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controls from the Psychiatric Genomics Consortium. Five novel, high-impact, rare
SNPs were identified with significant associations with suicide death (SNAPCI,
rs75418419; TNKS1BP1, rs143883793; ADGRF5, rs149197213; PER1, rs145053802;
and ESS2, rs62223875). 119 suicide decedents carried these high-impact SNPs. Both
PER1 and SNAPC1 have other supporting gene-level evidence of suicide risk, and psy-
chiatric associations exist for PER1 (bipolar disorder, schizophrenia), and for
TNKS1BP1 and ESS2 (schizophrenia). Three of the genes (PER1, TNKS1BP1, and
ADGRF5), together with additional genes implicated by genome-wide association
studies on suicidal behavior, showed significant enrichment in immune system,
homeostatic and signal transduction processes. No specific diagnostic phenotypes
were associated with the subset of suicide deaths with the identified rare variants.

These findings suggest an important role for rare variants in suicide risk and implicate
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1 | INTRODUCTION

Nearly 800,000 preventable suicide deaths occur each vyear
(WHO, 2019). While environmental factors are undeniably impor-
tant, evidence suggests that genetic factors play a major role in sui-
cide death, with estimated heritability from meta-analyses of close
to 50% (McGuffin, Marusic, & Farmer, 2001; Pedersen &
Fiske, 2010). The identification of suicide genetic risk factors is criti-
cal to understanding the biological basis of suicide risk and improv-
ing prevention strategies. However, to date, only a fraction of the
genetic variation influencing suicide risk has been accounted for
with most studies focusing on suicidal behaviors (e.g., ideation or
attempt) as opposed to suicide death (Erlangsen et al., 2018; Mullins
et al, 2019).

Most genetic studies of suicide focus on common genetic risk
variants (variants carried by more than 1% of a given population),
despite the high likelihood that rare variants (minor allele frequency;
MAF <1%) also significantly contribute to suicide risk (Monson
et al., 2017; Tombdcz et al., 2017). Discoveries of rare genetic risk var-
iants for other complex psychiatric and nonpsychiatric medical condi-
tions [e.g., lipid disorders (Surakka et al., 2015), Alzheimer's disease
(Marei et al., 2016), schizophrenia (Bergen et al., 2019), and obesity
(Justice et al., 2019; Turcot et al., 2018)] have identified functional
gene pathways and now explain a sizeable proportion of the genetic
risk for these disorders. Functional variants that alter gene function or
expression tend to be rare in populations because natural selection
acts to reduce their prevalence (Kryukov, Pennacchio, &
Sunyaev, 2007). Discoveries of risk genes and pathways affected by
these rare but high-impact variants lead directly to hypotheses regard-
ing risk mechanisms and are critical to the development of targeted

interventions.

genes and gene pathways for targeted replication.

genetic risk, rare genetic variation, suicide

A primary reason why most research focuses on common variants
is that detection and reliable estimates of frequencies of rare variants
in both case and control groups requires large genetic studies (Auer &
Lettre, 2015; Kosmicki, Churchhouse, Rivas, & Neale, 2016;
Nicolae, 2016). Whole-genome sequencing (WGS) and whole-exome
sequencing studies are becoming more common, yet costs involved
are considerable and these studies often have more modest sample
sizes compared with genome-wide association studies (GWAS) using
more affordable genotyping arrays. Large genetic datasets from
genotyping arrays are an overlooked source of important rare varia-
tion. Although most of the content on genotyping arrays is focused
on common intergenic variants, carefully chosen, medically relevant,
rare variants are often also included on these platforms.

The large, population-based genetic dataset of suicide deaths
available in the USGRS provides unique opportunities to uncover both
common and rare variants leading to risk. For this analysis, we studied
4,382 Utah suicide deaths genotyped with the lllumina PsychArray
BeadChip, a high-density, genome-wide microarray developed specifi-
cally for large-scale genetic studies of psychiatric disorders. The
PsychArray includes 265,000 common single-nucleotide polymor-
phisms (tag-SNPs), as well as 245,000 markers from lllumina's Exome
BeadChip, developed to capture coding variants that alter gene func-
tion, and 50,000 additional markers associated with psychiatric condi-
tions  (https://www.illumina.com/products/by-type/microarray-kits/
infinium-psycharray.html). These latter markers were included on the
array specifically for their potential functional impact and relevance to
psychiatric disease.

Modern GWAS focus on the detection of common genetic risk
factors, and SNPs with MAF <1%, such as the rare variants included
on the PsychArray that are the focus of this study, are traditionally

removed as being less informative. However, the removal of content
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specifically chosen for both functional and disease relevance repre-
sents a missed opportunity for the discovery of rare, more highly pen-
etrant risk factors for complex psychiatric traits. Although the
PsychArray is a popular genotyping platform, there has been no large-
scale effort to evaluate its rare variant content for psychiatric or sui-
cide risk. This analysis requires special methodological considerations,
including rigorous attention to quality control issues followed by com-
parison with external control data as well as secondary molecular vali-
dation of variants of interest.

To investigate the role of rare variants in suicide death, we first
identified significantly associated rare variant content on the
PsychArray using a case-control design, comparing USGRS cases
against publicly available control data from the large Genome Aggre-
gation Database (gnomAD) resource. Next, we prioritized rare variants
by comparison with an independent control cohort genotyped on the
PsychArray, additionally including only variants with validation in
the USGRS with sequencing data. A follow-up literature search and
gene pathway analyses of these variants identified important mecha-
nistic pathways and cross-trait associations. Finally, we characterized
the phenotypic attributes of all suicide cases with these rare variants

using demographic data, autopsy reports, and electronic health

records.
2 | METHODS
21 | Utah Suicide Genetic Research Study cohort

In Utah, suicide rates have risen steadily for the past 20 years, and
Utah is among 10 states with the highest suicide death rate in the
nation (CDC/National Center for Health Statistics, 2019). The USGRS
has a biospecimen resource of >6,500 population-ascertained DNA
samples from suicide decedents. Cases are about 78% male. This
resource grows by ~650-700 cases per year reflective of the rate of
suicide in Utah. Samples are ascertained through a two-decade collab-
oration with the single centralized Utah Office of the Medical Exam-
iner (OME), ensuring consistency of suicide determination, and
facilitating near-complete ongoing state-wide collection. Collection of
de-identified DNA samples from suicide deaths is done with Institu-
tional Review Board (IRB) approvals from the University of Utah, the
Utah Department of Health, and Intermountain Healthcare. DNA is
extracted from blood using the Qiagen Autopure LS automated DNA
extractor (www.giagen.com). Case identifiers from the OME are then
securely linked to the Utah Population Database (UPDB), which
includes demographic, genealogical, geographic, and medical informa-
tion for over 11 million individuals. Medical information includes
determination of medical conditions by OME reports (e.g., autopsy,
toxicology report, interview with family members) and electronic med-
ical record (EMR) data, specifically International Classification of Dis-
eases (ICD) diagnostic codes (ICD-9/ICD-10). EMR data come from
three sources in the UPDB and include data from all statewide inpa-
tient and ambulatory care encounters from the Utah State Health

Department, and data from outpatient encounters from the two

largest clinical data providers, University of Utah Healthcare and
Intermountain Healthcare. After linkage to the UPDB, data are
stripped of identifying information before transfer to the research
team. All cases are referenced by anonymous IDs and no contact is
possible with living family members. The state-wide sample ascertain-
ment is population-based, and not limited to cases within a research

or clinical cohort with a specific psychiatric diagnosis.

2.2 | PsychArray genotyping and quality control
Genotypes from 4,379 suicide cases were generated with the lllumina
PsychArray BeadChip. This is a high-density, genome-wide microarray
developed specifically for large-scale genetic studies of psychiatric
conditions. Genotyping was performed in six batches with duplicate
samples across batches to allow for quantification and modeling of
any batch effects. Quality control of all PsychArray genotypes was
performed in GenomeStudio for each batch separately. SNPs were
retained if the GenTrain score was >0.5 and the Cluster separation
score was >0.4. The GenTrain score is computed from the GenTrain
clustering algorithm in GenomeStudio. This statistical score indicates
SNP calling quality and ranges from O to 1, with a higher value indicat-
ing better SNP calling quality. SNPs were converted to HG19 plus
strand format then batches were combined. PLINK (Chang
et al., 2015; Purcell et al., 2007) was used to remove duplicated SNPs
or individuals, poorly genotyped cases, monomorphic SNPs, and non-
autosomal SNPs. A total of 368,152 SNPs were retained after quality
control.

2.3 | Ancestry estimation and sample relatedness
Ancestry estimates were computed using ADMIXTURE (Alexander,
Novembre, & Lange, 2009). PsychArray genotypes were compared to
1,000 Genomes (https://www.internationalgenome.org/data/) refer-
ence panel. Ten percent of Utah suicide cases are not of predomi-
nately European ancestry (e.g., Latinx, Asian, African, or of mixed
ancestries). Rare variants are expected to display stronger patterns of
population stratification than common variants (Mathieson &
McVean, 2012). To control for possible allele frequency differences
due to ancestry, we therefore confined our analyses to the 2,735
cases that had estimates of at least 90% non-Finnish European (NFE)
ancestry (Supplementary Figure 1). This threshold represents a con-
servative estimate of ancestry as most samples in the USGRS are pre-
dominately European; 85% of the USGRS suicide cases are >75% NFE
ancestry.

Estimates of pairwise identity by descent (IBD, measured using
pi-hat values) were calculated using PLINK. Pairs of related individuals
(third degree or closer) were identified with pi-hat values greater than
0.12. Because relatedness can artificially inflate estimates of associa-
tion, one member of each of the 63 identified related pairs was ran-
domly removed from the NFE subset and 2,672 remaining individuals

were assessed.
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24 | Control data

Control data were downloaded from the Genome Aggregation Data-
base (gnomAD v2.1) (Lek et al., 2016). gnomAD provides allele fre-
quencies from aggregated genomic data from sequencing studies of
over 141,000 unrelated individuals. The NFE gnomAD subset exclud-
ing cases with neurological phenotypes, referred to as non-neuro
(NN), was used in this study. This NFE-NN subset provides a compari-
son group eliminating possibly confounding cases with neuropsychiat-
ric conditions. Detailed phenotyping, including psychiatric diagnoses,
was not available for this resource. Genome and exome VCFs from
the gnomAD data were filtered using bcftools (Li, 2011) to keep only
SNPs at genomic sites that passed all gnomAD quality filters (see
https://macarthurlab.org/2018/10/17/gnomad-v2-1/). Genomic sites
identified as multiallelic in gnomAD were also removed. Biallelic SNPs
present in both genome and exome datasets and passing QC filters
were combined. SNPs with MAF <0.01 (2,813,863 sites) in the com-
bined NFE-NN dataset were matched to filtered PsychArray SNPs,
resulting in a set of 36,215 SNPs in common between the two
datasets.

2.5 | Variant annotation

Before proceeding with association tests, the 36,215 SNPs in both
the PsychArray and gnomAD data were prioritized for functional rele-
vance by annotating all SNPs using Combined Annotation Dependent
Depletion (CADD) (Kircher et al., 2014). CADD prioritizes functional,
deleterious, and pathogenic coding and noncoding variants across
many functional annotations. If variants had at least one of the follow-
ing CADD annotations they were retained in the analysis: (a) probably
or possibly damaging in PolyPhen; (b) deleterious in SIFT; or (c) CADD
scaled C-score (phred) > 10 (a score reflecting a deleterious ranking of
the variant compared to all possible substitutions in the genome).
Higher CADD phred scores indicate an increased likelihood that a var-
iant will have meaningful functional consequences (Tin et al., 2018). In
total, 30,377 SNPs were retained after CADD filtering.

2.6 | Single variant analyses

Allele counts in suicide cases and gnomAD controls were compared
using Fisher's exact test. Genomic sites having significant p-values
after Bonferroni correction for 30,377 multiple comparisons were
retained for Stage 2 analyses (see Figure 1). We chose this conserva-
tive correction method assuming independence of all comparisons.
After this first stage, 27 variants survived multiple testing. Next, in a
Stage 2 analysis, we performed an extension of the gnomAD compari-
sons using an independent control dataset genotyped on the
PsychArray. Stage 2 considered only significant results from
the gnomAD comparisons, comparing the frequencies of 27 variants
in the USGRS suicides to an independent cohort of 21,324 NFE con-
trols. These control samples have limited phenotype information and

Genetics
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were chosen because they do not have any known psychiatric condi-
tions and were all genotyped on the PsychArray platform. Stage 2 con-
trol samples are healthy samples ascertained and genotyped by many
groups within the Psychiatric Genomics Consortium (PGC) (for details
see Supporting Information). SNP allele counts in suicide cases and
PGC control individuals were compared using a Fisher's exact test
using a replication significance threshold of p < 2.17E-03. Genomic
sites having significant p-values after Bonferroni correction were

retained for Stage 3 validation analysis.

2.7 | Validation of rare variant content

A subset of 286 suicide cases with PsychArray data also has WGS
data generated with lllumina technology. USGRS WGS data were
jointly processed using a BWA/GATK-Haplotype caller sequence
analysis pipeline (Depristo et al., 2011) with control WGS data, includ-
ing unrelated cases from the 1,000 Genomes CEU cohort, 1,000
Genomes subjects from Great Britain (matching in ancestry to Utah
cases), and a control group of Utah elderly (>age 90) healthy subjects.
USGRS WGS data had mean coverage of 30x-60x. Data were
assessed for duplicate rate, fraction of properly paired reads, absolute
and relative number of calls for different variant classes, and the
Ts/Tv ratio within coding sequences. These sequence data allowed
for direct validation of rare variants where cases had both array and
sequence data. If cases carrying alternate alleles surviving Stages
1 and 2 were not present in this WGS dataset but were significant in
Stage 1 and 2 analyses, we directly validated the variant using Sanger
sequencing (Sanger, Nicklen, & Coulson, 1977). Only variants where
presence of the allele was validated in sequence data were
considered.

2.8 | Phenotyping

All cases in the USGRS have demographic information and cause of
death information from Vital Records data and Medical Examiner
autopsy reports. The phenotypic characteristics of the 2,672 individ-
uals used in the rare variant analyses were described by age, sex, and
cause of death (Table 2). Additionally, approximately 80% of USGRS
cases have EMR data, specifically International Classification of Dis-
eases (ICD) diagnostic codes (ICD-9/ICD-10). Missing EMR data can
occur for many reasons (e.g., individuals not seeking medical attention,
care received out of the period of UPDB record coverage). We com-
pared EMR data between suicide cases with and without the identi-
fied rare risk variants. Suicide cases were compared to each other in
order to assess if there was a specific phenotype, or suicide subtype,
that was associated with having a rare risk variant. EMR data were
available for 2,117 suicide cases without identified risk SNPs and
97 suicide cases with identified risk SNPs. The diagnostic burden was
compared across cases with and without rare variants by comparing
the mean number of diagnostic codes per individual between the two

groups with Welch's t test. Thirty relevant co-occurring psychiatric
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Stage 1 Single Variant Discovery Analysis
Cases: 2,672 NFE suicide deaths
Controls: 51,592 non-neuro NFE gnomAD samples
Variants Tested: 30,377 SNPs
Significance: P <1.69E-06

27
SNPs

Stage 2 Extension Analysis
Cases: 2,672 NFE suicide deaths
Controls: 21,324 non-psychiatric NFE PGC samples
Variants Tested: 23 SNPs
Significance: P <2.17E-03

SNPs

Stage 3 Sequence Validation of SNP

FIGURE 1 Study design and workflow
diagram for rare variant analyses. gnomAD,
Genome Aggregation Database v2.1; non-
neuro, individuals who were not ascertained
for having a neurological condition in a
neurological case/control study; NFE, non-
Finish European

At least 2 cases per rare variant were validated in sequence data.

2 SNPs were identified as array errors.

SNPs

Stage 4 Follow-up Analyses
- Biological lookups
- Cross-trait lookups
- PsychENCODE expression
- Pathway analyses
- Phenotypic characterization

and related medical phenotypes were established by hierarchically
aggregating ICD codes in EMR data using the ICD system and with
review by clinical experts on our team (A.D. B.K, and E.M.)
(Supplementary Table S1). The diagnostic burden within the 30 pheno-
types was compared across cases with and without rare variants by
comparing the mean number of diagnostic codes per individual
between the two groups with Welch's t test. Counts of occurrences
of each of the 30 relevant EMR phenotypes were compared between
cases with and without identified risk SNPs using Fisher's exact test
with a Bonferroni significance threshold of p <.0017. We hypothe-
sized that cases with rare variants may have an earlier age of onset of
psychiatric and relevant medical conditions compared to cases with-
out rare variants. We chose 10 diagnostic phenotypes that were

highly prevalent in cases with risk SNPs or most related to risk SNP
gene function (depression, anxiety, bipolar, schizophrenia/
schizoaffective, pain, drug abuse, sleep disorders, suicidal ideation,
self-injury, and immune disorders). For these phenotypes, we com-
pared the mean first age of diagnosis between cases with and without
risk SNPs using Welch's t test with a Bonferroni significance threshold
of p < .005.

29 | Follow-up analyses

Evidence for supporting clinically relevant trait associations were
assessed at both the SNP and gene level. Identified SNPs that
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were significant in all three stages were checked against the ClinVar
(Landrum et al., 2018), dbSNP (Sherry, 2001), and DisGeNET (Pifiero
et al., 2017) databases. At the gene level, supporting trait associations
were assessed by a search of the literature, using the NHGRI-EBI
GWAS Catalog (Buniello et al., 2019), and PsychENCODE differential
gene expression (Gandal et al., 2018). Pathway analyses were also
conducted at the gene level using FUMA GENE2FUNC software
(Watanabe, Taskesen, van Bochoven, & Posthuma, 2017) to deter-
mine pathway enrichments in the gene ontology (GO) gene sets com-
pared to all genes in the genome. We assume that, like other
psychiatric conditions, both rare and common genetic variants will
contribute to the risk of suicide. We wished to determine if the signifi-
cant rare variants from our analysis added to gene enrichment found
from common variant GWAS discovery. Therefore, to understand
where these genes fit into the current understanding of pathways
potentially contributing to risk, we conducted pathway analyses using
genes with rare variants meeting significance and validation in this
study and including genes implicated in independent GWAS studies of
suicidal behavior. 102 genes from GWAS studies focusing on the dis-
covery of common variants associated with suicide attempt and death
that were prioritized by Gonzalez-Castro et al. (2019) were used in
these combined pathway analyses. p-Values for enrichment analyses
were adjusted for multiple testing using the Benjamini-Hochberg false
discovery rate (FDR) method (Ferreira, 2007).

3 | RESULTS

3.1 | Single-variant analyses

We conducted a single-variant association analysis of 30,377 rare
putatively functional SNPs present on the PsychArray genotyping
array in 2,672 USGRS suicides of NFE ancestry and 51,583 publicly
available NFE controls from gnomAD. The average CADD PHRED
score for the 30,377 variants tested was 21.54 (5.96 SD). 2,528 SNPs
had nominally significantly elevated allele frequencies in suicide cases
compared with gnomAD NFE-NN controls. The average CADD
PHRED score for the 2,528 nominally significant variants was 22.05
(6.25 SD). In our primary (stage 1) analysis, we identified 27 function-
ally annotated PsychArray SNPs with significantly elevated allele fre-
guencies after Bonferroni correction in suicide cases compared with
gnomAD NFE-NN controls (Supplementary Table S2). We chose this
conservative correction method due to possible array heterogeneity
and estimations of increased error rates in genotyping rare variants
(Li, 2016).

To control for differences in molecular platforms we performed
Stage 2 extension analyses with an independent PsychArray control
set. Stage 2 considered only significant results from the Stage 1 com-
parisons. 23 of the 27 significant SNPs from Stage 1 had available
comparable genotypes in the Stage 2 PGC control set comprised of
21,324 NFE controls without psychiatric conditions. Four of the
27 SNPs were not comparable as they did not pass QC thresholds in
the PGC control sample. Seven of the 23 tested variants had

Genetics

significantly elevated allele frequencies in suicide cases compared to
Stage 2 PGC controls after Bonferroni correction (Supplementary
Table S3).

In Stage 3 analyses, we validated the genotype calls from the
PsychArray genotyping platform using sequence data. Two of
the seven variants did not validate. Five novel, high-impact, rare SNPs
(MAF <1%) survived all stages of our study (Table 1; Figure 2). All five
variants had CADD PHRED scores greater than 22 (Table 2) indicative
of the top 1% of deleterious substitutions in the human genome
(Kircher et al., 2014). These risk variants are protein-coding missense
variants with predicted high deleterious impact in SNAPC1
(rs75418419), TNKS1BP1 (rs143883793), ADGRF5 (rs149197213),
PER1 (rs145053802), and ESS2 (rs62223875). Together, these five
rare variants were present in 119 of the 2,672 suicide cases of NFE
ancestry (4.45% of cases). Supplementary Figure S1 shows odds ratios

and confidence intervals for each variant.

3.2 | Trait associations, gene function, expression,
and pathway analysis

No prior trait associations were found in the literature or in searched
databases for the five specific SNPs identified in this study. At the
gene level, two of the identified genes with rare risk variants had prior
associations with suicidal behavior [PER1 (Levey et al., 2016; Sequeira
et al., 2012) and SNAPC1 (Coon et al., 2018)]. Three genes had prior
associations with severe psychopathology (PER1, TNKS1BP1, and
ESS2) (see Section 4 for details).

FUMA pathway enrichment analyses using only the five final
genes remaining after Stage 3 analysis did not implicate any bio-
logical pathways. When the five genes were combined with
102 prioritized genes from genome-wide studies of suicidal behav-
ior (Supplementary Table S4), PER1, TNK1S1BP1, and ADGRF5
showed significant enrichments in GO biological process gene sets,
as follows. TNKS1BP1 and ADGRF5 were significant in the Homeo-
static Process gene set (M11223). PER1 was a member of the Reg-
ulation of Intracellular Signal Transduction (M11395) pathway.
ADGRF5 has also implicated the Regulation of Immune System
Process (M13496) pathway.

3.3 | Phenotypic associations of Utah suicide
deaths with significant rare variants

Demographic data (Table 2) and diagnostic data (Table 3) were com-
pared between Utah NFE suicide deaths without rare risk variants and
Utah suicide deaths with identified rare risk variants. Overall, no sig-
nificant differences were found for demographic variables (Table 2).
The use of firearms was the most common method of death for sui-
cide cases both with and without rare variants. Occurrences of the
30 EMR diagnostic categories did not significantly differ (Bonferroni
significant threshold p < .0017) between suicide cases with and with-
out identified risk SNPs (Table 3).
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TABLE 2 Descriptive data for 2,672 Utah suicide deaths with and
without any of the five identified risk SNPs

Cases without Cases with

risk SNPs risk SNPs
# Individuals 2,553 119
Mean age at death (SD) 41.42 (17.63) 40.71 (17.74)
Male 0.79 0.82
Female 0.21 0.18
Firearm death 0.54 0.53
Asphyxiation death 0.30 0.30
Overdose/poison death 0.12 0.13
Violent trauma death 0.03 0.03
Other methods of death 0.01 0.01

No significant differences were found between groups.

17-8045136-G-A | | | ]
PERT | ' ¢ '
22-19127403-C-T | | \ |
ESS2 | | ' o !
6-46851334-C-T | |
ADGRF5 | ——
11-57070069-C-T |
TNKS1BP1 —o—
14-62244854-C-T |
SNAPC1 —o—i
0 15

Odds Ratio

FIGURE 2 Estimated odds ratios and 95% confidence intervals of
significant variants in suicide cases compared to PGC controls.
Dashed line is placed at 1. Variant labels are in the format
chromosome, position, reference allele, alternate allele

The mean number of all EMR diagnoses did not differ between
suicide cases without risk SNPs and cases with risk SNPs [t(104.4)
= —0.31, p = .76]. The mean number of EMR diagnoses for the 30 rel-
evant phenotypes did not differ between suicide cases without risk
SNPs and cases with risk SNPs [t(93.1)= —0.52, p = .60]. Average age
of onset measured by the earliest EMR diagnosis for 10 phenotypes
did not differ significantly between groups after correction for multi-
ple comparisons [depression; t(46.3) = 0.35, p = .73, anxiety;
t(15.6) = —2.15, p = .05, bipolar t(7.7) = 2.48, p = .04, schizophrenia/
schizoaffective t(7.1) = 2.16, p = .07, pain t(32.0) = —0.60, p = .55,
drug abuse; t(13.4) = —0.24, p = .82, sleep disorders; t(13.7) = 0.38,
p = .71, suicidal ideation; t(5.2) = 0.13, p = .90, self-injury;
t(8.5) = 0.62, p = .55, immune disorders; t(14.1) = —2.4, p = .02].

Eight percent of cases carrying rare risk SNPs had bipolar diagno-
ses and 5% had Schizophrenia or Schizoaffective diagnoses. One indi-

vidual who died by suicide had rare missense variants in both SNAPC1

Genetics

and ADGRF5. This case was male and 16 years old at the time of
death. Only one ICD code was observed for this individual (ICD9
787.03 “vomiting alone”) and other information was not available.

Of the 15 suicide cases with the rare missense variant in ESS2,
13 had EMR data. 12 of 13 of these cases had ICD diagnosis codes
indicative of accidental trauma (Supplementary Table S5). For cases
carrying a rare risk variant at any one of the five SNPs who also had
linked EMR data, at least 50% of individuals had chronic/acute pain
diagnoses (Supplementary Table S5; Supplementary Table Sé). For
cases with identified risk variants in TNKS1BP1, ESS2, ADGRF5 or
PER1 and EMR data, >45% of cases had depression diagnoses. For
cases with identified risk variants in SNAPC1, TNKS1BP1, ESS2 or
PER1 and EMR data, >55% of cases had diagnoses related to acciden-
tal trauma. However, these frequencies are similar when compared

against suicide cases without the risk variants.

4 | DISCUSSION

This study identified five novel variants likely to impact gene function
that are significantly associated with suicide death. These variants
implicate the following genes: SNAPC1, TNKS1BP1, ADGRF5, PER1,
and ESS2. Our study included rigorous thresholds for quality control
and ancestry, and all surviving variants were validated in sequence
data, addressing concerns of potential error in PsychArray rare variant
content. Of note, the significant variants in our study are closer to 1%
in frequency; variants that were <0.1% did not validate in
sequence data.

At the gene level, our analyses revealed two genes with prior evi-
dence linking them to suicide risk: PER1 and SNAPC1, though specific
functional risk variants were not identified in those previous studies.
PER1 is a circadian clock gene that plays an essential role in generating
circadian rhythms (Gery et al., 2006). PER1 has been implicated in
long-term memory formation (Kwapis et al., 2018), response to insuf-
ficient sleep (Moller-Levet et al., 2013), and regulation of neu-
roinflammation (Fonken et al., 2016). Altered expression of PER1 has
been found in individuals with schizophrenia (Aston, Jiang, &
Sokolov, 2004; Sun et al., 2016) and PER1 knock-out mice exhibit
ADHD-like symptoms and reduced levels of dopamine (Huang
et al., 2015). PER1 was significantly downregulated in the prefrontal
cortex of individuals who died by suicide (Sequeira et al., 2012) and
was differentially expressed in suicide attempters compared with con-
trols (Levey et al., 2016). Postmortem brain tissue expression results
from the psychENCODE sample showed PER1 was differentially
expressed in schizophrenia (FDR p = .0006) and bipolar cases (FDR
p = .0016) compared to controls.

SNAPC1 encodes a subunit of the Small Nuclear RNA Activating
Complex (SNAPc), which activates RNA polymerase Il and Il and is
required for translation of small nuclear RNA (Baillat, Gardini,
Cesaroni, & Shiekhattar, 2012; Henry, Sadowski, Kobayashi, &
Hernandez, 1995). SNAPC1 was also identified in a genome-wide sig-
nificant region in extended Utah families enriched for suicide deaths
(Coon et al., 2018). The prior SNAPC1 association was discovered
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TABLE 3 Prevalence of broad EMR diagnostic categories (ICD codes defining each category are listed in Supplementary Table S1) for suicide
cases with and without five identified risk SNPs

EMR category
Psychiatric

Developmental

Pain/ injury

Other relevant conditions

EMR phenotype

Suicidal ideation

Self-injury

Depression

Anxiety (non-trauma)

Bipolar
Schizophrenia/schizoaffective
PD cluster A

PD cluster B

PD cluster C

Interpersonal trauma

Impulse control disorders
Eating disorders

Alcohol abuse

Drug abuse
Dementia/neurodegenerative
Developmental disorders
Seizure

Migraine

Pain

Head injury

Accidental trauma

Injury by law enforcement
Immune/autoimmune disorders
Somatic disorders

Asthma

COPD

Cardiovascular disorders
Nutrition/metabolism
Obesity

Sleep disorders

Cases without risk SNPs (N = 2,117)
0.163

Cases with risk SNPs (N = 97)
0.125

0.212 0.198
0.497 0.469
0.366 0.344
0.128 0.083
0.038 0.052
0.003 0

0.093 0.063
0.011 0.000
0.345 0.365
0.093 0.042
0.011 0

0.246 0.250
0.275 0.292
0.117 0.125
0.016 0.031
0.040 0.031
0.090 0.125
0.681 0.656
0.066 0.083
0.634 0.604
0.004 0

0.193 0.271
0.093 0.104
0.112 0.125
0.073 0.052
0.458 0.406
0.415 0.365
0.208 0.250
0.258 0.302

Adjusting for multiple comparisons, no significant differences between groups were found.

using an extended familial design with a small subset of 216 Utah sui-
cides from our current study cohort. There was no overlap in cases
with rare risk variants in SNAPC1 in this study and those cases that
implicated SNAPC1 in the previous study.

The other genes impacted by rare variants in our study have been
implicated in psychiatric disorders or immune-related phenotypes.
TNKS1BP1 plays a role in DNA damage repair, genome stability, and
regulation of the actin cytoskeleton (Ohishi et al., 2017; Tan
et al,, 2017; Zou et al.,, 2015). Expression results from psychENCODE
showed increased expression differences for TNKS1BP1 in schizo-
phrenia (FDR p = .02). ADGRF5, formally GPR116, encodes a G
protein-coupled receptor that plays a critical role in regulating pulmo-
nary immune response (Brown et al.,, 2017; Yang et al., 2013). The
GWAS catalog identified ADGRF5 as having associations with four

blood-related traits (blood protein levels, white blood cell count, mean
platelet volume, and monocyte count) and adolescent idiopathic scoli-
osis. ESS2 (formally known as DGCR14) is a nuclear protein that
enhances the transcriptional activity of the retinoic acid receptor and
is a component of the spliceosome C complex which removes introns
from pre-mRNA (Takada et al., 2018). Mutations in ESS2 are associ-
ated with risk for schizophrenia (Funato et al., 2010; Wang
et al., 2006). In addition, deletions in ESS2 are associated with
DiGeorge syndrome, which causes immunodeficiency, heart defects,
skeletal abnormalities, psychiatric disturbance, and alterations in REM
sleep (Funato et al., 2010).

The associations of AGDRF5 with pulmonary immune response,
blood phenotypes, and scoliosis and the association of PER1 with neu-

roinflammation may reflect recent data suggesting the importance of
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immune response and inflammation in risk generally of psychopathol-
ogy (Pouget et al., 2019) and specifically of suicide (Sudol &
Mann, 2017). Supporting this association, ADGRF5, with genes impli-
cated by GWAS studies of suicidal behavior showed an enrichment in
immune pathways (Gonzalez-Castro et al., 2019).

The 119 suicide cases with these variants represent 4.45% of the
European genotyped study sample that was the focus of this study.
97 of the 119 cases (81.5%) had EMR data and these cases showed
evidence of chronic pain, depression, and trauma phenotypes in EMRs
data. No clear differences with regards to medical diagnoses from
EMR were noted between suicide cases with and without the five
identified risk SNPs, although as expected for rare variants, we were
underpowered to detect differences if they did exist. While previously
published associations suggested risk of schizophrenia for PER1, ESS2,
and TNKS1BP1, only 10% of cases with risk alleles in these genes had
schizophrenia or schizoaffective diagnoses, versus 4% of cases with-
out these rare variants. PER1 has also previously been associated with
bipolar disorder, yet only one of the 16 cases with the risk SNP and
EMR data had a bipolar diagnosis.

Our analysis presents an efficient, cost-effective study of putative
functional variants in the USGRS, a research resource that includes a
large sample of molecular data from suicide deaths linked to extensive
demographic and medical record data. Importantly, most large studies
of the genetics of suicide focus on suicidal behaviors, which are rela-
tively common [4.3% per year (Hedegaard, Curtin, & Warner, 2018)].
However, suicidal behaviors imperfectly predict the more extreme
outcome of suicide death [0.01-0.02% per year (Hedegaard
et al., 2018)]. The USGRS provides a resource for genetic discovery of
risks specifically associated with the outcome of suicide death. Every
discovery of specific genetic risk factor associated with suicide death
will bring us closer to the goal of targeted prevention for those at risk.
This study complements our recent genome-wide association study
(Docherty et al., 2020), which focuses on the discovery of common
variation associated with suicide death.

Here we demonstrate an important role for rare variants in the
polygenic architecture of suicide risk. Importantly, rare variants are
more functionally tractable than common variants and may reveal
unique insights into the mechanisms of risk. We have made careful
use of rare, functional content on the genome-wide array to reach the
discoveries reported in this study.

This study has important limitations. While taking a conservative
approach and refining our data to preselected, rare array content with
previous evidence of relevance to psychiatry, these data represent
only a tiny proportion of the potential rare, functional risk variation in
the genome. A full examination of rare variants in WGS data in suicide
cases will be necessary to uncover additional variants as well as other
classes of variants such as structural variants. These efforts are cur-
rently underway with WGS data in the USGRS cohort.

Rare variants are particularly susceptible to ancestry effects
(Kosmicki et al., 2016). Therefore, we confined our analysis to individ-
uals of NFE ancestry, the group making up the largest proportion of
our data resource. Allele frequencies for the five validated variants are

not elevated in other ancestries in gnomAD and these variants seem
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to be more specific to NFE populations. This likely limits the generaliz-
ability of these findings to other ancestry groups.

It is also possible that population stratification or potential con-
founding could stem from our use of convenience control samples in
these analyses. Cases and controls were collected for different pur-
poses and are from different geographic regions. We used publicly
available controls from gnomAD in the Stage 1 analysis. Detailed
demographic data and individual-level genotype data are not available
for these controls, therefore we were not able to use ancestry, sex, or
other variables as covariates in the analysis. Detailed demographic
data were also not available for PGC controls from the Stage
2 analyses.

In spite of these limitations, our results represent important novel
risk variants and genes associated with risk for suicide death. Our suc-
cess with this approach may in part reflect the design of the
PsychArray, providing highly relevant content. Success may also be
driven by our analysis of suicide death, an extreme phenotypic out-
come. Overall, the research community has made great progress with
genetic discovery of both common and rare variants leading to risk of
complex phenotypes. The aggregated effects of common and rare var-
iants are starting to make a difference for individuals with these con-
ditions. While the genetic study of suicide death has far to go, as
discoveries accumulate, aggregation of results into larger risk path-
ways will begin to have an impact on personalized risk prediction and
prevention.
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