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Sex hormones are involved in schizophrenia pathogenesis; however, their direction and genetic overlap remain unknown. By
leveraging summary statistics from large-scale genome-wide association studies, we quantified the shared genetic architecture
between schizophrenia and four sex hormone traits. Linkage disequilibrium score regression and bivariate causal mixture modeling
strategies showed significant positive correlations between sex hormone-binding globulin (SHBG), total testosterone, and
schizophrenia, while bioavailable testosterone and schizophrenia were negatively correlated. Estradiol showed a weak positive
correlation with schizophrenia, with little polygenic overlap. The conjunctional false discovery rate method identified 303 lead
single-nucleotide polymorphisms (SNPs) in jointly shared genomic loci between schizophrenia and SHBG, with 130, 52, and 9 SNPs
shared between schizophrenia and total testosterone, bioavailable testosterone, and estradiol, respectively. Functional annotation
suggests that mitotic sister chromatid segregation and N-glycan biosynthesis may be involved in common mechanisms underlying
sex hormone regulation and schizophrenia onset. In conclusion, this study clarified the inherent relationships between
schizophrenia and sex hormone traits, highlighted the roles of mitotic sister chromatid segregation and N-glycan biosynthesis in
the pathogenesis of schizophrenia, and delivered potential targets for further validation.
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INTRODUCTION

Schizophrenia is a highly heterogeneous neuropsychiatric syn-
drome that is likely initiated by early brain developmental
abnormalities caused by both genetic and environmental factors
[1]. Schizophrenia typically manifests during puberty and is
reported to have a significant sex bias, with a male-to-female
sex ratio of 1.4:1 [2]. However, the sex risk ratio for schizophrenia
incidence is not consistent throughout the lifespan [3]. Males
experience a peak of schizophrenia onset in their early twenties
and a steady decline thereafter, whereas the trajectory is relatively
stable and slow for females [3]. Such biases may be largely driven
by dynamic changes in sex hormones, which contribute to the
development of normal brain sexual dimorphisms and structural
modifications in the central nervous system [4]. Especially in
puberty, a critical period during which massive brain reorganiza-
tion and maturation occur, the disruption of sex hormones may
disrupt the normal trajectory of brain development and pre-
cipitate neuropsychiatric disease onset [5].

Population-based epidemiological studies have provided evi-
dence linking schizophrenia and sex hormone levels. The most
frequently reported sex hormones associated with schizophrenia
is estrogen, which has been thought to play a role in the
pathogenesis and therapeutics of schizophrenia for decades [6].
The evidence for this mainly manifests in two aspects. First,

estrogen deficiency is associated with both increased vulnerability
to schizophrenia onset and severity of psychotic symptoms,
usually seen in women after menopause [7-9]. Second, estrogen
can have direct neuroprotective actions by activating two types of
estrogen receptors (ERa and ERB) in the brain [10]. In contrast, the
relationship between testosterone levels and schizophrenia
remains controversial. A few studies have shown elevated levels
of testosterone in schizophrenia [11, 12], while several others have
reported lower testosterone levels compared to healthy controls,
or no significant difference between groups [13-15]. Notably, the
levels of sex hormones are disrupted by various factors through-
out the life cycle, and few studies have focused on the critical
period of puberty during which sex hormones change rapidly and
schizophrenia typically begins. Further work should be done to
uncover the internal relationship between sex hormones and the
onset of schizophrenia.

Progress in genetics has provided alternative options for
inferring the internal correlations between phenotypes. Over the
past decade, the explosion of genome-wide association studies
(GWASs) has led to new analytical methodologies underpinning
new discoveries [16]. Approaches, such as linkage disequilibrium
score regression (LDSC) and polygenic overlap analysis, provide
opportunities to reveal correlations between human diseases from
a genetic perspective [17]. By employing such methods, we can
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quantify the genetic correlations between phenotypes and
identify the genetic underpinnings of comorbidity [18-20]. In
the present study, we aimed to estimate the genetic correlation
and polygenic overlap between schizophrenia and four sex
hormone traits. We also aimed to identify the shared genetic
architecture and explore potential comorbidity mechanisms
through functional annotations.

METHODS

Study participants and data acquisition

We obtained GWAS summary-level data for schizophrenia from the
Psychiatric Genomics Consortium [21]. Briefly, the currently largest GWAS
of schizophrenia comprise 76,755 individuals with schizophrenia and
243,649 controls, of whom approximately 80% were of European Ancestry.
Our analysis retained only the results for the European population to
ensure sample consistency in subsequent analyses. The sex hormone traits
data were acquired from the UK Biobank [22]. Four sex hormone traits,
namely sex hormone-binding globulin (SHBG), total testosterone, bioavail-
able testosterone, and estradiol, were measured in up to 425,097 European
participants aged 40-69 years old. Genetic association analysis was
performed with including genotyping chip, age at baseline and ten
genetically derived principal components as covariates. Sex-specific GWAS
summary statistics were also extracted for subgroup analysis. Notably, data
of estradiol levels in women was not available as the majority of test values
were below the limit of detection, therefore the subsequent analysis of
estradiol was limited to males only. All original GWASs received ethical
approval from the relevant ethics committees, and informed consent was
obtained from all participants.

Genetic correlation and polygenic overlap analysis

LDSC was used to investigate the genetic correlations between schizo-
phrenia and sex hormone traits using default settings [23]. Although LDSC
is a genome-wide globing measurement and does not capture mixtures of
effect directions across shared genetic variants, we applied the bivariate
causal mixture model (MiXeR) to characterize polygenic overlap account-
ing for mixed-effect directions [24]. To achieve this, we first constructed a
univariate Gaussian mixture model to estimate the polygenicity and
discoverability of each trait using maximum likelihood estimation [25].
Next, we performed a cross-trait analysis by extending the model to
bivariate MiXeR to evaluate the polygenicity of shared components
between schizophrenia and sex hormone traits [24]. The results were
presented as Venn diagrams of unique and shared polygenic components
across traits, and conditional quantile-quantile (Q-Q) plots were con-
structed to provide visual representations of cross-trait polygenic
enrichment and overlap. Generally, cross-trait enrichment can be seen as
successive leftward deflections from the expected null line in conditional
Q-Q plots, with an increasing association significance of the secondary
phenotype.

Definition of shared genomic loci

We next used conditional/conjunctional false discovery rate (cond/
conjFDR) analysis to identify the shared genomic loci between schizo-
phrenia and sex hormone traits [26]. Cond/conjFDR is a widely used
statistical tool that leverages cross-trait polygenic enrichment information
to identify genomic loci for a single trait (condFDR) and shared genomic
loci for both traits (conjFDR) [27-29]. We adopted the recommended
threshold of conjFDR < 0.05 to define statistically significant single-
nucleotide polymorphisms (SNPs) associated with both traits. We further
performed clumping procedure with 500 iterations to define the lead SNP
within each linkage disequilibrium (LD) block (r* < 0.1 within a 250kb
window). Due to strong SNP associations within long-range LD regions, the
major histocompatibility complex region was excluded from the analysis to
avoid artificially inflated genetic enrichment.

Functional annotation, gene mapping, and gene-set analyses
FUMA v1.5.2 was used to annotate candidate SNPs with biological
functions, map candidate SNPs to genes, and characterize their biological
functions using gene-based test/gene-set analyses [30]. Functional
annotation of SNPs included physical localization of gene sequences
using ANNOVAR and annotation of pathogenic potential using the
Combined annotation-dependent depletion (CADD) score [31, 32].
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Candidate SNPs were mapped to genes through three FUMA-
recommended strategies: 1) physical position on the genome, 2)
expression quantitative trait loci associations, and 3) 3D chromatin
interactions [30]. Next, we performed gene-set analysis based on the
mapped genes to determine whether the trait-related genes were
enriched in specific biological pathways or gene sets using the MAGMA
module embedded in the FUMA platform. A recommended threshold of
P <0.05 was considered statistically significant for enrichment pathways.

RESULTS

Genetic correlation and polygenic overlap

The LDSC (Table S1) suggested SHBG and total testosterone were
positively correlated with schizophrenia (r; = 0.08, P = 4.03 x 107°
for SHBG and (ry =0.08, P =2.98 x 10> for total testosterone).
Subgroup analysis revealed consistent results in males and
females. No significant correlations were observed between
bioavailable testosterone, estradiol, and schizophrenia in the
LDSC analysis. While the LDSC method usually underestimates the
shared genetic underpinnings between phenotypes, we further
adopted the bivariate MiXeR approach to provide a more
complete quantification of polygenic overlaps between schizo-
phrenia and sex hormone traits. Bivariate MiXeR analysis indicated
that schizophrenia had a polygenic overlap with all four sex
hormone traits, and sex-specific subgroup analysis showed
consistent results (Fig. 1; Table S2). The Venn Diagrams showed
consistent results with the LDSC for correlations between SHBG,
total testosterone, and schizophrenia, and both shared approxi-
mately 0.6k causal variants with schizophrenia. Bioavailable
testosterone also showed a negative correlation with schizophre-
nia (ry = —0.03) and the estimated number of shared variants was
about 0.3k. By contrast, the polygenic overlap between estradiol
and schizophrenia in males was weak and shared variants were
limited (Table S2).

Identification of shared genomic loci between schizophrenia
and sex hormone traits

Genomic loci jointly associated with the schizophrenia and sex
hormone traits were drawn on a circular Manhattan plot (Fig. 2). At
conjFDR < 0.05, we identified hundreds of lead SNPs jointly
associated with schizophrenia and sex hormone traits, including
303 SNPs with SHBG, 130 SNPs with total testosterone, 52 SNPs
with bioavailable testosterone, and 9 SNPs with estradiol (Table
S3-5S6). We further listed the top SNPs jointly associated with
schizophrenia and sex hormone traits at conjFDR < 1x 10" % in
Table 1. Of the 303 SNPs jointly associated with schizophrenia and
SHBG, 184 (60.7%) showed the same direction of effect in
schizophrenia and SHBG. In top SNPs with conjFDR < 1x 10™*, the
proportion was even as high as 72.7%. Notably, several genome
loci, such as C100rf32-ASMT, are common components that
contribute to more than one sex hormone trait and schizophrenia.
The sex-specific subgroup results for SHBG, total testosterone, and
bioavailable testosterone are shown in Table S3-S6 and Figure
S1-S3, whereas data for estradiol were not available. Although the
smaller sample size in the subgroup analysis might affect the
ability to identify shared genomic loci, the results consistently
indicated a much larger number of shared risk loci in males than
in females.

Functional annotation of shared SNPs

Functional annotations of shared candidate SNPs associated with
schizophrenia and the four sex hormone traits are shown in Table
S3-S6. ANNOVAR results revealed that the majority of the SNPs
shared by schizophrenia and sex hormone traits were in intergenic
or intronic regions of the genome (71.2%-79.9%), with only a few
scattered in exons. CADD annotations revealed 20 SNPs with
CADD scores above 12.37 in jointly associated loci of schizo-
phrenia and SHBG. For total testosterone and bioavailable
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Fig. 1 Polygenic overlap between schizophrenia (SCZ) and sex hormone (SH) traits. Venn diagrams depicting the unique and shared
variants associated with SCZ and SH traits. The value and circle size reflect the extent of polygenicity for each trait. Conditional Q-Q plots of
nominal versus empirical -log10 transformed P values in the primary phenotype as a function of significance of SNP associations with the
secondary phenotype at the level of P<1.00, P<0.1, P<0.01, and P<0.001. The dashed line is the expected Q-Q plot under the null
hypothesis. SHBG sex hormone-binding globulin. Total T total testosterone. Bioavailable T bioavailable testosterone. * The results are only for
males as data for females is not available.
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Fig. 2 Circular Manhattan plot showing common genetic variants jointly associated with schizophrenia and sex hormone traits. Circular
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line represents the threshold for significant association set at conjFDR < 0.05. The circles from the outside to the inside successively are SHBG,
total testosterone, bioavailable testosterone, and estradiol. * The results are only for males as data for females is not available.

testosterone, the numbers were 9 and 5, respectively, whereas
none were above 12.37 for the shared SNPs of schizophrenia and
estradiol. We further mapped candidate SNPs showing joint
effects on schizophrenia and sex hormone traits to protein-coding
genes. Specifically, 362 protein-coding genes in 129 independent
genomic loci were mapped to SNPs jointly associated with
schizophrenia and SHBG (Table S7). Additionally, dozens to
hundreds of protein-coding genes were identified for joint
associations between schizophrenia and the other three sex
hormone traits (Table S8-S10).

Gene-set analyses of the shared loci between schizophrenia
and sex hormone traits

Gene-set analyses of each set of mapped genes uncovered a
number of significant pathways involved in the shared biological
mechanisms of schizophrenia and sex hormone traits (Table
S10-S13). Figure 3 showed the enriched pathways from three
important databases, specifically, the Gene Ontology-Biological
Process, the Kyoto Encycfigurelopedia of Genes and Genomes,
and the Reactome Pathway Database. As shown in Fig. 3, the
shared mechanisms of schizophrenia and SHBG mainly involve
mitotic sister chromatid segregation, T cell proliferation, and
N-glycan biosynthesis, whereas the integration of energy and
phospholipid metabolism might participate in the common
processes of testosterone regulation and schizophrenia onset.

DISCUSSION
In the current study, we investigated the polygenic overlap and
shared genetic architecture underlying schizophrenia and four

SPRINGER NATURE

sex hormone traits. Using the MiXeR approach, we found
significant positive polygenic correlations between schizophre-
nia and three sex hormone traits (SHBG, total testosterone, and
estradiol), and a negative correlation between schizophrenia and
bioavailable testosterone. We reported hundreds of candidate
SNPs in jointly associated loci between schizophrenia and sex
hormone traits. We also performed a functional annotation of
these candidate SNPs to uncover a shared genetic basis and
common biological mechanisms between the traits. Our findings
verify the extensive associations between schizophrenia and sex
hormones, and support the hypothesis that sex hormones play
an essential role in the etiology of schizophrenia. Furthermore,
our study provides novel insights into the shared genetic
architecture between schizophrenia and sex hormone traits and
highlights several putative candidate genes and pathways with
the potential for drug discovery or etiological exploration for
further validation.

Although testosterone has long been recognized as playing a
role in the pathophysiology of schizophrenia, whether this effect is
positive or negative remains unclear. An essential factor may be
that neither total nor free testosterone measured in clinical
practice reflects the actual levels of active testosterone. Circulating
testosterone typically binds specifically to SHBG (~55%), non-
specifically to albumin (~43%), or is unbounded in human plasma
(free testosterone, 1%-2%) [33, 34]. Active testosterone refers to
the non-SHBG-bound portion (including albumin-bound and free
testosterone), also known as bioavailable testosterone. Our
present study found that schizophrenia was associated with
increased levels of SHBG and total testosterone, but decreased
levels of bioavailable testosterone, suggesting that large amounts

Translational Psychiatry (2025)15:83
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Fig. 3 MAGMA gene-set analysis for genes jointly associated with schizophrenia and sex hormone traits. Bar diagrams showing the
enriched gene sets between schizophrenia and (A) SHBG, and (B) Testosterone on three important databases, specifically, the Gene
Ontology-Biological Process (GO BP), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the Reactome Pathway Database
(REACTOME). No significant gene sets are enriched on the three databases for shared genes of schizophrenia with bioavailable

testosterone and estradiol.

of testosterone bind specifically to SHBG and thus reduce the level
of bioavailable testosterone, which might contribute to the
pathogenesis of schizophrenia. The findings were supported by
some previous studies. Several studies suggested the testosterone
levels were positively correlated with white matter growth
whereas SHBG was negatively correlated with the structural
changes of cortical GM and whole brain, indicating testosterone
played a positive role in cortical maturation [35, 36]. Some other
studies found testosterone to be pro-neurogenic and neuro-
trophic, given its evidence in supporting neurogenesis in the adult
male rodent brain [37, 38]. To our knowledge, our study is the first
to clarify the internal link between schizophrenia and testosterone
levels using genetic strategies, providing novel insights into the
understanding of sex biases and differentiated treatment of
schizophrenia.

The current findings also showed a large proportion of
polygenic overlap between schizophrenia and sex hormone
traits using the MiXeR method, with nearly 70% (0.58k/0.83k) of
the genetic variants underlying SHBG appeared to affect
schizophrenia. For bioavailable testosterone the proportion
was ~30% (0.27k/0.90k) while for total testosterone the
proportion even reached 90% (0.58k/0.64k). These shared
polygenic overlaps embrace a massive amount of information
underlying the common biological mechanisms for schizophre-
nia and sex hormone traits. By leveraging pleiotropic enrichment
using the conjFDR method, we further localized the genomic loci
jointly associated with schizophrenia and sex hormone traits. We
noticed that one of the most significant loci, which showed
strong associations (conjFDR < 1x10°% with all three
testosterone-related traits (SHBG, total testosterone, and bioa-
vailable testosterone), was the C100rf32-ASMT/AS3MT locus on
chromosome 10. One difference was that SHBG and total
testosterone showed consistently opposite allelic effects on
schizophrenia at this locus, whereas the direction was the same
for bioavailable testosterone with schizophrenia. Through a
literature review, we found that an isoform of AS3MT encoding
production, which lacked the first 102 amino acids and lost
enzymatic activity compared to AS3MT, was significantly
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overexpressed in individuals with schizophrenia [39]. Production
of AS3MT has also been reported to play a role in male
reproductive damage [40]. Interestingly, RNA-seq data sug-
gested that the adrenal gland produced nearly ten times more
AS3MT transcripts than other organs [41]. Hence, the mechanism
by which AS3MT acts on the adrenal axis, which regulates
complex interactions with both the brain and gonads, could be
an essential point for future research on this gene. Table 1 also
showed three genes with CADD scores > 12.37, which were
HSPA9, PRR12, and MSL2 respectively. HSPA9 was reported to
control most of the cellular pathways involved in the degenera-
tion of dopaminergic neurons [42], while PRP12 and MSL2 were
proposed to have potential roles in neurodevelopment and
gene regulation [43, 44], suggesting all these genes might be
promising targets for revealing the pathogenesis of
schizophrenia.

Gene set enrichment analyses provided comprehensive
insights into the common pathophysiological mechanisms
underlying schizophrenia and sex hormone traits. Asymmetric
division of neural stem cells is the basis for their proliferation
and differentiation during brain development [45]. During
mitosis, sister neurons arising from asymmetric divisions
preferentially develop both vertical and horizontal synaptic
connections [46]. Disruption of this process is closely associated
with the onset of schizophrenia. DISC1, which participates in the
assembly of human mitotic cell spindle bodies, has long been
recognized as a high-risk susceptibility gene for schizophrenia
[47]. Our study also showed that MAD1L1, a gene encoding a
component of the mitotic spindle-assembly checkpoint, was the
most significant gene shared by schizophrenia and SHBG. These
findings are consistent with another study [48], and support the
hypothesis that schizophrenia is a neurodevelopmental disorder
related to mitosis during nerve cell proliferation and
differentiation.

We also reported that N-glycan biosynthesis is involved in the
pathophysiology of schizophrenia. N-glycosylation deficiency is a
hallmark of many neuropsychiatric disorders, as it plays an
important role in modulating synaptic plasticity, neuronal
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morphology, neurite outgrowth, and many cognitive processes
[49]. Several recent studies have shown that aberrant
N-glycosylation of proteins in synaptic vesicles and synaptosomes
is common in the brain of people with schizophrenia [50-52]. Our
study identified ALG12 as a shared significant gene (conjFDR =
291x 107" for schizophrenia and SHBG. ALG12 encodes a
glycosyltransferase that catalyzes important reactions required
for protein glycosylation. Mutations in ALG12 would cause
neurodevelopmental delays and male genital hypoplasia in
humans [53]. Hence, ALG12 may be a potential target for
glycosylation-based interventions and therapeutic discovery in
schizophrenia.

This study had some limitations. First, all GWAS datasets
included in our analysis were restricted to European ancestry,
and cross-ethnic populations are needed to validate these
findings. Second, analysis of estradiol was limited to males as
data for females were not available. Third, although our findings
clarify the association between schizophrenia and sex hormone
traits, further studies are necessary to reveal the biological
underpinnings of the interactions between schizophrenia and
sex hormones. Fourth, the novel polygenetic targets or biological
pathways proposed in our study should be studied further to
determine their potential in drug development or etiological
exploration of schizophrenia.

In conclusion, the current study clarified the inherent relation-
ships between schizophrenia and sex hormone traits, with a
positive association between schizophrenia, SHBG, and total
testosterone, and a negative association between schizophrenia
and bioavailable testosterone. We also identified abundant shared
genomic loci that jointly contributed to both schizophrenia and
sex hormone traits. Furthermore, our findings highlight the roles
of mitotic sister chromatid segregation and N-glycan biosynthesis
in the pathophysiological process of schizophrenia and reveal a
series of targets with potential in etiological exploration or drug
development.
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