
iological
sychiatry
Archival Report B

P

Dissecting the Shared Genetic Architecture of
Suicide Attempt, Psychiatric Disorders, and
Known Risk Factors

Niamh Mullins, JooEun Kang, Adrian I. Campos, Jonathan R.I. Coleman, Alexis C. Edwards,
Hanga Galfalvy, Daniel F. Levey, Adriana Lori, Andrey Shabalin, Anna Starnawska, Mei-Hsin Su,
Hunna J. Watson, Mark Adams, Swapnil Awasthi, Michael Gandal, Jonathan D. Hafferty,
Akitoyo Hishimoto, Minsoo Kim, Satoshi Okazaki, Ikuo Otsuka, Stephan Ripke, Erin B. Ware,
Andrew W. Bergen, Wade H. Berrettini, Martin Bohus, Harry Brandt, Xiao Chang, Wei J. Chen,
Hsi-Chung Chen, Steven Crawford, Scott Crow, Emily DiBlasi, Philibert Duriez,
Fernando Fernández-Aranda, Manfred M. Fichter, Steven Gallinger, Stephen J. Glatt,
Philip Gorwood, Yiran Guo, Hakon Hakonarson, Katherine A. Halmi, Hai-Gwo Hwu, Sonia Jain,
Stéphane Jamain, Susana Jiménez-Murcia, Craig Johnson, Allan S. Kaplan, Walter H. Kaye,
Pamela K. Keel, James L. Kennedy, Kelly L. Klump, Dong Li, Shih-Cheng Liao, Klaus Lieb,
Lisa Lilenfeld, Chih-Min Liu, Pierre J. Magistretti, Christian R. Marshall, James E. Mitchell,
Eric T. Monson, Richard M. Myers, Dalila Pinto, Abigail Powers, Nicolas Ramoz, Stefan Roepke,
Vsevolod Rozanov, Stephen W. Scherer, Christian Schmahl, Marcus Sokolowski,
Michael Strober, Laura M. Thornton, Janet Treasure, Ming T. Tsuang, Stephanie H. Witt,
D. Blake Woodside, Zeynep Yilmaz, Lea Zillich, Rolf Adolfsson, Ingrid Agartz, Tracy M. Air,
Martin Alda, Lars Alfredsson, Ole A. Andreassen, Adebayo Anjorin, Vivek Appadurai,
María Soler Artigas, Sandra Van der Auwera, M. Helena Azevedo, Nicholas Bass,
Claiton H.D. Bau, Bernhard T. Baune, Frank Bellivier, Klaus Berger, Joanna M. Biernacka,
Tim B. Bigdeli, Elisabeth B. Binder, Michael Boehnke, Marco P. Boks, Rosa Bosch,
David L. Braff, Richard Bryant, Monika Budde, Enda M. Byrne, Wiepke Cahn, Miguel Casas,
Enrique Castelao, Jorge A. Cervilla, Boris Chaumette, Sven Cichon, Aiden Corvin,
Nicholas Craddock, David Craig, Franziska Degenhardt, Srdjan Djurovic, Howard J. Edenberg,
Ayman H. Fanous, Jerome C. Foo, Andreas J. Forstner, Mark Frye, Janice M. Fullerton,
Justine M. Gatt, Pablo V. Gejman, Ina Giegling, Hans J. Grabe, Melissa J. Green,
Eugenio H. Grevet, Maria Grigoroiu-Serbanescu, Blanca Gutierrez, Jose Guzman-Parra,
Steven P. Hamilton, Marian L. Hamshere, Annette Hartmann, Joanna Hauser,
Stefanie Heilmann-Heimbach, Per Hoffmann, Marcus Ising, Ian Jones, Lisa A. Jones,
Lina Jonsson, René S. Kahn, John R. Kelsoe, Kenneth S. Kendler, Stefan Kloiber,
Karestan C. Koenen, Manolis Kogevinas, Bettina Konte, Marie-Odile Krebs, Mikael Landén,
Jacob Lawrence, Marion Leboyer, Phil H. Lee, Douglas F. Levinson, Calwing Liao,
Jolanta Lissowska, Susanne Lucae, Fermin Mayoral, Susan L. McElroy, Patrick McGrath,
Peter McGuffin, Andrew McQuillin, Sarah E. Medland, Divya Mehta, Ingrid Melle,
Yuri Milaneschi, Philip B. Mitchell, Esther Molina, Gunnar Morken, Preben Bo Mortensen,
Bertram Müller-Myhsok, Caroline Nievergelt, Vishwajit Nimgaonkar, Markus M. Nöthen,
Michael C. O’Donovan, Roel A. Ophoff, Michael J. Owen, Carlos Pato, Michele T. Pato,
Brenda W.J.H. Penninx, Jonathan Pimm, Giorgio Pistis, James B. Potash, Robert A. Power,
Martin Preisig, Digby Quested, Josep Antoni Ramos-Quiroga, Andreas Reif, Marta Ribasés,
Vanesa Richarte, Marcella Rietschel, Margarita Rivera, Andrea Roberts, Gloria Roberts,
Guy A. Rouleau, Diego L. Rovaris, Dan Rujescu, Cristina Sánchez-Mora, Alan R. Sanders,
Peter R. Schofield, Thomas G. Schulze, Laura J. Scott, Alessandro Serretti, Jianxin Shi,
Stanley I. Shyn, Lea Sirignano, Pamela Sklar, Olav B. Smeland, Jordan W. Smoller,
Edmund J.S. Sonuga-Barke, Gianfranco Spalletta, John S. Strauss, Beata �Swiątkowska,
Maciej Trzaskowski, Gustavo Turecki, Laura Vilar-Ribó, John B. Vincent, Henry Völzke,
ª 2021 Society of Biological Psychiatry. 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/).

313

ISSN: 0006-3223 Biological Psychiatry February 1, 2022; 91:313–327 www.sobp.org/journal

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sobp.org/journal


ISGC GWAS of Suicide Attempt
Biological
Psychiatry
James T.R. Walters, Cynthia Shannon Weickert, Thomas W. Weickert, Myrna M. Weissman,
Leanne M. Williams, Naomi R. Wray, Clement C. Zai, Allison E. Ashley-Koch, Jean C. Beckham,
Elizabeth R. Hauser, Michael A. Hauser, Nathan A. Kimbrel, Jennifer H. Lindquist,
Benjamin McMahon, David W. Oslin, Xuejun Qin, Major Depressive Disorder Working Group of
the Psychiatric Genomics Consortium, Bipolar Disorder Working Group of the Psychiatric
Genomics Consortium, Eating Disorders Working Group of the Psychiatric Genomics
Consortium, German Borderline Genomics Consortium, MVP Suicide Exemplar Workgroup,
VA Million Veteran Program, Esben Agerbo, Anders D. Børglum, Gerome Breen,
Annette Erlangsen, Tõnu Esko, Joel Gelernter, David M. Hougaard, Ronald C. Kessler,
Henry R. Kranzler, Qingqin S. Li, Nicholas G. Martin, Andrew M. McIntosh, Ole Mors,
Merete Nordentoft, Catherine M. Olsen, David Porteous, Robert J. Ursano, Danuta Wasserman,
Thomas Werge, David C. Whiteman, Cynthia M. Bulik, Hilary Coon, Ditte Demontis,
Anna R. Docherty, Po-Hsiu Kuo, Cathryn M. Lewis, J. John Mann, Miguel E. Rentería,
Daniel J. Smith, Eli A. Stahl, Murray B. Stein, Fabian Streit, Virginia Willour, and
Douglas M. Ruderfer
314
ABSTRACT
BACKGROUND: Suicide is a leading cause of death worldwide, and nonfatal suicide attempts, which occur far more
frequently, are a major source of disability and social and economic burden. Both have substantial genetic etiology,
which is partially shared and partially distinct from that of related psychiatric disorders.
METHODS: We conducted a genome-wide association study (GWAS) of 29,782 suicide attempt (SA) cases and
519,961 controls in the International Suicide Genetics Consortium (ISGC). The GWAS of SA was conditioned on
psychiatric disorders using GWAS summary statistics via multitrait-based conditional and joint analysis, to remove
genetic effects on SA mediated by psychiatric disorders. We investigated the shared and divergent genetic
architectures of SA, psychiatric disorders, and other known risk factors.
RESULTS: Two loci reached genome-wide significance for SA: the major histocompatibility complex and an
intergenic locus on chromosome 7, the latter of which remained associated with SA after conditioning on
psychiatric disorders and replicated in an independent cohort from the Million Veteran Program. This locus has
been implicated in risk-taking behavior, smoking, and insomnia. SA showed strong genetic correlation with
psychiatric disorders, particularly major depression, and also with smoking, pain, risk-taking behavior, sleep
disturbances, lower educational attainment, reproductive traits, lower socioeconomic status, and poorer general
health. After conditioning on psychiatric disorders, the genetic correlations between SA and psychiatric disorders
decreased, whereas those with nonpsychiatric traits remained largely unchanged.
CONCLUSIONS: Our results identify a risk locus that contributes more strongly to SA than other phenotypes and
suggest a shared underlying biology between SA and known risk factors that is not mediated by psychiatric disorders.

https://doi.org/10.1016/j.biopsych.2021.05.029
Suicide is a worldwide public health problem, accounting for
almost 800,000 deaths per year (1). Nonfatal suicide attempt
(SA), defined as self-injurious behavior with the intent to die,
has been estimated to occur over 20 times more frequently
and is a major source of disability, reduced quality of life, and
social and economic burden (1,2). The lifetime prevalence of
SA in adults ranges from 0.5% to 5% worldwide (3). There are
several well-established comorbidities and risk factors for SA,
with psychiatric illness having the strongest effect on lifetime
suicide rates (4,5). However, the vast majority of patients with
psychiatric disorders never attempt suicide (6–8). Other major
risk factors for SA include prior self-injurious thoughts and
behaviors (9), physical illness or disability (10,11), sleep dis-
orders (12–15), family history of psychiatric disorders (16),
Biological Psychiatry February 1, 2022; 91:313–327 www.sobp.or
substance abuse (17), smoking (18–20), impulsivity (21) and
social factors including childhood maltreatment (21), isolation
(22), and stressful life events (23).

Both suicide and SA are heritable, with estimates from ge-
netic epidemiology studies ranging from 17% to 55% (24–26).
Several genome-wide association studies (GWASs) of SA have
reported significant single nucleotide polymorphism (SNP)–
heritability estimates of w4%, indicating an underlying poly-
genic architecture (27–31). Using polygenic risk scoring or
genetic correlation analyses, these studies have also demon-
strated shared genetic etiology between SA and psychiatric
disorders, with major depressive disorder (MDD) showing the
largest genetic overlap (28,29,31). This genetic overlap, along
with the high prevalence of MDD in the population (32), make it
g/journal
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a particularly salient risk factor. Importantly, genetic epidemi-
ology studies have consistently indicated a genetic component
of SA that is partially distinct from that of psychiatric disorders
(25). Consistent with this, one GWAS of SA that covaried for
cases’ psychiatric diagnoses estimated a SNP-heritability of
1.9% (27).

With few genetic samples collected specifically for SA,
studies often rely on individuals ascertained for psychiatric
disorders. For example, a large GWAS of SA included over
6500 cases from clinical cohorts of MDD, bipolar disorder
(BIP), and schizophrenia (SCZ) cases, within the Psychiatric
Genomics Consortium (PGC) (31). In an “SA within psychiatric
diagnosis” study design, SA cases were compared with cases
of the same psychiatric disorder without SA, in order to
disentangle the genetic etiology of SA and psychiatric disor-
ders. While GWAS of SA have found genome-wide significant
associations (27–31), thus far none of these loci have repli-
cated, possibly owing to limited statistical power or different
study designs that may probe varying components of the ge-
netic etiology of SA. Depending on the method of ascertain-
ment, the prevalence of psychiatric disorders may be much
higher in SA cases than in controls in these studies, which may
confound the genetics of SA. Well-powered and carefully
designed studies are necessary to dissect the contribution of
genetic variation to SA versus psychiatric disorders and
advance our understanding of the genetics of SA.

Here, we present the first GWAS meta-analysis of SA from
the International Suicide Genetics Consortium (ISGC),
including over 29,000 SA or suicide cases from 18 cohorts
worldwide. We identify novel loci implicated in SA, disentangle
the genetic etiology of SA from that of MDD and psychiatric
disorders, and characterize the genetic relationship among SA,
psychiatric disorders, and a range of other risk factors.

METHODS AND MATERIALS

Cohorts and Case Definition

The primary SA meta-analysis comprised 18 cohorts (Table S1
in Supplement 2; Supplement 1) ascertained for psychiatric
disorders, including substance use (12 cohorts), studies of
suicide or SA (4 cohorts), and population-based biobanks (2
cohorts). Cases were individuals who made a nonfatal SA (16
cohorts) or died by suicide (2 cohorts). A nonfatal SA was
defined as a lifetime act of deliberate self-harm with intent to
die. Information on SA was ascertained using structured clin-
ical interviews for 10 cohorts, self-report questionnaires for 4
cohorts, and hospital records or International Classification of
Diseases codes for 2 cohorts. Cases of death by suicide were
ascertained from the Utah State Office of the Medical Examiner
or the Medical Examiner’s Office of the Hyogo Prefecture and
the Division of Legal Medicine, at the Kobe University Grad-
uate School of Medicine in Japan. A proportion of cases in the
iPSYCH and Columbia University cohorts had died by suicide,
determined using the Cause of Death Register in Denmark and
the Columbia Classification Algorithm for Suicide Assessment,
respectively (33). Individuals only endorsing suicidal ideation or
nonsuicidal self-injurious behavior were not included as cases.
There were 14 cohorts of European (EUR) ancestries, 2 of
admixed African American (AA) ancestries, and 2 of East Asian
(EAS) ancestries. All individual studies received institutional
Biological Psy
and ethical approval from their local institutional review board.
Detailed cohort information is in Supplement 1 and Table S1 in
Supplement 2.

Control Definition

All controls ascertained on psychiatric disorders were
screened for the absence of lifetime SA. Controls from general
population cohorts were screened for the absence of SA, if
possible; however, because the prevalence of SA in the gen-
eral population is low (3), some cohorts included unscreened
controls. No controls in this study were screened for suicidal
ideation or nonsuicidal self-injurious behavior. The primary SA
GWAS included 29,782 cases and 519,961 controls from 18
cohorts (Table 1). Genome-wide significant associations with
SA were tested in an independent replication cohort of 14,089
SA cases and 395,359 controls from Million Veteran Program
(details in Supplement 1).

Genotyping, Quality Control, and Imputation

Cohorts were required to have at least 200 cases prior to
quality control for inclusion. Samples underwent standard
genotyping, quality control, and imputation, performed by the
collaborating research teams using comparable procedures
(details per cohort available in Supplement 1). Briefly, samples
were genotyped on microarrays, with the exception of the
China, Oxford and Virginia Commonwealth University Experi-
mental Research on Genetic Epidemiology (CONVERGE)
study, which used low-coverage sequencing. Standard pa-
rameters were used to retain individuals and SNPs after quality
control for missingness, relatedness, and Hardy-Weinberg
equilibrium. Imputation was performed using the appropriate
ancestry reference panels, resulting in .7.7 million SNPs that
were well-represented across cohorts. Identical individuals
between the PGC and UK Biobank cohorts were detected
using genotype-based checksums (https://personal.
broadinstitute.org/sripke/share_links/zpXkV8INxUg9bayDpLTo
G4g58TMtjN_PGC_SCZ_w3.0718d.76) and removed from
PGC cohorts. There was no other known overlap of controls
between any of the 18 cohorts.

GWASs and Meta-analysis

GWASs were performed in each cohort separately, and pro-
cedures are outlined in Supplement 1. GWASs were
conducted within ancestry group, covarying for ancestry-
informative principal components, genomic relatedness
matrices, or factors capturing site of recruitment or genotyping
batch, as required. The linkage disequilibrium score regression
(LDSC) intercept was calculated for all GWAS results to esti-
mate potential confounding from cryptic relatedness or pop-
ulation stratification (34). Studies with significant LDSC
intercepts (p , .05) were corrected for confounding by multi-
plying the standard error per SNP by the square root of the
intercept (34). A transancestry meta-analysis was conducted
using an inverse variance-weighted fixed-effects model in
METAL (35), implemented using the Rapid Imputation for
COnsortias PIpeLIne (36). A EUR-only meta-analysis was also
conducted (SA-EUR) (26,590 cases and 492,022 controls). The
weighted mean allele frequency and imputation INFO score per
SNP was calculated, weighted by the effective sample size per
chiatry February 1, 2022; 91:313–327 www.sobp.org/journal 315
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Table 1. Numbers of Cases and Controls for 18 Cohorts in
the International Suicide Genetics Consortium

Cohort (Ancestry) SA Cases Controls

Psychiatric Genomics Consortium MDD (EUR) 1528 16,626

Psychiatric Genomics Consortium BIP (EUR) 3214 17,642

Psychiatric Genomics Consortium SCZ (EUR) 1640 7112

Psychiatric Genomics Consortium ED (EUR) 170 5070

Army STARRS (EUR) 670 10,637

German Borderline Genomics Consortium (EUR) 481 1653

UK Biobank (EUR) 2433 334,766

iPSYCH (EUR) 7003 52,227

Janssen (EUR) 255 1684

Yale-Penn (EUR) 475 1817

GISS Ukraine (EUR) 660 660

Columbia University (EUR) 577 1233

Australian Genetics of Depression Study and
QSkin Study (EUR)

2792 20,193

University of Utah (EUR) 4692 20,702

Japan (EAS) 746 14,049

CONVERGE (EAS) 1148 6515

Grady Trauma Project (Admixed AA) 669 4473

Yale-Penn (Admixed AA) 629 2902

Total 29,782 519,961

AA, African American; Army STARRS, Army Study to Assess Risk
and Resilience in Servicemembers; BIP, bipolar disorder; EAS, East
Asian; ED, eating disorder; EUR, European; GISS, Genetic
Investigation of Suicide and Suicide Attempt; MDD, major depressive
disorder; SA, suicide attempt; SCZ, schizophrenia.
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cohort. SNPs with a weighted minor allele frequency of ,1%,
weighted INFO score ,0.6, or SNPs present in ,80% of total
effective sample size were removed from the meta-analysis
results. A genome-wide significant locus was defined as the
region around a SNP with p , 5.0 3 1028 with linkage
disequilibrium (LD) r2 . 0.1, within a 3000 kb window, based
on the LD structure of the Haplotype Reference Consortium
European ancestries reference panel (version 1.0) (37).

Statistical Conditioning on Psychiatric Disorders

The results of the SA-EUR meta-analysis were conditioned on
the genetics of MDD using multitrait-based conditional and
joint analysis using GWAS summary data (mtCOJO) (38),
implemented in the GCTA software package (39). mtCOJO (38)
estimates the effect size of a SNP on an outcome trait
conditioned on exposure trait(s). Genome-wide significant
SNPs for the exposure are used as instruments to estimate the
effect of the exposure on the outcome, and this effect is used
to perform genome-wide conditioning, yielding conditioned
effect sizes and p values for the outcome trait. We conditioned
SA (outcome) on MDD (exposure), because MDD is the most
prevalent psychiatric disorder among individuals who die by
suicide (40) and has the highest genetic correlation with SA
(28). The SA-EUR GWAS summary statistics were used as the
outcome trait, because mtCOJO requires an ancestry-
matched LD reference panel and GWAS summary statistics
for the exposure trait. The PGC MDD GWAS results (excluding
23andMe) (41) were used as the exposure, and the results
316 Biological Psychiatry February 1, 2022; 91:313–327 www.sobp.or
yielded GWAS summary statistics for SA conditioned on MDD
(SA-EUR|MDD). mtCOJO is robust to sample overlap between
the GWAS of the exposure and outcome. To select SNPs as
instruments, independence was defined as SNPs more than 1
megabase apart or with LD r2 , 0.05 based on the 1000 Ge-
nomes Project Phase 3 EUR reference panel (42). To obtain at
least 10 independent instruments for MDD, the genome-wide
significance threshold was adjusted to p , 5.0 3 1027, lead-
ing to 15 SNPs used. In a further sensitivity analysis, GWAS
summary statistics for BIP (43) and SCZ (44) were additionally
included as exposure traits.

LD Score Regression

LDSC (34) was used to estimate the phenotypic variance in SA
explained by common SNPs (SNP-heritability, h2SNP) from
GWAS summary statistics. h2SNP was calculated on the liability
scale assuming a lifetime prevalence of SA in the general
population of 2% (middle of the range reported worldwide) (3).
The bivariate genetic correlation attributable to genome-wide
SNPs (rg) was estimated between the SA-EUR and SA-EUR|
MDD GWAS and a range of psychiatric disorders, self-harm
ideation, and propensity toward risk-taking behavior, using
the largest available GWAS summary statistics (Bonferroni-
corrected significance threshold p , .0042, adjusting for 12
traits tested). Differences in rg with SA-EUR versus SA-EUR|
MDD were tested for deviation from 0, using the block jack-
knife method, implemented in LDSC software (45). The rgs of
SA-EUR and SA-EUR|MDD with 768 other nonoverlapping
human diseases and traits were calculated on LD Hub (46)
(Bonferroni-corrected significance threshold p , 6.51 3 1025).
Traits were precategorized manually into 15 risk factor groups
previously ascribed to SA (4,5,10): autoimmune disease,
neurologic disease, heart disease, hypertension, diabetes,
kidney disease, cancer, alcohol use, smoking, pain, psychiat-
ric, sleep, life stressors, socioeconomic, and education/
cognition. There were 259 traits belonging to these categories,
and a second reviewer validated the categories assigned to
traits and their relevance to SA risk.

Polygenic Risk Scoring

Polygenic risk scores (PRSs) for SA were tested for association
with SA or death by suicide versus controls in 7 target cohorts:
PGC MDD, BIP and SCZ, CONVERGE (EAS ancestries), the
University of Utah (suicide death cohort), Yale-Penn (AA an-
cestries), and Grady Trauma Project (AA ancestries). The pri-
mary SA GWAS meta-analysis was repeated excluding each
cohort in turn, to create independent discovery datasets. PRSs
were generated using PRS-CS (47), which uses a Bayesian
regression framework to place continuous shrinkage priors on
effect sizes of SNPs in the PRS, adaptive to the strength of
their association signal in the discovery GWAS, and the LD
structure from an external reference panel (47). The 1000 Ge-
nomes EUR, EAS, or African reference panels (42) were used to
estimate LD between SNPs, as appropriate for each target
cohort. PLINK 1.9 (48) was used to weight SNPs by their effect
sizes calculated using PRS-CS and sum all SNPs into PRS for
each individual in the target cohorts. PRSs were tested for
association with case versus control status in the target cohort
using a logistic regression model including covariates as per
g/journal
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the GWAS. The amount of phenotypic variance explained by
the PRS (R2) was calculated on the liability scale, assuming a
lifetime prevalence of SA in the general population of 2% (3).
Analyses in the PGC cohorts were repeated using PRSs
generated from the SA-EUR|MDD GWAS results, excluding
each PGC cohort in turn. Analyses performed are summarized
in Table S2 in Supplement 2 (Bonferroni-corrected significance
threshold p , 3.12 3 1023, adjusting for 16 tests).

RESULTS

SA Shows Significant SNP-Heritability and PRS
Associations

The primary SA GWAS included 29,782 cases and 519,961
controls from 18 cohorts (Table 1). Cases were predominantly
of EUR ancestries (90%), with 6% of EAS ancestries and 4% of
admixed AA ancestries. Case definition was lifetime SA, with
w20% of cases having died by suicide. The SNP-heritability
(h2SNP) SA was 6.8% (SE = 0.005, p = 2.00 3 10242) on the li-
ability scale. The LDSC intercept was 1.04 (SE = 0.01, p = 2.84
3 1024), and the attenuation ratio was 0.14 (SE = 0.04), indi-
cating that the majority of GWAS test statistic inflation was due
to polygenicity (Figure S1 in Supplement 1). PRSs for SA were
tested in 7 target cohorts (Table S2 in Supplement 2). SA PRSs
were significantly associated with SA in the PGC MDD, BIP,
and SCZ cohorts, with a phenotypic explained variance (R2) of
0.69% (p = 7.17 3 10215), 0.68% (p = 8.11 3 10228), and
0.88% (p = 1.243 10217), respectively (liability scale). PRSs for
SA were also associated with death by suicide in the University
of Utah cohort, explaining slightly more phenotypic variance
(R2 = 1.08%, p = 9.79 3 10281). The rg between the University
of Utah suicide death GWAS and a meta-analysis of the
nonfatal SA cohorts in our study was 0.77 (SE = 0.08, p = 3.08
3 10220). Examining the performance of SA PRSs across an-
cestries showed a significant association with SA in the
CONVERGE EAS cohort, although with a lower explained
variance (R2 = 0.25%, p = 3.06 3 1023). Analyses in 2 admixed
AA cohorts showed variable results (R2 = 0.21%, p = 5.28 3

1021 and R2 = 0.58%, p = 3.44 3 1023, respectively) (Table S2
in Supplement 2).

GWAS of SA Identifies Locus With Stronger Effect
on SA Than Psychiatric Disorders

The primary SA GWAS identified 2 genome-wide significant
loci (p , 5 3 1028) (Table S3 in Supplement 2). The most
strongly associated locus was in an intergenic region on
chromosome 7 (index SNP rs62474683, odds ratio A allele =
1.06 [1.04–1.08], p = 1.91 3 10210, frequency in cases = 0.52,
frequency in controls = 0.50, I2 heterogeneity index = 0%)
(forest plot Figure S2 in Supplement 1). The second genome-
wide significant locus was in the major histocompatibility
complex (MHC) (index SNP rs71557378, odds ratio T allele =
1.10 [1.06–1.13], p = 1.97 3 1028, frequency in cases = 0.91,
frequency in controls = 0.90, I2 heterogeneity index = 46%)
(forest plot Figure S3 in Supplement 1). Both loci were also
genome-wide significant in the SA-EUR meta-analysis, with
the same effect sizes (Table S4 in Supplement 2). In order to
identify SA genetic effects not mediated by MDD, we condi-
tioned the SA-EUR GWAS on the genetic effects of MDD via
Biological Psy
mtCOJO. After conditioning, only the chromosome 7 locus
remained genome-wide significant (index SNP = rs62474683,
odds ratio A allele = 1.06 [1.04–1.08], p = 1.33 3 1028) (Figure
1A). Figures S4 and S5 in Supplement 1 show regional asso-
ciation plots of the loci before and after conditioning. The as-
sociation of the chromosome 7 index SNP with SA was further
replicated in the independent Million Veteran Program cohort
(rs62474683, odds ratio A allele = 1.03 [1.01–1.07], p = 3.27 3

1023), while the index SNP in the MHC was not associated
with SA in this cohort (Table S4 in Supplement 2).

Examination of the chromosome 7 locus in published
GWAS results using the Open Targets Genetics web portal (49)
indicated smaller and nonsignificant effects on all psychiatric
disorders (Figure 1B). Additionally, the SA-index SNP has been
implicated at genome-wide significance in lifetime smoking
index (50) (accounts for duration and amount of smoking) and
propensity toward risk-taking behavior (51), although again
with smaller effect sizes than on SA (Figure 1B; Tables S5 and
S6 in Supplement 2). Pairwise GWAS analysis (see
Supplement 1) of the genomic region containing the chromo-
some 7 locus suggested the existence of a single putative
causal variant shared between SA and these phenotypes
(lifetime smoking index: posterior probability = 0.99, risk-taking
behavior: posterior probability = 1) (Table S7 in Supplement 2).
Furthermore, a variant in high LD with the chromosome 7 index
SNP (rs12666306, LD r2 = 0.94) has a positive genome-wide
significant effect on insomnia (reported in GWAS catalog, full
summary statistics not available) (Figure 1B; Tables S5 and S6
in Supplement 2). The SA-index SNP has also been implicated
in self-harm ideation (52), although not at genome-wide sig-
nificance, and with a smaller effect size than on SA (Figure 1B).

MAGMA (53) enrichment analyses performed on the primary
SA GWAS (see Supplement 1) showed significant enrichment
of SA associations in 7 genes (Table S8 in Supplement 2),
including BTN2A1, which is a brain-expressed gene (54)
located within the MHC, that encodes a plasma-membrane
protein. There was no enrichment of SA association signal in
any of the biological gene sets tested (Table S9 in Supplement
2) or in the set of genes expressed in any of the 54 tissues from
the Genotype-Tissue Expression project (Table S10 in
Supplement 2). Examining individual genes, a transcriptome-
wide association study (see Supplement 1) found 5 genes for
which SA risk alleles were significantly associated with brain
gene expression: ERC2, RP112266A24.1, TIAF1, BACE2, and
NUFIP2 (p , 4.28 3 1026) (Table S11 in Supplement 2). None
of these genes were within genome-wide significant loci.

Evidence for Substantial Proportion of SNP-
Heritability of SA Not Mediated by Psychiatric
Disorders

h2SNP based on the SA-EUR GWAS was 7.5% (SE = 0.006, p =
3.023 10240) on the liability scale (Table S12 in Supplement 2).
Conditioning SA-EUR on MDD resulted in a 45% decrease in
the h2SNP of SA to 4.1% (SE = 0.005, p = 1.20 3 10216) on the
liability scale (Table S12 in Supplement 2). Conditioning on BIP
and SCZ in addition to MDD did not further change the h2SNP
estimate (h2SNP = 4.1%, SE = 0.005, p = 1.20 3 10216). The SA-
EUR|MDD results showed comparable h2SNP and complete rg
with a direct GWAS of SA within psychiatric diagnosis
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Figure 1. Genome-wide significant locus con-
tributes to SA more strongly than psychiatric disor-
ders and other traits. (A) Manhattan plot: the x-axis
shows genomic position, and the y-axis shows
statistical significance as 2log10(p value). The gray
points in the background depict the results of SA-
EUR, and the colored points in the foreground de-
pict the results after conditioning these results on
MDD (SA-EUR|MDD). The horizontal line shows the
genome-wide significance threshold (p , 5.0 3

1028). (B) Forest plot: the points indicate the log
odds ratio of the A allele at rs62474683 (SA-index
single nucleotide polymorphism on chromosome 7)
on each phenotype, and the error bars show the
standard error. The p value of association with each
phenotype is shown above the error bars. *For
insomnia, the effect size of a variant in high linkage
disequilibrium with the index single nucleotide
polymorphism is shown instead (rs12666306 A
allele, linkage disequilibrium r2 = 0.94 with
rs62474683 A allele). MDD, major depressive disor-
der; MHC, major histocompatibility complex; OR,
odds ratio; SA, suicide attempt; SA-EUR, European-
only suicide attempt meta-analysis; SA-EUR|MDD,
SA-EUR results after conditioning on MDD.
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(Supplement 1), confirming the validity of the statistical con-
ditioning approach to control for the genetic effects of psy-
chiatric disorders.

Significant Genetic Overlap Between SA and
Psychiatric Traits or Disorders

Genetic correlations were calculated to explore the genetic
overlap between SA and 12 psychiatric traits or disorders
before and after conditioning on MDD. The SA-EUR GWAS
showed significant rg with 11 traits or disorders tested, most
strongly with self-harm ideation (rg = 0.82, SE = 0.07, p = 3.57
3 10236), MDD (rg = 0.78, SE = 0.04, p = 4.11 3 102106), and
posttraumatic stress disorder (rg = 0.74, SE = 0.09, p = 5.29 3

10217) (Figure 2; Table S13 in Supplement 2). Moderate ge-
netic correlations were also observed between SA and SCZ,
attention-deficit/hyperactivity disorder, BIP, posttraumatic
stress disorder, and alcohol dependence (rgs 0.45–0.74)
(Figure 2; Table S13 in Supplement 2).

To investigate whether these genetic correlations were
mediated by MDD, we estimated rg with the same traits and
318 Biological Psychiatry February 1, 2022; 91:313–327 www.sobp.or
disorders using the SA-EUR|MDD results. Most genetic
correlations with psychiatric disorders remained significant
after conditioning, except for autism spectrum disorder and
Tourette syndrome (Figure 2; Table S13 in Supplement 2). As
expected, the rg with MDD significantly decreased after
conditioning (p = 8.4 3 10222 block jackknife), as did the rgs
with self-harm ideation, posttraumatic stress disorder, and
autism spectrum disorder (Figure 2; Table S13 in
Supplement 2). The remaining psychiatric disorders did
not show Bonferroni corrected significant differences in rg
after conditioning on MDD. Because conditional analysis
only removes SNP effects on SA mediated by MDD,
the remaining rg between SA-EUR|MDD and MDD (rg = 0.53,
SE = 0.06, p = 8.9 3 10219) indicates pleiotropic SNP
effects.

Substantial Shared Genetic Architecture of SA and
Nonpsychiatric Risk Factors Not Mediated by MDD

To assess the shared genetic architecture of SA, psychiatric,
and nonpsychiatric phenotypes, we calculated genetic
g/journal
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Figure 2. Substantial genetic correlation of SA with psychiatric traits or disorders before and after conditioning SA on MDD. Unfilled points indicate genetic
correlations that did not pass the Bonferroni-corrected significance threshold (p , 4.17 3 1023). Error bars represent the standard error. p values indicate
significant differences in genetic correlation after conditioning that pass Bonferroni correction. ADHD, attention-deficit/hyperactivity disorder; AlcUse Disorder
P, Alcohol Use Disorders Identification Test-P (measure of problematic consequences of drinking); AN, anorexia nervosa; ASD, autism spectrum disorder; BIP,
bipolar disorder; MDD, major depressive disorder; OCD, obsessive-compulsive disorder; PTSD, posttraumatic stress disorder; SA, suicide attempt; SA-EUR,
European-only suicide attempt meta-analysis; SA-EUR|MDD, SA-EUR results after conditioning on MDD; SCZ, schizophrenia.
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correlations of SA with 768 nonoverlapping phenotypes (46).
There were 198 phenotypes that showed a significant rg with
SA-EUR, 133 of which were in one of the predefined SA risk
categories (Figure 3A; Table S14 in Supplement 2). The most
significant genetic correlations were predominantly with traits
related to depressive symptoms, smoking, and socioeco-
nomic status. On examining phenotypes in the risk categories
after conditioning on MDD, 110 phenotypes retained a sig-
nificant rg with SA-EUR|MDD (Table S14 in Supplement 2).
Within the psychiatric risk category, there was a 38% average
decrease in the magnitude of genetic correlations with SA-
EUR after conditioning, whereas the rg values in other risk
categories were much less affected by conditioning (smok-
ing: 4.6% decrease, education/cognition: 3% decrease,
alcohol: 14.5% decrease, and socioeconomic: 9.3%
decrease) (Figure 3B).
DISCUSSION

We present a GWAS of SA in over 29,000 cases, identifying 2
genome-wide significant loci, including one more strongly
associated with SA than psychiatric disorders or related traits.
We demonstrate that a substantial proportion of the SNP-
heritability of SA is independent of psychiatric diagnosis.
Finally, we show that the genetic liability to SA not mediated by
psychiatric disorders is shared with the genetic architecture of
nonpsychiatric risk factors.

The locus most strongly associated with SA was in an
intergenic region on chromosome 7. The index SNP had a
larger effect on SA than on any common psychiatric disor-
der, remained genome-wide significant after conditioning on
MDD, and replicated in an independent cohort from the
Million Veteran Program. Taken together, these results
Biological Psy
suggest that the genetic association with SA at this locus is
not mediated through risk for psychiatric disorders. Func-
tional genomic data do not clearly link this variant to any
gene, with the nearest gene being a long noncoding RNA
(LINC01392) 149 kb away. The index SNP (rs62474683) is a
methylation quantitative trait locus, with the SA risk allele
associated with decreased methylation of a nearby DNA
methylation site (probe cg04544267) in blood (55). However,
this methylation site has not been linked to any gene tran-
script. Intriguingly, SA risk alleles at this locus have been
implicated at genome-wide significance in risk-taking
behavior (51), smoking (50), and insomnia (56). While vari-
ants in the MHC also reached genome-wide significance for
SA, this effect did not remain after conditioning on MDD,
suggesting that this association may be a byproduct of
psychiatric diagnosis. Indeed, variants in the MHC have
previously been associated with risk for a range of psychi-
atric disorders, including MDD (57).

Our GWAS results provide robust evidence of the h2SNP of
SA, with an estimate of 6.8% on the liability scale (7.5% based
on SA-EUR). Importantly, conditioning on MDD resulted in a
smaller but significant h2SNP estimate (4.1%), corroborating
previous reports (25,27) of the independent genetic contribu-
tion to SA, and illustrating the importance of accounting for
potential confounding from the genetics of psychiatric disor-
ders. Traditionally, GWASs have sought to dissect the specific
genetic component of SA by studying SA within psychiatric
diagnosis or covarying for cases’ psychiatric diagnoses (27).
Here, we demonstrate that statistical conditioning is an
appropriate and easily applicable approach to control for the
genetic effects of psychiatric disorders, producing equivalent
results to a direct GWAS of SA within psychiatric diagnosis
(Supplement 1).
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Figure 3. Conditioning SA on MDD reduces genetic correlation with psychiatric phenotypes but has limited effect on other traits. (A) Comparison of sig-
nificant genetic correlations with the SA-EUR vs. genetic correlations with SA-EUR|MDD. Data include 198 significant genetic correlations after Bonferroni
correction (p , .05/768 = 6.51 3 1025) annotated by risk category. (B) Top 30 phenotypes with the most significant genetic correlations with SA-EUR before
(gray) and after (red) conditioning on MDD (SA-EUR|MDD). Full genetic correlation results, including standard errors, are provided in Table S14 in Supplement
2. GP, general practitioner; MDD, major depressive disorder; SA, suicide attempt; SA-EUR, European-only suicide attempt meta-analysis; SA-EUR|MDD, SA-
EUR results after conditioning on major depressive disorder.
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SA showed substantial positive genetic correlation with
many psychiatric disorders, the highest being with MDD (rg =
0.78, SE = 0.03), consistent with previous reports (28,29,31).
Genetic overlap was also particularly strong with posttraumatic
stress disorder, attention-deficit/hyperactivity disorder, SCZ,
and BIP (rg = 0.44 2 0.74). After conditioning on MDD, there
was a modest decrease in the genetic correlation of SA with
most psychiatric disorders. Notably, SA remained strongly
genetically correlated with MDD (rg = 0.53, SE = 0.06, p = 8.85
3 10219), representing pleiotropic effects between them. This
genetic correlation would only be eliminated if all SNP effects
on SA were mediated by MDD. Pleiotropy between psychiatric
disorders is widespread (58,59), and accordingly, genetic
overlap between SA and related disorders is anticipated. Our
findings suggest that many pleiotropic genetic variants in-
crease the risk for SA directly, independent of their effects on
psychiatric disorders.

Significant genetic overlap was found between SA and
many nonpsychiatric traits, including smoking, lower socio-
economic status, pain, lower educational attainment, repro-
ductive traits, risk-taking behavior, sleep disturbances, and
poorer overall general health. While conditioning SA on MDD
reduced genetic correlations with psychiatric disorders, the
genetic correlation of SA with most nonpsychiatric traits
remained unchanged. This suggests a shared genetic archi-
tecture between SA and these risk factors that is not medi-
ated by psychiatric illness. There is substantial
epidemiological literature on the relationship between sleep
disorders (12–15), smoking (18–20), and socioeconomic fac-
tors (60–62) and risk for SA but less on genetic overlap be-
tween them. We have not examined potential causal
relationships between these risk factors and SA, but future
320 Biological Psychiatry February 1, 2022; 91:313–327 www.sobp.or
Mendelian randomization studies that will become possible
with further increases in the power of SA GWAS may highlight
modifiable risk factors.

Several limitations of our study must be noted. Cases were
defined using a variety of diagnostic interviews, self-report, or
hospital records, which may result in phenotypic heteroge-
neity. However, suicidal intent was central to all phenotype
definitions, and a previous study found 98% concordance
between self-report of lifetime SA and face-to-face clinician
interview (63). Our GWAS included both nonfatal SA and
suicide death cases, and these phenotypes were highly but
imperfectly genetically correlated (rg = 0.77). Genetic corre-
lations between SA and psychiatric disorders were examined
using publicly available GWAS summary statistics; however,
the prevalence of SA among the cases in these studies is
unknown. Finally, population, demographic, and environ-
mental factors are always present in genetic analyses, and
while our sample is large and diverse, we did not have suffi-
cient data to assess their possible contribution or con-
founding effects.

This first collaborative SA GWAS by the ISGC is almost 5-
fold larger than previous studies, substantially improving sta-
tistical power. We identify a robustly associated SA risk locus
and demonstrate genetic liability to SA that is not mediated
through psychiatric disorders but is shared with known risk
factors. We emphasize that genetic risk does not currently
have meaningful predictive utility for SA, and its premature use
in clinical or direct-to-consumer settings could be harmful.
Future larger studies dissecting the genetic etiology of SA,
psychiatric disorders, and other risk factors will provide further
insights into the biological mechanisms of risk and assess
potential clinical utility.
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