1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
J Psychiatr Res. Author manuscript; available in PMC 2021 August 06.

Published in final edited form as:
J Psychiatr Res. 2020 February ; 121: 151-158. d0i:10.1016/j.jpsychires.2019.11.009.

Male-Specific Association of the 2p25 Region with Suicide
Attempt in Bipolar Disorder

Sophia C. Gaynor, Ph.D.2, Eric T. Monson, M.D., Ph.D.2, Marie E. Gaine, Ph.D.P, Michael S.
Chimenti, Ph.D.C, Rachel D. Reichman, Ph.D.2, Meredith Parsons, M.D.2, Lalita Oonthonpan,
Ph.D.9, Peter P. Zandi, Ph.D.¢, James B. Potash, M.D.f, Virginia L. Willour, Ph.D.2
aDepartment of Psychiatry, University of lowa Carver College of Medicine, lowa City, 1A, 52242,
USA.

bMolecular Physiology and Biophysics, lowa Neuroscience Institute, Carver College of Medicine,
University of lowa, lowa City, IA, 52242, USA.

®Bioinformatics Division, lowa Institute of Human Genetics, University of lowa Carver College of
Medicine, lowa City, IA, 52242, USA.

dDepartment of Biochemistry, University of lowa Carver College of Medicine, lowa City, I1A, 52242,
USA.

eDepartment of Mental Health, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD,
21205, USA.

fDepartment of Psychiatry and Behavioral Sciences, Johns Hopkins School of Medicine,
Baltimore, MD, 21287, USA.

Abstract

We previously conducted a genome-wide association study (GWAS) of attempted suicide within
bipolar disorder, which implicated common variation in the 2p25 region primarily in males. The
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top association signal from our GWAS occurred in an intergenic region of 2p25 (p = 5.07x1078)
and was supported by two independent studies. In the current study, to better characterize the
association of the 2p25 region with attempted suicide, we sequenced the entire 350kb 2p25 region
in 476 bipolar suicide attempters and 473 bipolar non-attempters using targeted next-generation
sequencing. This fine-mapping project identified 4,681 variants in the 2p25 region. We performed
both gene-level and individual-variant tests on our sequencing results and identified 375 variants
which were nominally significant (p < 0.05) and three common variants that were significantly
associated with attempted suicide in males (corrected p = 0.035, odds ratio (OR) = 2.13). These
three variants are in strong linkage disequilibrium with the top variant from our GWAS. Our top
five variants are also predicted expression quantitative trait loci (eQTL) for three genes in the 2p25
region based on publicly available brain expression databases. Our sequencing and eQTL data
implicate these three genes - SH3YL 1, ACPI, and FAM150B - and three additional pathways -
androgen receptor, Wnt signaling, and glutamatergic/GABAergic signaling - in the association of
the 2p25 region with suicide. The current study provides additional support for an association of
the 2p25 region with attempted suicide in males and identifies several candidate genes and
pathways that warrant further investigation to understand their role in suicidal behavior.

Keywords
suicide; genetics; bipolar; sequencing; 2p25; sex-specific

Introduction

Genetic factors contribute to the risk for suicidal behavior, with current heritability estimates
around 30-50% (Mann et al., 2009). Although this heritability is partly driven by psychiatric
disorders, there is also an independent genetic component that may be specific to suicide
(Brent and Mann, 2005). To elucidate this independent genetic factor, we previously
conducted a genome-wide association study (GWAS) that implicated the 2p25 chromosomal
region in the attempted suicide phenotype (Willour et al., 2012). The top finding from this
GWAS (rs300774, p = 5.07 x 1078) was driven mainly by the male-specific sample set (male
p = 4.55 x 1076, female p = 0.011). The associated region is intergenic and found in a large
linkage disequilibrium (LD) block within 2p25. We also identified several other variants
within the 2p25 region that were approaching genome-wide significance, suggesting that this
region may play a role in the risk for suicidal behavior.

The 2p25 region includes the first 350kb of chromosome 2 and contains four genes, all of
which are expressed in the brain (Hawrylycz et al., 2012): FAM110C, SH3YL1, ACP1, and
FAM150B. FAM110C may have roles in cell spreading, migration, and proliferation (Hauge
etal., 2009; Li et al., 2012). The SH3YL1 protein has been shown to interact with the N-
terminus of androgen receptors to regulate gene expression (Blessing et al., 2015).
FAM150B encodes a secreted factor that is expressed in neuroblastoma (Reshetnyak et al.,
2015) and stimulates both leukocyte tyrosine kinase and anaplastic lymphoma kinase
activation (Guan et al., 2015; Zhang et al., 2014). The final gene in the region, ACFJ1, is a
protein tyrosine phosphatase whose expression is significantly upregulated in the brains of
bipolar suicide completers (Higgs et al., 2006; Willour et al., 2012). The ACP1 protein has
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also been shown to influence the canonical Wnt signaling pathway in a manner that is the
opposite of the effect of lithium, one of the major drugs shown to consistently reduce the
risk for suicidal behavior (Gould et al., 2004; Taddei et al., 2002).

In the current study, we sequenced the entire 350kb 2p25 region in 476 bipolar suicide
attempters and 473 bipolar non-attempters using a targeted next-generation sequencing
approach. This next-generation sequencing approach allowed us to more deeply assess
variation, both common and rare, and the LD structure within the 2p25 candidate region in
order to fine map where the true association signal lies. We also used publicly available
brain gene expression databases to assess the functionality of variants implicated through
both our attempted suicide GWAS and the current next-generation sequencing study. The
results of this study provide further support for a potential role of the 2p25 region in suicidal
behavior and elucidate potential novel candidate genes and pathways for the male-specific
association of the 2p25 region with suicidal behavior.

Materials and Methods

Sample Collection

The samples used for this study were a subset of our attempted suicide GWAS samples
(Willour et al., 2012). These samples were from the National Institute of Mental Health
Bipolar Initiative (https://www.nimhgenetics.org/), and their DNA was obtained from the
Rutgers Cell and DNA Repository. The sample set included 476 bipolar suicide attempters
(224 males and 252 females) and 476 bipolar non-attempters (224 males and 252 females).
All subjects were unrelated and of European-American descent (Table 1). Subjects were all
diagnosed with either bipolar I (BPI) or schizoaffective disorder, bipolar type (SABP).
Suicide attempters responded positively to the question “Have you ever tried to kill
yourself?” from the Diagnostic Interview for Genetic Studies (DIGS) (Nurnberger et al.,
1994). While our GWAS examined all suicide attempters regardless of intent, the subset of
attempters used in this study included only attempters that had definite or serious intent to
die in their suicide attempt according to the DIGS questionnaire. We selected high intent
attempters with the goal of increasing homogeneity and improving our chance to identify
genetic contributors to suicide. All subjects provided Institutional Review Board-approved
consent before participating in this study.

Next-Generation Sequencing

We performed library preparation for the entire 350kb 2p25 region using the SureSelectXT
Target Enrichment next-generation sequencing technology from Agilent (Santa Clara, CA).
Sequencing was done using the Illumina (San Diego, CA) HiSeq 2000. The Burrows-
Wheeler Aligner (BWA: v0.6.2) (Li and Durbin, 2009) was used to align 100bp paired-end
reads to the hg19 reference human genome. SAMtools (v0.1.18) (Li et al., 2009) was used to
create, sort, and index binary alignment (BAM) files of the sequencing data. Picard (http://
picard.sourceforge.net:v1.88) was used to fix mispaired reads and remove duplicate reads.
Reads with a mapping quality score <20 were removed using BAMtools (v2.2.3) (Barnett et
al., 2011). Indels and single nucleotide polymorphisms (SNPs) were called using the
Genome Analysis Tool Kit (GATK: v3.1.1) (McKenna et al., 2010). While the data in this
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study have an overall concordance rate of 99.75% with our GWAS variant calls, we removed
three non-attempter subjects with high levels of genotype mismatch. Thus, our final sample
for this study included 476 bipolar suicide attempters and 473 bipolar non-attempters (Table
1). Additional quality control filters are described in the Supplemental Methods.

Statistical Analyses

Individual-variant tests were performed using logistic regression with Firth’s correction
method (Firth, 1993), which provides unbiased and robust results within small/sparse
datasets, and were covariate-corrected for sex and the first three principal components for
each subject from the attempted suicide GWAS (Willour et al., 2012). We did not correct for
age, because our attempters and non-attempters did not differ significantly in their average
age (p = 0.75; Table 1). Both common and rare individual variants were assessed in the
entire sample set and in sex-specific subsets. Individual-variant tests were corrected for
multiple testing using a permutation-based correction method in which the individual-variant
tests were repeated 10,000 times with randomly swapped attempter and non-attempter labels
for each subject. An individual-variant result was considered significant if the permutation-
corrected p-value was less than 0.05. The permutation correction was applied for the overall
and sex-specific analyses. The sequencing results were assessed using Haploview v4.2
(Barrett et al., 2005) to determine the LD structure of the 2p25 region. By recoding
insertions and deletions as A/B alleles using PLINK (Purcell et al., 2007), we were able to
include both SNPs and insertions/deletions in our Haploview analyses.

We also performed gene-level tests for the four known genes within the 2p25 region
(FAM110C, SH3YL1, ACP1, FAM150B). Our goal was to assess the role of rare variation
(minor allele frequency (MAF) < 0.05) in these genes. Two types of gene-level tests, gene-
burden tests (Li and Leal, 2008) and sequence kernel association tests (SKAT) (Wu et al.,
2011), were performed for both the entire sample set and sex-specific subsets. We ran these
tests separately on coding and regulatory regions and on two separate groups of functional
variants, which were defined bioinformatically (Purcell et al., 2014) (see Supplemental
Methods).

Brain Expression Databases

We examined two publicly available brain gene expression databases to determine whether
the top variants from our attempted suicide GWAS and the current sequencing study are
expression quantitative trait loci (eQTLs). The first, BrainCloud (Collado-Torres et al.,
2019) (http://braincloud.jhmi.edu), contains postmortem gene expression data for 551 brains
(286 schizophrenia, 265 non-psychiatric controls). Of the 286 schizophrenia brains, ~19.6%
of them were from individuals that died from suicide. RNA was isolated from both the
dorsolateral prefrontal cortex and hippocampus, and gene expression analyses were
performed using RNA-sequencing. Genotypes were determined using DNA isolated from
cerebellar tissue and analyzed using HumanHap650Y_V3, Human 1M-Duo_V3, and Omni5
BeadChips (Illumina: San Diego, CA) (Jaffe et al., 2018). This genotype and gene
expression data was then used to identify brain eQTLs.
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The second publicly available dataset, Braineac (Trabzuni et al., 2011) (http://braineac.org),
has expression data for 134 postmortem brains free of neurodegenerative disorders. Up to 10
regions were examined for each brain including the cerebellar cortex, frontal cortex,
hippocampus, medulla, occipital cortex, putamen, substantia nigra, thalamus, temporal
cortex, and intralobular white matter. Gene expression was determined using the Affymetrix
(Thermo Fisher: Santa Clara, CA) Human Exon 1.0 ST arrays, and DNA was collected and
genotyped using the Illumina Infinium Omnil-Quad BeadChip and Immunochip to allow for
eQTL determination. For both BrainCloud and Braineac, the eQTL p-values reported are
false discovery-rate corrected.

To further investigate the regulatory potential of our top variants, we used the atSNP
database (http://atsnp.biostat.wisc.edu/search/). This database utilizes an /in silico method to
predict the effect that SNPs have on transcription factor binding based on known
transcription factor motifs (Zuo et al., 2015).

We identified 4,681 variants in the 2p25 region, 375 of which were nominally significant (p
< 0.05; Table S1). Since the original goal of the gene-level tests was to assess rare variation,
which is missed by GWAS, we performed gene-level analyses with functional rare variants
(MAF < 0.05) on the four genes in the 2p25 region. However, none of the gene-level tests
for rare variation produced significant evidence after correction for multiple testing (Table
S2-S4).

We then decided to reassess the evidence for rare and common variation based on
individual-variant testing. As seen in our GWAS, the most significant evidence came from
the male samples. We identified 361 nominally significant male-specific variants (p<0.05;
Table S5), and the top three male-specific variants, rs300802, rs300799, and rs300797, were
study-wide significant for association with attempted suicide (p = 4.84 x 107>, corrected p =
0.035, odds ratio (OR) = 2.13; Table 2). These variants are in an intergenic LD block
between the FAM110C and SH3YL 1 genes that also contains rs300774, our top GWAS
variant. These three variants are all in strong LD with each other and rs300774 (r2 = 0.99)
and fall between 5kb and 8kb from this variant. We also performed individual-variant tests
for the overall and female-specific sample sets. We identified 375 nominally significant
overall variants (p<0.05). The top overall variant was rs300802 (p = 2.20 x 1074, corrected p
=0.15, OR = 1.59; Table S1), which was also one of the significant male-specific variants.
We identified 41 nominally significant female-specific variants (p<0.05), and the top variant
was a novel intergenic variant (p = 0.0062, corrected p = 0.99, OR = 0.064; Table S6).

The additional data from this sequencing study allowed us to characterize the LD structure
of the 2p25 region more fully (Figure 1). Interestingly, almost all of our top common
variants (97/100 top variants in entire sample set; 94/100 top variants in male-specific
sample set) occurred within an 80kb LD block in 2p25 (hg19 - chr2: 100,000-180,000) that
also contains our top GWAS variants. A bioinformatic assessment of the region using the
UCSC Genome Browser revealed many potential regulatory elements across the region,
including 132 predicted microRNAs, five predicted genes, DNase hypersensitivity sites,
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transcription factor binding sites, and peaks of conservation (Figure S1). Based on the
regulatory potential of the region, we hypothesized that our top variants may be eQTLs. We
investigated this possibility using two publicly available databases: BrainCloud and
Braineac, both postmortem brain gene expression databases that include genotype and eQTL
data. We specifically focused on the top five variants from the current study, including the
three significant male-specific variants, and the top five variants from our attempted suicide
GWAS. Two of the top variants overlapped between the two studies, so this resulted in a list
of eight variants. All eight variants were eQTLs for SH3YL1and ACPI according to both
databases (Table 3). Additionally, these variants were eQTLs for FAM1508 according to
Braineac (Table 3). The eQTL status of our top variants was further supported by the atSNP
database (Zuo et al., 2015), which predicted that our top variants each affect between 42 and
109 transcription factor binding sites (Table S7).

Discussion

Our goal in the current study was to better understand the link between the 2p25 region and
attempted suicide by assessing both common and rare variation through a targeted next-
generation sequencing study of the entire candidate region. We first assessed rare variation
within our sequencing data, but this study provided no evidence for an association of rare
variants with attempted suicide. However, we did find additional evidence for an association
of common variation. Applying targeted next-generation sequencing to the 2p25 region
allowed the identification of substantially greater complexity in its LD structure and offered
the means to pinpoint, with far greater accuracy, the area driving our previous male-specific
GWAS findings. Specifically, we identified three variants that were significantly associated
with attempted suicide within our male-specific sample set.

Suicidal behavior itself also displays sex-specific differences. While females are about three
times as likely to attempt suicide, males are almost four times as likely to complete suicide
(Prevention, 2013). This difference can be attributed in part to more violent suicide attempts
among males, including firearms and suffocation, while females are much more likely to
attempt suicide by poisoning (Prevention, 2013). Additionally, the age group most at risk for
suicide differs between men and women. The highest rates of suicide for males occur in the
75 years old or older age group, while women between 45 and 54 years old are most at risk
(Prevention, 2013). Past genetic studies have also identified sex-related suicide risk loci
within a number of different psychiatric disorders, including bipolar disorder (Niculescu et
al., 2017).

Since our GWAS was published, two independent studies have implicated the 2p25 region in
suicidal behavior in bipolar disorder (Pawlak et al., 2016) and schizophrenia (SCZ) (Li et al.,
2017), specifically in males. Pawlak et al. (2016) examined 577 bipolar, 248 major
depression, and 847 control patients. They tried to replicate findings from several previous
studies of suicidal behavior, including rs300774 from our attempted suicide GWAS. Within
the bipolar group, Pawlak et a/. found that rs300774 was significantly associated with
attempted suicide in the male-specific sample set when comparing either attempters to non-
psychiatric controls (p = 0.0002) or attempters to non-attempters (p = 0.0013). This variant
was not significantly associated with attempted suicide in the overall or female-specific

J Psychiatr Res. Author manuscript; available in PMC 2021 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaynor et al.

Page 7

sample sets for bipolar disorder or in any sample sets for major depression. In the second
independent study, Li et al. (2017) examined 162 Caucasian individuals (74 suicide
attempters, 88 non-attempters) with either SCZ or schizoaffective disorder (SAD). They
attempted to replicate three of the variants from our attempted suicide GWAS: rs300774,
rs10437629, and rs7296262. Of the three, only rs300774 was significantly associated with
attempted suicide in their SCZ and SAD sample set (p = 0.012). Their result was driven by
the male-specific sample set (male p = 0.046, female p = 0.20). Li et a/. also performed an /n
sifico functional analysis of rs300774 and found that it is a predicted eQTL for several
genes, including ACPI and FAM150B. Along with our work, these two studies provide
evidence from independent sample sets and multiple disorders that the 2p25 region is
associated with attempted suicide in males. This association across multiple disorders
suggests that variation within the 2p25 region may contribute to the independent heritable
factor that is specific to suicide. Interestingly, studies on bipolar suicide that have not
stratified by sex have been unable to find any association in the 2p25 region (Mullins et al.,
2019; Zai et al., 2015). This evidence points to a potential sex-specific association of the
2p25 region with attempted suicide.

The new sequencing data provided by the current study allowed us to more finely map the
LD structure of the 2p25 region (Figure 1). Our attempted suicide GWAS indicated that the
top association signal fell within a large LD block (~200kb) containing SH3Y. 1, ACP1, and
FAM150B. However, following the incorporation of our new sequencing data, we found that
there are actually several smaller LD blocks within the large LD block implicated in our
GWAS. Among these is an 80kb LD block that contains almost all of our top common
variants (97/100 top variants in entire sample set; 94/100 top variants in male-specific
sample set) and our top 30 GWAS variants. This 80kb LD block encompasses an intergenic
region between FAM110C and SH3YL 1. Because this is an intergenic region, we performed
a bioinformatic assessment of the region using the UCSC Genome Browser and identified
many potential regulatory elements, including 132 predicted microRNAs, five predicted
genes, DNase hypersensitivity sites, transcription factor binding sites, and peaks of
conservation (Figure S1). Preliminary experiments that involved targeted genome editing
indicate that this region has regulatory potential (data not shown). The clustering of our top
variants allowed us to narrow our candidate region down from the large LD block implicated
in our attempted suicide GWAS to this 80kb intergenic LD block. Additionally, because our
top candidate region is intergenic with many predicted regulatory elements, we hypothesized
that regulatory variation, not coding variation, within the 2p25 region influences the risk for
attempted suicide in males.

Based on the regulatory potential of the region, we predicted that our top variants may be
eQTLs that exert their effects on suicide risk through effects on gene expression. This is
supported by the atSNP database (Zuo et al., 2015), which predicted that our top variants
affect transcription factor binding (Table S7). Further, the genes that these variants are
predicted to regulate may help explain the sex specificity of the 2p25 association (Figure 2).
To investigate this, we used two separate gene expression databases examining postmortem
brains: BrainCloud (Collado-Torres et al., 2019) (http://braincloud.jhmi.edu) and Braineac
(Trabzuni et al., 2011) (http://braineac.org). Both databases indicated that the top variants
from our attempted suicide GWAS and the current sequencing study are brain eQTLs for the
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SH3YL1gene in the 2p25 region. The SH3YL1 protein interacts with androgen receptors
(AR) to regulate gene expression of a number of AR-modulated genes (Blessing et al.,
2015). Androgens are the major male sex hormones and have been previously implicated in
suicidal behavior. Levels of testosterone, a type of androgen, have been associated with
suicide attempts in men and women with bipolar disorder (Sher et al., 2012, 2014). Higher
prenatal androgen loads and masculinized brain organization have been linked to higher
rates of suicide completion in men (Lenz et al., 2016). Finally, androgens and the androgen
receptor have been implicated in the regulation of aggressive and impulsive behaviors (Carré
et al., 2017; Giammanco et al., 2005; Zuloaga et al., 2008). These behaviors have been
linked to an increased risk for suicidal behavior (Brent and Mann, 2005; Stack, 2014), and
males complete suicide at higher rates than women (Prevention, 2013). Thus, one hypothesis
for the male-specific association of the 2p25 region with attempted suicide is that our
variants affect expression of SH3YL 1, which, in turn, affects expression of AR-regulated
genes such as those regulating impulsive aggression, a known risk factor for suicidal
behavior (Brent and Mann, 2005, 2006; Dumais et al., 2005; Mann et al., 2009). Because
AR-regulated genes influence male-specific biological processes, this hypothesis could also
explain why our variants contribute to the risk for suicide in a male-specific fashion.

Both the BrainCloud and Braineac databases also indicated that our top variants are brain
eQTLs for ACP1. ACP1is a protein tyrosine phosphatase that is expressed in the brain and
has been shown to have higher overall expression in the brains of males than females (Higgs
et al., 2006). ACP1I has also been shown to have increased expression in the postmortem
brains of bipolar suicide completers even after controlling for sex (Willour et al., 2012), and
variation in this gene has been associated with suicide (Campos et al., 2017). Interestingly,
rs300774, our top GWAS finding, may influence the expression of ACPI in peripheral blood
(Lietal., 2017) and lithium responsiveness in bipolar patients (Szczepankiewicz et al.,
2018). Overexpression of ACP1, as seen in bipolar suicide completers, may inhibit the Wnt
signaling pathway by causing decreased cytoplasmic B-catenin, while lithium, the major
drug used to treat bipolar disorder and suicidal behavior, has the opposite effect (Gould et
al., 2004; Taddei et al., 2002). Wnt signaling dysfunction has also been previously
implicated in suicidal behavior (Flory et al., 2017; Ren et al., 2013). This evidence supports
a second hypothesis in which our variants lead to altered expression of ACPZ, an effect
potentially more pronounced in males as they have higher baseline expression of ACP1 than
females.

Our top variants were also predicted by Braineac to be brain eQTLs for FAM150B.
BrainCloud did not identify these variants as eQTLs for FAM1508B, potentially due to the
different brain regions examined in each database (see Materials and Methods). FAM1508B
encodes a secreted factor that is expressed in neuroblastoma (Reshetnyak et al., 2015). It
acts as a ligand to stimulate both leukocyte tyrosine kinase (LTK) and anaplastic lymphoma
kinase (ALK) receptors (Guan et al., 2015; Zhang et al., 2014). While not much is known
about the FAMI150B gene itself, the LTK and ALK receptors have been implicated in brain-
related functions. Both are expressed in neural tissues and have been shown to regulate
neurogenesis (Weiss et al., 2012). There is evidence from mouse studies that the ALK
receptor may affect glutamatergic and GABAergic signaling (Mangieri et al., 2017;
Schweitzer et al., 2016). Additionally, mouse studies have implicated the ALK receptor in
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depression (Bilsland et al., 2008), cognition (Weiss et al., 2012), and substance use disorders
(Mangieri et al., 2017; Schweitzer et al., 2016), all of which are affected by glutamatergic
and GABAergic signaling (Cohen Kadosh et al., 2015; Filip and Frankowska, 2008; Kim
and Yoon, 2017; Sequeira et al., 2009) and have been previously implicated in suicide risk.
In the human brain, the ALK gene has higher baseline expression in males than females
(Higgs et al., 2006). This evidence supports a third hypothesis, where the 2p25 variants
affect expression of FAM150B, which affects the activity of ALK and LTK receptors. This
may lead to alteration of glutamatergic and GABAergic signaling and an increased risk for
suicide, an effect potentially more pronounced in males as they have higher baseline
expression of ALK. For both eQTL databases, it is important to note that all of our top
variants are in very high LD (r2 > 0.99). Future functional work will be needed to identify
the causal variant(s) for the observed changes in expression.

There are several limitations to our study. The first is that our sample size was only large
enough to detect a genotypic relative risk = 1.70 with 80% power for individual-variant tests
looking at variants with a MAF of 0.25 (calculated using Quanto v1.2.4; http://
biostats.usc.edu/Quanto.html). For the gene-level tests, we could significantly detect a
genotypic relative risk = 2.12 with 80% power and a MAF of 0.05. Another limitation to our
study is that several genomic regions within the 2p25 region are highly repetitive and
inherently difficult to sequence. Thus, while we were able to cover 94.6% of our target
region with at least 10X coverage (Table S8), we may have missed potential regulatory
elements within these repetitive regions due to poor sequencing quality. A final limitation is
that the two gene expression databases used, BrainCloud and Braineac, do not assess eQTL
status in bipolar disorder. BrainCloud contains data from schizophrenia and non-psychiatric
controls, and Braineac includes data from individuals free of neurodegenerative disorders.
There are no published brain gene expression studies that focus on male-specific risk factors
for suicide in the context of bipolar disorder for direct comparison. Future gene expression
studies using bipolar disorder males with and without suicidal behavior will be required to
confirm the potential role that our variants and the 2p25 genes may play in suicide risk.
Additionally, further whole-genome sequencing studies in larger sample sets of both males
and females will be necessary to confirm the sex-specific association of commaon and/or rare
variation in the 2p25 region with attempted suicide in bipolar disorder.

In this study, we have presented a targeted next-generation sequencing study of the 2p25
region in attempted suicide. We identified three male-specific variants that are significantly
associated with the attempted suicide phenotype. We also found that our top variants are
predicted brain eQTLs for SH3YL 1, FAM150B, and ACP1, potentially affecting the
expression of these genes. These effects on expression may then dysregulate pathways
previously linked to suicidal behavior (Figure 2). Based on these findings, we generated
several hypotheses that may help explain the association of the 2p25 region with attempted
suicide in males. This study provides further support for a putative male-specific role of the
2p25 region in the attempted suicide phenotype and presents several new candidate genes
and pathways for how this region may affect the risk for suicidal behavior.
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Figure 1: Linkage disequilibrium (LD) structure of the 2p25 region.
While our genome-wide association study (GWAS) indicated only two major LD blocks in

this region, additional sequencing data from the current study allowed us to better
characterize the LD structure of this region. We identified three major LD blocks and a
number of small LD blocks across the region. Our three study-wide significant variants from
the current study are indicated by the blue arrow, and the top GWAS variant (rs300774) is
indicated by the green arrow.
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Figure 2: Three hypotheses for how the male-specific 2p25 variants may contribute to the risk
for attempted suicide.

The implicated genes are boxed in blue with their known interacting partners in green.
Shown in red are the pathways that would be affected by changes in expression of the
implicated genes. Finally, the downstream effects shown in purple are the known risk factors
for suicidal behavior. AR = androgen receptor; LTK = leukocyte tyrosine kinase; ALK =
anaplastic lymphoma kinase.
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