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Schizophrenia (SCZ) is associated with differences in
subcortical brain volumes and intracranial volume (ICV).
However, little is known about the underlying etiology of
these brain alterations. Here, we explored whether brain
structure volumes and SCZ share genetic risk factors.
Using conditional false discovery rate (FDR) analysis, we
integrated genome-wide association study (GWAS) data on
SCZ (n = 82315) and GWAS data on 7 subcortical brain
volumes and ICV (n = 11 840). By conditioning the FDR on
overlapping associations, this statistical approach increases
power to discover genetic loci. To assess the credibility of
our approach, we studied the identified loci in larger GWAS
samples on ICV (n = 26577) and hippocampal volume (n =
26814). We observed polygenic overlap between SCZ and
volumes of hippocampus, putamen, and ICV. Based on con-
junctional FDR < 0.05, we identified 2 loci shared between
SCZ and ICV implicating genes FOXO3 (rs10457180) and
ITIH4 (rs4687658), 2 loci shared between SCZ and hip-
pocampal volume implicating SLC4A10 (rs4664442) and
SPATS2L (rs1653290), and 2 loci shared between SCZ
and volume of putamen implicating DCC (rs4632195) and
DLG2 (rs11233632). The loci shared between SCZ and
hippocampal volume or ICV had not reached significance
in the primary GWAS on brain phenotypes. Proving our
point of increased power, 2 loci did reach genome-wide sig-
nificance with ICV (rs10457180) and hippocampal volume
(rs4664442) in the larger GWAS. Three of the 6 identified
loci are novel for SCZ. Altogether, the findings provide new

insights into the relationship between SCZ and brain struc-
ture volumes, suggesting that their genetic architectures are
not independent.

Key words: pleiotropy/genome-wide association
study/conditional false discovery rate/subcortical brain
structures/common genetic variants

Introduction

Schizophrenia (SCZ) is a severe mental disorder with a
complex and heterogeneous pathophysiology. Although
differences in subcortical brain volumes and intracranial
volume (ICV) have consistently been reported in SCZ,'-
the molecular mechanisms underlying these brain abnor-
malities are poorly understood. Both SCZ and brain
structure volumes have high heritability estimates (60%—
80%* and 40%-90%,° respectively), and brain volume
alterations are also present in unaffected relatives of
patients with SCZ,%7 suggesting that genetic risk under-
lying SCZ may also influence brain structure volumes. In
the current study, we aimed to determine whether com-
mon genetic variants are shared between SCZ and sub-
cortical brain volumes and ICV.

Subcortical brain structures regulate a variety of
functions including emotion,® movement,” cognition,”!?
and reward-seeking behavior!! in concert with other
brain areas. Recent neuroimaging meta-analyses report
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consistent, albeit subtle, differences in volumes of sub-
cortical brain regions and ICV in SCZ.* Compared
with healthy controls, patients with SCZ show decreased
volumes of hippocampus, amygdala, thalamus, nucleus
accumbens, and ICV, and larger volumes of pallidum and
lateral ventricles.'? One meta-analysis also found larger
volumes of putamen and caudate nucleus in SCZ,? but
this was not evident in the other meta-analyses.'* Some
brain volume alterations have been linked to functional
disturbances in SCZ. For example, larger volumes of pu-
tamen were related to worse verbal learning, executive
functioning, and working memory performance among
patients with SCZ,"” while global reductions in brain
volume are consistently associated with decreased intelli-
gence."? Subcortical brain regions are also important for
the working mechanisms of antipsychotics. The majority
of dopamine D,-receptors, which all effective antipsy-
chotics act upon, are located in basal ganglia structures
putamen, caudate nucleus, and nucleus accumbens,'
and some studies found that treatment with antipsy-
chotics may alter the volumes of basal ganglia'® and the
hippocampus.!

Genome-wide association studies (GWASs) have iden-
tified over 100 single nucleotide polymorphisms (SNPs)
associated with SCZ,' 10 variants with hippocampal
volume,>'7?* 8 variants with ICV,>'721:22 4 variants with
putamen volume,’ and 1 variant with caudate volume.®
However, the variants identified at the genome-wide sig-
nificance threshold explain only a small fraction of the
heritability, and most of the genetic variants influencing
these phenotypes remain to be uncovered.>'*?* To in-
crease discovery of small genetic effects in polygenic phe-
notypes, we have developed a conditional false discovery
rate (condFDR) method, which builds on an empirical
Bayesian statistical framework.>? Compared to the con-
ventional (frequentist) GWAS statistical approach, the
condFDR method improves statistical power by lever-
aging overlapping associations in independent GWAS
to re-rank test statistics.*?* Moreover, the condFDR
method improves discovery of genetic variants shared
between phenotypes regardless of the direction of allelic
effects.?*?* Using this approach, we have identified shared
variants between many neuropsychiatric disorders and
related phenotypes,”®* and substantially increased dis-
covery of risk variants.?%

Recently, Franke et al** applied a battery of statistical
tools to examine genetic overlap between subcortical
brain volumes and SCZ. They reported no evidence of
genetic overlap at the genome-wide level or at the level
of individual risk variants.?® To estimate genetic overlap
at the genome-wide level, they applied widely used
methods such as polygenic risk scores* and linkage dis-
equilibrium (LD) score regression.*»¥ However, these
tools are unable to pinpoint individual shared variants
or uncover mixed effect directions among shared genetic
effects.?>*® Moreover, lack of genome-wide correlation

Schizophrenia and Brain Volumes Share Genetic Loci

does not imply statistical independence of individual
variants.?* To identify individual shared variants, com-
bined GWASs meta-analysis may increase statistical
power, but yield test statistics skewed toward the most
strongly powered GWAS, and cannot identify variants
with opposite effect directions.** Alternatively, the con-
junction analysis, which determines whether a partic-
ular SNP is linked to 2 phenotypes,* can detect opposite
effect directions, but does not capitalize on the inherent
power in leveraging overlapping GWAS associations to
increase statistical power.?**% In the present study, we
applied the condFDR approach to investigate genetic
overlap between SCZ and subcortical brain volumes
and ICV, and analyzed large GWASs of brain phe-
notypes from the ENIGMA Consortium (Enhancing
Neurolmaging Genetics through Meta-Analysis)’ and of
SCZ from PGC (Psychiatric Genomics Consortium).!®

Methods

Ethics Statement

All GWASs performed and investigated in the current
study were approved by the local ethic committees and
informed consent was obtained from all participants.
Further, the Norwegian IRB for the South-East region
has evaluated the current protocol and found that no
additional IRB approval was needed, because no individ-
ual data was used.

Participant Samples

We obtained GWAS results in the form of summary sta-
tistics (P-values and z-scores). GWAS data on SCZ were
acquired from PGC (n = 82315; http://pgc.unc.edu/),'®
and GWAS data on MRI volumetric measures on amyg-
dala, caudate nucleus, hippocampus, nucleus accum-
bens, pallidum, putamen, and thalamus and ICV from
ENIGMA (n = 11,840; http://fenigma.ini.usc.edu/).’ To
limit sample overlap, 1848 individuals (978 SCZ cases,
870 controls) from the ENIGMA cohort present in the
PGC cohort were removed. For details of the inclusion
criteria, genotyping and phenotype characteristics, see
supplementary methods or the original publications.>!¢
We corrected all P-values for inflation using a genomic
inflation control procedure.?6-2836-37

Statistical Analyses

To visualize pleiotropic enrichment, we constructed con-
ditional Q-Q plots where we display the distribution of
P-values for the primary phenotype conditional on sig-
nificance levels in a secondary phenotype. Associations
in the primary phenotype (eg, SCZ) were conditioned
on a P-value threshold in the secondary phenotype (eg,
ICV), thatis, P < 0.1, P <0.01, and P < 0.001. If statis-
tical enrichment of the primary phenotype exists, there
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should be successive leftward deflections as levels of asso-
ciation with the secondary phenotype increase.?*?> 283136
The enrichment seen can be directly interpreted in terms
of true discovery rate (1-FDR)* (see supplementary
methods for details). To control for spurious enrichment,
conditional Q-Q plots were constructed after random
pruning averaged over 100 iterations. At each iteration,
one SNP in every LD block (defined by LD r*> > .1) was
randomly selected and the empirical cumulative distribu-
tion functions were computed using the corresponding
P-values. Given the long range LD within the extended
major histocompatibility complex (MHC) and its strong
association with SCZ,'® we excluded SNPs in this region
(genome build 19 location 25652429-33368333) and
SNPs in LD (#* > .1) with such SNPs before fitting the
condFDR model to avoid any potential bias for FDR
estimation due to the complex LD structure in this
region.®

To identify shared variants between SCZ and brain
volumes, we used the condFDR statistical framework
and analyzed brain phenotypes that showed genetic
enrichment based on association with SCZ, which
implies improved statistical power for SNP discov-
ery.22631.36 The standard FDR framework derives from
a model that assumes the distribution of test statis-
tics in a GWAS to be a mixture of null and non-null
effects, with true associations (non-null effects) having
more extreme test statistics than false associations (null
effects). The condFDR is an extension of the standard
FDR, and incorporates information from GWAS sum-
mary statistics of a secondary phenotype to re-rank test
statistics and estimate per-SNP condFDR values of
the primary phenotype. After repeating the condFDR
procedure for both phenotypes, shared genetic variants
were identified at conjunctional FDR (conjFDR) <0.05,
which is given by the maximum between the condFDRs
for both phenotypes.** Hence, a low conjFDR is only
possible if there is an association with the 2 phenotypes
of interest jointly. On the basis of 1IKGP LD structure,
the significant SNPs identified were clustered into LD
blocks at the LD r?* >.1 level. Any block may contain
more than one SNP. We investigated the direction of
allelic effects in the conjunctional SNPs by comparing
the SCZ z-scores against brain volume z-scores. Two
SNPs showed ambiguous effect directions due to T-A
and C-G polymorphisms with unknown strand affilia-
tions for these effects. To provide a measure of the effect
directions in SCZ and brain volumes for these variants,
we identified SNPs in strong LD with these SNPs (ie,
within the same risk locus) and compared their SCZ
z-scores against brain volume z-scores. To assess the
credibility of our approach, we obtained the P-values
of the identified variants in larger GWAS on ICV?** (n
= 26577) and hippocampal volume® (n = 26814) from
combined ENIGMA2 + CHARGE meta-analyses.
Additionally, we estimated the variance of SCZ risk and
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brain volumes explained by each conjunctional variant.
For details, see supplementary methods.

Brain Gene Expression

We determined the overall messenger RNA (mRNA)
expression of genes jointly implicated in SCZ and brain
volumes. Using the publicly available dataset provided
by the Human Brain Transcriptome project (http://hbat-
las.org), we assessed mRINA expression trajectories in
6 regions of the developing and adult human brain.*
Spanning periods from embryonic development to late
adulthood, this dataset provides genome-wide, exon-
level transcriptome data generated using the Affymetrix
GeneChip Human Exon 1.0 ST Arrays from over 1340 tis-
sue samples sampled from both hemispheres of postmor-
tem human brains (z = 57).*' Additionally, we determined
whether the conjunctional variants may regulate gene
expression (ie, expression quantitative trait loci [eQTL]
functionality) using 2 independent datasets from GTEx*
and the UK Brain Expression Consortium (UKBEC).*
For details, see supplementary methods.

Results

In the conditional Q-Q plots, we observed SNP enrich-
ment for volumes of hippocampus, putamen, and ICV
with SCZ (figure 1), indicating increased power for SNP
discovery in these phenotypes gained by conditioning
on association with SCZ.?*2 For none of the remaining
brain volumes (caudate, pallidum, thalamus, accumbens,
and amygdala) did we observe enrichment of associa-
tions conditional on SCZ (supplementary figure 1). We
also present the reverse conditional Q-Q plots, which sug-
gest enrichment of associations with SCZ as a function
of association with volumes of hippocampus and amyg-
dala (supplementary figure 2).

Given the indication of genetic enrichment in volumes
of hippocampus, putamen, and ICV based on SNP asso-
ciation with SCZ, we followed up with condFDR analy-
ses to increase discovery of SNPs associated with these
brain volume phenotypes. Based on condFDR <0.01, we
identified 3 loci associated with hippocampal volume, 6
loci associated with volume of putamen, and 3 loci asso-
ciated with ICV (supplementary table 1). In figure 2, we
present condFDR Manhattan plots for volumes of hip-
pocampus, putamen, and ICV, showing all SNPs with a
condFDR <0.01 within an LD block in relation to their
chromosomal position. These figures demonstrate the
increased statistical power for identifying loci associated
with these brain volumes by conditioning on association
with SCZ.

To identify shared loci between SCZ and volumes of
hippocampus, putamen, and ICV we used conjFDR
analysis. At conjFDR <0.05, 2 loci were shared between
hippocampal volume and SCZ: rs4664442 (chromosome
2q24.2; intronic variant within SLC4A410) and rs1653290
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Fig. 1. Conditional Q-Q plots of nominal vs empirical —log,, P-values (corrected for inflation) in volumes of hippocampus, putamen,
and intracranial volume (ICV) below the standard GWAS threshold of P <5 x 107* as a function of significance of association with
schizophrenia (SCZ) at the level of —log (P) 2> 1, —log, (P) 2 2, —log,(P) 2 3 corresponding to P < .1, P < .01, P <.001, respectively. The
blue lines indicate all SNPs. The dashed lines indicate the null hypothesis.

(chromosome 2q33.1; nearest gene SPATS2L, intergenic
variant). Two loci were shared between ICV and SCZ:
rs4687658 (chromosome 3p21.1; intronic variant within
ITIH4) and rs10457180 (chromosome 6q21; intronic var-
iant within FOXO03). Finally, 2 loci were shared between
putamen volume and SCZ: rs11233632 (chromosome
11q14.1; intronic variant within DLG2) and rs4632195
(chromosome 18q21.2; intronic variant within DCC).
Despite the strong association of the MHC region with
SCZ,'* we did not detect any significant genetic effects
overlapping between SCZ and brain structure volumes
located to this region. The strongest shared signal within
the MHC region was detected at ZNF391 (rs12663650;
conjFDR = 0.12) and was shared between SCZ and
volume of putamen (supplementary table 2). This sub-
threshold finding must be interpreted cautiously given the
complex LD in this region. To visualize the shared loci,
we constructed a conjFDR Manhattan plot (figure 3). All
SNPs without pruning are shown, and the strongest signal
in each LD block is encircled in black. The enlarged data
points represent the SNPs at conjFDR<0.05, whereas the
small points represent other SNPs. As expected, the var-
iance explained by each conjunctional variant for SCZ
risk and brain volumes was low (table 1).

Next, we evaluated the directionality of allelic effects
in SNPs associated with SCZ risk and brain structure vol-
umes (table 1). For rs4664442 (SLC4A410), we found the
same direction of effect between hippocampal volume
and SCZ risk. For rs10457180 (FOX03), we found an

opposite direction of effect between ICV and SCZ risk.
For rs11233632 (DLG2) and rs4632195 (DCC) variants,
we found the same direction of effect between putamen
volume and SCZ risk. Due to T-A and C-G polymor-
phisms, the directions of effect in SCZ and brain vol-
umes could not be determined for rs1653290 (SPATS2L)
and rs4687658 (ITIH4), respectively. Hence, we identi-
fied SNPs in strong LD with rs1653290 and rs4687658
and compared their SCZ z-scores to their brain vol-
ume z-scores (supplementary table 3). SNPs in LD with
rs1653290 showed consistently concordant associations
for hippocampal volume and SCZ, while SNPs in LD
with rs4687658 showed consistently concordant associa-
tions for ICV and SCZ.

Further, we looked up the identified SNPs in the
combined ENIGMA2 + CHARGE GWASs for ICV?*
and hippocampal volume® (which both include the
ENIGMAZ?2 data used above). In the combined GWAS,
2 SNPs were now significant at the GWAS threshold
(rs4664442 for hippocampal volume and rs10457180 for
ICV), rs1653290 showed suggestive association with ICV,
while rs1653290 was not significantly associated with
hippocampal volume (table 1). Four of 6 conditional loci
associated with hippocampal volume and ICV reached
genome-wide significance in the combined ENIGMA?2 +
CHARGE GWAS, while 2 loci showed suggestive asso-
ciations (supplementary table 1).

Using data from the Human Brain Transcriptome
Project, we determined the distribution of mRNA
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Fig. 2. “Conditional FDR (condFDR) Manhattan plots” of conditional —log,, (FDR) values for (A) volume of hippocampus, (B)
intracranial volume (ICV), and (C) volume of putamen conditioned on schizophrenia (SCZ). Unconditioned FDR values are shown in
black, condFDR values in red. SNPs with conditional —log, , FDR > 2.0 (ie, condFDR < 0.01) are shown with large points. A black line
around the large points indicates the most significant SNP in each LD block. This SNP is annotated with the closest gene.

expression for SLC4A10, SPATS2L, ITIH4, FOX0O3, (figure 4). One mechanism whereby SNPs may affect
DLG2, and DCC and show that the genes are globally  phenotype variation is through altered gene expression,
expressed in the developing and adult human brain  thatis, eQTL functionality. Using GTEx* data, we found
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Fig. 3. “ConjFDR Manhattan plot” of conjunctional —log,, (FDR) values for schizophrenia (SCZ) and hippocampal volume,
intracranial volume (ICV), and volume of putamen; the conjunctions are denoted as SCZ & hippocampus, SCZ & ICV, and SCZ &
putamen, respectively. SNPs with conjFDR < 0.05 (ie, conjunctional —log (FDR) > 1.3) are shown with enlarged data points. A black
circle around the enlarged data points indicates the most significant SNP in each LD block and this SNP was annotated with the closest
gene which is listed above the symbols in each locus. The figure shows the localization of the “conjunctional loci,” and further details are

provided in table 1.

that 2 SNPs were significantly associated with altered
gene expression in brain tissue (supplementary table 4):
rs1653290 for FTCDNLI in the hypothalamus, and
1rs4687658 for ITIH4 in several brain regions (supplemen-
tary figure 3). We assessed these associations in the inde-
pendent UKBEC* dataset (supplementary table 5), and
found replicable eQTL functionality of rs4687658 for
ITIH4 in several brain regions (supplementary figure 4),
but no replicable association for rs1653290.

Discussion

In the present article, we analyzed GWASs data using the
condFDR approach to address the question of genetic
overlap between SCZ and brain structure volumes. We
found that genetic variants associated with SCZ are also
associated with volumes of hippocampus, putamen, and
ICV, indicating that common molecular genetic mecha-
nisms influence these phenotypes. Using conjFDR anal-
ysis, we identified 6 genetic loci shared between SCZ and
volumes of hippocampus, putamen, and ICV (figure 3).
Among the identified loci, 3 are novel risk loci for SCZ.
None of the loci found here to be associated with hip-
pocampal volume or ICV had been singled out in the pri-
mary GWAS on brain structure volumes.’ In the recently
published larger GWAS on ICV and hippocampal vol-
ume,??2 however, 2 loci did reach the genome-wide sig-
nificance level for association with ICV (rs10457180) and
hippocampal volume (rs4664442) (table 1), demonstrat-
ing the increased power and credibility of the condFDR
approach.

We determined the mRNA expression in the human
brain of the genes implicated by the conjFDR analysis
(figure 4). The genes are globally expressed in the devel-
oping and adult human brain, indicating that they may
influence brain function across the life span. There were
some expression differences across brain regions, the
most notable being the postnatal enrichment of DCC in
the striatum. Further, we evaluated the eQTL functional-
ity of the conjunctional variants using the independent
GTEx* and UKBEC?* datasets, which revealed replica-
ble eQTL associations of rs4687658 for ITIH4 in sev-
eral brain regions (supplementary figures 3 and 4). Other
eQTL-associations did not replicate, which could result
from differences in methodological techniques or sample
configuration between the eQTL databases, or reflect the
relatively small sample sizes. The eQTL results should
be re-assessed when larger brain-eQTL databases are
available.

We identified 2 loci shared between SCZ and ICV. Given
that ICV is driven by brain growth, and that the maximum
size of ICV is reached in early adolescence,* the observed
decrease in ICV among patients with SCZ suggests that
neurodevelopment is disrupted in this group.!”* We iden-
tified an intronic variant within FOXO3 (rs10457180),
where the SCZ risk allele G was associated with smaller
ICV. This locus was not discovered in the primary GWAS
on SCZ!' or ICV,® but reached genome-wide significance
in the larger GWAS on ICV.2 Interestingly, genome-wide
significant associations for the same FOXO3 locus was
reported in GWASs on longevity* and intelligence.*®
FOXO3 belongs to the FOXO transcription family,
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Fig. 4. Expression trajectories of SLC4A410, SPATS2L, ITIH4, FOX03, DLG2, and DCC in the developing and adult human brain,
provided by the Human Brain Transcriptome project.* Line plots show the log,-transformed gene exon array signal intensity from

the early fetal period to late adulthood in 6 brain regions. The solid line between periods 7 and 8 (approximately post-conception day
280) separates prenatal from postnatal periods. NCX, neocortex; HIP, hippocampus; AMY, amygdala; STR, striatum; MD, mediodorsal

nucleus of the thalamus; CBC, cerebellar cortex.

which regulates a variety of cellular processes including
oxidative stress resistance and adult stem cell homeosta-
sis.*’” An influence of FOXO3 on ICV is consistent with
2 studies reporting that different genetic manipulations
of FOXO3 in mice resulted in increased* or decreased”

brain weight, probably reflecting disturbed regulation of
the neural stem cell pool. We also identified an intronic
variant within IT/H4 (rs4687658) shared between ICV
and SCZ with unknown directionality of allelic effects
due to a G-C polymorphism. However, SNPs in LD with
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rs4687658 showed the same effect directions in ICV and
SCZ (ie, the SCZ risk alleles are associated with larger
ICV; supplementary table 3). Rs4687658 was identified
in the original SCZ GWAS,!® while another ITIH4 var-
iant (rs2239547, in LD (r* = .801) with rs4687658) was
identified in a SCZ GWAS in people of Han Chinese
ancestry.®® ITIH4 is considered an acute-phase protein
involved in various inflammatory responses.”! Recently,
another ITTH4 variant (rs4687657, in complete LD with
rs2239547) was shown to regulate IT/H4 expression in
the prefrontal cortex.’* This finding is in compliance with
our eQTL investigation which revealed that rs4687658
may regulate ITIH4 expression in several brain regions
(supplementary figures 3 and 4).

We found 2 loci shared between hippocampal volume
and SCZ. Patients with SCZ typically display smaller hip-
pocampal volumes compared with controls.' However,
for the identified shared intronic variant within SLC4A410
(rs4664442) on chromosome 2q24.2, the SCZ risk allele
A was associated with larger hippocampal volume. The
shared 2q24.2 locus contains 2 genes, SLC4A410 and
DPP4. SLC4A410 encodes a bicarbonate transporter
abundant in mouse hippocampal interneurons and
CA3 pyramidal cells which regulates neuronal pH and
excitability.”® DPP4 encodes dipeptidyl peptidase 4, a
widely expressed enzyme associated with immune regu-
lation, glucose homeostasis, and signal transduction.’
Interestingly, another SLC4A410 variant (rs2909457, in
LD [r? = .976] with rs4664442) was previously identified
as a joint variant for hippocampal volume and SCZ after
tests of GWAS-significant SCZ hits for association with
brain volumes.>3 Moreover, rs4664442 was not identi-
fied in the primary GWAS on hippocampal volume,’ but
reached genome-wide significance in the larger GWAS
on hippocampal volume.?® We also detected an intergenic
variant close to SPATS2L (rs1653290) shared between
SCZ and hippocampal volume with unknown effect
directionality due to an A-T polymorphism. However,
SNPs in LD with rs1653290 show the same effect direc-
tions in hippocampal volume and SCZ (ie, the SCZ risk
alleles are associated with larger hippocampal volume;
supplementary table 3). This locus was genome-wide sig-
nificant in the primary SCZ GWAS.!'* However, the weak
P-value in the larger GWAS on hippocampal volume®
(table 1), may suggest that it is a spurious finding for hip-
pocampal volume.

Finally, we uncovered 2 loci shared between volume
of putamen and SCZ. Although some neuroimaging
studies have found larger volumes of putamen in SCZ,?
other studies have not reported any significant associ-
ation.? We identified an intronic variant within DCC
(rs4632195), where the SCZ risk allele T was associated
with larger putamen volume. In the primary ENIGMA
GWAS, another DCC variant (rs62097986, in LD [r?
= .627] with rs4632195) was identified for putamen
volume.> DCC encodes a netrin receptor highly expressed
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in dopaminergic neurons which facilitates growth and
migration of axons and dendrites.> Intriguingly, DCC-
netrin interactions mediate the proper development of
dopaminergic projections to prefrontal cortex and stri-
atum in mice.>* This is of particular relevance to SCZ,
as all effective antipsychotic drugs target the dopamin-
ergic system, which is strongly implicated in the patho-
physiology of SCZ.5” Notably, a small case—control study
has previously identified DCC as a candidate gene in
SCZ.%® We also detected an intronic variant within DLG?2
(rs11233632), where the SCZ risk allele C was associ-
ated with larger putamen volume. Another DLG2 var-
iant (rs683250, in LD [* = .710] with rs11233632) was
identified for putamen volume in the original ENIGMA
GWAS,’ while copy-number variants in DLG2 have been
associated with SCZ.* DLG2 encodes the postsynap-
tic density protein 93 which scaffolds neurotransmitter
receptors and enzymes into signaling complexes at the
postsynaptic terminal and may contribute to cognitive
flexibility and learning.®

The number of shared loci identified here is con-
sistent with previous condFDR analyses, which have
elucidated genetic overlap between several polygenic
phenotypes including SCZ,%2%32 cognitive traits,*® per-
sonality traits,”” and immune-related diseases.??73!:36
Several conjunctional and conditional loci discovered
here were not identified in the primary GWASs, and only
locus rs4664442 was implicated as a joint variant for SCZ
and brain structure phenotypes using conventional sta-
tistical tools,>** demonstrating the increased power of
the condFDR approach. As indicated by the P-values
obtained from the larger GWAS on brain structures,?**
it is likely that the loci discovered here would have been
identified in the original GWAS if the samples had been
larger. The fact that rs1653290 was not significantly asso-
ciated with hippocampal volume in the larger meta-anal-
ysis,” may suggest that this association was an artefact,
or reflect methodological or cohort differences between
the CHARGE and ENIGMA GWASs. Altogether, the
present study demonstrates how combining GWAS sum-
mary statistics using condFDR analysis provides a use-
ful alternative to other statistical tools evaluating genetic
overlap, which did not report any shared genetic influ-
ences between SCZ and brain structure volumes.*® The
power of the condFDR approach depends on the sample
size of the investigated GWASs and the extent of genetic
overlap between the traits. More shared loci between SCZ
and subcortical brain volumes and ICV are expected to
be uncovered when larger GWAS samples are available.

In conclusion, the study provides new insights into the
relationship between SCZ and brain structure formation
by identifying 6 genetic loci jointly influencing SCZ and
volumes of hippocampus, putamen, and ICV, suggesting a
shared genetic basis between these polygenic phenotypes.
As indicated by the low phenotypic variance explained by
each conjunctional variant (table 1), the identified variants
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are not informative clinically. Careful efforts are required
to determine the true underlying causal variants respon-
sible for the shared associations and to clarify the specific
molecular genetic mechanisms involved.®! By indicating
that genetic risk underlying SCZ may contribute to brain
volume alterations, the findings should motivate further
efforts to elucidate genetic influences shared between neu-
ropsychiatric diseases and key brain structure phenotypes.
Important challenges ahead will be to determine the spati-
otemporal influences of the identified loci on brain devel-
opment and function, and clarify their interactions with
other genetic and environmental risk factors.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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