs11038655 11:45807100 CTD-2210P24.4 (13.2) Intergenic T/C —-0.07 7.2E—-05 0.02 3.0E-05 0.011 BD
rs11227478 11:66173400 RP11-867G23.10 (3.2) Intergenic A/G —0.06 23E-06 —0.01 1.3E-06 0.001 BD
rs4988321 11:68174189 LRP5 Exonic A/G 0.08 22E-04 -0.02 1.7E—-04 0.021 BD
rs10831015 11:88264454 GRM5 Intronic A/C 0.04 2.7E-04 0.01 7.2E-05 0.024 BD
rs7932899 11:99152997 CNTN5 Intronic A/G 0.05 4.5E—-05 0.01 1.5E-04 0.019 BD
rs61909095 12:2301189 CACNAIC Intronic T/C —0.08 9.4E—-15 —-0.01 1.6E—06 0.001 BD, SCZ
rs10842271 12:24233843 SOX5 (129.9) Intergenic T/C —0.03 4.1E-04 -0.01 34E-04 0.033 BD
rs7959452 12:69735492 LYZ (6.6) Intergenic A/G 0.03 2.2E-04 0.01 6.2E—04 0.047 BD
rs11178282 12:70941195 PTPRB Intronic T/C 0.05 7.7E-04 0.01 4.0E—-04 0.046 BD
rs3764002 12:108618630 WSCD2 Exonic T/C —0.04 3.3E-04 -—0.01 9.7E-05 0.027 BD, ADHD
rs3885907 13:31314455 ALOX5AP Intronic A/C —0.04 23E-05 —0.01 6.7E—06 0.006 BD
rs7139704 13:47726258 GNG5P5 (155.0) Intergenic A/G 0.04 2.5E-04 0.01 1.5E—-04 0.023 BD
rs34012672 14:33394294 NPAS3 (9.8) Intergenic T/C —0.06 1.3E-05 -0.01 1.3E—-05 0.004 BD, SCZ, ADHD
rs3007061 14:47238606 MDGA2 (70.2) Intergenic T/C —0.04 2.5E-04 —0.01 23E-04 0.026 BD, ADHD
rs8005321 14:62458832 SYTi16 Intronic T/G —0.04 2.1E-05 -0.01 4.2E-05 0.009 BD
rs72703614 14:89860386 FOXN3 Intronic A/G —0.04 1.1E-04 —-0.01 3.0E-05 0.014 BD
rs12892189 14:104319989  LINC00637 ncRNA A/C 0.05 8.2E—07 0.01 2.4E—07 0.001 BD, SCZ
rs4924676 15:42710619  ZNF106 Intronic T/C 0.07 2.0E-05 0.02 29E-05 0.007 BD, SCZ
rs4327001 15:74010301 CD276 (3.4) Intergenic A/G 0.04 4.5E—05 0.01 54E-05 0.010 BD
rs12442456 15:78751962 IREB2 Intronic T/G —0.05 2.7E—-04 0.01 2.5E-05 0.024 BD, SCZ
rs2071382 15:91428197 FES Intronic T/C —0.05 42E-08 —0.01 5.6E—07 0.000 BD, SCZ
6500948 16:7371458 RBFOX1 Intronic A/G —0.04 4.0E-04 —0.01 1.3E—-04 0.030 BD, SCZ
rs2352759 16:10215483 GRIN2A Intronic T/C 0.03 3.3E-04 0.01 4.8E—-05 0.027 BD
rs62029337 16:23820102 PRKCB (27.2) Intergenic T/C 0.06 5.4E—-05 0.01 3.1E-04 0.031 BD
rs55910718 16:58366306 GINS3 (60.0) Intergenic T/C 0.04 8.9E-04 0.01 1.6E—04 0.046 BD
rs7219635 17:1270427 YWHAE Intronic T/C —0.04 6.4E—06 —0.01 74E—05 0.012 BD, SCZ
rs112562460 17:61377135 TANC2:AC037445.1 ncRNA T/C 0.04 6.5E—04 0.01 1.8E—04 0.039 BD
rs9636107 18:53200117 TCF4 Intronic A/G —0.03 3.5E-04 -0.01 1.1E—-07 0.028 BD, SCZ
rs12928 18:77663863 PQLCT UTR3 A/G —0.03 5.5E—-04 —0.01 3.0E-04 0.036 BD, SCZ
rs1736182 19:2798686 THOP1 Intronic T/G —0.04 2.8E—-05 0.01 14E—-04 0.018 BD
rs2304204 19:50169020 IRF3:BCL2L12 UTR5 T/C 0.04 7.0E-04 0.01 1.4E—04 0.041 BD, SCZ
rs1291112 20:35500151 RN7SL156P (1.4) Intergenic T/C —0.06 1.0E-04 —0.01 3.0E-04 0.030 BD
rs12624433 20:44680853 SLC12A5 Intronic A/G 0.05 3.6E—-06 0.01 2.5E-04 0.027 BD
rs404060 22:20164360  XXbac-B444P24.8 (21.9)  Intergenic T/C 0.03 6.1E—-04 —0.01 3.0E-04 0.038 BD
rs13055562 22:51133518 SHANK3 Intronic A/G 0.04 8.4E—05 0.01 3.9E-04 0.036 BD

Functional characterization of all loci is reported in Supplementary Table 1.

The table reports 102 linkage disequilibrium independent genomic loci associated with bipolar disorder and risk-taking propensity at a conjFDR < 0.05.
Position denotes the chromosome and location of the lead SNP based on the hg19 assembly. Nearest gene and functional category have been annotated
using FUMA (for SNPs located in intergenic regions, distance in Kb from the nearest gene is reported). Beta BD and beta risk show the direction of effect of the
A1 allele in the original BD and risk-taking propensity GWAS datasets. The last column shows whether the genomic locus has been found to be specific for BD
or whether it was also detected in the analyses conducted between risk-taking and either SCZ or ADHD at a conjFDR < 0.05 (see Supplementary Table 2). The

putative role of a cross-disorder susceptibility gene [70, 71] via
modulation of stress-coping behavior [72] and gene-environment
interactions in response to adverse life events [73, 74]. The
identification of genomic loci shared between BD and risk-taking
may have important clinical implications. Namely, patients with
BD and increased risk-taking propensity may represent a specific
sub-phenotype and benefit of more tailored treatment
approaches. CACNAI1C, the most robust locus identified in our

SPRINGERNATURE

study, encodes Cayl1.20, the alpha-1 subunit of a voltage-
dependent L-type calcium channel [75], which forms the pore
through which ions pass into the cell. Therefore, it might be
speculated that patients with BD and increased risk-taking
propensity might show better response to drugs acting on
calcium signaling, such as calcium channel blockers. Increased
intracellular calcium ion concentration, with or without stimula-
tion by agonists such as thrombin or serotonin, has been reported
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in peripheral cells from patients with BD [76] and shown to be
normalized by in vitro treatment with lithium [77] or carbamaze-
pine [78]. Recent studies also showed dysregulation in calcium
signaling in hippocampal dentate gyrus-like neurons derived from
induced pluripotent stem-cells of patients with BD compared with
controls [79]. The hyperexcitability phenotype of these neurons
was selectively reversed by lithium treatment only in neurons
derived from patients who also responded to lithium treatment
[79]. In addition, CACNA1C was part of a glutamatergic network
suggested to mediate lithium response in a recent epigenome
pathway analysis [80] and knockdown of this gene in fibroblasts
from patients with BD was found to alter circadian rhythm
amplitude and eliminate lithium'’s ability to amplify rhythms [81].

Calcium channel blockers have been previously used in BD
without clear results. Verapamil has been the first calcium channel
blocker suggested to be useful in the treatment of mania either
alone or in combination with lithium [82-84]. While a recent meta-
analysis did not support clinical efficacy of verapamil in mania, the
small number of studies and the lack of high-quality data from
randomized trials do not allow to draw definitive conclusions [85].
Similarly, only few studies including scarce numbers of partici-
pants investigated the potential clinical utility of nimodipine and
isradipine [86, 87]. In the last few years, the interest in therapies
targeting calcium channels has grown considerably [85] and new
studies are currently being designed to clarify the potential for
drug repurposing [88]. Interesting evidence also comes from a
recent population study including 142,691 participants from
Sweden with a diagnosis of BD, SCZ or nonaffective psychosis
[89]. The study found periods of exposure to L-type calcium
channel blockers to be associated with reduced rates of
psychiatric hospitalization and self-harm in all phenotypes [89].
A recent double-blind pharmacoMRI study recruited healthy men
genotyped for the CACNAIC rs1006737 variant who were
randomized to a single 60 mg dose of the brain-permeable
calcium channel blocker nimodipine or placebo [90]. Participants
treated with nimodipine showed decreased frontal cortical and
parietal cortical activity and improved working memory perfor-
mance during the N-back task, with the decrease in frontal cortical
activity being more pronounced in carriers of the rs1006737 risk
allele [90]. Calcium channel blockers have also started to be
studied as potential adjunctive treatment options for cognitive
impairment in patients with SCZ. In a recent double-blind,
randomized, placebo-controlled trial, patients with SCZ rando-
mized to 5mg of the nonselective brain-permeable calcium
channel blocker isradipine for 6 weeks showed improvement in
verbal memory and attention dysfunction measured with the
Stroop test compared with patients randomized to placebo [91].
As genetic variants may affect Cay1.2a expression and activity [92],
an ongoing trial will evaluate whether CACNATC polymorphisms
and gene expression may affect response to calcium channel
blockers in young adults with mood instability [88]. This trial might
provide elements to support or confute the hypothesis that
participants might show differential response to calcium channel
blockers based on their level of risk-taking propensity, as
participants will undergo cognitive testing aimed at assessing
impulsivity, behavioral inhibition and reward learning [88].

While we found a relevant overlap between genomic loci
shared between risk-taking propensity and the three psychiatric
disorders we investigated, around half of the loci were specifically
shared between risk-taking propensity and BD (Table 1). Similar to
cross-disorder genes, these loci were enriched for KEGG pathways
related to postsynaptic specialization and long-term potentiation,
with GO terms related to postsynaptic specialization and synapses
(Supplementary Table 7) as well as for targets of drugs used for
mood disorders, substance use disorders and other disorders of
the central nervous system (Supplementary Table 8). Among loci
specifically shared between risk-taking propensity and BD, the one
located in the FNDC5 gene is particularly interesting as the Irisin
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myokine derived from the transmembrane protein FNDCS5,
stimulated by physical exercise, has been suggested to mediate
antidepressant effects of physical activity and ameliorate cogni-
tion impairments in neurodegenerative diseases [93, 94].

Besides the identification of loci jointly associated with BD and
risk-taking propensity, another aim of our study was to identify
novel loci associated with these phenotypes. By leveraging
pleiotropic enrichment between these two traits, we identified 128
loci associated with BD after conditioning on risk-taking propensity,
including 15 loci which were novel and specific for BD, and 79
associated with risk-taking propensity conditioning on BD, including
22 novel loci identified when conditioning specifically on BD and
not SCZ or ADHD. One novel locus specifically associated with BD
was rs10917509 in the UTR5 region of HTR6, which encodes a G
protein-coupled serotonin receptor and is a druggable gene as well
as a known target of different antipsychotics and antidepressants
(Supplementary Table 3). Another locus with rs75888683 as the lead
SNP is located in the SYT7 gene which encodes Synaptotagmin-1, a
synaptic vesicle membrane protein that serves as a calcium sensor
and is implicated in vesicular trafficking and exocytosis [95]. In
mouse cortical neurons, a breakpoint mutant version of the DISCT
protein (which is encoded by a known susceptibility gene for BD
and SCZ) was shown to disrupt vesicle transport via defective
assembly between the kinesin-1 adapter FEZ1 and the cargo protein
Synaptotagmin-1 [96], with this effect found to be rescued by
in vitro treatment with the mood stabilizer lithium 2 mM for 48 h
[96]. Three novel loci specifically associated with BD, four with risk-
taking propensity and six with both phenotypes (Tables 1-3) were
located in noncoding RNAs. LncRNAs have been increasingly
implicated in psychiatric disorders [97] and related phenotypes,
such as lithium response [98], highlighting the need to improve our
understanding of the role of these molecules in brain processes.

Among loci associated with risk-taking propensity, only 33%
were identified when conditioning specifically on BD, while a
relevant number of loci (39%) were associated with risk-taking
when conditioning on all investigated psychiatric disorders and
therefore show extensive pleiotropic profiles. Some of these loci
might be worth of investigation as potential therapeutic targets as
they were found to be located in genes part of the druggable
genome (e.g CGREF1, which has been recently associated with
non-response to antidepressants [99], or TET2 which has been
implicated in the potential antidepressants effect of metformin in a
recent preclinical study [100]). Another interesting locus associated
with risk-taking propensity when conditioning on all psychiatric
phenotypes was found in the NPAS3 gene, which encodes a
transcription factor regulating genes involved in key neuronal
processes such as postnatal hippocampal neurogenesis [101].
NPAS3 was first identified as a candidate risk gene for psychiatric
disorders through the study of a balanced chromosomal transloca-
tion, 1(9,14)(q34.2;q13), associated with SCZ and learning disability
[102, 103]. Interactions between risk and protective haplotypes at
this gene have been suggested to contribute to susceptibility to
both SCZ and BD [104] and variants located in this gene have been
consistently associated with BD at a nominal p < 0.05 in different
GWAS [105]. In addition, a group of SNPs in the first intron (top
SNP = rs4982029, p = 3.96E—06) showed pleiotropic effects on BD,
SCZ and major depressive disorder [106]. Besides reduced adult
hippocampal neurogenesis [107], mice deficient for NPAS3 also
show abnormalities in glutamate, dopamine and serotonin
neurotransmitter signaling [108]. All these effects might underlie
the association we observed between NPAS3 and risk-taking
propensity, as this trait has been found to be positively associated
with hippocampal glutamate [23, 25] and monoamine levels [24]
and negatively associated with gray matter volume in the
amygdala and hippocampus [22].

Results from this study have to be interpreted in light of a
number of limitations. As in other studies conducted using GWAS,
it cannot be excluded that the identified lead SNPs may be in LD
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with other causal SNPs. No assessment of risk-taking propensity in
participants included in the BD GWAS was conducted. Identified
SNPs only explained a small proportion of variance of the BD
phenotype. Additionally, a cohort from UK Biobank is included in
the PGC BD freeze 3 cohort. While we used functions implemen-
ted in pleioFDR and SUPERGNOVA to adjust for sample overlap,
we cannot exclude that overlapping participants may inflate the
cross-trait enrichment statistics. Finally, as our investigation of the
potential functional role of identified variants was largely based
on in-silico methods, functional characterization based on
independent experimental data, as well replication of the loci in
independent cohorts, is needed to confirm and further assess the
putative role of these variants in the shared polygenic architecture
between BD and risk-taking propensity.

In conclusion, we observed pleiotropic enrichment between BD
and risk-taking propensity and identified 102 loci shared between
these two phenotypes, 87% of which showed the same direction
of effect and 61% of which were specifically shared between the
two traits. We leveraged pleiotropic enrichment to identify 15
novel loci specifically associated with BD and 22 with risk-taking
propensity. Our findings dissect for the first-time genetic factors
shared between risk-taking propensity and BD and lay the basis
for future investigation of treatment approaches targeting
molecular mechanisms involved in both traits.
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