Psychological Medicine

www.cambridge.org/psm

Original Article

Cite this article: Friligkou, E., Pathak, G. A.,
Tylee, D. S., De Lillo, A., Koller, D., Cabrera-
Mendoza, B., & Polimanti, R. (2025).
Characterizing pleiotropy among bipolar
disorder, schizophrenia, and major
depression: a genome-wide cross-disorder
meta-analysis. Psychological Medicine, 55,
el45, 1-8
https://doi.org/10.1017/50033291725001217

Received: 07 January 2025
Revised: 11 April 2025
Accepted: 18 April 2025

Keywords:

bipolar disorder; depression; genetic
correlation; genome-wide association study;
pleiotropy; schizophrenia

Corresponding author:
Renato Polimanti;
Email: renato.polimanti@yale.edu

© The Author(s), 2025. Published by Cambridge
University Press. This is an Open Access article,
distributed under the terms of the Creative
Commons Attribution-NonCommercial-
NoDerivatives licence (http://
creativecommons.org/licenses/by-nc-nd/4.0),
which permits non-commercial re-use,
distribution, and reproduction in any medium,
provided that no alterations are made and the
original article is properly cited. The written
permission of Cambridge University Press must
be obtained prior to any commercial use
and/or adaptation of the article.

CAMBRIDGE

UNIVERSITY PRESS

Characterizing pleiotropy among bipolar
disorder, schizophrenia, and major depression:
a genome-wide cross-disorder meta-analysis

Eleni Friligkou"?, Gita A. Pathak'*, Daniel S. Tylee', Antonella De Lillo™*,
Dora Koller™*~, Brenda Cabrera-Mendoza'* and Renato Polimanti~*

'"Department of Psychiatry, Yale School of Medicine, West Haven, CT, USA; *Aristotle University of Thessaloniki,
Thessaloniki, Greece; VA CT Healthcare Center, West Haven, CT, USA; “Department of Biology, University of Rome
“Tor Vergata”, Rome, Italy and *Department of Genetics, Microbiology and Statistics, Faculty of Biology, University of
Barcelona, Barcelona, Spain

Abstract

Background. To understand the pathogenetic mechanisms shared among schizophrenia (SCZ),
bipolar disorder (BP), and major depression (MDD), we investigated the pleiotropic mechan-
isms using large-scale genome-wide and brain transcriptomic data.

Methods. We analyzed SCZ, BP, and MDD genome-wide association datasets available from the
Psychiatric Genomics Consortium using the PLEIO framework and characterized the pleio-
tropic loci identified using pathway and tissue enrichment analyses. Pleiotropic and disorder-
specific loci were also assessed.

Results. Our pleiotropy-informed genome-wide analysis identified 553 variants that included
192 loci not reaching genome-wide significance in input datasets. These were enriched for five
molecular pathways: cadherin signaling (p = 2.18 x 10~®), Alzheimer’s disease-amyloid secretase
(p =4 x 10~*), oxytocin receptor-mediated signaling (p = 1.47 x 10~ ), metabotropic glutamate
receptor group III (p = 5.82 x 10~*) and Wnt signaling (p = 1.61 x 10~'"). Pleiotropic loci
demonstrated the strongest enrichment in the brain cortex (p = 5.8 x 10~%®), frontal cortex
(p=3x107"), and cerebellar hemisphere (p = 9.8 x 10~>®). SCZ-BP-MDD pleiotropic variants
were also enriched for neurodevelopmental brain transcriptomic profiles related to the second-
trimester post-conception (week 21, p = 7.35 x 10~ week 17, p = 6.36 x 10~ *) and first year of
life (p = 3.25 x 107°).

Conclusions. Genetic mechanisms shared among SCZ, BP, and MDD appear to be related to
early neuronal development. Because the genetic architecture of psychopathology transcends
diagnostic boundaries, pleiotropy-focused analyses can lead to increased gene discovery and
novel insights into relevant pathogenic mechanisms.

Introduction

Psychiatric disorders show varying degrees of overlap in their symptoms. This resemblance in
terms of nosology occasionally translates to symptom-specific therapeutic approaches that
further bedim the boundaries among the different clinical syndromes as defined by the Diag-
nostic and Statistical Manual of Mental Disorders, fifth edition (DSM-5) (Li, Li, & Chen, 2022).
To complement the complex phenomenological relations among psychiatric disorders, twin-
based investigations and genome-wide association studies (GWAS) uncovered evidence of
shared heritability across the psychopathology spectrum (Smoller et al, 2019) and further
investigations are generating considerable evidence that pleiotropy exerts significant effects
within the constellation of psychiatric diagnoses (Lee, Feng, & Smoller, 2021).

Recently, large-scale GWASs of psychiatric disorders elucidated some aspects of the genetic
correlation among those disorders, such as pleiotropic loci and pathways (Lee, Feng, & Smoller,
2021). Following an exploratory factor analysis of eight psychiatric disorders, three distinct groups
of genetically correlated disorders have emerged. Schizophrenia (SCZ), bipolar disorder (BP), and
major depressive disorder (MDD) fall into a common factor of mood and psychotic disorders, with
MDD also sharing genetic structure with three early-onset neurodevelopmental disorders: Tourette
syndrome, attention deficit and hyperactivity disorder, and autism spectrum disorder (Phil et al.,
2019). It has been previously hypothesized that SCZ and BP form parts of a continuum rather
than two distinct diagnoses (Moller, 2003). This notion is reinforced by the definition of schizoaf-
fective disorder as an intermediate point on the mood and psychotic disorders spectrum, (Wy &
Saadabadi, 2022) as well as variability in clinical presentation among those three disorders along
the course of some patients’ lives (Bambole et al., 2013). Thus, the evidence of shared genetic
architecture among SCZ, BP, and MDD complements the substantial degree of shared symptoms
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and diagnostic ambiguity among those disorders to further highlight
the importance of the investigation of the underlying pleiotropy that
drives those associations.

Cross-disorder analyses can increase statistical power to reveal
pleiotropic loci that have not previously been identified by disorder-
specific GWASs. More importantly, downstream consequences of
pleiotropic loci can be specified to elucidate the complex genetic
mechanisms that contribute to the aforementioned phenotypes.
While pleiotropy among SCZ, BP, and MDD has been previously
investigated by testing pair-wide relationships (Li et al,, 2022),
analyzing possible three-way effects can enhance our understanding
of the shared biological mechanisms that underlie all three dis-
orders. Previous research on SCZ, BP, and MDD pleiotropy using
both early underpowered GWAS (Huang et al,, 2010) and more
recent datasets (Wang, Yi, & Shi, 2022) was mostly aimed at
increasing the statistical power of gene discovery rather than dis-
secting the biological mechanisms underlying genetic effects shared
among SCZ, BP, and MDD.

In this study, we investigated pleiotropic mechanisms underlying
SCZ, BP, and MDD using the genome-wide association statistics
available from the Psychiatric Genomics Consortium (PGC) (Lam
etal., 2019; Mullins et al., 2021; Major Depressive Disorder Working
Group of the Psychiatric Genomics Consortium, 2025). Our goal was
to identify the relevant biological functions and pathways, and the
tissues where pleiotropic loci are differentially expressed. In addition,
pathway analyses and functional annotation were performed on
subgroups of the risk loci to offer a more comprehensive under-
standing of the shared and divergent genetic architecture underlying
SCZ, BP, and MDD.

Materials and methods
Genome-wide association statistics

We used genome-wide association statistics generated from PGC
GWAS meta-analyses. Due to the limited sample size of large-scale
GWAS conducted in diverse populations, the present study was
conducted using GWAS data from individuals of European ances-
try. Unfortunately, large-scale GWAS for other population groups
are not available at this time. Genome-wide association statistics
were generated from 41,917 BP-affected individuals and 371,549
unaffected controls (Mullins et al., 2021), 33,640 SCZ-affected
individuals and 43,456 controls (Lam et al., 2019; Max Lam et al.,
2019), and 412,305 MDD-affected individuals and 1,588,397 con-
trols (Major Depressive Disorder Working Group of the Psychiatric
Genomics Consortium, 2025).

Heritability and genetic correlation

Heritability and pairwise genetic correlations were estimated using
linkage disequilibrium (LD) score regression (LDSC) (Bulik-Sullivan
et al,, 2015). This analysis was conducted considering HapMap
variants and using pre-computed LD scores based on 1000 Genomes
Project populations of European descent (available at https://github.
com/bulik/ldsc). Conversion of heritability to the liability scale was
conducted to account for the difference between sample prevalence
(SCZ = 0.44, BP = 0.10, MDD = 0.21) and population prevalence
(SCZ = 0.01, BP = 0.02, MDD = 0.15). Finally, heritability was
partitioned with LDSC to three different central nervous system cell
types — namely, astrocytes, oligodendrocytes, and neurons — using
the CAHOY transcriptome database as a reference panel for the cell
type groups (Cahoy et al., 2008). To compare cell type enrichment
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among the three disorders, z-tests were performed by entering the
partitioned heritability coefficients and their standard errors (SE) in
the formula:

Estimates — Estimateg

zZ= .
2 2
\/SEEstimateA - SEEstimatelg

P-values were subsequently calculated and adjusted for multiple
comparisons using the false discovery rate (FDR) approach.

Estimation of pleiotropic effect

To identify pleiotropic loci, we applied the Pleiotropic Locus Explor-
ation and Interpretation using the Optimal test (PLEIO) framework
(Lee, Shi, Pasaniuc, Eskin, & Han, 2021). PLEIO assumes that for a
locus to exert a pleiotropic effect on a group of disorders, the variance of
its effect size should be proportional to the genetic covariance matrix of
the disorders in question. Thus, the null hypothesis is that the variant’s
standardized effect size is not connected to the genetic covariance
matrix with a multivariable normal distribution. Taking into account
disorder-specific heritability and pairwise genetic correlation, PLEIO
maximizes statistical power and accounts for the complex interplay
among the genetic architectures of the disorders in question. Similar to
LDSC, PLEIO analysis was performed using HapMap variants as
recommended by the developers (Lee, Shi, et al., 2021).

Functional annotation and pathway analysis

Genomic annotation was conducted using the Ensembl Variant
Effect Predictor (VEP) (McLaren et al., 2016). Among the over-
lapping Ensembl transcripts per variant, only the one with the
most severe consequence as defined by the Sequence Ontology
(SO) was included in further analyses (Eilbeck et al., 2005). The
order of severity as defined by VEP is reported in Supplementary
Table S1.

For the pathway analysis, we used the PANTHER Classification
System (Mi & Thomas, 2009). Statistically overrepresented pathways
were specified using a binomial test between a reference list of genes
per pathway and the test list of genes as determined by Ensembl VEP
(McLaren et al,, 2016). Tissue-specific enrichment analysis was con-
ducted with Functional Mapping and Annotation (FUMA) software
(Watanabe, Taskesen, van Bochoven, & Posthuma, 2017). FUMA
conducts a hypergeometric test to identify up- and down-regulated
tissue types. Bonferroni correction is then applied to account for
multiple comparisons. We used the Genotype-Tissue Expression
(GTEx v8) dataset as a reference set of differentially expressed genes
in 54 human tissue types. To assess gene expression in different brain
developmental stages, we used BrainSpan (Sunkin et al,, 2013). This is
an atlas of the developing human brain that encompasses transcrip-
tional profiles spanning from the fourth post-conception week to
60 years of age.

Possible pharmacologic targets of the pleiotropic loci were exam-
ined with the gene2drug tool (Napolitano et al., 2017). Gene2drug
ranks all the pathways in a database according to how much the
expression of pathway-related genes changed after experimental
exposure to various drugs. An Enrichment Score is then computed
for each drug to identify those able to significantly upregulate
(or downregulate) the pathways in the set. To determine overrepre-
sented pathways among the pleiotropic loci in databases supported by
gene2drug, we used VEGAS2Pathway (Versatile Gene-Based Associ-
ation Study) (Mishra A, 2017) which contains gene sets from Gene
Ontology (GO) and curated gene sets from MSigDB. Bonferroni


https://github.com/bulik/ldsc
https://github.com/bulik/ldsc
http://doi.org/10.1017/S0033291725001217

Psychological Medicine

correction was applied to account for the number of drugs tested
(N =1,309,p<3.82x107).

Loci subgroup analyses

Functional annotation and pathway analyses were conducted in
subgroups of pleiotropic loci to further characterize the nature of
pleiotropy among SCZ, BP, and MDD.

First, we defined novel pleiotropic loci as those with a genome-
wide significant pleiotropic effect (PLEIO-p < 5 x 10~®) that did not
reach genome-wide significance in the original BP, MDD, SCZ
GWAS (Lam et al, 2019; Major Depressive Disorder Working
Group of the Psychiatric Genomics Consortium, 2025; Mullins
et al., 2021) or are not in LD (+* > 0.1) with any of the genome-
wide significant variants identified by these previous studies. We
clumped the remaining single-nucleotide polymorphisms (SNPs)
to select the LD-independent loci (r* < 0.1, 250 kb, PLEIO-p < 5 x
10~®). Functional annotation and pathway analyses were con-
ducted separately for the novel pleiotropic loci, and the results were
compared to those of the variants showing genome-wide significant
associations with one of the disorders investigated. The novel vs
previously-identified comparison was performed to assess whether
the novel loci were involved in molecular pathways that may
require higher statistical power to be detected by disorder-specific
GWAS. Second, we tested for enrichment differences between the
pleiotropic loci that exert an effect in the same direction on all three
disorders and those with opposing directions of effects on the
individual disorders. Finally, we identified differences in gene
expression among the pleiotropic loci according to which of the
disorders significantly influenced their pleiotropic effect. We div-
ided the SNPs into groups based on their statistical significance
after Bonferroni correction, accounting for the pleiotropic variants
tested. This yielded eight groups of variants: three groups that were
Bonferroni significant only in the respective individual SCZ, BP, and
MDD GWASs, three that were significant for pairs of the individual
GWASs (SCZ-BP, BP-MDD, MDD-SCZ), one group that was Bon-
ferroni significant across the three disorders, and one group that was
not statistically significant for any of the disorders after Bonferroni
correction. With this classification, we aimed to characterize variants
that reached genome-wide significance in the pleiotropy analysis
(PLEIO-p < 5 x 10~®) but showed Bonferroni significance only for
a subset of the disorders investigated. Accordingly, to understand the
underlying molecular differences, pathway enrichment, and tissue-
specific differential gene expression results were compared among
those subgroups for statistically significant differences. For all
pathway-subgroup analyses, p-values were adjusted using FDR to
account for all the subgroups tested (#gupgroups = 11). For tissue
specificity subgroup analyses, p values were adjusted with Bonferroni
correction as recommended (Watanabe et al., 2017). VEGAS2Path-
way was used to identify pathway enrichments for each group of loci
based on their disease-specific effect (Liu et al., 2010). Those path-
ways were subsequently entered in gene2drug for drug discovery in
the subgroups of pleiotropic loci based on disease-specific effects
(Napolitano et al., 2017). Bonferroni correction was applied to
account for the number of tests performed.

To identify differences in the tissue-specific transcriptomic
profiles, we conducted pairwise comparisons of the effect sizes
observed in the enrichment analysis of the disorder-related sub-
groups. We calculated z-scores related to the effect size differences
according to the formula reported above. The number of overlap-
ping genes (between the test gene set and the reference gene set of
upregulated genes per tissue) given by FUMA was used as the effect

estimate of the hypergeometric test conducted to calculate tissue
specificity. P-values were subsequently calculated and adjusted for
multiple comparisons using the FDR approach.

Results
Heritability and genetic correlation

LDSC regression heritability and genetic correlation results were
congruent with previous estimates. SCZ demonstrated the highest
SNP-based heritability on the liability scale (SNP-h? = 0.26, SE = 0.009,
z = 28.9), followed by BP (SNP-h* = 0.19, SE = 0.007, z = 27.1) and
MDD (SNP-#? = 0.09, SE = 0.003, z = 30). The genetic correlation
was highest between SCZ and BP (rg = 0.69, p < 107>%), followed
by BP and MDD (rg = 047, p = 7.46 x 10~ '*'), and MDD and
SCZ (rg = 0.35, p = 1.094 x 10~ ®). Partitioning heritability among
the three brain cell types available from the CAHOY transcripto-
mic database (Cahoy et al., 2008) revealed that the heritability of
the three disorders investigated was enriched for loci expressed in
neurons (FDR g < 0.05), but not astrocytes or oligodendrocytes
(Supplementary Table S2). After pairwise comparisons of the coeffi-
cients of brain cell-specific enrichments, we observed that a statisti-
cally significantly higher proportion of SCZ and BP heritability was
enriched for neurons, compared with MDD (FDR g < 0.05; neurons:
difference-pscz mpp=4.7 X 10 *and difference-pgp.mpp=1.3 % 107°).
BP and SCZ heritability were not differentially enriched for neurons
(p > 0.05).

Characterization of pleiotropic loci

Our PLEIO analysis of BP, MDD, and SCZ generated genome-
wide statistics informative of the pleiotropy shared among these
psychiatric disorders. The enrichment analysis based on the PLEIO
genome-wide statistics yielded five overrepresented pathways (FDR
q < 0.05): 1) Cadherin signaling (Pathway Accession: P00012; 5.7-
fold enrichment, p = 2.18 x 10~%), 2) Alzheimer disease-amyloid
secretase (Pathway Accession: P00003; 3.3-fold enrichment, p =
4 x 107%), 3) Oxytocin receptor-mediated signaling (Pathway
Accession: P04391; 3.2-fold enrichment, p = 1.47 x 107°), 4)
Metabotropic glutamate receptor group III (Pathway Accession:
P00039; 3.39-fold enrichment, p = 5.82 X 107%) and 5) Wnt
signaling (Pathway Accession: P00057; 3.01-fold enrichment, p =
1.61 x 10~'") (Figure 1a; Supplementary Table S3).

With respect to tissue specificity, PLEIO genome-wide statistics
were enriched for brain tissues with the strongest evidence for brain
cortex (beta = 0.139, p = 5.8 x 1072%), frontal cortex (beta = 0.14,
p=3x 103Y), cerebellar hemisphere (beta=0.118,p =9.8 x 1028,
cerebellum (beta = 0.12, p = 2.8 x 10~ *’), and anterior cingulate
cortex (beta = 0.135, p = 5.7 x 10~ %°) (Figure 2a; Supplementary
Table S4).

To further investigate the developmental specificity of pleiotropic
mechanisms, we tested PLEIO genome-wide statistics with respect to
29 brain developmental stages (Figure 2b; Supplementary Table S5).
After Bonferroni correction, significant enrichments were observed
for the first year of life (beta = 0.006, p = 3.25 x 10~°) and two post-
conception weeks (pcw 21 beta = 0.004, p = 7.35 x 107 pcwl7
beta = 0.004, p = 6.36 x 10~ %).

Characterization of disorder-specific pleiotropic loci

Our PLEIO analysis uncovered 553 loci with pleiotropic effects
across BP, MDD, and SCZ that survived genome-wide multiple
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Figure 1. (a) Statistically overrepresented pathways based on the genome-wide pleiotropy among schizophrenia (SCZ), bipolar disorder (BP), and major depressive disorder (MDD).

(b) Pathway enrichment analysis by subgroups.
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Figure 2. (a) Tissue-specific enrichments for the genome-wide pleiotropy statistics. (b) Temporal enrichments of the genome-wide pleiotropy statistics for 29 brain development

stages.

testing correction (p < 5 x 10~%; Supplementary Table S6). Among
these variants, 192 were LD independent from variants reaching
genome-wide significance in the original BP, MDD, and SCZ
GWASs (Lam et al, 2019; Major Depressive Disorder Working
Group of the Psychiatric Genomics Consortium, 2025; Mullins
etal,, 2021). Accordingly, we refer to these 192 pleiotropic variants
as novel associations. Performing an enrichment analysis testing
novel and previously reported pleiotropic loci, we identified two
pathways with respect to the latter group: Metabotropic glutamate
receptor group III (Pathway Accession: P00039; 9.64-fold enrich-
ment, p = 5.65 x 10~°), and Heterotrimeric G-protein signaling -Gq
alpha and Go alpha mediated pathway (Pathway Accession:
P00027; 7.20-fold enrichment, p = 2.39 x 10~°) (Figure 1b; Sup-
plementary Table S3).

Tissue specificity analysis demonstrated overexpression of the
novel loci in the same tissue types as the previously identified ones.
In particular, the expression of both groups of SNPs was signifi-
cantly (p < 0.05) upregulated solely in brain tissues (Supplementary

Table S7). Additionally, previously identified loci were over-
expressed in the cerebellum (ppreviousty-identified = 3.54 X 107%) and
the cerebellar hemispheres (ppreviously-identified = 1.07 X 107%).
Downregulated genes were shown to be over-expressed in the
kidney for the novel loci (phove = 6.9 X 10™%) and in the minor
salivary gland in the previously identified loci (Ppreviously-identified-
=8.16 x 10 5).

Most pleiotropic variants presented concordant effects across
the three disorders (81% of the 553 pleiotropic loci identified).
Pleiotropic loci with concordant effect direction were enriched
for five pathways surviving multiple testing correction (FDR
q < 0.05): Nicotine pharmacodynamics (Pathway Accession:
P06587; 12.52-fold enrichment, p = 8.36 x 107°), 5HT2 type
receptor-mediated signaling (Pathway Accession: P04374; 9.15-
fold enrichment, p = 2.02 x 10~°), Oxytocin receptor-mediated
signaling (Pathway Accession: P04391; 8.91-fold enrichment,
p = 9.18 x 107°), Heterotrimeric G-protein signaling-Gq alpha
and Go alpha-mediated pathway (Pathway Accession: P00027;
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6.31-fold enrichment, p = 2.19 x 107°), and Heterotrimeric
G-protein signaling-Gi alpha and Gs alpha mediated pathway
(Pathway Accession: P00026; 5.38-fold enrichment, p = 2.82 x
10> Supplementary Table S3). With respect to tissue-specific tran-
scriptomic regulation, loci with concordant effects across BP, MDD,
and SCZ mapped to genes significantly up-regulated in all of the
aforementioned brain regions (Supplementary Table S7) and the
anterior tibial artery (p = 5.36 x 107°) and to genes significantly
downregulated in the kidney (p = 6.66 x 10~°) and minor salivary
glands (p =2.27 x 10 ). Due to their limited number, pleiotropic loci
with discordant effect directions across SCZ, BP, and MDD were not
enriched for any pathway or tissue-specific transcriptomic regulation.

To investigate whether PLEIO results were driven by disorder-
specific effects, we applied a Bonferroni correction accounting for
the number of pleiotropic variants identified (p = 9.04 x 10~°) to the
associations identified in each individual GWAS and stratified the
loci accordingly (Figure 3). We observed that only 36 showed effects
across the three disorders, and most of them were novel associations.
A similar number of loci showed effects across pairs of disorders:
66 for BP-SCZ (50% novel associations), 60 for MDD-SCZ (38%
novel associations), and 53 for MDD-BP (52% novel associations).
We also observed that 337 loci identified by our PLEIO analysis were
driven by the effect on a specific disorder (BP 41; MDD 210; SCZ 86).
Additionally, we identified one variant (rs2588469) that showed
genome-wide significant pleiotropic effects (PLEIO p = 1.18 x
10~®), but showed only nominally significant associations with the
three disorders investigated (BP: beta = —0.056, p = 0.0003; MDD:
OR =098, p =99 x 10~% SCZ OR = 1.062, p = 0.0008).

Although the loci associated with BP, MDD, and SCZ consist of
the 34 variants, we observed strong enrichment for three molecular

Distribution of Pleiotropic Loci

200 1

150 1

100 1

Number of Pleiotropic Loci

o

50- ““\ ““\ ||||| ||||| ““\

pathways (FDR q < 0.05; Figure 1b): Oxytocin receptor-mediated
signaling (Pathway Accession: P04391; 52.34-fold enrichment,
p = 2.85 x 107°), Alzheimer disease-amyloid secretase pathway
(Pathway Accession: P00003; 46.09-fold enrichment, p = 4.1 x
10~°), 5SHT2 type receptor-mediated signaling (Pathway Accession:
P04374; 46.09-fold enrichment, p = 4.1 x 107°). The MDD-
driven subgroup was overrepresented for the metabotropic glu-
tamate receptor group III pathway (Pathway Accession: P00039;
16.81-fold enrichment, p = 2.42 x 10~°). No pathway enrichment
survived multiple testing correction for the other subgroups
investigated.

With respect to tissue-specific transcriptomic regulation, we
observed enrichment for multiple brain regions across most of the
subgroups investigated: MDD-driven (top result: Brain Frontal Cortex
p =253 x 10"7), SCZ-driven (top result: Anterior Cingulate Cortex
p = 3.012 x 10°°), BP-SCZ (top result: Brain Cortex p = 0.0007),
MDD-BP (top result: Brain Frontal Cortex p = 1.96 x 1077), and
BP-driven (top result: Nucleus Accumbens p = 5.27 x 10 ). Pairwise
comparisons showed no statistically significant differences among the
subset-specific brain enrichment estimates.

Finally, we explored drugs potentially relevant to the 553 pleio-
tropic loci due to their molecular pathway enrichments
(Supplementary Table S8). We identified 15 drugs surviving mul-
tiple testing correction: chlorambucil (EScore = —0.85, p = 1.7 x
10™®), 6-bromoindirubin-3’-oxime (EScore = —0.77, p =128 x
10~°), butirosin (EScore = —0.76, p = 161 x 107°), isoetarine
(EScore = 0.76, p = 222 X 107%), betazole (EScore = 0.75,
p = 331 x 10°°), vorinostat (EScore = 0.345, p = 7.8 x 10,
chlorogenic_acid (EScore = —0.73, p = 8.26 x 10~°), pentetrazol
(EScore = 0.71, p = 1.42 x 107°), proscillaridin (EScore = 0.34,

novel

. Yes

oD oMY 5cZ o gy and SCZ07 and MO0 and BIF gy only

Al T(aﬁs No Traits

Pleiotropy Grouping by Bonferroni Significance Status

Figure 3. Distribution of statistically significant pleiotropic variants by disease-specific effect.
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p =18 x10"°), digoxin (EScore = 0.34, p = 1.81 x 10~°), salsolidin
(EScore = —0.70, p = 2.21 x 107°), pioglitazone (EScore = —0.70,
p =2.69 x 107°), lanatoside_C (EScore = 0.33, p = 2.83 x 107°),
ketorolac (EScore = 0.69, p = 3.46 x 10~°), and hydroquinine
(EScore = 0.33, p = 3.8 x 107°). With respect to SCZ-MDD, the
SCZ-BP, and the MDD-driven loci, we observed significantly
enriched pathways for each of these subgroups (Supplementary
Table S9). Gene2drug results were corrected for 1,309 drugs and
3 subgroups tested (N = 3,918 tests). After Bonferroni multiple
testing correction (p < 1.28 x 10~°), our gene2drug analysis iden-
tified potential drug targets for the MDD-driven pleiotropic loci:
etynodiol (EScore = —0.63, p = 1.41 x 10°°) and ifosfamide
(EScore = 0.6, p = 4.13 x 10™°).

Discussion

In the present study, we investigated the shared genetic architecture
of BP, MDD, and SCZ, providing insights regarding the common
background for the development of those three disorders and the
possible molecular mechanisms differentiating between them.

In line with the positive genetic correlation observed among BP,
MDD, and SCZ, most of the pleiotropic loci identified exert a con-
vergent effect on all three disorders. Notably, although the loci that
were significantly associated with all three disorders after study-wide
multiple testing correction constitute only 6.5% of all variants reach-
ing genome-wide significance in the PLEIO analysis, they demon-
strate enrichments for the largest number of molecular pathway
enrichments among all groups tested. Indeed, they showed an over-
representation of two of the five molecular pathways identified,
considering PLEIO genome-wide statistics: the Alzheimer’s disease-
amyloid secretase pathway and oxytocin receptor-mediated signaling.
BACEI secretase activity plays a key role in the generation of
B-amyloid and in the pathogenesis of Alzheimer’s disease (Cole &
Vassar, 2007). Additionally, amyloid appears to be implicated in
psychiatric disorders through processes related to neurodevelopmen-
tal alteration as well as neuronal degeneration (Pandolfo et al., 2021).
Among the other pleiotropy-based groups, the only enrichment
observed was for the ‘metabotropic glutamate receptor group III’
pathway with respect to MDD-driven associated variants. This path-
way was also observed in the enrichment analysis conducted with
respect to PLEIO genome-wide statistics. Given the large sample size
of the MDD GWAS, it is possible that the MDD-specific enrichment
for the metabotropic glutamate receptor group III pathway drives the
genome-wide pleiotropic association as well. MDD enrichment for
‘metabotropic glutamate receptor group III' pathway is particularly
interesting because preclinical studies highlighted that mGlu2/3
receptor antagonists have fast and sustained antidepressant-like
effects (Dogra & Conn, 2021). The analysis based on PLEIO genome-
wide association statistics identified enrichments for Cadherin sig-
naling and Wnt signaling that were not observed in the analysis
conducted with respect to pleiotropy-based groups. These signaling
pathways have been identified as involved in neural development and
have been previously associated with SCZ (Vallee, 2022) and BP
(Hoseth et al., 2018). In our study, we identified a variant reaching
genome-wide significance in pleiotropy analysis (rs6874218), which
mapped within the Protocadherin Alpha (PCDHA) gene cluster and
demonstrated discordant effects among the disorders investigated,
such that the reference allele (T) had positive effects on BP (OR = 1.05;
p=52x 10~7) and SCZ (OR = 1.033; p =0.004), but a negative effect
on MDD (OR = 0.99; p = 0.001). This is in line with a previous study
reporting that PCDHA7 gene downregulation increases the risk for
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MDD, while it exerts a protective effect for BP and SCZ (Byrne et al,,
2021). The discordant effect of this locus on MDD with respect to BP
and SCZ may be part of a broader trend. Indeed, 57% of the discord-
ant pleiotropic variants exerted an opposing effect on MDD com-
pared to SCZ and BP. In this context, the higher SCZ-BP genetic
correlation compared to MDD-BP and MDD-SCZ pairs may be
related to the molecular pathways differentiating SCZ and BP from
MDD. This is also supported by the stronger neuronal-cell type
enrichment observed for SCZ and BP compared to MDD. This could
support a different role of neurons in MDD pathogenesis. Assessing
more representative datasets of neuronal and non-neuronal cells will
be needed to understand the molecular basis of the differences
observed in the present study. From a phenotypic point of view,
MDD differentiation may be also reflected by its multi-system nature
(Penninx, Milaneschi, Lamers, & Vogelzangs, 2013), where certain
MDD subtypes may present a positive genetic correlation with SCZ
and BP, while others may present distinct genetic profiles. Indeed, a
recent study of MDD heterogeneity showed that MDD age of onset,
longitudinal course, and various subtypes have different patterns of
genetic overlap with psychiatric and comorbid traits (Mitchell et al.,
2022). Further research will be needed to understand how pleiotropy
with SCZ and BP can differentially influence MDD subtypes. Unfor-
tunately, the design of the GWAS meta-analyses used in the present
study did not permit us to explore this aspect. For instance, although
participants with history of mania, hypomania, or non-affective
psychosis were excluded from the MDD case definition (Major
Depressive Disorder Working Group of the Psychiatric Genomics
Consortium, 2025), a portion of MDD cases may fulfill criteria for BP
or schizoaffective disorder later in life due to the genetic risk shared
with BP and SCZ.

In addition to exploring which biological pathways were more
affected by pleiotropic loci shared across BP, SCZ, and MDD, we
also investigated tissue-specific and temporal regulation of tran-
scriptomic variation. Our tissue-specific analysis identified enrich-
ment for transcriptomic regulation within multiple brain regions,
with the strongest evidence for the brain cortex and frontal cortex,
as well as the cerebellum and cerebellar hemisphere. Multiple
functional domains of the frontal cortex have been implicated in
the pathophysiology of all three disorders through several different
mechanisms (Joseph, 1999). The cerebellum has also been shown to
manifest a common pattern of intrinsic brain activity in BP and
MDD patients (Gong et al., 2020). Importantly, we did not observe
differences when compared novel versus previously identified loci.
This supports that the pleiotropic loci observed are related to the
same pathogenetic processes uncovered by the disorder-specific-
GWAS.

With respect to temporal regulation of brain transcriptomic
variation, we expanded upon existing evidence that pleiotropic loci
across eight psychiatric disorders are overexpressed in the second
prenatal trimester (Phil et al., 2019). Presently, we analyzed 29 brain
developmental stages and observed that the BP, MDD, and SCZ
pleiotropic loci are highly expressed across multiple neurodevelop-
mental stages, ranging from 16 weeks post-conception to the first
year of life. It is also noteworthy that this pattern of differential gene
expression was distinct from the disorder-specific motifs. SCZ and
BP have been previously associated with changes in gene expression
in early developmental stages (Jia, Manuel, Fernandes, Dai, & Zhao,
2021; Pers et al., 2016). However, SCZ presents overexpression of
certain genes from early infancy through adult life (Pers et al., 2016)
while BP has been mainly associated with prenatally upregulated
genes (Jia et al,, 2021). Conversely, MDD does not appear to have
age-specific gene expression profiles (Jia et al., 2021).
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Our drug-repositioning analysis identified several compounds
potentially related to molecular pathways shared across BP, MD,
and SCZ. Some of these drugs are also supported by previous
evidence linking them to the treatment of psychiatric disorders.
For example, 6-bromoindirubin-3’-oxime is a glycogen synthase
kinase 3 beta (GSK3p) inhibitor that has demonstrated neuropro-
tective properties (Nguyen et al., 2009; Zhao et al., 2017). Chloro-
genic acid is a polyphenolic compound that has been previously
shown to exert an antidepressant and neuroprotective effect
(Nabavi et al., 2017). Salsonidine is a novel dopaminergic com-
pound that appears to modulate blood biomarkers of Alzheimer’s
disease (Niculescu et al., 2020). Chlorambucil has been proposed as
a possible BP target in another drug repositioning analysis
(Kidnapillai et al., 2020). Additionally, we identified etynodiol as
a potential drug targeting MDD-driven pleiotropic loci. This a
steroidal progestin used in oral combined oral contraceptives
(COCs). Monophasic drospirenone-containing COCs have been
associated with improvement of premenstrual dysphoric disorder,
while multiphasic COCs are also associated with mood swings
(Pearlstein, Bachmann, Zacur, & Yonkers, 2005). Zuranolone, a
neuropeptide metabolite of progesterone, has been approved as a
first-line treatment of severe post-partum depression (Patterson,
Balan, Morrow, & Meltzer-Brody, 2024). To our knowledge, no
information is available about etynodiol effect on mood.

While our study contributed to advance the understanding of
BP, MDD, and SCZ shared genetic risk, we also acknowledge
several limitations in our study. First, our analyses were limited
to GWAS conducted in individuals of European descent because of
the lack of large-scale GWAS in other population groups. Accord-
ingly, our findings may not be generalized across diverse ances-
tries. To maximize our statistical power, we analyzed GWAS
meta-analyses generated from cohorts including cases with dif-
ferent characteristics (e.g., severity, age of onset, and comorbid-
ities). This did not permit us to investigate how BP-MDD-SCZ
pleiotropy contributes to disorder heterogeneity. While the
PLEIO approach can analyze phenotypes with diverse genetic
architectures, we cannot exclude that the higher polygenicity of
MDD compared with BP and SCZ may have influenced our
results. Similarly, we cannot exclude that the pleiotropic mech-
anisms uncovered may have been at least partially affected by
misclassification and exclusion criteria in the original studies.
Additionally, although the statistical power (based on the SNP-h*
z-score statistics) appears to be similar among the three GWAS
investigated, the larger number of MDD-driven pleiotropic loci
may still be due to the differences among the datasets investigated.
Finally, we considered novel loci, those not identified as genome-
wide significant in the BP, MDD, and SCZ GWAS investigated in
this study. However, these variants may have been previously
detected in other studies.

In conclusion, our cross-disorder analysis of SCZ, BP,and MDD
identified 553 pleiotropic loci. Of those, 192 were not previously
identified as associated with either of the three disorders. Pleio-
tropic mechanisms were shown to exert mostly a concordant effect
on the psychiatric disorders investigated, with enrichment for loci
highly expressed in early neurodevelopmental stages. Our analysis
confirms that genetic architecture across the psychopathology
spectrum transcends diagnostic confines and pleiotropy-focused
analyses can lead to new insights into psychiatric nosology and
therapeutics.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0033291725001217.
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