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Abstract

Patients with schizophrenia have consistently shown brain volumetric abnormalities, implicating both
etiological and pathological processes. However, the genetic relationship between schizophrenia and
brain volumetric abnormalities remains poorly understood. Here, we applied novel statistical genetic
approaches (MiXeR and conjunctional false discovery rate analysis) to investigate genetic overlap
with mixed effect directions using independent genome-wide association studies of schizophrenia
(n=130,644) and brain volumetric phenotypes, including subcortical brain and intracranial volumes
(n=33,735). We found brain volumetric phenotypes share substantial genetic variants (74%~96%)
with schizophrenia, and observed 107 distinct shared loci with sign consistency in independent
samples. Genes mapped by shared loci revealed (1) significant enrichment in neurodevelopmental
biological processes, (2) three co-expression clusters with peak expression at the prenatal stage, and
(3) genetically imputed thalamic expression of CRHR1 and ARL17A was associated with the thalamic
volume as early as in childhood. Together, our findings provide evidence of shared genetic
architecture between schizophrenia and brain volumetric phenotypes and suggest altered early
neurodevelopmental processes and brain development in childhood may be involved in schizophrenia

development.



Introduction

Schizophrenia is a common psychiatric disorder with a significant contribution to the global burden of
disease?, such as a 14.5-year reduction in life expectancy?. One of the most widely accepted
pathological hypotheses of schizophrenia is the neurodevelopmental hypothesis®, which postulates
that the emergence of schizophrenia is the ultimate outcome of an abnormal brain development
trajectory which begins many years before the occurrence of clinical symptoms, and is caused by
genetic and early life environmental factors. Subcortical brain structures have been suggested to play
an important role in schizophrenia etiopathology*, supported by evidence of altered dopamine
transmission within thalamus and amygdala®, and predominant localization of antipsychotic-binding
receptors, such as dopamine D2 receptors, in striatum®. Magnetic resonance imaging (MRI) has
established brain volumetric alterations, including altered subcortical and intracranial volumes (ICV),
as a feature of schizophrenia’. Compared to healthy controls, schizophrenia patients showed smaller
hippocampus, amygdala, thalamus, accumbens, and ICVs, as well as a larger pallidum’ on the group
level. Brain volumetric alterations, such as reduced hippocampal volume, were also observed in
unaffected individuals having first- or second-degree relatives with schizophrenia® °, and in
association with a higher polygenic risk score of schizophrenia®. However, the causative nature of the

structural brain abnormalities in schizophrenia remains elusive.

As both schizophrenia and brain volumetric phenotypes, including subcortical volumes and ICV, are
highly heritable!! 12, the above findings may be explained by shared genetic architecture. Most genetic
correlation analyses of schizophrenia and brain volumetric phenotypes have found non-significant
correlations®, except a marginal negative genetic correlation between schizophrenia and hippocampal

volume!4. Another study applying rank-rank hypergeometric overlap test did not find genetic overlap



between schizophrenia and brain volumetric phenotypes 2. However, those methods are not able to
capture genetic overlap with mixed effect directions'®, that is, when two phenotypes share a mixture
of genetic variants with agonistic and antagonistic effects, warranting new statistical approaches. The
conjunctional false discovery rate (conjFDR) analysis was developed to improve discovery of shared
individual genetic variants by leveraging the combined power of two genome-wide association studies
(GWASs)18, A previous study applying conjFDR analysis has reported 6 genetic loci shared
between schizophrenia and hippocampal volume, putamen, and ICV*®, Moreover, multivariate
analytic methods have identified that chr6p22.1 was associated with schizophrenia-discriminating
regional gray matter volume reduction?. Nonetheless, previous studies, based on moderate sample
sizes, only examined polygenic overlap at the individual genetic variant level and characterized few
shared common loci. Combining advanced new statistical models and recent large-cohort GWASs
could investigate the polygenic overlap at the level of global genetic architecture and increase the
power of discovering shared genomic loci, which may provide further evidence of overlapping

genetic architecture between schizophrenia and brain volumetric phenotypes.

Here, we applied MiXeR™ and conjFDR analysis!®® to the latest GWASs!! 2! to assess the shared
genetic basis between schizophrenia and brain volumetric phenotypes, including seven bilateral
subcortical volumes (accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus)
and ICV. For each schizophrenia-volume pair, MiXeR™ estimated the shared polygenic architecture
between two traits irrespective of the direction of individual effects. The individual shared variants
were identified using conjFDR analysis'®8, and we further examined the effect directions of shared
associations in independent samples. To gain an understanding of underlying molecular mechanisms,
we applied the genes mapped by shared loci to functional enrichment analysis, co-expression
enrichment analysis, and gene-based association analysis between brain expression and brain

volumetric phenotypes in childhood. Together, our findings build a framework for understanding the



shared genetic basis and underlying molecular mechanisms between schizophrenia and brain

morphology.

Methods

Genome-Wide Association Studies Datasets

For MiXeR and conjFDR analysis, we obtained previously generated GWAS summary statistics of
schizophrenia from Psychiatric Genomic Consortium (PGC) and of brain volumetric phenotypes from
UK Biobank. The schizophrenia GWAS included 53,386 patients with schizophrenia and 77,258
healthy controls of European ancestry!'. We acquired GWASs of eight brain volumetric phenotypes
from UK Biobank (33,735 healthy participants, accession 27412)?. Details of data processing are

described in Supplementary Methods and previous publications®®: 2% 22,

For validation, we included GWASs from a previously published meta-analysis of schizophrenia
based on East Asian cohorts (22,778 cases and 35,362 controls)? and of brain volumetric phenotypes
based on European participants (N=13,171)?*. We further employed a height GWAS with 693,529
European participants®® as a non-brain-related comparator. All GWASs were approved by the relevant
ethics committees, and informed consent was obtained from all participants. The Regional Committee
for Medical and Health Research Ethics of South-East Norway approved the inclusion of data from

UK biobank. More details are provided in the corresponding publicationst? 22325,

Adolescent Brain Cognitive Development Study Cohort

The Adolescent Brain Cognitive Development (ABCD, data release 3.0) cohort is a deeply
phenotyped imaging genetics study from the United States (N=11,878, ages: 9-10 year-old). Genetic

data and neuroimaging data at baseline have been collected with each participant’s written informed



consent and with approval from the respective local institutional review boards. After pre-processing,
we used 3,757 European samples for gene-based association analysis. This sample included 1,771
females and the mean age was 9.942 years (standard deviation=0.619). Details of the cohort, data
collection and data preprocessing are presented in Supplementary Methods and corresponding

publications?-28,

Statistical Analysis of Genetic Overlap

To examine the genetic overlap for each schizophrenia-volume pair, we first applied MiXeR* to
estimate the overall shared polygenic architecture irrespective of the effect directions and coefficients.
MiXeR goes around the intrinsically difficult problem of identifying the genomic locations of trait-
influencing variants by estimating the number of shared and trait-specific trait-influencing variants.
The ‘trait-influencing variants’ represent common variants with a non-zero additive effect on a trait.
Conceptually, a variant with a non-zero additive effect indicates that it is likely to have an impact on
the trait. However, please note that this definition is based on a statistical model and proof of true
causality requires further in vitro and in vivo studies. To look into the shared genetic architecture and
relevant mechanisms, we performed conjFDR®-18 analysis to identify individual shared genomic loci.
Descriptions of both tools are shown below, with more details provided in Supplementary Methods,

and the original publications>8,

We applied MiXeR v1.3% to interpret the genetic characteristics of each trait (univariate analysis) and
to evaluate the extent of polygenic overlap in each schizophrenia-volume pair (bivariate analysis). In
univariate analysis®®, MiXeR modeled the additive genetic effect of each SNP on a trait and estimated
heritability (a sum of effect across all trait-influencing variants), polygenicity (number of trait-
influencing variants estimated to explain 90% heritability), and discoverability (the average

magnitude of additive genetic effects among trait-influencing variants). Next, bivariate analysis®®



modeled the estimated additive genetic effects on one schizophrenia-volume pair as a mixture of four
components, representing null SNPs in both traits, SNPs with non-zero effect only on one trait, SNPs
with non-zero effect only on the other trait, and SNP with non-zero effect on both traits. The number
of estimated shared and trait-specific trait-influencing variants were presented in a Venn diagram.
Meanwhile, MiXeR estimated the proportion of shared trait-influencing variants with concordant
effects (i.e., the same effect directions) on both traits by modeling the effect direction of the shared
component. Akaike information criterion (AIC) was employed for model fitting, with a positive AIC

value indicating sufficient power of input GWASs.

We applied conjFDR analysis'®8 to explore the individual shared genetic variants. The conjFDR
analysis is built on an empirical Bayesian statistical framework and it leverages cross-trait SNP
enrichment to improve the power to discover shared variants. For each schizophrenia-volume pair, we
first used SNP associations of the brain volumetric phenotype to re-rank test statistics and re-calculate
the significance of associations between these SNPs and schizophrenia. Then, we inverted the roles of
two phenotypes to re-calculate the significance of SNP associations to the brain volumetric
phenotypes. The conjFDR analysis conservatively estimates the posterior probability that a SNP has
no association with either trait, represented as a conjFDR value. A SNP with a conjFDR value < 0.05

was considered as a shared SNP6: 1822,

Distinct Genomic Locus Definition, Functional Annotation, and Gene Mapping

For each schizophrenia-volume pair, we first applied FUMA protocol® to define its shared loci
(Supplementary Methods). We defined genomic borders (i.e., start basepair to end basepair) for each
locus based candidate SNPs for the lead SNP, which is the SNP with the most significant conjFDR
value. Next, we compared shared loci across schizophrenia-volume pairs using Bedtools®, and

defined distinct shared loci across pairs. If genetic borders of two or more loci from different



schizophrenia-volume pairs overlapped, we merged them into one distinct shared locus with the union

of their genomic borders.

We annotated variant function, the predicted deleteriousness, and regulatory effect for candidate
variants using FUMA®® and significant brain cis-expression quantitative trait loci (eQTLs) for lead
SNPs using GTEXx v8% (Supplementary Methods). Fisher exact analysis examined the enrichment of

shared variants in functional regions.

We mapped the shared loci to genes using positional mapping, and brain tissue-based eQTL mapping
and chromatin interaction mapping (Supplementary Methods). A gene that meets at least one of the
following criteria was defined as a shared gene: (1) mapped by at least two strategies either by the
same variant or by different variants; (2) mapped by a putatively deleterious exonic variant using a

Combined Annotation Dependent Depletion threshold of 12.37%,

SNP Sign Test

In line with previous studies™ %, we performed SNP sign test (Supplementary Methods) to examine
whether the shared genomic loci replicated en masse in independent samples. Using lead SNPs, SNP
sign test verified directionality of allelic association between the discovery and independent cohorts,
with the null hypothesis of randomly oriented associations. As the independent GWAS for
schizophrenia and for brain volumetric phenotypes were based on different ancestries, we applied the

SNP sign test for each trait separately. FDR correction was performed across all SNP sign tests.

Functional Enrichment Analysis

Functional enrichment analysis of four categories, including Gene Ontology, KEGG pathways, cell

type signatures, and immunological signature, was performed for shared genes using Molecular



Signatures Database (v7.4)®.The significance of enrichment was calculated from the hypergeometric
distribution and FDR correction was performed cross categories. For all functional enrichment

analysis within the present study, genes located within complex LD regions were excluded.

Lifespan Spatiotemporal Gene Expression Trajectory

We applied a hypergeometric test*® to calculate the enrichment of shared genes on 73 previously
reported co-expression modules from PsychENCODE human brain development study
(http://development.psychencode.org/)®". We applied the hypergeometric test for each schizophrenia-
volume pair separately, and performed FDR correction across all tests. We named the co-expressed

shared genes, which were enriched in one co-expression module, as a co-expression cluster.

The spatiotemporal brain expression trajectory was evaluated using the processed human mRNA-seq
data from the PsychENCODE study®’. For each gene, we estimated its brain-tissue expression (i.e.,
expression in each anatomic tissue) and its whole-brain expression level (i.e., the average expression
of this gene across all available brain tissues). For a co-expression cluster, its expression profile was
calculated by averaging the expression levels of clustered genes. Gene expression levels were
represented using reads per kilobase of transcript per million reads mapped (RPKM). Details are

provided in Supplementary Methods and the original publication®’.

Gene-Based Expression-Trait Associations Analysis

For a schizophrenia-volume pair, we investigated whether the expression of its shared genes is
associated the corresponding volumetric phenotype in late childhood. To this end, we applied
PrediXcan® analysis using 3,757 European participants in late childhood from ABCD cohort. For a
schizophrenia-volume pair (e.g., schizophrenia-thalamus pair), PrediXcan first imputed the expression

of its shared genes in the corresponding brain tissue (e.g., thalamic expression) based on individual



genotype and pre-computed eQTL prediction models. Next, PrediXcan examined the association
between the imputed expressions and the corresponding phenotype (e.g., thalamic volume) in late
childhood, controlling age, sex, MRI scanners, ICV (for non-ICV phenotype) and the top 20 principal
components. The eQTL prediction models are elastic net prediction models trained with GTEx v8
database®. Among those eight brain volumetric phenotypes, PredictDB provides eQTL prediction
models for amygdala, caudate, hippocampus, hypothalamus, accumbens, and putamen. As PrediXcan
imputed gene expression using eQTL prediction models, shared genes without any significant brain
eQTL in GTEXx v8 were excluded. FDR correction was applied across all expression-trait associations.
An expression-trait association with an FDR<0.05 was considered significant and the gene was

defined as a candidate gene for the corresponding volumetric phenotype.

For a candidate gene, we examined whether its brain gene expression was associated with
schizophrenia using two methods (Supplementary Method). The first method is S-PrediXcan®, which
is a summary-version of PrediXcan and also aims to compute expression-trait associations. Although
PrediXcan uses individual level genotype data while S-PrediXcan uses GWAS summary statistics®,
PrediXcan and S-PrediXcan have a high concordance (r>0.99)%®. S-PrediXcan evaluated imputed
expression-trait associations based on the schizophrenia GWAS?! and brain-tissue eQTL prediction
models. Meanwhile, we assessed whether candidate genes are significantly differently expressed
between schizophrenia cases and controls using the differential expression profiles in DLPFC and
hippocampus from Brainseq consortium (http://eqtl.brainseq.org/)*°. Those differential expression

profiles are based on CommonMind Consortium (CMC) samples* and BrainSeq Phase 2 samples*.

Code availability

The present study applied previously published approaches, of which codes are shared on public

repositories: MiXeR v1.3 (https://github.com/precimed/mixer), conjFDR analysis
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(https://github.com/precimed/pleiofdr), PrediXcan (https://github.com/hakyimlab/PrediXcan), and S-

PrediXcan (https://github.com/hakyimlab/MetaXcan).

Results

Schizophrenia and Brain Volumetric Phenotypes Share Variants with Mixed Effect Directions.

MiXeR univariate analysis estimated a higher SNP heritability (0.38), a higher polygenicity (9,574
trait-influencing variants), and a lower discoverability (6.13E-05) for schizophrenia than all brain
volumetric phenotypes (SNP heritability ranges from 0.19 to 0.30, polygenicity ranges from 994 to
2,861 trait-influencing variants, and discoverability ranges from 1.39E-04 to 3.47E-04, Fig. 1a).
MiXeR bivariate analysis showed that a substantial proportion of SNPs associated with a brain
volumetric phenotype was also related to the risk of schizophrenia (Fig. 1b). The thalamus shared the
largest proportion of trait-influencing variants with schizophrenia (96%, 1,888 out of 1,961 variants)
and accumbens shared the smallest proportion but still 74% (1,814 out of 2,455 variants). The
proportion of shared variants with concordant effects on schizophrenia and brain volumetric
phenotypes ranges from 42% for schizophrenia and pallidum to 54% for schizophrenia and ICV
(average proportion: 48%, Fig. 1c). Corroborating previous reports®3, LD score regression (LDSC)*®
demonstrated non-significant genetic correlations between schizophrenia and brain volumetric
phenotypes, except for pallidum (rg=-0.10, FDR-corrected P, FDR=0.014, Fig. 1c). We also included
height as a non-brain comparator?®. In line with prior studies?, height showed a smaller proportion of
polygenic overlap with schizophrenia (28%, 1,117 out of 4,026 variants) and a non-significant genetic
correlation (rg=-0.02, FDR = 0.228). Details of MiXeR and LDSC results are provided in

Supplementary Table 1-3, and Supplementary Fig. 1.
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Shared Genetic Loci are enriched in Neurodevelopmental Processes

To explore the MiXeR estimated shared basis at individual variant level, we applied conjFDR analysis
for each schizophrenia-volume pair, separately. As shown in Fig. 2a, conjFDR analysis showed that
schizophrenia shares a group of loci with the volume of accumbens (N=10), amygdala (N=8), caudate
(N=15), hippocampus (N=13), pallidum (N=12), putamen (N=21), and thalamus (N=25), as well as
ICV (N=36, Supplementary Table 4). Among the shared associations, a total of 21 genomic loci were
jointly associated with schizophrenia and at least two brain volumetric phenotypes (Supplementary

Table 5), resulting in 107 distinct shared loci in total.

We next examined the validity of shared loci using the SNP sign test®. For schizophrenia, 95 out of
107 lead SNPs were available in independent samples and 73% of associated alleles showed sign
consistency (FDR=5.32E-05, Fig. 2b, and Supplementary Tables 4 and 5). SNP associations of five
volumetric phenotypes, including volume of caudate (FDR=0.003), hippocampus (FDR=0.049),
putamen (FDR=0.001), and thalamus (FDR=0.001), and ICV (FDR=7.29E-04), showed 82% to 92%
significant sign consistency in the independent cohort. We also evaluated previously reported shared
genetic loci in our findings. The present study replicated 67% (4 out of 6) shared loci reported in a
previous conjFDR analysis®®, and validated previously implicated associations of rs13107325 and

chrép22.1 with schizophrenia and brain volumetric phenotypes (Supplementary Table 6).

To investigate underlying biological processes, we mapped the 107 distinct shared loci to genes,
resulting in 795 shared genes in total (Supplementary Table 7). Details for further gene-based analysis
are shown in Fig. 3. The 459 shared genes outside of LD regions showed enrichment in the axon
guidance pathway and neurodevelopmental biological processes, such as neurogenesis, neuron
differentiation, neuron development, negative regulation of axonogenesis, and central nervous system

development (Supplementary Table 8), indicating brain developmental processes underlying this



shared genetic architecture. We also found significant enrichment in human brain cells, including
oligodendrocytes in embryonic cerebral cortex, medial neuroblasts, and GABAergic neurons
(Supplementary Table 8). As our previous study suggested that genetic overlap between schizophrenia
and cortical structure are enriched in immunologic processes??, we evaluated gene-set enrichment
regarding immunologic signatures and identified 27 enriched cell states and perturbations within the

immune system (Supplementary Table 8).

Distinct Spatiotemporal Brain Expression Trajectories throughout Lifespan.

Among the lead SNPs of those shared loci, the majority were located within non-coding regions, with
significant enrichment in intronic (FDR=0.034, OR=1.55, 95% confidence interval, Cl: 1.08, 2.21,
Supplementary Table 9) and upstream regions (FDR=0.034, OR=3.66, 95% CI: 1.17, 8.78),
suggesting the shared genetic variants may be involved in gene regulation*. We next examined
whether those shared lead SNPs have genetic regulatory effects on gene expression using the
significant cis-eQTLs. We found 389 brain cis-eQTLs for shared lead SNPs (Fig. 2c, Supplementary
Table 10), suggesting that those shared variants are associated with gene expression variations in

brain tissues.

As coordinated expression of genes within brain tissues plays a vital role in brain development and
neuropsychiatric disorders®” “°, the transcriptional landscape of the shared genes may provide insights
into the neuropathology of schizophrenia. Therefore, we first investigated the co-expression patterns
among shared genes (Fig. 3). Five schizophrenia-volume pairs (accumbens, hippocampus, pallidum,
putamen, and ICV) showed that shared genes were significantly enriched in five previously reported
co-expression modules (Supplementary Table 11)*. Those five co-expression modules were labeled
as modules 2, 3, 5, 7, and 9 in the original publication®’, and contained 47, 23, 11, 18, and 12 shared

genes, respectively. As the enriched shared genes were only a subset of co-expressed genes within a
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module, we specified the shared genes enriched in modules 2, 3, 5, 7, and 9 as clusters red, pink,
azure, blue, and black, respectively. Additionally, amygdala, caudate, and thalamus showed nominally
significant co-expression module enrichment (Supplementary Table 11). Next, we assessed the whole-
brain and tissue-specific lifespan expression patterns of those five co-expression clusters. Both whole-
brain (Fig. 2d) and tissue-specific (Supplementary Fig. 2) expression showed two main
developmental expression features —cluster red, azure, and black showed peak expression in fetal
period while cluster pink and blue exhibited peak expression in postnatal period. As genes with
similar expression pattern are likely to participate in the same functional processes*, we explored
functional enrichment for each cluster. Those five clusters pointed to different biological mechanisms
(Supplementary Table 12). Cluster red showed significant enrichment in calcium ion binding and cell-
cell adhesion-related gene sets. Cluster azure demonstrated shared genes are enriched in two types of
brain cells, including neural stem cells in embryonic cortex and oligodendrocyte progenitor cells in
the prefrontal cortex. Cluster black revealed shared genes are overrepresented in nuclear-related and

spliceosomal complex gene sets.

Shared Genes Highlight Genetic Risk of Schizophrenia in Brain Development in Childhood

In light of the above findings and the neurodevelopmental theory of schizophrenia®, we examined
whether the brain expression of shared genes is relevant to brain volumetric phenotype before the
peak age of onset for schizophrenia. To this end, we used PrediXcan to evaluate associations between
gene expression and brain volumetric phenotypes in childhood using 3,757 ABCD participants (Fig.
3). In total, PrediXcan examined 195 imputed expression-trait associations for volumetric phenotypes,
corresponding to 161 shared genes. The analysis highlighted two candidate genes for the development
of thalamus —CRHR1 (ENSG00000120088, Fig. 4a) and ARL17A (ENSG00000185829) — by
showing the imputed hypothalamic expression levels of those two genes are associated with thalamic

volume in late childhood (CRHR1: FDR=0.024, Z= 3.67, and ARL17A: FDR=0.024, Z= -3.68,
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Supplementary Table 13). Both genes were mapped to the same shared locus on chromosome 17
(chr17:43859929-44865603, lead SNP: rs70602, Fig. 4b). The brain cis-eQTL pairs showed that

rs70602 was associated with the expression of CRHR1 and ARL17A in brain tissues (Fig. 4c).

We did not find any available dataset to evaluate the association between hypothalamic expression of
those two genes and schizophrenia. However, it has been suggested that the expression of CRHR1 in
thalamus is not significantly different from most brain tissues (Supplementary Figure 3)*". The
expression trajectories of CRHR1 and ARL17A in nine brain tissues were further shown in Fig. 4d.
Thus, we investigated the association between schizophrenia and expression of CRHR1 and ARL17A
in other brain tissues. S-PrediXcan showed a significant association between schizophrenia and
ARL17A in cerebellum: FDR=2.81E-04, Z=3.63) and in putamen (FDR=2.81E-04, Z=3.63).
Meanwhile, CMC samples*’ showed that schizophrenia cases have significantly reduced expression of
CRHR1 (P=0.032, log; fold change, log.FC=-0.04) and significantly increased expression of ARL17A
(P=0.033, log2FC=0.06) in DLPFC than healthy controls. This up-regulated DLPFC expression of
ARL17A in schizophrenia cases were also found in the BrainSeq Phase 2 samples with nominal
significance (P=0.089, log.FC=0.11, Fig. 4a)*2. We did not observe any schizophrenia-associated
expression in hippocampus. More details are provided in Supplementary Methods and Supplementary

Table 14.

Discussion

This study provided evidence of shared genetic architecture between schizophrenia and brain

volumetric phenotypes and indicated 107 shared genetic loci. The SNP sign test for those shared

genetic associations suggested sign consistency between the original GWAS and independent datasets.

The shared genes showed two distinct expression trajectories, with one peaking prenatally and the

other peaking postnatally. We next remarked two candidate genes (ARL17A and CRHR1) for the
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development of the thalamus by showing the imputed hypothalamic expression levels of those genes
are associated with thalamic volume in late childhood. Along with the enrichment of shared genes in
neurodevelopment, these findings suggest that the shared genetic component between schizophrenia
and brain volumetric phenotypes may be involved in brain development in as early as childhood,

adding support to the neurodevelopmental hypothesis®.

It has been well-established that patients with schizophrenia have altered brain morphology when
compared to healthy controls on the group level, but the genetic findings have been inconsistent. By
applying tools that take mixed effects into account, the present study suggested shared genetic
architecture with mixed effect directions underlying the phenotypic associations??. Here, we provided
evidence of an overlapping genetic basis from two aspects. First, MiXeR revealed that all brain
volumetric phenotypes share a large proportion of variants (74% to 96%) with schizophrenia, which
was further supported by the positive AIC values in bivariate analysis. The shared genetic associations
were found by conjFDR at individual variant and locus levels, with consistent genetic effects in
independent samples and previous studies® 2% 48, Secondly, given the non-significant genetic
correlation might be due to mixed directions of allelic effects among shared variants®® 22, we
examined the effect directions of those shared variants, revealing approximately 50% shared variants
with concordant effects on schizophrenia and the brain volumetric phenotype while the rest have
discordant effects. ConjFDR analysis also showed mixed effect directions with both concordant and
discordant effects found in lead shared SNPs. This indicates a scenario of genetic overlap without
correlation®® for schizophrenia and brain volumetric phenotypes. The above findings are also relevant
to the “polygenic-pleiotropy” model of the brain®® 22, which suggests that brain-related polygenic

phenotypes may share a genetic basis along with their own specific genetic characteristics.

Brain morphological measures have been hypothesized to be less polygenic than schizophrenia,

forming the basis for the endophenotype approach®® in schizophrenia. Our findings further support
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this hypothesis by revealing subcortical volumes and ICV have a lower polygenicity and a higher
discoverability than schizophrenia, consistent with previous reports*®. The positive AIC values
indicate sufficient power for univariate analysis, suggesting the difference in polygenicity and
discoverability is not mainly driven by different GWAS sample sizes. A possible explanation is that
schizophrenia is a complex and heterogeneous disorder with a broad range of symptoms and
functional deficits®, so its high polygenicity is likely the result of a sum of SNPs associated with
those clinical and course features. In contrast, brain volumetric phenotypes are less complex and have
been proposed as “closer to the underlying biology,” which may lead to a smaller polygenicity*°.
Moreover, polygenicity has been hypothesized to be related to etiological heterogeneity, i.e., how
many etiological mechanisms are underlying the development of the phenotype*® %°. A further

investigation on the underlying etiological mechanisms is therefore suggested.

The enrichment of Gene Ontology, pathways, and cell types suggested the shared genes between
schizophrenia and brain volumetric phenotypes are involved in neural developmental processes,
consistent with previous reports®. This is also supported by the lifespan expression trajectories that
revealed two expression patterns for shared genes, with one group of genes showing high expression
levels in the prenatal period. Of particular interest are the co-expression clusters red and azure,
corresponding to shared genes enriched in modules 2 and 5%'. Both clusters revealed peak expression
in prenatal period, consistent with the original publication®” that modules 2 and 5 have a significant
higher expression in prenatal period than postnatal period. As modules 2 and 5 has shown a
significant coincident occurrence of genes whose expression was enriched in neurons®, we also
examined the functional enrichment for each co-expression cluster. Although those five co-expression
clusters only revealed few enriched gene sets, which may be due to the limited number of shared

genes, we still found that cluster azure, corresponding to module 5, was enriched in stem and
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progenitor cells in the brain, both important in cell proliferation and differentiation in early-stage

brain development®,

Additionally, Luo et al*® have suggested an interplay between the development of schizophrenia and
the brain morphology in adolescence. We therefore explored whether those shared genes are
associated with the brain development in healthy participants before the peak age of schizophrenia
onset. We found that the genetically imputed hypothalamic expression of CRHR1 and ARL17A is
associated with the thalamic volume in childhood, and the expression of those two genes in putamen,
cerebellum, and DLPFC were implicated in schizophrenia. Specifically, CRHR1 encodes the main
receptor of corticotrophin-releasing hormone, and it is well known for its role in the hypothalamic-
pituitary-adrenal axis-mediated response to stress, a well-established modulator of brain morphology®
and schizophrenia®. ARL17A belongs to the ADP-ribosylation factor family which regulates
membrane trafficking and vesicular transport®®, relevant for neuronal development and
communication®. The expression-trait associations for CRHR1 and ARL17A in childhood structural
brain development and schizophrenia provides insights into recent observations that early brain
volumetric alterations, which are associated with the later emergence of schizophrenia, predate the
onset of clinical syndromes®. Combining the above functional enrichment and gene expression
findings, the present study adds support to the neurodevelopmental theory of schizophrenia by
suggesting that shared genetic underpinning between schizophrenia and brain volumetric phenotypes
might be involved in early neurodevelopmental processes and those shared genes may modulate the

brain morphology years before the peak age of schizophrenia onset.

It is important to note that our results are limited to common variants on autosomal chromosomes.
Rare variants, such as copy number variations, individually shows high penetrance for schizophrenia®®
and schizophrenia-associated copy number variations have shown associations with reduced

subcortical volumes®. The genetic factors on sex chromosomes have also been implicated in both



schizophrenia®! and brain development®. Hence, future studies on rare variants and sex chromosomes
are needed. The second limitation is that the majority of our analysis was based on the European
population. To address this, we included the East Asian population-based schizophrenia GWAS and
found a significant trans-ancestry sign consistency for the associations between shared lead SNPs and
schizophrenia. Thirdly, the current study indicated the need to maximize sample sizes in GWAS. For
example, in the MiXeR bivariate analysis for schizophrenia and thalamus, AIC values suggest
extensive polygenic overlap and the requirement to apply larger GWASs for a precise estimate of
polygenic overlap. The power of GWASs also affects the conjFDR analysis and the follow-up
analysis, such as SNP sign test and co-expression enrichment analysis. SNP sign test for accumbens,
amygdala, and pallidum returned 67~75% sign consistency in independent samples but non-
significant. This might be due to a lack of power as the number of input SNPs was relatively small.
Also, we only observed significant co-expression pattern for accumbens, hippocampus, pallidum,
putamen, and ICV but not for amygdala, caudate, and thalamus. This may suggest differences in the
genetic architecture or neurobiological mechanisms across brain volumetric phenotypes. However, the
co-expression enrichment is limited by the SNP discovery in conjFDR analysis and the selection of
shared genes. Further work with larger GWASSs and advanced statistical approaches may help valid
those findings. Finally, although we found two shared genes of which predicted thalamic expression is
associated with thalamic volume in childhood, the current findings cannot distinguish causality
(where the association between rs70602 and thalamic volume is mediated by hypothalamic expression
of CRHR1 and ARL17A) or pleiotropy (where rs70602 is associated with both thalamic volume and
hypothalamic expressions separately). Another note of caution is due here since both genes were
mapped at the same locus and their thalamic expression was predicted via eQTL. However, whether
both of these genes are indeed involved in SCZ pathogenesis remains to be determined. The relatively
low postnatal brain expression of ARL17A may also limit the expression-trait association analysis in

childhood. Further research, such as in vitro and in vivo experiments, should be undertaken to
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investigate the causality and pleiotropy assumptions, and to retrace the impact of each gene on brain

development trajectory from prenatal stage to childhood.

In summary, we quantified the overlapping genetic architecture and suggested 107 shared genetic loci

between schizophrenia and subcortical volumes and ICV. The genes mapped by those shared loci

implicated neurodevelopmental processes prior to schizophrenia development and highlighted CRHR1

and ARL17A of which thalamic expression was predicted as associated with the development of
thalamus in childhood. These findings provide genetic insights into the brain volumetric alternations
in schizophrenia patients, and a further study examining the role of the altered neurodevelopment in

schizophrenia is therefore suggested.
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Figure Legends

Figure 1. Shared genetic basis between schizophrenia and eight brain volumetric phenotypes.

a., The MiXeR-estimated heritability, polygenicity, and discoverability for each phenotype. The SNP
heritability is a sum of effect across all trait-influencing variants. The polygenicity of each trait is
represented by the number of trait-influencing variants to explain 90% heritability. The
discoverability of each trait is defined as effect size per trait-influencing variant. A trait-influencing
variant is defined as a common variant associated with the trait of interest after controlling for linkage
disequilibrium (LD). b., The MiXeR-modeled the number of shared and trait-specific trait-influencing
variants in thousands. The colors reflect the shared (gray) and trait-specific (in color) trait-influencing
variants. The standard deviations are shown in bracket. c., The LD Score-estimated genetic correlation
and MiXeR-modeled proportion of shared variants with concordant effect direction on both traits.
Only a significant false discovery rate-corrected P value (FDR) of genetic correlation is labeled within
the figure. The error bar of genetic correlation presents standard error. In the proportion of concordant
shared variants, the error bar reflects standard deviation. All details are provided in supplementary

Table 1. SCZ: schizophrenia; ICV: intracranial volume.

Figure 2. Individual shared associations between schizophrenia and brain volumetric

phenotypes and relevant gene expression patterns.

a., The Manhattan plot of shared associations between schizophrenia and brain volumetric
phenotypes. The x-axis stands for the chromosomal number and position and the y-axis represents -
log10 transformed conjunctional false discovery rate (FDR) values with a dotted horizontal line
reflecting significance. Each dot represents a SNP and the border indicates a lead SNP. b., The SNP

sign test for shared lead SNPs. Nsne counts the number of lead SNPs available in the independent
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datasets and Ncon calculates the number of lead SNPs showing consistent effect between discovery
and independent cohorts. The x-axis reflects the proportion of consistency. The solid points indicate
significance of SNP sign test after FDR correction with the P value showed in FDR. c., Co-expression
patterns among shared genes. Shared genes between schizophrenia and four brain volumetric
phenotypes, including accumbens, hippocampus, pallidum, putamen, and ICV, are enriched in five
co-expression modules reported by PsychoENCODE human brain development study. Those five co-
expression modules were labeled as modules (MES) 2, 3, 5, 7, and 7 to be consistent with the
PsychoENCODE study. d., The five sets of co-expressed shared genes showed distinct temporal
expression trajectory. The cluster red, pink, azure, blue, and black represented the shared genes
enriched in MEs 2, 3, 5, 7, and 9 as respectively. The whole-brain expression level (y-axis) represents
log2-median transformed mean expression value across brain tissues. The whole-brain expression
trajectory was shown by a fitted non-linear LOESS regression line with the 95% confidence interval
presented by shaded areas. The age (x-axis) was presented using post-conception days, which were
further divided into five stages—fetal development (8 PCW <= age < 28 PCW), infancy (40 PCW <=
age < 1 PY), childhood (1 PY<=age < 12 PY), adolescence (12 PY <= age < 20 PY), and adulthood
(20 PY <= age <= 40 PY). Details of those five stages and nine anatomic tissues are provided in

Supplementary Method. ICV: intracranial volume.

Figure 3. The flowchart of gene-based functional analysis.

For all functional enrichment analysis in the present study, we excluded shared genes located in a
complex linkage disequilibrium (LD) region, including major histocompatibility complex (MHC),
Chromosome 8p23.1 deletion (8p23.1), microtubule-associated protein tau (MAPT), and
apolipoprotein E (APOE) regions. The gene-based association analysis by PrediXcan was illustrated
using the pair of schizophrenia and thalamus as an example. A green rectangle represents a process,

with a decision was indicated by a diamond shape. The input and output are reflected in purple
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parallelograms. The data from PsychoENCODE, GTEX, and the Adolescent Brain Cognitive
Development (ABCD) cohort are shown in database symbols in light blue. More details are provided

in Methods. MSigDB: Molecular Signatures Database; eQTLs: expression quantitative trait loci.

Figure 4. Two candidate genes for schizophrenia and thalamus volume in late childhood.

a., The expression-trait associations between two candidate genes (ARL17A and CRHR1) and traits of
interest. The x-axis indicates data resources and corresponding tissue, as well as the traits of interest
labeled below. The expression-trait associations were genetically imputed from PrediXcan and S-
PrediXcan, and differential gene expression profiles were based on CommonMind Consortium (CMC)
and BrainSeq Phase 2 studies. The asterisk implies the significance. DLPFC: dorsolateral prefrontal
cortex. b., Two candidate genes were mapped by a shared locus (chr17:43859929-44865603) between
schizophrenia and thalamus. The violin plot represents the original GWAS Z scores of candidate
SNPs within this shared locus. c., The brain cis-expression quantitative trait locus (cis-eQTL) between
the lead SNP and each candidate gene. The significant cis-eQTLs are shown in colors with indication
of the direction of effect. The significant brain cis-eQTLs were annotated from GTEXx portal (v8). d.,
The lifespan temporal expression trajectory of two candidate genes in nine brain tissues. The brain
tissue expression (y-axis) was log2-median transformed. The expression trajectory for each brain
tissue was revealed by a fitted non-linear LOESS regression line with the 95% confidence interval
(shaded areas). The time span was shown using five stages, including fetal development (8 PCW <=
age < 28 PCW), infancy (40 PCW <= age < 1 PY), childhood (1 PY<= age < 12 PY), adolescence (12

PY <=age < 20 PY), and adulthood (20 PY <= age <= 40 PY). ICV: intracranial volume.
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Figure 1. Shared genetic basis between schizophrenia and eight brain volumetric phenotypes.
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Figure 2. Individual shared associations between schizophrenia and brain volumetric
phenotypes and relevant gene expression patterns.
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Figure 3. The flowchart of gene-based functional analysis.
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Figure 4. Two candidate genes for schizophrenia and thalamus volume in late childhood.
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