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Abstract

Background: Genome-wide association studies have been extensively applied in identifying
SNP associated with major psychiatric disorders. However, the SNPs identified by the prevailing
univariate approach only explain a small percentage of the genetic variance of traits, and the
extensive data have shown the major psychiatric disorders have common biological mechanisms
and the overlapping pathophysiological pathways.

Methods: We applied the genetic pleiotropy-informed metaCCA method on summary statistics
data from the Psychiatric Genomics Consortium Cross-Disorder Group to examine the overlapping
genetic relations between the five major psychiatric disorders. Furthermore, to refine all genes, we
performed gene-based association analyses for the five disorders respectively using VEGAS2.
Gene enrichment analysis was applied to explore the potential functional significance of the
identified genes.
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Results: After metaCCA analysis, 1147 SNPs reached the Bonferroni corrected threshold (p <
1.06 x 1078) in the univariate SNP-multivariate phenotype analysis, and 246 genes with a
significance threshold (p < 3.85 x 1076) were identified as potentially pleiotropic genes in the
multivariate SNP-multivariate phenotype analysis. By screening the results of gene-based p-
values, we identified 37 putative pleiotropic genes which achieved significance threshold in
metaCCA analyses and were also associated with at least one disorder in the VEGAS2 analyses.

Limitations: Alternative approaches and experimental studies may be applied to check whether
novel genes could still be identified/substantiated with these methods.

Conclusions: The metaCCA method identified novel variants associated with psychiatric
disorders by effectively incorporating information from different GWAS datasets. Our analyses
may provide insights for some common therapeutic approaches of these five major psychiatric
disorders based on the pleiotropic genes and common mechanisms identified.
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Introduction

Psychiatric disorders represent a mix of common, chronic, and complex conditions affecting
populations with highly prevalence (Gaebel et al., 2015; Jeste et al., 2015; Merikangas et al.,
2010). The main clinical disorders include schizophrenia (SCZ), bipolar disorder (BP),
major depression (MD), autism spectrum disorders (ASD) and attention deficit-hyperactivity
disorder (ADHD), which are characterized by perceptive and cognitive impairments
resulting in abnormalities of behavior, volition, and emotion. According to statistics from the
American National Institute of Mental Health, the life-time prevalence of MD and ADHD in
adolescents are up to 16% and 9%, respectively (Merikangas et al., 2010; Ripke et al., 2013).
Family and twin studies have shown these five common psychiatric disorders each show
high rates of heritability: 90% for ASD (Lee et al., 2013a), 60-85% for BP, ADHD and SCZ
(Hunt et al., 2016; Nothen et al., 2010; Visscher et al., 2012), and 40% for MD (Ripke et al.,
2013; Sullivan et al., 2013; Visscher et al., 2012). With most individual patients experiencing
multiple episodes throughout their life and increased morbidity, excess mortality and
substantial health costs, psychiatric disorders represent major public health problems
(Contreras et al., 2018; Ski et al., 2016).

Pleiotropy describes the genetic effect of a single nucleotide polymorphisms (SNP) or gene
on two or more phenotypic traits and its outcome is genetic correlation. Largely, this concept
concerns across-trait architecture (Stearns, 2011). Previous different types of studies have
repeatedly indicated that the genetic pleiotropy exists in these five correlated psychiatric
disorders. For example, CACNALC is a susceptibility gene for bipolar disorder,
schizophrenia, and major depressive disorder (Bigos et al., 2010; Consortum, 2013; Ripke et
al., 2011; Thimm et al., 2011). SNP within two different genes on chromosomes 3p21 and
10924 are associated with diagnostic boundaries among several psychiatric disorders
(Consortum, 2013; McMahon et al., 2010; Sklar et al., 2011). The estimated genetic
correlation calculated using common SNPs was high between SCZ and BP (0.68 + 0.04
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s.e.), moderate between SCZ and MD (0.43 + 0.06 s.e.), BP and MD (0.47 + 0.06 s.e.), and
ADHD and MD (0.32 + 0.07 s.e.), and lower between SCZ and ASD (0.16 + 0.06 s.e.) (Lee
et al., 2013a). It is therefore important to identify pleiotropic genes that acting through
common biological mechanisms and assess overlapping pathophysiological relationships of
these five disorders using effective analytical approaches.

Genome-wide association studies (GWAS) is a most powerful, systematic, and standard
univariate approach to investigate and identify potentially causal or risk-conferring genetic
variants for common and complex diseases in the individual level measurement (Kettunen et
al., 2012; Tang and Ferreira, 2012). Although GWAS, especially those with large sample
size and meta-analysis of multiple studies, have successfully identified many loci/genes
associated with psychiatric disorders, however, they only explain about 30% of observed
heritability for psychiatric disorders (Cross-Disorder Group of the Psychiatric Genomics
Consortum, 2013; Mistry et al., 2018). Indeed, multivariate analysis may have more
statistical power to detect the unexplained heritability and could lead to more extensive
findings due to correlations among different phenotypes, considered by combining the
independent GWASs from associated traits or diseases (Inouye et al., 2012; Marttinen et al.,
2013). Existing studies of genetic risk factors for psychiatric disorders have used bivariate
analysis, and multivariate analysis based on multiple correlated psychiatric disorders are rare
(Evangelou and loannidis, 2013). Therefore, a multivariate analysis to identify pleiotropic
genes, especially using the publicly available summary statistics of GWAS, is worth
pursuing.

Cichonska et al. (2016) recently developed a multivariate meta-analysis based on summary
statistics from GWAS using a canonical correlation analysis (metaCCA) method allowing
multivariate representation of both genotypic and phenotypic variables. This new approach’s
aim is to increase statistical power to identify novel genetic associations, and the core
principle uses the method of canonical correlation analysis (CCA) to identify linear
relationships between two sets of variables: multiple SNPs against multiple traits based on
already published univariate summary statistics from GWAS by meta-analysis (Cichonska et
al., 2016; Tang and Ferreira, 2012). Cichonska et al. (2016) have successfully applied this
method to 9 lipid measures related from studies of three Finnish cohorts. They showed
metaCCA highly improved the statistical power by considering the correlations among
multiple SNPS and multiple phenotypes.

In this study, we applied the genetic pleiotropy-informed metaCCA method on summary
statistics data from Psychiatric Genomics Consortium (PGC) Cross-Disorder Group to
examine the overlapping genetic relation between the five psychiatric disorders. By using
this method, we could identify more common variants that are genetic risk factors for one or
more common psychiatric disorders and resulting potentially shared genetic influences
should provide novel insights for specifying clinical presentations and generating new
models for prevention and, ultimately, treatment.
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2. Methods
2.1. GWAS datasets

The large scale GWAS datasets containing the association summary statistics for the 5
correlated disorders in this present study were downloaded from Psychiatric Genomics
Consortium(PGC, website: http://www.med.unc.edu/pgc/). GWAS results for ADHD were
based on a meta-analysis of 8,094,094 genotyped or imputed SNPs from 19,099 cases and
34,194 control individuals performed by the PGC and the Lundbeck Foundation Initiative
for Integrative Psychiatric Research (iPSYCH) released in June 2017 (Demontis et al.,
2017). Genotypes for the ASD GWAS were also a meta-analysis including data from
6,440,259 common variants in 6,197 cases and 7,377 controls from fourteen independent
cohorts (Autism Spectrum Disorders Working Group of The Psychiatric Genomics
Consortium, 2017). The SCZ is the second PGC schizophrenia mega-analysis, and included
46 non-overlapping case-control samples of European ancestry (32,375 cases and 42,186
controls) plus deCODE European ancestry genetics (1,513 cases and 66,236 controls)
(Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). The MD
included 9,227 cases and 7,383 controls were tested based on the Stage 2 polygenic risk
profile analyses for 1,232,793 common variants (Ripke et al., 2013). Data of 10,410 BP
cases and 10,700 controls are the association analysis between BP and SCZ using polygenic
risk scores (Ruderfer et al., 2014). All the samples in the GWAS datasets came from
populations of European ancestry. Further detail descriptions of the sample ascertainment
and stringent quality control procedures can be found in the corresponding consortium
publications (Autism Spectrum Disorders Working Group of The Psychiatric Genomics
Consortium, 2017; Demontis et al., 2017; Ripke et al., 2013; Ruderfer et al., 2014;
Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). We avoided
reduplicating control individuals when selecting these datasets. The data contain summary
statistics, only including p-values, regression coefficients and standard error after meta-
analysis. Finally, 1,011,503 overlapping SNPs of the 5 disorders were selected on which we
performed the multivariate analysis. The study details are shown in Table 1.

2.2. Data preparation

Before the implementation of the metaCCA method, several steps were undertaken. First, we
combined the summary statistics for the 1,011,503 common SNPs included in the studies of
all five disorders and completed the gene annotation for the five GWASs according to the
1000 Genome datasets using PLINK1.9. The reference data, which contained 26,291 genes,
were downloaded from the website: https://www.cog-genomics.org/static/bin/plink/glist-
hg19. Second, a linkage disequilibrium (LD) based SNP pruning method was used to
remove SNPs with large pairwise correlations. The SNP pruning method was proceeded by a
window of 50 SNPs where LD was calculated between each pair of SNPs. The minor allele
frequency (MAF) is also considered for the SNP pruning, and SNP with smaller MAF for
pairs with /2 > 0.2 were removed. Following this initial removal of SNPs in high LD, each
sliding window of 5 SNPs forward and the process repeated until there were no pairs of
SNPs with high LD (Andreassen et al., 2015). All datasets were pruned using the HapMap 3
CEU genotypes as a reference panel. After gene annotation and SNP pruning, there
remained 47,217 SNPs located in 12,989 gene regions on which we performed the metaCCA
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analysis. The regression coefficient beta was normalized before conducting the metaCCA
analysis because the individual-level data set genotype and phenotype matrices were not
standardized. Standardization was achieved afterwards by:

STANDR 1
= 1

where SEg is the standard error of Sy, as given by the original GWAS result, gis the
number of genotypic, pis the number of phenotypic variables, and 77 is the sample number of
each disorder.

2.3. MetaCCA analysis

To identify the potential pleiotropic genes, we computed metaCCA for all five psychiatric
diseases. MetaCCA is an extension of the method of CCA, which required a cross-
covariance matrix between all genotypic and phenotypic variables (3 XY), a genotypic
correlation structure between SNPs (3".XX), and a phenotypic correlation structure between
traits (3" YY) (Cichonska et al., 2016).

In metaCCA, Y XY'is constructed as the normalized regression coef-ficient Bgp, and 3" XX
is calculated using a reference database representing the study population, such as the 1000
Genomes database, or other genotypic data available on the target population. There will be
better results if Y" XX were estimated from the target population or the same ethnicity
instead of interracial populations (Cichonska et al., 2016). In our study, ¥" XX was estimated
using the reference SNP dataset of the HapMap 3 CEU. The phenotypic correlation structure
5" YYis computed based on Y XY, Each entry of " Y'Y corresponds to a Pearson correlation
coefficient between the vector of S estimates from p phenotypic variables across g genetic
variants. It has been demonstrated that the bigger the number of genotypic variables g, the
more accurate the quality of the estimate. Thus, ¥ Y'Y’ were calculated from summary
statistics for all available genetic variants (1,011,503 overlapping SNPs), even if only a part
of were used for further analysis.

After calculation, the full covariance matrix (}), consisting of three covariance matrices, can
be obtained. We should determine whether the full covariance matrix is positive semidefinite
(PSD). If it is not PSD, an iterative procedure is used to shrink the full covariance matrix
until Y becomes PSD. In the next analysis, the PSD of the full covariance matrix is plugged
into the CCA framework to get the final genotypephenotype association result (Cichonska et
al., 2016). The correlation between genotype and phenotype is called the canonical
correlation r (Seoane et al., 2014).

In this study, two types of multivariate analysis were considered. First, univariate SNP-
multivariate phenotype association analysis was tested at the SNP level. Manhattan plots
presented all SNPs within an LD block in relation to their chromosomal locations. To
identify any potential pleiotropic gene, we did multivariate SNP-multivariate phenotype
association analysis at the gene level. The result was the canonical correlation of a gene with
five disorders. The most significant SNP within each gene region and its p-value were also
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obtained through these two types of multivariate analysis. We checked the summary
statistics of GWAS for a set of 47,217 pre-selected SNPs and found that the mean
standardized B’s is close to zero and the median p-value for those p’s close to 0.5 in all the
five datasets, which means the sample of SNPs behaves like a random sample of the whole
genome, then Bonferroni corrected p-value < 0.05 was used as the threshold for nominal
significance. If the p-value of the canonical correlation r of any SNP was smaller than 1.06 x
1070 (= 0.05/47,217), it was deemed significantly associated with the five disorders. Because
the B’s of genes could not be obtained and computed from the summary statistics of GWAS,
a conservative corrected method-Bonferroni corrected threshold-is used in the gene level.
Similarly, genes with a canonical correlation p-value smaller than 3.85 x 1076 (=
0.05/12,989) were significantly associated with the five disorders.

2.4. Gene-based analyses

To refine the identified genes by MetaCCA, we performed gene-based association analyses,
using the VEGAS2 (Versatile Gene-based Association Study—2) method (performed at:
https://vegas2.qimrberghofer.edu.au/) (Mishra and Macgregor, 2015). This method
calculates the correlation analysis of multiple SNPs in a gene region with one phenotype
using GWAS summary statistics, which has previously shown higher sensitivity and lower
false positive rates compared to other gene-based approaches (Autism Spectrum Disorders
Working Group of The Psychiatric Genomics Consortium, 2017; Wojcik et al., 2015). All
SNPs in each gene was analysed using the 1000 Genomes European reference genotypes.
We obtained the gene-based p-value of each gene for each disorder and selected the
pleiotropic genes that were associated with at least one disorder using the threshold adjusted
p-value < 0.05(= 1E-06).

2.5. Functional annotation and gene enrichment analysis

An useful way to understand polygenic associations is to determine whether the implicated
genetic variants occur in genes that comprise a biological pathway or not (Lencz et al.,
2013). To evaluate the potential biological function of all putative pleiotropic genes, we
conducted the GO enrichment analysis using Enrichr (http://amp.pharm.mssm.edu/
Enrichr/). All significant genes re-identified by VEGAS2 in our study were annotated and
enriched based on three main categories: biological processes, cellular component and
molecular functions. An adjusted p-value < 0.05 in the enrichment analysis became the
threshold for nominal significance.

3. Results

To identify common variants shared among different psychiatric disorders, we undertook a
two-step analysis strategy. First, by using the metaCCA method, we inspected the potential
pleiotropic SNPs and genes among all five phenotypes. Next, by adopting the VEGAS?2
method, we checked those potential common variants for their specific associations with
individual disorders.
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3.1. Potential pleiotropic SNPs and genes by metaCCA analysis

After gene annotation and SNP pruning, there were 47,217 SNPs located in 12,989 gene
regions available for the metaCCA analysis. The size of SNP representation of the genes
ranged from 1 to 147 SNPs; the average number of SNPs in each gene was 4. For the
univariate SNP-multivariate phenotype analysis, 1147 SNPs reached the Bonferroni
corrected threshold (p < 1.06 x 1075), and the canonical correlation r between each SNP and
phenotype ranged from 0.0269 to 0.0566. The results are presented by the Manhattan plot in
Fig 1. If the —log1g (metaCCA) value of a certain SNP was greater than 5.98, this SNP was
flagged as a potential pleiotropic SNP for these five correlated disorders. For the
multivariate SNP-multivariate phenotype analysis, 246 genes with a significance threshold
of pvalue < 3.85 x 1076 were identified as the potential pleiotropic genes for the five
disorders. The canonical correlation r between genotype and phenotype ranged from 0.0217
to 0.2143.

3.2. Refining the pleiotropic genes by gene-based analyses

After the metaCCA analysis, we refined the list of 246 pleotropic genes associated with
more than one disorder to identify their association with specific traits using the gene-based
p-value calculation using the VEGAS-2 algorithm. For BP, 5 genes achieved a significance
threshold of the adjusted p-value < 0.05. For SCZ, 340 genes associated with SCZ were
identified. For MD, ADHD, and ASD, no significant genes identified.

By screening the results of gene-based analysis p-values, we identified 37 putative
pleiotropic yielding significance in the metaCCA analyses and were associated with at least
one trait in the VEGAS2 analyses. All of these possible 37 pleiotropic genes were identified
as the associated genes with SCZ, and 1 of these 37 genes (CACNALC) was identified as
being associated with BP in the original GWAS study. The findings of the metaCCA and
VEGAS? analyses are summarized in Table 2. The most significant SNP within 37 putative
pleiotropic genes region that reached the significance threshold in the metaCCA study are
illustrated in S1 Table, and the top SNP that reached genome-wide significance in the
original GWAS study are listed in S2 Table.

Specifically, 13 of these 37 putative pleiotropic genes (DPYD, MAD1L1, FOXP1,
CACNALC, IMMP2L, CACNAB2, TRANK1, ITIH4, KMO, SNAP91, C2, STAB1, HFE)
have been previously reported to be associated with more than one of these five disorders.
Of these 13 genes, CACNALC and CACNAB?2 were repeatedly replicated in published
studies, an association was identified between DPYD and BP, SCZ, MD, and ASD, and
TRANKT1 previously reported to be associated with BP, SCZ and ADHD. Of the 24 detected
novel putative pleiotropic genes, 3 genes (RGS7, ZSWIM6, EFHD1) were reported to be
associated with SCZ by the contributing GWAS study, but ETF1 was reported to be
associated with BP. Other significant genes, especially for the remaining top 5 significant
genes (SRPK2, CEMIP, SLC8A3, SCAPER, ANKRDA44), might represent novel pleiotropic
candidate genes for these five disorders. The detailed features of 37 significant pleiotropic
genes are shown in Table 3.
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3.3. Functional term enrichment analysis

When pleiotropic genes annotated by the variants associated with psychiatric disorders were
used as the gene sets for the GO term enrichment analysis, several functional terms were
identified as being enriched in psychiatric disorders. For the GO cellular component, the top
five significant GO terms were L-type voltage-gated calcium channel complex, apical
recycling endosome, basolateral recycling endosome, recycling endosome, and peri-
centrosomal recycling endosome. For the GO molecular function, the top five significant GO
terms were flavin adenine dinucleotide binding, FADH2 binding, voltage-gated calcium
channel activity involved in regulation of cytosolic calcium levels, intermediate voltage-
gated calcium channel activity, and voltage-gated calcium channel activity involved in
cardiac muscle cell action potential. This GO term enrichment analysis furnished supporting
evidence for our results from a functional aspect and may contribute to the illumination of
etiology of psychiatric disorders. Detailed information is shown in Table 4.

4. Discussion

In the present study, five independent GWAS meta-analyses with available summary
statistics were combined to explore the common genetic variants for five major psychiatric
disorders using a novel analytical approach—metaCCA. After verification using gene-based
analyses, we successfully identified a total of 37 putative pleiotropic genes and performed
the functional term enrichment analysis based on these results. In particularly, 13 confirmed
genes were identified as pleiotropic in previous different types of studies and were validated
in the present study. Twenty-four significant genes might represent novel pleiotropic
candidate genes for at least two of the five psychiatric traits, which include 3 genes
previously reported associated with SCZ, 1 gene previously reported as associated with BP
and 20 novel findings. The improved detection not only yielded the potential shared genetic
components but also provide better understanding for further exploring potential common
biological pathogenesis of these major psychiatric disorders.

Among the 13 confirmed pleiotropic genes, some were shown to play an important role on
the pathomechanism of psychiatric disorders. For example, CACNAICand CACNABZare
expressed in the brain and encode L-type voltage-gated calcium-channel subunits, as well as
being among the most commonly reported genes in the scientific literature. Gain-of-function
mutations in CACNAIC cause Timothy syndrome, a developmental disorder in which
includes ASD can be a component phenotype (Cross-Disorder Group of the Psychiatric
Genomics Consortum, 2013). Consistent with their suggested pleiotropic role, neuroimaging
studies have documented the effects of CACNAIC gene on a range of brain expressions
implicating a molecular and neural system mechanism, including circuitry involved in
emotion processing, executive function, attention, and memory (Bigos et al., 2010; Thimm
etal., 2011). CACNBZencodes an auxiliary voltage-gated calcium-channel subunit that
interacts with L-type calcium-channel subunits to promote their trafficking to the plasma
membrane, increase their function, and regulate their modulation by other signaling proteins
and molecules (Smoller and Finn, 2003). GO terms enrichment analysis results also suggest
voltage-gated calcium signaling and calcium-channel activity could be an important
biological process in psychiatric disorders. Another important and confirmed gene is
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MADI1L 1, which has been associated with plasma Ndell enzyme activity (Gadelha et al.,
2016). Ndell is a DISC1-interacting oligopeptidase. It influences neuronal migration and
neurite outgrowth that may contribute to psychiatric physiopathology. Several recent
GWASs and pathway/GO terms enrichment analyses have found variants in MAD1L1 were
associated with risk of SCZ and BP (Budde et al., 2017; Chang et al., 2015; lkeda et al.,
2017).

Interestingly, 4 (RGS7, ZSWIM6, EFHD1, ETFI) of the 24 novel pleiotropic candidate
genes had been validated associated with some kind of psychiatric disorders. RGS7is a
member of the RGS (regulator of G protein signaling) proteins, which regulate vision,
postnatal development, working memory and the action of psychostimulants or morphine in
vertebrates (Jayaraman et al., 2009). On the other hand, previous molecular, linkage and
association studies in five independently ascertained samples have implicated another RGS
member, RGS4, in the etiology of both SCZ and BP (Cordeiro et al., 2004; Ding and Hegde,
2009). ZSWIMé is a protein of unknown function associated with SCZ and acromelic
frontonasal dysostosis with intellectual disability by independent GWASs (Twigg et al.,
2016). Fortunately, a new experimental study has reported on the generation of ZSW/IM6
knockout mice and has provided a detailed anatomical and behavioral characterization of the
resulting phenotype, showing that ZSW/M6 is indispensable to normal brain function and
supports the notion that ZSW/M&6 might act as an important contributor to the pathogenesis
of SCZ and other neurodevelopmental disorders (Tischfield et al., 2017; Twigg et al., 2016).
Similar to CACNAICand CACNABZ, EFHD1 functions as a novel mitochondrial Ca2+
sensor underlying Ca2+-dependent activation of mitoflashes, and was identified as
associated with risk to SCZ in a family-based GWAS strategy in an enlarged, ethnically
homogeneous, Arab-Israeli family sample (Alkelai et al., 2011; Hou et al., 2016). The ETF1
gene, located in the 5931, plays important roles in regulating the activity in the translational
termination process and transcriptional regulation, and has been reported as a novel
susceptible gene for pure BP-I1 in the latest research literature (Kao et al., 2016; Larkin et
al., 2017).

Compared with genetic findings in previous GWASs of psychiatric disorders, there are 20
novel genes not previously reported. However, active SRPK2 is increased in the cortex of
APP/PS1 mice and the pathological structures of human Alzheimer’s disease (AD) brain
(Hong et al., 2012; Wang et al., 2017). Neuropsychiatric disorders involve various
pathological mechanisms, and AD is one of the most severe and most common progressive
neurodegenerative diseases of aging. BP and AD have common mechanisms such as
aberrant neurogenesis and neurotoxicity (Correa-Velloso et al., 2018; Knezevic and Mizrahi,
2018). Therefore, SRPKZ2may play some important role in the development and therapeutics
of other psychiatric disorders. ARFGEFZ gene was recently recognized in children with
movement disorder, severe developmental delay and microcephaly including psychiatric
disorders (Ellis et al., 2015; Yilmaz et al., 2016). From a biochemistry view, the GO terms
have also shown that ARFGEFZhad functional enrichment including apical recycling
endosome, basolateral recycling endosome, recycling endosome, and peri-centrosomal
recycling endosome. Apparently, detailed pathomechanisms of the 20 novel genes identified
here are unclear, and further experimental studies will need to be conducted to confirm our
novel findings.
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Many genes and pathways may have pleiotropic effects on more than one disease, which is a
common phenomenon in psychiatric disorders (Ripke et al., 2013). Systematically and
comprehensively searching for the pleiotropic genes and their effects is essential and
necessary. Compared to the conventional standard single phenotype GWAS, the advantages
of this study are as follows. First, statistical power is increased through the metaCCA
method by leveraging five large GWAS summary statistics, which provided an increase in
effective sample size to detect potential pleiotropic genes. Second, simultaneously analyzing
multiple related traits can lead to richer findings compared univariate analyses, since a few
of the complex associations become detectable only when multiple variants are tested jointly
with multiple phenotypes. Because of these advantages, metaCCA and other multivariate
analyses based on GWAS summary statistics are an emerging and powerful tool for
detection of the pleiotropic genes of multiple correlated traits. However, this study could not
relate to the information about the direction of effects of pleiotropic genes on risk to these
psychiatric disorders because of a lack of detailed original individual measures. Alternative
approaches and experimental studies may be applied to check whether novel genes could
still be identified/substantiated with these methods in order to confirm novel findings in the
further study.

In summary, we have performed the first systematic multivariate analysis of genome-wide
data using metaCCA, identified 13 confirmed pleiotropic genes in the previous studies and
highlighted 24 significant genes that may be the novel pleiotropic candidate genes for at
least two of the five psychiatric traits. Furthermore, we also showed potential functional
significance of the pleiotropic genes is relevant and illustrate how our results may provide
with novel insights into the shared genetic factors in development of psychiatric disorders.
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Fig. 1.
Manhattan plot of —log;g (metaCCA) values for univariate SNP-five disorders analysis. The

red line marks the —logyg (metaCCA) value of 5.98 corresponds to p< 1.06 x 1076. If the
-logyg (metaCCA) value of a certain SNP was greater than 5.98, this SNP was identified as
a pleiotropic SNP for the five correlated disorders.
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The 37 pleiotropic genes identified by the metaCCA and VEGAS?2 analysis.

Table 2

Locus Gene MetaCCA adjusted p-value VEGAS adjusted p-value
ADHD MD BP ASD SCz

1 SRPK2 0 0.37 0.40 0.05 0.06 1.0E-06
2 DPYD 8.5E-292 0.58 019 0.75 0.35 1.0E-06
3 MADIL1 4.0E-120 0.66 092 2.1E-04 0.03 1.0E-06
4 FOXP1 3.1E-107 0.37 0.02 0.46 0.01 1.0E-06
5 CACNAIC 1.0E-65 0.37 0.20 1.0E-06 0.41 1.0E-06
6 RGS7 2.7E-74 0.05 0.53 0.30 0.50 1.0E-06
7 IMMPZL 9.5E-63 0.35 0.08 0.21 0.81 1.0E-06
8 SLC8A3 9.6E-33 0.14 0.38 0.96 0.06 1.0E-06
9 CEMIP 1.4E-39 0.60 0.15 15E-03 0.14 1.0E-06
10 CACNB2 4.0E-47 0.07 0.02 6.1E-03 0.46 1.0E-06
11 SCAPER 5.2E-28 0.31 054 0.11 0.33 1.0E-06
12 ANKRD44 4.6E-24 0.52 0.44 0.03 0.51 1.0E-06
13 1SC20 1.5E-17 19E-03 0.36 0.01 0.06 1.0E-06
14 TMEM120B 4.8E-13 0.12 021 044 0.15 1.0E-06
15 ZSWIM6 1.2E-15 0.04 0.24 0.04 0.05 1.0E-06
16 TRANK1 1.1E-12 0.62 056 0.01 0.08 1.0E-06
17 ALPI 4.2E-11 0.43 0.03 0.03 0.13 1.0E-06
18 EFHD1 2.2E-11 0.56 0.02 0.01 0.03 1.0E-06
19 RCOR1 3.9E-08 0.06 0.14 0.03 0.77 1.0E-06
20 OPN3 1.8E-07 0.28 0.68 0.02 0.75 1.0E-06
21 ITIH4 8.8E-10 0.02 0.06 1.4E-04 0.10 1.0E-06
22 LINCO1004  1.3E-09 0.65 0.81 0.01 0.10 1.0E-06
23 BTN2A1 8.1E-11 0.85 0.34 0.01 0.91 1.0E-06
24 GPX6 3.1E-09 0.19 0.10 0.04 0.39 1.0E-06
25 ABHD17C 2.0E-07 0.43 021 1.9E-03 0.12 1.0E-06
26 ETF1 5.4E-09 0.09 0.06 2.3E-03 0.20 1.0E-06
27 ARFGEF2 3.1E-07 0.30 0.31 0.02 0.84 1.0E-06
28 CREB3L1 3.2E-07 0.15 0.76 0.47 6.3E-04 1.0E-06
29 KMO 2.5E-09 0.43 0.83 0.04 0.55 1.0E-06
30 SNAPI1 1.4E-07 0.33 0.35 2.8E-03 1.00 1.0E-06
31 HISTIH3D  1.2E-07 0.35 025 0.42 0.24 1.0E-06
32 C30rf49 1.7E-06 0.54 0.15 0.06 0.73 1.0E-06
33 cz 1.6E-07 0.83 0.11 0.01 0.63 1.0E-06
34 ZSCANZ23 2.3E-06 0.36 0.08 0.03 0.23 1.0E-06
35 ZNF391 3.0E-06 0.49 0.02 0.03 0.70 1.0E-06
36 STABI1 3.5E-06 0.12 0.01 4.5E-03 0.07 1.0E-06
37 HFE 2.4E-06 0.43 0.11 0.07 0.49 1.0E-06
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