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ARTICLE INFO ABSTRACT

Keywords: Psychiatric disorders affect 29% of the global population at least once in the lifespan, and genetic studies have
DNA methylation proved a shared genetic basis among them, although the underlying molecular mechanisms remain largely
Psychiatric disorders unknown. DNA methylation plays an important role in complex disorders and, remarkably, enrichment of
g:ﬁ;ozli;i:slss;::ers common genetic variants influencing allele-specific methylation (ASM) has been reported among variants
Allele-specific methylation associated with specific psychiatric disorders.

In the present study we assessed the contribution of ASM to a set of eight psychiatric disorders by combining
genetic, epigenetic and expression data. We interrogated a list of 3896 ASM tagSNPs in the brain in the summary
statistics of a cross-disorder GWAS meta-analysis of eight psychiatric disorders from the Psychiatric Genomics
Consortium, including more than 162,000 cases and 276,000 controls. We identified 80 SNPs with pleiotropic
effects on psychiatric disorders that show an opposite directional effect on methylation and gene expression.
These SNPs converge on eight candidate genes: ZSCAN29, ZSCAN31, BTN3A2, DDAH2, HAPLN4, ARITN,
FAM109B and NAGA. ZSCAN29 shows the broadest pleiotropic effects, showing associations with five out of
eight psychiatric disorders considered, followed by ZSCAN31 and BTN3A2, associated with three disorders. All
these genes overlap with CNVs related to cognitive phenotypes and psychiatric traits, they are expressed in the
brain, and seven of them have previously been associated with specific psychiatric disorders, supporting our
results. To sum up, our integrative functional genomics analysis identified eight psychiatric disease risk genes
that impact a broad list of disorders and highlight an etiologic role of SNPs that influence DNA methylation and
gene expression in the brain.

1. Introduction once in lifetime (Steel et al., 2014). The classification and diagnostic
criteria for all psychiatric disorders are collected in the Diagnostic and

Psychiatric disorders are complex disorders that encompass multiple Statistical Manual of Mental Disorders (American Psychiatric Associa-
neurologic conditions characterized by changes in mood, thinking and/ tion, 2013). Psychiatric disorders show in general a high heritability,
or behavior that affect over 29% of the worldwide population at least and they share part of the underlying genetic basis, as proven by family,

* Correspondence to: B Cormand, Departament de Genetica, Microbiologia i Estadistica, Facultat de Biologia, Universitat de Barcelona, Catalonia, Spain, Avinguda
Diagonal 643, edifici Prevosti, 3" planta, 08028 Barcelona, Catalonia, Spain.
** Correspondence to: N Fernandez-Castillo, Departament de Genetica, Microbiologia i Estadistica, Facultat de Biologia, Universitat de Barcelona, Catalonia, Spain,
Avinguda Diagonal 643, edifici Prevosti, 1* planta, sala 134, 08028 Barcelona, Catalonia, Spain.
E-mail addresses: noefernandez@ub.edu (N. Fernandez-Castillo), bcormand@ub.edu (B. Cormand).
1 These authors equally contributed.
2 Senior authors that equally contributed.

https://doi.org/10.1016/j.pnpbp.2021.110454
Received 1 April 2021; Received in revised form 6 October 2021; Accepted 6 October 2021

Available online 9 October 2021
0278-5846/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:noefernandez@ub.edu
mailto:bcormand@ub.edu
www.sciencedirect.com/science/journal/02785846
https://www.elsevier.com/locate/pnp
https://doi.org/10.1016/j.pnpbp.2021.110454
https://doi.org/10.1016/j.pnpbp.2021.110454
https://doi.org/10.1016/j.pnpbp.2021.110454
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnpbp.2021.110454&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Pineda-Cirera et al.

twin and more recently, genome-wide association studies (GWAS)
(Brainstorm Consortium et al., 2018; Smoller et al., 2019). A recent
GWAS meta-analysis performed across eight psychiatric disorders has
detected 146 risk loci, 109 of them associated with at least two psy-
chiatric disorders, confirming a pleiotropic effect of genetic risk vari-
ants. This study also reports significant genetic correlations between
most pairs of the studied disorders, highlighting the closest genetic
relationship between schizophrenia (SCZ) and bipolar disorder (BIP) (rg
= 0.70 £ 0.02, p-value <1E—06) (Cross-Disorder Group of the Psychi-
atric Genomics Consortium, 2019). However, most of the underlying
genetic basis of these conditions still remains undetermined, collectively
known as missing heritability (Maher, 2008). The omnigenic model
proposes that sub-threshold variants reported in GWAS can explain part
of this missing heritability of complex disorders (Boyle et al., 2017; Liu
et al., 2019). Interestingly, genetic variants associated with different
complex disorders (either with genome-wide significance or sub-
threshold) are enriched in active chromatin regions, including pro-
moters and enhancers (Maurano et al., 2012; Roadmap Epigenomics
Consortium, 2015; Wang et al., 2016), stressing the importance of
considering the functional effect of identified variants.

Epigenetic mechanisms play an important role in complex disorders
like psychiatric conditions, as it mediates the interaction between ge-
netics and the environment. DNA methylation is the most stable epige-
netic mechanism and it is influenced by multiple environmental
exposures (e.g. pollution, tobacco smoke, or nutritional factors, among
others) that lead to new DNA methylation patterns (Li and Zhang, 2014;
Martin and Fry, 2018). Allele-specific methylation (ASM) occurs when
the different alleles of one single nucleotide polymorphism (SNP) are
associated with differential levels of methylation at a CpG site, which
may lead to changes in gene expression (Meaburn et al., 2010). ASM is
heritable, dynamic and remarkably, enriched in regulatory regions
associated with histone marks indexing potential promoter and
enhancer elements (Benton et al., 2019; Gagliano et al., 2016; Hannon
et al., 2015). Furthermore, multiple studies have assessed the contri-
bution of ASM to the susceptibility to specific psychiatric disorders using
various approaches (Andrews et al., 2017; Chuang et al., 2013; Gagliano
et al., 2016; Hannon et al., 2015; Pineda-Cirera et al., 2019, 2021; Wu
and Pan, 2019), and interestingly, some of them have reported enrich-
ment of ASM variants in GWAS data for attention-deficit/hyperactivity
disorder (ADHD), autism spectrum disorder (ASD) and SCZ (Andrews
et al., 2017; Gagliano et al., 2016; Hannon et al., 2015; Pineda-Cirera
et al., 2019).

Considering the importance of ASM in specific psychiatric disorders
and its impact on gene expression, the aim of the present study is to
assess the contribution of ASM to the underlying genetics shared across a
set of eight psychiatric disorders by using a systematic approach that
combines genetic, epigenetic, and expression data.

2. Material and methods
2.1. Selection of allele-specific methylation SNPs

The SNP selection is fully described in a previous study of our group
in which we assessed the contribution of ASM to ADHD susceptibility
(Pineda-Cirera et al., 2019). Briefly, we combined the information from
two previous studies in postmortem brain samples (Gibbs et al., 2010;
Zhang et al., 2010) that describe ASM in four areas (cerebellum, frontal
cortex, caudal pons and temporal cortex) and obtained 43,132 SNP-CpG
pairs involving 33,944 different SNPs and 5,306 CpG sites (Figs. S1-S2).
As we observed redundancy between studies and areas (Fig. S2), as well
as between SNPs (in linkage disequilibrium; LD), we followed a SNP
selection process ending up with 3896 tagSNPs that influence methyl-
ation in brain (Figs. S1 and S3). The SNP selection criteria and process is
described in Fig. S1, further details can be found in our previous paper
(Pineda-Cirera et al., 2019).
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2.2. Case-control GWAS datasets

We explored the selection of 3896 ASM tagSNPs in the summary
statistics from a GWAS meta-analysis performed by the Cross-Disorder
Group of the Psychiatric Genomics Consortium that includes data of
eight psychiatric disorders: ADHD (Demontis et al., 2019), anorexia
nervosa (ANO) (Duncan et al., 2017), ASD (Grove et al., 2019), BIP
(Stahl et al., 2019), major depression (MD) (Wray and The Major
Depressive Disorder Working Group of the Psychiatric Genomics Con-
sortium, 2018), obsessive-compulsive disorder (OCD) (Arnold et al.,
2018), SCZ (Ripke et al., 2014) and Tourette’s syndrome (TS) (Yu et al.,
2019). This GWAS meta-analysis consists of 6,786,994 autosomal SNPs,
representing a combined sample of 162,151 cases (11.8% ADHD, 2.2%
ANO, 11.3% ASD, 12.6% BIP, 36.9% MD, 1.7% OCD, 20.7% SCZ and
2.9% OCD) and 276,846 controls with European ancestry. Diagnose
criteria for each of the psychiatric disorders is detailed in a manuscript
by the Cross-Disorder Group of the Psychiatric Genomics Consortium
(Cross-Disorder Group of the Psychiatric Genomics Consortium, 2019).
The publicly available summary statistics that we used do not include
23andMe data.

2.3. Statistical analysis

First, we performed an enrichment analysis using the Fisher’s exact
test in R (R Core Team, 2014) to assess whether ASM SNPs are over-
represented among the identified risk variants in the cross-disorder
GWAS meta-analysis (Cross-Disorder Group of the Psychiatric Geno-
mics Consortium, 2019). We considered p-value thresholds ranging from
5E-02 to 5E-08 and the total number of ASM SNPs present in the cross-
disorder meta-analysis (31,486 out of 33,944 SNPs) (Cross-Disorder
Group of the Psychiatric Genomics Consortium, 2019).

We then explored the contribution of ASM SNPs to different psy-
chiatric disorders by following a sequence of steps (Fig. 1). First, we
inspected in the summary statistics of the cross-disorder GWAS meta-
analysis (Cross-Disorder Group of the Psychiatric Genomics Con-
sortium, 2019) the selection of 3896 ASM tagSNPs out of the 33,944
ASM variants described in previous works (Gibbs et al., 2010; Zhang
et al., 2010). 302 of these SNPs were not present in the GWAS data, so
we applied the Bonferroni correction for multiple testing considering
3594 SNPs (p < 1.39E-05, 0.05/3594 tagSNPs). We then discarded
possible artifacts in the results by removing those CpG sites that were
detected by probes that lie in genomic regions with SNPs variants. We
then retrieved tagged ASM SNPs in high LD (r? > 0.85) with the selected
SNPs (obtained after applying the Bonferroni correction and discarding
probe artifacts) that also correlated in cis with the methylation levels of
the same CpG sites (R? > 0.2). From all those ASM SNPs, we selected
only the ones that show association with at least two psychiatric disor-
ders by using the posterior probability of association with each disorder
(m-value >0.9; Fig. 1) (Han and Eskin, 2012). Finally, from the associ-
ated ASM SNPs obtained through the previous steps we selected only
those ASM SNPs that are eQTLs in the brain for genes containing at least
one of our selected CpG sites within their possible promoter region (-5Kb
to +1Kb from the transcription start site; TSS) and which risk allele
shows opposite effects on methylation and gene expression (Fig. 1). To
do that, we used GTEx data (Release V8) to assess whether the associated
ASM SNPs were described to be eQTLs in any of the available brain areas
(The GTEx Consortium, 2020).

2.4. Functional annotation

We assessed functional annotations of the identified ASM SNPs using
three methods. First, we inspected if the associated ASM SNPs lie in
regions enriched in histone marks related to enhancer (H3K4mel and
H3K27ac) or promoter regions (H3K4me3 and H3K9ac) using the
Haploreg v4.1. tool in the available brain areas (https://pubs.broadinst
itute.org/mammals/haploreg/haploreg.php)(Ward and Kellis, 2016).


https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
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33,944 brain ASM SNPs
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Fig. 1. Outline of the association study carried out from a selection of 3896 SNPs previously reported to display allele-specific methylation (ASM) in brain. The brain
areas where ASM was assessed are cerebellum, caudal pons, frontal cortex and temporal cortex (Gibbs et al., 2010; Zhang et al., 2010). SNPs were tested in the
summary statistics of the cross-disorder GWAS meta-analysis (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2019) and Bonferroni multiple testing
correction was applied (p < 1.39E-05, 0.05/3594 SNPs). The colour of CpG sites and genes indicate the effect of the risk allele on methylation or gene expression,
respectively (red: increased, blue: decreased). The coloured squares indicate the probability of association with each disorder considering dark purple: m-value >0.9,
light purple: 0.7 < m-value <0.9 and white: m-value <0.7). SCZ: Schizophrenia; BIP: Bipolar Disorder; MD: Major Depression; ASD: Autism Spectrum Disorder;
ADHD: Attention Deficit/Hyperactivity Disorder; TS: Tourette’s Syndrome; ANO: Anorexia Nervosa; OCD: Obsessive-Compulsive Disorder. *Cross-Disorder Group of
the Psychiatric Genomics Consortium, 2019 (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2019). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Second, we assessed whether the estimated expression of the candidate
genes identified, modulated by the prioritized SNPs, is altered in the
target phenotype using MetaXcan (Barbeira et al., 2018). Prediction
models were constructed using the SNPs located within +1 Mb from the
TSS of the implicated genes and were trained with the RNA-Seq data of
13 GTEx brain tissues (GTEx Consortium et al., 2013). The SNP
covariance matrices were generated using the data of European in-
dividuals of 1000 Genomes Project Phase 3 (The 1000 Genomes Project
Consortium, 2015). Bonferroni correction was applied for multiple
testing (p < 9.25E-04; 0.05/54 tests (54 gene - brain area combina-
tions)). Finally, we explored if the identified variants had previously
been related to alterations on subcortical brain volumes using the
summary statistics of a GWAS meta-analysis of seven magnetic reso-
nance imaging (MRI) volumetric measures from the ENIGMA

Consortium: Amygdala, Caudate nucleus, Hippocampus, Nucleus
Accumbens, Pallidum, Putamen and Thalamus (Hibar, 2015). This
GWAS meta-analysis consists of seven million markers inspected in
13,171 subjects of European ancestry (Hibar, 2015). We applied the
Bonferroni correction (p < 8.93E-05; 0.05/560 (80 SNPs and 7 brain
areas)).

3. Results

In the present study we assessed the contribution of brain ASM to the
etiology of psychiatric disorders. We first investigated whether the ge-
netic risk variants identified in a GWAS meta-analysis of eight psychi-
atric disorders (Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2019) are enriched in variants influencing methylation by
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inspecting SNPs displaying ASM in post-mortem human brain samples
(Gibbs et al., 2010; Zhang et al., 2010). Remarkably, we observed
enrichment of ASM SNPs at all association thresholds we evaluated (p <
2.2E-16), along with an increase of the odds ratios (OR) when imposing
more stringent p-value thresholds (1.75 < OR < 8.90; Table S1).

We then inspected a selection of 3896 tagSNPs displaying ASM in the
brain in the same cross-disorder GWAS meta-analysis retrieving the in-
formation of 3594 tagSNPs (92.2%). We obtained 61 ASM tagSNPs
showing association with the phenotype after applying the Bonferroni
correction for multiple testing that correlate with methylation levels of
32 CpG sites in cis. After discarding six CpG sites which methylation was
detected with probes that recognize genomic regions with SNP variants,
we ended up with 51 ASM tagSNPs that correlate with the methylation
level of 26 CpG sites in cis (Fig. 1 and Table S2). As considering only
tagSNPs may overlook true causal SNPs, we included in the analysis 328
additional ASM SNPs (LD, r? > 0.85), tagged by the initial 51 tagSNPs
and correlating with the same 26 CpG sites, and retrieved the association
p-values for 325 of them (99%) (Fig. 1). We then selected those ASM
SNPs that were strongly associated with at least two psychiatric disor-
ders (m-value >0.9), obtaining 155 ASM SNPs that correlate with the
methylation levels of 20 CpG sites (Fig. 1).

Moreover, we explored whether these 155 ASM SNPs are eQTLs for
those genes which possible promoter region contains at least one of the
highlighted CpG sites. We identified 80 eQTL SNPs in the brain for nine
genes. Methylation in promoter regions usually correlates inversely with
gene expression, and we observed this pattern for the risk alleles of all
the 80 ASM SNPs in the following eight genes: ZSCAN29, ZSCAN31,
BTN3A2, DDAH2, HAPLN4, ARTN, FAM109B and NAGA, pointing them
as possible contributors to susceptibility to psychiatric disorders (Figs. 1-
3 and S4-S8 and Table S3). Interestingly, 47 out of the 80 ASM SNPs lie
in regions with histone marks related to promoter or enhancer regions
(Table S4), and six out of the 80 SNPs show nominal associations with
volume changes of pallidum (Table S5).

The risk alleles of the 80 ASM SNPs belong to 12 LD blocks, one of
them associated with five disorders, two of them with three disorders
and nine of them with two disorders (Table S3 and Figs. S9-S12).
Considering that all the SNPs from each block are in high LD > 0.85),
we assessed the putative causal SNP at each LD block by selecting those
variants showing more functional annotations (Table 1) and explored
the effect of them on each psychiatric disorder (Figs. 3 and S13-S23).
Convincingly, all SNPs from different LD blocks correlate with the
same CpG site and have the same (opposite) effect on methylation and
on gene expression. Four LD blocks correlate with increased methylation
and diminished gene expression of ZSCAN29 or ZSCAN31 (Fig. 2 and
Tables 1 and S3) and eight of them correlate with decreased methylation
and increased gene expression of at least one of the following genes:
BTN3A2, DDAH2, HAPLN4, ARTN, FAM109B and/or NAGA (Figs. S4-S8
and Tables 1 and S3). All the variants identified in ZSCAN29, ZSCAN31,
BTN3A2 and DDAH2 show association with SCZ and BIP, the ones with
the highest genetic correlation reported (rg = 0.70 + 0.02, p-value <1E-
06) (Cross-Disorder Group of the Psychiatric Genomics Consortium,
2019), and several variants in those genes but DDAH2 are also associ-
ated with MD, with the same directional effects for all the associated
disorders (Figs. 1-3, S5-S6, S13-S20, and Table S3). SCZ, BIP and MD are
all included in the mood and psychotic disorders group as defined by
factor analysis (Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2019). Interestingly, most ZSCAN29 variants also show
associations with ASD and ADHD, with the same direction of effects
(Fig. 2). These two conditions belong to the early-onset neuro-
developmental disorder group, making ZSCAN29 the gene with broader
pleiotropic effects in our study.

The SNP for HAPLN4 is associated with SCZ and MD (Figs. 1, S7, S21,
and Table S3). Finally, the SNP for ARTN is associated with SCZ and
ADHD (Figs. 1, S4, S22, and Table S3) and the SNPs for FAM109B and
NAGA to SCZ and ANO, disorders that belong to different groups
(Figs. 1, S8 and S23, and Table S3).
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Finally, we explored whether the eight genes identified in this study
were predicted to be differentially expressed in cases versus controls
when considering not only the ASM SNP but also all the SNPs located
within +1 MB from the TSS of each gene using the MetaXcan software
(Barbeira et al., 2018). We obtained the same effect direction for
ZSCAN29 in hypothalamus (Z-score = —3.79), for DDAH2 in frontal
cortex (Z-score = 5.87), for HAPLN4 in cerebellum (Z-score = 4.41) and
for NAGA in caudate basal ganglia and cerebellum (Z-score = 3.53 and
3.62 respectively) (Table S6).

4. Discussion

In the present study we have evaluated the contribution of ASM
variants to the genetic basis of eight psychiatric disorders (ADHD, ANO,
ASD, BIP, MD, OCD, SCZ and TS). We identified 80 SNPs influencing
methylation and gene expression in the brain with pleiotropic effects on
at least two psychiatric disorders, which highlighted eight candidate
genes: ZSCAN29, ZSCAN31, BTN3A2, DDAH2, HAPLN4, ARITN,
FAM109B and NAGA.

We observed enrichment of ASM variants among the SNPs with
broad cross-disorder effects on major psychiatric disorders. These results
are consistent with previous studies in which enrichment of ASM vari-
ants was observed in a GWAS for ASD, ADHD and SCZ (Andrews et al.,
2017; Gagliano et al., 2016; Hannon et al., 2015; Pineda-Cirera et al.,
2019). Furthermore, regions with histone marks related to promoter and
enhancer regions have previously been found enriched in ASM variants
(Benton et al., 2019), and almost 60% of the identified variants in our
study lie in regions with histone marks, either enhancers or promoters.
All this evidence suggests that ASM is a key functional mechanism that
helps to explain the causality of common variation related to complex
disorders, identified through GWAS analyses.

Psychiatric disorders share genetic risk factors, and a recent study
identified three groups of highly genetically-related disorders based on
genetic correlations and factor analysis: mood and psychotic disorders
(SCZ, BIP and MD), early-onset neurodevelopmental disorders (ASD,
ADHD and TS) and disorders with compulsive behaviors (ANO, OCD and
TS) (Cross-Disorder Group of the Psychiatric Genomics Consortium,
2019). Most of the strong associations (m-value >0.9) detected in the
present study belong to the mood and psychotic disorders group, that
also correspond to the disorders with larger sample sizes. Interestingly,
the genes ZSCAN31, BTN3A2, DDAH2 and HAPLN4 are also associated
with psychiatric disorders classified in another group if we apply a less
strict threshold (0.7 < m-value <0.9), mainly the disorders with
compulsive behaviors (ANO, OCD and TS). This is possibly due to the
limited sample sizes of the GWAS performed in these disorders, less than
5000 cases, which reduces the odds to detect significant associations.
Further GWAS meta-analysis with larger sample sizes should be carried
out to confirm these suggestive associations.

The 80 ASM SNPs we identified show opposite effects on methylation
and expression for eight out of nine genes, as expected for methylation
occurring in promoter regions, which is the case. Consistently, the di-
rection of the effect on gene expression observed for the ASM SNPs is the
same as that observed in the MetaXcan analysis, in which we considered
not only ASM SNPs but also all the SNPs located within +1 MB from the
TSS, for ZSCAN29, DDAH2, HAPLN4 and NAGA in some of the evaluated
brain areas, strengthening the results of the present study. Moreover, all
eight genes are expressed in the brain (GTEx Consortium et al., 2013)
and overlap with CNVs related to cognitive phenotypes or psychiatric
traits like autism, intellectual disability or aggressive behavior among
others (Firth et al., 2009) (Table S7).

The genes ZSCAN29 (associated with five disorders: SCZ, BIP, MD,
ASD and ADHD) and ZSCAN31 (associated with three disorders: SCZ,
BIP and MD) encode zinc finger transcription factor proteins that belong
to the krueppel C2H2-type zinc-finger protein family. Zinc finger pro-
teins are essential in multiple regulatory mechanisms and some have
been associated with psychiatric disorders as reviewed by Squassina
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Fig. 2. Genomic context of allele-specific methylation (ASM) variants, methylation and eQTL information for the CpG site cg12784172 (A) and cg21750589 (B).
Genes are depicted in dark blue, showing the direction of transcription with an arrow; CpG sites inspected in the reference studies appear in brown; framed CpG sites
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with indication of the brain regions where the ASMs were described. The tagSNPs are underscored. The coloured rhombuses show the LD blocks present in each
region. The framed squares indicate probability of association with each disorder considering dark purple: m-value >0.9, light purple: 0.7 < m-value <0.9 and white:
m-value <0.7. The coloured squares for eQTLs indicate the effect on gene expression of the risk allele, according to the legend (red: over-expression, blue: under-
expression). Amy: Amygdala; ACC: anterior cingulate cortex; Cau: caudate basal ganglia; Crbl Hem: cerebellar hemisphere; Crbl: cerebellum; C: cortex; FC: frontal
cortex; HC: hippocampus; HT: hypothalamus; NAc: nucleus accumbens basal ganglia; Put: putamen basal ganglia; SC: spinal cord; SN: substantia nigra. The number
of enhancer (H3K4mel and H3K27ac) and promoter (H3K4me3 and H3K9ac) histone marks found in the different brain areas are displayed for each SNP. ‘-’ indicates
no known enhancer or promoter histone marks. Enh: enhancer; Pro: promoter. SCZ: Schizophrenia; BIP: Bipolar Disorder; MD: Major Depression; ASD: Autism
Spectrum Disorder; ADHD: Attention Deficit/Hyperactivity Disorder; TS: Tourette’s Syndrome; ANO: Anorexia Nervosa; OCD: Obsessive-Compulsive Disorder. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Effects and associations of rs524908, near the ZSCAN29 gene, on each psychiatric disorder. A) The radius of each wedge corresponds to the absolute values of
Z-scores (log(ORs)/SE) obtained from association tests of the SNP for the studied disorders. The effect of the SNP, calculated for the allele A1, is indicated with the red
colour (risk) or green colour (protective). The dotted line around the center indicates statistically significant SNP effects that account for Bonferroni multiple testing
of 12 SNPs (p-value = 0.0041). B) Forest-plot displaying disorder-specific association p-values, log(ORs) and standard errors of rs524908. The meta-analysis p-value
summary statistic is displayed in the bottom of the forest plot. C) PM-plot of the m-values (the posterior probability that the effect exists in each disorder) and
-log1o(p-value) of each disorder-specific association. Disorders are depicted as a dot, the size is proportional to the sample size of individual GWAS and the colour
indicates the m-value, considering red: m-value >0.9, green: 0.2 < m-value <0.9 and blue: m-value <0.2. SCZ/1: Schizophrenia; BIP/2: Bipolar Disorder; MD/3:
Major Depression; ASD/4: Autism Spectrum Disorder; ADHD/5: Attention Deficit/Hyperactivity Disorder; TS/6: Tourette’s Syndrome; ANO/7: Anorexia Nervosa;
OCD/8: Obsessive-Compulsive Disorder. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2019, such as ZNF804A with SCZ and BIP (O’ Donovan et al., 2008;
Steinberg et al., 2011; Sun et al., 2015) or ZEB2, ZKSCAN4 and ZNF750
associated with SCZ (Guan et al., 2016; Khan et al., 2016; Ripke et al.,
2013; Yue et al., 2011). Furthermore, ZSCAN31 is located in the region
of chromosome 6 known as major histocompatibility complex (MHC,
6p21.32-p22.1), enriched in histone-related genes and immune system
genes that has previously been associated with SCZ in multiple GWAS
(Mokhtari and Lachman, 2016). Remarkably, zinc finger genes have also
been associated with response reactions to psychotropic drugs, which
points to an interesting role to be further explored in the understanding
of the contribution of these proteins to psychiatric disorders (Squassina
et al., 2019).

BTN3A2 is associated with three mood and psychotic disorders (SCZ,
BIP and MD), it is also located in the MHC region and it is involved in the
immune response (Messal et al., 2011). Interestingly, several studies
have highlighted an involvement of the immune system in psychiatric
disorders (Bennett and Molofsky, 2019; Dantzer, 2018; Liberman et al.,
2018) because of the crosstalk that exists between immunological
function and the brain (Bennett and Molofsky, 2019). Furthermore,
three of the variants located near BTN3A2 had previously been associ-
ated with cognitive phenotypes or psychiatric disorders. Specifically, the
159467714 and rs3799378 SNPs were associated with general cognitive
function (p-value = 9.13E-11 and 2.24E-11, respectively) (Davies et al.,
2018) and the rs3799380 SNP was associated with MD (p-value = 7.8E-
09) (Nagel et al., 2018).

All the other highlighted genes are associated with two psychiatric
disorders, schizophrenia being one of the two conditions (Fig. 1). The
results presented in this work are concordant with previous SCZ GWAS
(studies that are part of the cross-disorder GWAS meta-analysis (Cross-
Disorder Group of the Psychiatric Genomics Consortium, 2019)) that
also pointed out the HAPLN4, FAM109B and NAGA as candidate genes
for the disorder (Ripke et al., 2014, 2013), and DDAH2 is located in the
MHC region, extensively associated with SCZ (Mokhtari and Lachman,
2016). The functions of DDAH2 and ARTN are also of interest. DDAH2
encodes an enzyme that regulates nitric oxide generation (Leiper et al.,
1999). Nitric oxide has multiple well known functions in brain (Picon-
Pages et al., 2019) and it has been suggested to have a key role in psy-
chotic disorders like SCZ (Maia-de-Oliveira et al., 2016; Nasyrova et al.,
2015). ARTN encodes artemin, a protein that is necessary for sensory
and sympathetic peripheral neuron survival in vitro and possibly also for
the survival of dopaminergic neurons of the ventral mid-brain (Baloh
et al., 1998). Furthermore, a knock-out mouse model for ARTN presents

aberrations in the migration and axonal projections in the sympathetic
nervous system (Honma et al., 2002). Lastly, the ARTN expression was
altered in blood of MD patients (Otsuki et al., 2008) and was also
associated with ADHD both in the largest GWAS performed on ADHD
(Demontis et al., 2019) and in a work carried out by our group in which
we studied the contribution of ASM to ADHD (Pineda-Cirera et al.,
2019).

There are several strengths and limitations in the present study that
should be discussed. Strengths: Although GWAS of psychiatric disorders
have been quite successful in identifying novel associations, one of their
major weaknesses has been the lack of knowledge on the functionality of
the identified variants and so, the difficulty in deciphering the true
causal genetic risk factors. In the present study we have overcome this
major limitation by using SNPs influencing ASM, therefore focusing our
attention only on variants with a possible functional effect. For instance,
we highlight five genes (ZSCAN31, HAPLN4, ARTN, NAGA and/or
FAM109B) that lie inside the 146 significant loci reported in the cross-
disorder GWAS meta-analysis (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2019), however, only ZSCAN31 was named in
that study. Other studies have also used ASM to get new insights on the
functional effect of SNPs reported in GWAS for specific psychiatric dis-
orders (Andrews et al., 2017; Chuang et al., 2013; Gagliano et al., 2016;
Hannon et al., 2015; Pineda-Cirera et al., 2019, 2021; Wu and Pan,
2019), with some results concordant with the ones described in the
present study: 1) There is enrichment of brain ASM variants among sub-
threshold and genome-wide significant variants identified in GWAS for
specific psychiatric disorders (Andrews et al., 2017; Gagliano et al.,
2016; Hannon et al., 2015; Pineda-Cirera et al., 2019); 2) ASM SNPs are
overrepresented in regulatory regions (Gagliano et al., 2016; Hannon
etal., 2015) and 60% of the reported variants lie in regions with histone
marks related to enhancer and promoter regions; 3) Exploration of ASM
SNPs has been useful in the assessment of the functional role of variants
described in GWAS for psychiatric disorders (Andrews et al., 2017;
Gagliano et al., 2016; Pineda-Cirera et al., 2019, 2021; Wu and Pan,
2019). Furthermore, three SNPs (rs9467704, 1rs9467714 and
rs3799378) and multiple genes identified in the present study have
previously been associated with specific cognitive phenotypes or psy-
chiatric disorders. Limitations: We have not tested all possible ASM SNPs
as the studies performed by Gibbs et al., 2010 and Zhang et al., 2010
were carried out by using genotyping platforms that do not include all
the SNPs present in the genome. Furthermore, we only considered cis
ASM variants and discarded from the study trans ASM variants (less
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Selection of putative causal allele-specific methylation (ASM) SNPs for each linkage disequilibrium (LD) block according to functional annotations.
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ASM: Allele-specific methylation; 'Data obtained from the GWAS meta-analysis of eight psychiatric disorders (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2019); Described in Zhang et al., 2010 and
Gibbs et al., 2010; %eQTL information for brain tissues for the genes with a highlighted CpG site in their possible promoter region; “Histone marks found in brain areas; °Data from the Enhancing Neuro Imaging Genetics
through Meta-Analysis (ENIGMA) consortium (Hibar, 2015); SNP: Single Nucleotide Polymorphism; CHR: Chromosome; BP: Position (build hg19); Al: Allele 1; A2: Allele 2; All alleles are reported in the forward strand;
OR: Odds Ratio (calculated on A1); SCZ: Schizophrenia; BIP: Bipolar Disorder; MD: Major Depression; ASD: Autism Spectrum Disorder; ADHD: Attention Deficit Hyperactivity Disorder; TS:Tourette Syndrome; ANO:
Anorexia Nervosa; OCD: Obssesive-Compulsive Disorder; Effect: Direction of the risk allele effect on DNA methylation levels; *: Significant tagSNPs overcoming Bonferroni multiple testing correction, the other SNPs are
ASM SNPs in LD with these significant tagSNPs; Underlined allele: Risk allele; In bold: Significant associations between ASM tagSNPs and each psychiatric disoder (m-value >0.9); *Information from Zhang et al., 2010;
#Information from Gibbs et al., 2010; crbl: Cerebellum; tetx: Temporal cortex.
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common). In addition, the number of ASM SNPs described in cerebellum
is higher compared to the other tissues studied. And lastly, there is an
imbalance of the sample sizes used in the cross-disorder GWAS meta-
analysis, and this could limit the power to detect associations for the
disorders with smaller samples.

5. Conclusions

We used an integrative approach combining genetic, epigenetic and
expression data that allowed us to highlight 80 SNPs influencing
methylation and gene expression in brain and having pleiotropic effects
on several psychiatric disorders. These SNPs point at eight genes,
namely ZSCAN29, ZSCAN31, BTN3A2, DDAH2, HAPLN4, ARIN,
FAM109B and NAGA. Among them, ZSCAN29 is associated with several
mood and psychotic disorders and with early-onset neurodevelopmental
disorders, turning it into the gene with the broadest pleiotropic effect
followed by ZSCAN31 and BTN3A2, associated with mood and psychotic
disorders. Further investigation should be carried out to understand the
specific role of these genes in the susceptibility to psychiatric disorders.
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